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Abstract
Probing the Structure of Acetylcholinesterase Inhibitors in their Binding Site using
Solid State Nuclear Magnetic Resonance
Scott Goodall, DPhil Thesis
Christ Church, Trinity 2002
Inhibitors of acetylcholinesterase are of commercial and medical interest as pesticides and as
therapeutics in the treatment of Alzheimer’s Disease. An understanding of the conformation
of inhibitors in the binding site enables the rational design of novel inhibitors with increased
potency and specificity. Solid state NMR is a novel approach to the investigation of
acetylcholinesterase and the binding of acetylcholinesterase inhibitors. Two compounds, 4amino-5-fluoro-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline (R414425) and 4amino-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline (R414983) were selected for
study from a series of structures developed by Syngenta during research into novel pesticides.
The series, based around a chimera of tacrine and m-(N,N,N-trimethylammonio)-2,2,2trifluoroacetophenone, are ideal candidates for initial studies using solid state NMR since they
demonstrate a high potency, have a large degree of conformational freedom and bind
covalently to the enzyme at the active-site.
Both compounds, R414425 and R414983 were successfully synthesised with the incorporation
of 13C isotopic labels which, in conjunction with the fluorine atoms already present in their
structures, provided the potential for homonuclear and heteronuclear distance measurements.
The rotational resonance technique was used to determine 13C-13C distances in 13C5-R414983
bound to Electrophorus electricus AChE. The reliability of distance measurements in the presence
of broad spectral linewidths was first examined through the measurement of two rigid
internuclear distances, indicating that an accuracy of 0.5 Å could be attained using linewidth
based estimation of zero-quantum relaxation parameters. Subsequently, the internuclear
distance for the benzyl methylene/2-methyl spin pair was determined to be 3.9 ± 0.5 Å and
that for the benzyl methylene/quinoline C2 pair to be 3.5 ± 0.5 Å. The use of a rotational
resonance echo showed a low level of zero-quantum relaxation under rotational resonance for
one example pair of spins from 13C5-R414983 bound to Electrophorus electricus AChE. 13C-19F
REDOR experiments performed on a dilute rigid standard indicated that a carbon observed
scheme where dephasing pulses were also applied to the carbon channel produced significantly
more accurate results than similar schemes with dephasing pulses in the fluorine channel. 13C19
F REDOR was then utilised to quantify the separation of the trifluoromethyl function and
the 13C atom at the 2-methyl position in 13C5-R414983 bound to Electrophorus electricus AChE,
providing a distance of 7.1 ± 0.5 Å. The error level for each of the distance measurements is
unfortunately high. However, modelling suggests that the determination of a single
conformation for the bound inhibitor is restricted by the number of distance measurements
presently available rather than the precision of the current values.
Significant progress has been made towards elucidation of the first structure for an inhibitor
bound to Electrophorus electricus acetylcholinesterase and, for the first time, determination of the
conformation of an inhibitor bound to acetylcholinesterase through a means other than x-ray
crystallography.
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acetylcholine
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acetylcholine binding protein
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1.1

Chapter 1 – Introduction

Introduction

Biological Membranes

Biological membranes play an essential role in the life-cycle of all organisms. Far from being a
passive means of keeping cells and organelles intact as independent structures, membranes are
highly dynamic, allowing complex interactions with the surrounding environment through the
selective transfer of nutrients and chemical signals across the membrane.
Membranes are formed through a bilayer arrangement of amphipathic lipids such that the
polar headgroups remain exposed to the aqueous environment of the interior or exterior, while
the hydrophobic chains orient towards the membrane core. The resulting asymmetric
environment is highly impenetrable to ions and polar molecules. However, membrane
associated proteins are capable of modulating the local properties of the bilayer.
Early membrane models, in which it was believed that membrane proteins were positioned
simply to either side of the lipid bilayer [1], have been superseded by the fluid mosaic model of
biological membranes [2] (Figure 1.1). In this case, the lipid bilayer is considered to behave as a
two-dimensional fluid where components can diffuse freely within the plane of the membrane,
although movement through the membrane and movement from one leaflet of the membrane
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to the other is restricted. Membrane proteins may be categorised into two groups – integral
and peripheral. Integral proteins have one or more domains which pass through the entire
width of the bilayer; peripheral proteins are associated with the membrane through interactions
with lipid headgroups or integral membrane proteins, or by covalent attachment through
anchors.

Carbohydrate sidechains
25 – 40 Å

Glycoprotein

Phospholipids
Integral membrane
proteins
Hydrophobic
regions
Hydrophilic
regions
Peripheral membrane
protein

Nucleus
Cytosol
Plasma membrane

Figure 1.1 – Pictorial representation of a biological membrane: based on the fluid mosaic
model (adapted from [3]).

Recent research has suggested the existence of an additional level of complexity through the
concept of lateral heterogeneities known as rafts [4], where increased local protein,
sphingolipid and cholesterol compositions may be implicated in the formation of rigid
domains.
Between 30% and 50% of most genomes are believed to encode for membrane proteins [5],
the polypeptide macromolecules that mediate and control membrane related activities through
their roles as channels, pumps, receptors and enzymes. It is estimated that 80% of all cellular
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responses are triggered by membrane proteins [6] and it is therefore not surprising that more
than 45% of all potential drug targets are expected to be membrane proteins [7]. The structure
of these proteins and the mechanisms by which they function is a major area of current
research.

1.2

Acetylcholine

1.2.1

Nerve Signalling

The general impermeability of biological membranes to the flow of ions enables the creation of
a potential difference or polarisation across the cell membrane. This potential difference,
which is demonstrated in all cells and is in the order of -50 mV, can be accounted for by the
relative distribution of intracellular and extracellular ions. The application of a depolarising
potential across a typical cell membrane will produce a passive and proportional change in the
degree of cell polarisation.
A similar response occurs when a depolarisng potential is applied to a nerve cell. However, at a
particular threshold value, known as the action potential, a rapid self-sustaining depolarisation
is initiated which results in a partial reversal of the resting polarisation state. The transmission
of nerve impulses occurs through the propagation of membrane depolarisation along the cell, a
feature which is characteristic of nerve cells only.
The arrival of a nerve impulse at a synapse or neuro-muscular junction does not automatically
result in the onward transmittance of the impulse, which is generally mediated through the
release of transmitter chemicals. Neurotransmitters cover a diverse range of chemical
compounds from simple amines (such as dopamine) and amino acids (such as γ-aminobutyric
acid) to polypeptides (such as the enkephalins).
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In the idealised case (Figure 1.2), the impulse approaches the pre-synaptic terminus along the
axon of the pre-synaptic cell, propagated by depolarisation of the membrane. When an action
potential reaches the terminal of a pre-synaptic cell, voltage-gated calcium channels are opened.
The resulting influx of calcium ions stimulates the exocytosis of synaptic vesicles (400-1200 Å
in diameter) which contain the transmitter chemical. These vesicles then fuse with the presynaptic membrane, releasing the transmitter into the synaptic cleft (local concentrations of
neurotransmitters up to 0.3 mM have been observed [8]).
Binding of the transmitter to post-synaptic receptors subsequently modulates the ion
permeability properties and polarisation state of the post-synaptic membrane. If the postsynaptic membrane is depolarised to the threshold of the action potential, an impulse will be
generated in the post-synaptic cell which will then be propagated onwards. Transmitter
chemicals are recovered, typically through a high affinity active transport system, by the presynaptic cell and by neighbouring glial cells [9].

Pre-synaptic cell

Glia

Modulatory
pre-synaptic
synapse

Post-synaptic cell
Receptor rich membrane
Synaptic vesicles

Figure 1.2 – Illustration of an idealised synaptic junction.
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It should be noted that the process of signalling is extremely complex:
•

Nerve cells do not exist in isolation and the action potential can be achieved through
the summation of many contributing factors each of which can be either depolarising
or hyperpolarising (neurotransmitters released by distant synapses may reach the local
area through intercellular spaces).

•

The quantity of transmitter released by the pre-synaptic cell can be modulated through
feed-back mechanisms from pre-synaptic receptors [10] or by stimuli (either up or
down regulation) from neighbouring nerve cells.

•

The persistence of the chemical effects of a transmitter is not only controlled by the
rate at which it is recovered both by the pre-synaptic cell and by surrounding glial cells,
but also can be modulated through the presence of soluble proteins which bind the
transmitter [11].

•

The post-synaptic response of the cell to the transmitter is dependent on the number
and nature of target receptors – simple, but fast reacting ionophores or slower coupled
receptors which have the ability to magnify responses – and whether binding to the
particular receptors promotes a depolarisation or hyperpolarisation.

•

Finally, the presence of other transmitter or neuromodulator may produce conditional
responses (allosteric effects) in the post-synaptic receptors.

1.2.2

Cholinergic Signalling

Acetylcholine (ACh) is one example of a neurotransmitter and is involved in the transfer of
nerve impulses across synapses both in the central nervous system and at neuromuscular
junctions. ACh is an ester (Figure 1.3) formed through a transesterification reaction of choline
with acetyl CoA, a process catalysed by the enzyme choline acetyltransferase (CAT).
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H 3C

O

+

N

CH3

CH3
CH3

O

Figure 1.3 – Acetylcholine (ACh).

Two classes of acetylcholine binding receptor exist, identified on the basis of their response to
stimulus from muscarine (an alkaloid found in the mushroom Amanita muscaria) or from
nicotine. In the central nervous system, the muscarinic acetylcholine receptor (mAChR) is
implicated in motor control, temperature regulation, cardiovascular regulation and memory; in
the periphery it is involved in smooth muscle contraction, glandular secretion and modulation
of both cardiac rate and force. Each of the five muscarinic receptor sub-types (M1-M5) display
the seven transmembrane helix motif (based upon sequence directed structural modelling)
which is common among the G-protein coupled receptor family (GPCR) to which they
belong. Ligand binding occurs within the outer regions of the transmembrane segment of the
protein [12]. Although detailed kinetic and mutation investigations have been performed, there
is little direct structural information available for mAChR. To date, x-ray crystallographic
studies on GPCRs have been successful only in the case of the dark-state of rhodopsin [13], a
single example from a family which includes over 2000 members [14] and is encoded for by
~1% of the mammalian genome.
Nicotinic acetylcholine receptors (nAChR) are cation-selective, ligand-gated ion channels
formed from five separate subunits. They belong to a superfamily of ligand-gated channels
which includes the 5-HT3, GABAA, GABAC and glycine receptors [8]. A number of subunit
types exist (designated α, β, γ and δ) and the exact stoichiometry of these depends upon the
receptor source. The ‘muscle receptor’, found in neuromuscular junctions and in the electric
organ of the electric ray Torpedo californica, comprises an α2:β:γ:δ ratio, while neuronal receptors
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can be homomeric (α5) or heteromeric (α2:β3) [15]. It should be noted that each subunit type
can be categorised into further sub-groupings. However, α subunits all possess two adjacent
cysteine residues which are critical for acetylcholine binding while the remaining subunits do
not [8].
Electron microscopy of tubular nAChR crystals from Torpedo californica has provided a valuable
insight into the structure of the receptor and the changes which occur upon ligand binding.
Early investigations of the receptor in the open and closed states [17, 18] suggest that the
channel is activated by binding of ACh within pockets located in the extracellular domains of
the α subunits. Ligand binding induces a subtle rotation of the subunits, thereby altering the
configuration of the pore-lining M2 helix segments and creating a continuous ion-conducting
path across the membrane. More recent work [16], which is approaching atomic resolution,
reaffirms this mechanism and indicates how electrostatic interactions may be involved in the
guidance of cations through the pore (Figure 1.4).

a

b

c

d

Figure 1.4 – The nicotinic acetylcholine receptor: slices through the electron microscopy density map
(a) – (c), schematic illustration of the receptor structure (d) [16].
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Acetylcholine molecules are believed to pass through the central vestibule before entering
tunnels which lead to their binding sites. The two binding sites can be distinguished both
kinetically and in the shape of their associated cavities [16] (Figure 1.5).

Figure 1.5 – Acetylcholine binding pockets in the nicotinic acetylcholine receptor [16].

Although the resolution of electron microscopy data is insufficient to provide an insight into
the mechanism by which ACh binds, methods such as solid-state nuclear magnetic resonance
have been used to probe the environment, orientation and dynamics of bound ACh and its
analogue bromoacetylcholine [19, 20]. Additionally, the recent x-ray crystal structure (2.7 Å
resolution) [15] of a soluble acetylcholine binding protein (AChBP), which is homologous to
the extracellular domain of the nicotinic receptor, has determined the arrangement of aminoacids in the region of the binding site (Figure 1.6). Principal binding site residues are located on
loop regions within an α subunit, while a number of complementary residues are present on a
section of β-sheet from the neighbouring subunit.

-8-

DPhil Thesis

Chapter 1 – Introduction

Figure 1.6 – The acetylcholine binding protein: The secondary structure of two subunits is represented in
yellow and blue with binding site residues shown in ball and stick form (coloured by atom type). Principal residues
are located on the loops of the yellow subunit, although a number of complementary residues are present on the βsheet of the blue subunit [15].

Receptor responses to ACh binding may be either depolarising or hyperpolarising; both the
muscarinic and nicotinic receptors have been implicated in each of these response types [9].
Over 1,000 signals can be transmitted across a synapse each second [21], therefore it is
essential that once a signal transmission has occurred the system is reset in the minimum
possible period of time. In contrast to other transmitter chemicals, ACh is not directly
recovered from synapses by a high-affinity transport system but is first hydrolysed by the
enzyme acetylcholinesterase (AChE) before the reuptake of choline and acetate.
AChE is a highly efficient catalyst with a turnover number in the order of 16,000-25,000 s-1
[21, 22], a rate approaching the limits imposed by the diffusion of substrate and an
enhancement by a factor of 2 x 1013 over the hydrolysis rate in aqueous solution. The obvious
importance of AChE in cholinergic signalling has made it the focus of a substantial research
effort utilising a range of methodologies, in particular x-ray diffraction [23-48], molecular
modelling and simulations [49-67], mutation experiments and kinetics studies [46, 68-91], and
the design, synthesis and evaluation of novel inhibitors [43, 60, 92-111]. Relatively minor use
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has been made of other techniques, although electron paramagnetic resonance [112],
fluorescence spectroscopy [81, 87], atomic force spectroscopy [113], mass spectrometry [114]
and solution NMR [115-120] have all contributed to the characterisation of AChE. Appendix 1
shows a summary of the number of acetylcholinesterase related publications each year since
1981.

1.3

Acetylcholinesterase

1.3.1

Nomenclature

Substrate specificity and susceptibility to certain inhibitors varies between cholinesterases from
different species. Additionally, a number of species can exhibit more than one type of
cholinesterase and in such cases these forms are differentiated by their catalytic properties,
inhibition specificities and tissue distributions.
Enzymes which preferentially hydrolyse acetyl esters (such as ACh or acetyl-β-methylcholine)
are typically described as acetylcholinesterases, while those which demonstrate a preference for
other types of esters (such as butyrylcholine or propionylcholine) are termed
butyrylcholinesterases (BuChE). This terminology can be misleading, particularly in the case of
non-mammalian enzymes, since a number of exceptions exist. For example, chicken brain
acetylcholinesterase hydrolyses both propionylcholine and acetyl-β-methylcholine faster than
ACh (butyrylcholinesterases are generally incapable of hydrolysing acetyl-β-methylcholine) [9].
Drosophila melanogaster shows a single form of cholinesterase and is classified as an
acetylcholinesterase (DmAChE). While efficiently hydrolysing butyrylcholine, DmAChE also
displays a number of features which are characteristic of acetylcholinesterases only: it is present
in the central nervous system where it is involved in acetylcholine metabolism; it also
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demonstrates concentration dependent substrate activation and inhibition (these typical AChE
features are discussed later) [68].
No physiological function has been ascribed to butyrylcholinesterase [121]. Individuals lacking
the enzyme show no ill effects other than an inability to recover independently from treatment
with the anaesthetic succinylcholine [22].

1.3.2

Macromolecular Structure and Cellular Localisation

AChE displays a high degree of polymorphism, derived from alternative splicing from a single
gene*, catalytic subunit oligomerisation and associations with non-catalytic subunits. Three
types of catalytic subunit have been found, designated AChES, AChEH and AChET; these
differ in their C-terminal functionality, although are based around a conserved core (543 amino
acids in humans [123]). A wide range of quaternary structures and methods of membrane
attachment result from different post-translational processing of these subunits.
AChES, which lacks the capacity to form inter-subunit disulphide links, exists only as a soluble
monomer (G1) [124]. AChEH produces a glycophosphatidylinositol (GPI) anchored protein,
which may exist either as a membrane associated monomer (G1a-Type I) or disulphide linked
dimer (G2a-Type I) [22, 121, 124]. The final subunit type, AChET, shows the greatest number
of quaternary structures, including amphiphilic monomers (G1a-Type II) and dimers (G2aType II), soluble tetramers (G4 or G4na), hydrophobic tetramers which have an additional Psubunit (G4a), and large collagen-tailed forms of one to three tetramers (A4, A8 and A12) [22,
121, 124, 125]. Tetramers are formed by electrostatic and hydrophobic interactions between
two disulphide bonded dimers (Figure 1.7).

* Invertebrates have been found with up to three genes for AChE. Pesticide resistance in some insects has been
attributed to a duplication of the AChE gene [122].
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G4/G4na

G1a-I

G2a-I

A12
G4a

Figure 1.7 – Acetylcholinesterase quaternary structures (adapted from [22]).

Glycophosphatidylinositol anchored AChE from Torpedo californica (TcAChE) and human
erythrocytes (hAChE) were among the first proteins involved in the characterisation of GPI
anchors [126, 127]. A number of studies have shown that the GPI anchor is responsible for
routeing to the extracellular leaflet of the membrane and positioning within cholesterol rich
regions [128, 129]. Species diversity exists in both the type (alkyl or acyl) and number of lipidic
chains involved in the GPI anchor, which can effect their susceptibility to phosphatidylinositol
specific phospholipases during attempts at AChE purification [130].
The predominance of particular AChE forms differs not only between species, but also
depending on tissue type, developmental stage and external stress factors. The soluble G1
form has been found in the venom of Elapid snakes [124], is expressed in human embryonic
and tumour cells, but can also be induced by psychological stress or the presence of AChE
inhibitors [123]. DmAChE exhibits only one form, the G2a-Type I amphiphilic GPI anchored
dimer [68, 121] (mammalian erythrocytes also demonstrate the G2a-Type I form, although the
physiological function of AChE in such cells remains unclear [121]). The hydrophobic G4a
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tetramer is the main form in the mammalian central nervous system (70-90% of AChE
activity) where it is attached to presynaptic and postsynaptic membranes [121]. Asymmetric
collagen-tailed forms are predominant at mammalian neuromuscular junctions [121, 131] and
in the electric organ of Electrophorus electricus (EeAChE) [34]. In spite of the complex variation in
the gross structure and distribution of macromolecular forms, the catalytic activity of each
subunit is conserved [121].

1.3.3

Structure of Catalytic Subunits

In 1991 the crystal structure of TcAChE (Figure 1.8) was solved to 2.8 Å resolution [31],
revealing a number of interesting structural features of the enzyme.

Figure 1.8 – Torpedo californica acetylcholinesterase: created from the PDB file 2ACE, showing the solvent
accessible surface for a 1.4 Å probe on a single catalytic subunit. The surface is coloured by electrostatic potential
– negative potential is shown in red, positive potential in blue.

The enzyme is an α/β hydrolase (containing 537 amino acid residues in the TcAChE form),
arranged as a 12-stranded β-sheet surrounded by 14 α-helices (Figure 1.9). The protein is
ellipsoidal in shape, with approximate dimensions of 45 Å by 60 Å by 65 Å. Considering the
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high turnover of the enzyme, it is surprising that the active site is located around 20 Å from the
protein surface, near the base of a narrow gorge lined with 14 aromatic amino acids [31].

Figure 1.9 – Torpedo californica acetylcholinesterase secondary structure: created from the PDB file
2ACE, showing the secondary structural motifs of a single catalytic subunit. α-helices are shown as red
cylinders, β-sheet as blue arrows. The catalytic triad (Ser200, His440, Glu327) is shown by green stick models.

The active site of TcAChE consists of a number of important sub-sites, namely:
•

The esteratic site, comprising the catalytic triad (Ser200, His440 and Glu327†) [31].
Substrates bind covalently to the active site serine while the histidine and glutamic acid
residues act as proton acceptors/donors during the hydrolysis process. The reaction
proceeds through an unstable tetrahedral intermediate state to produce an acetylenzyme (releasing choline), before a further tetrahedral intermediate stage returns the
enzyme to its initial free form (releasing acetate).

† Unless otherwise stated in the text, it may be assumed that all residue numbering corresponds to the TcAChE
amino acid sequence.
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The oxyanion hole (Gly118, Gly119 and Ala201), involved in stabilising tetrahedral
intermediates [31].

•

An acyl pocket (Phe288 and Phe290), responsible for interactions with the substrate
acetyl function [27].

•

An anionic binding site (Trp84 and Phe330) where the quaternary ammonium of ACh
and other active site ligands interact with the π electrons of aromatic groups [27, 31].

A peripheral ligand binding site also exists (Tyr70, Asp72, Tyr121, Glu199, Trp279 and
Phe290) [94], about 14 Å from the active site, near the rim of the gorge. Ligand association at
the peripheral site may lead to enzyme inhibition if the entrance of substrate is blocked either
by steric hindrance [77, 78] or by charge repulsion (in the case of cationic ligands). Inhibition
by an allosteric mechanism which alters the active site conformation has also been proposed
[74, 79, 82, 91, 112].
Substrate inhibition has been shown at high concentrations of ACh (> 1 mM, significantly
higher than those encountered physiologically), which has been attributed to the binding of
ACh at the peripheral site, impeding the release of reaction products from the gorge [68, 72,
77]. However, at lower concentrations of ACh, substrate binding at the peripheral site can lead
to an activation of the enzyme [68, 77], due to a combination of allosteric effects which alter
the properties of the catalytic site [87, 89] and the transient binding of the substrate en route to
the catalytic site [77, 84]. Acetylthiocholine has been shown to bind to Asp74 at the peripheral
site (human AChE numbering, equivalent to Asp72 in TcAChE) as an initial step towards
hydrolysis [82].
Further evidence for the presence of allosteric mechanisms is found in the binding of ligands
at the catalytic site, which alters the environment of a surface loop (Cys69-Cys96 in mouse
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AChE) located near the mouth of the gorge [90] and alters the properties of a fluorescent
marker bound at the peripheral site [87].
Crystal structures suggest that at one point the gorge is too narrow to accommodate a
molecule of ACh [50], due to steric hindrance from the aromatic rings of Tyr121, Phe290,
Phe330 and Phe331, positioned 12-14 Å from the bottom of the gorge [49, 56]. Molecular
dynamics simulations have suggested that these residues form a gate to the active site which
opens and closes rapidly [61, 66]. Despite the gate being open between 2.4% [56] and 20% [66]
of the time in simulations, it slows ACh binding by only a factor of two, yet confers significant
selectivity of substrates [56]. BuChE does not exhibit ligand gating due to substitution of the
large aromatic amino acids in the gate region by residues with smaller side chains. Mutagenesis
experiments have shown that replacement of appropriate residues in the gate and active site
regions of human AChE results in an activity profile which closely resembles that of human
BuChE [88]. Figure 1.10 illustrates the positions of the catalytic triad, gate region and
peripheral binding site.
Analysis of electrostatic potentials within and around the enzyme shows a combination of a
net negative charge under physiological conditions and a significant dipole orientated along the
gorge axis. These potentials result in the attraction of the cationic substrate at medium
distances and a steering of the molecule towards and down the active site gorge when within
shorter range of the protein, providing up to an 80-fold increase in reaction rate compared to
models of the enzyme without the dipole [52, 53, 59, 86]. A number of negatively charged
groups are located on the protein surface in the region of the gorge entrance. The effect of
decreasing surface charges by mutagenesis on the kinetics of substrate hydrolysis has been
shown to be minimal [75], since only 40% of the dipole magnitude is dependent upon
contributions from surface charges [49].
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Figure 1.10 – The Torpedo californica acetylcholinesterase active site, gate region and peripheral
binding site: created from the PDB file 2ACE, showing the solvent accessible surface on a single catalytic
subunit for a 1.4 Å probe. The surface is coloured by electrostatic potential, negative potential is shown in
red, with positive potential shown by blue. Complete structure (a); the catalytic triad - indicated in yellow,
only His440 is visible from this position (b); the gate region - indicated in orange (c); the peripheral binding
site - indicated in green (d).

Molecular dynamics (MD) simulations indicate that additional routes to the active site may
exist. During simulations, openings large enough to accommodate water molecules have been
observed near Trp84, which is situated close to the protein surface [51, 61]. The crystal
structures of fasciculin II (FAS II) bound to AChE show the inhibitory peptide completely
blocking access to the active site gorge [27, 28], although a residual esterase activity can still be
measured [74] (this result was later questioned [91]). Recent molecular dynamics simulations of
the acetylcholinesterase/FAS II complex suggests that fasciculin binding promotes the
transient opening of multiple routes to the active site which do not involve the main gorge
- 17 -
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entrance [63]. Further evidence is found in the crystal structure of TcAChE bound to Mf268 (a
phystostigimine analogue), where the alkyl chain of one hydrolysis product is found along the
upper part of the gorge, blocking access to the active site. However, the bulky eseroline
hydrolysis product (released subsequently) is not present within the structure, suggesting that it
may have been released through a route other than the main gorge [35].
Crystallographic studies have now been published on AChE from a range of species and a
number of AChE/inhibitor complexes, demonstrating that the protein maintains a relatively
consistent structure in the enzymes from: Drosophila melanogaster [38], Electrophorus electricus [34]
human [23], mouse [28, 33] and Torpedo californica [24-27, 30-32, 35-37, 40-47]. The only
significant conformational change observed in the crystal structure of TcAChE bound to the
four inhibitors decamethonium, edrophonium, huperzine and tacrine is the orientation of the
phenyl sidechain of Phe330 [58]. Edrophonium, huperzine and tacrine bind at the active site
[24, 30], whereas decamethonium spans both the active and peripheral sites [30]. Recently, the
binding of Huperzine derivatives has provided evidence for the rearrangement of residues
within the active-site [48]. Appendix 2 includes a list of published AChE structures available
from the Brookhaven Protein Database (Table A2.1) and a list of structures currently awaiting
release (Table A2.2).
Amino acid substitutions which have occurred in certain species can lead to changes in activity
and in inhibitory characteristics, such as the low binding affinity of fasciculin to avian or insect
AChE when compared with mammalian AChE [30, 38], the different properties of greenbug
AChE compared with those of many other insect species [132], and benzenesulfonyl fluoride
inhibition of mouse AChE but not the Torpedo californica enzyme. Figures A2.1 [22] and A2.2
[99], in Appendix 2, illustrate the sequence homology between a range of species, which
accounts for these observations.
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Non-cholinergic Roles of Acetylcholinesterase

AChE has been implicated in a number of non-cholinergic roles such as cell proliferation,
differentiation and responses to stress. The homology of AChE to cell adhesion proteins,
gliotactin, gluctactin and the neurexins may form the basis of these implied functional
similarities [123, 133-135].
An increased concentration of AChE is observed in the plaques associated with Alzheimer’s
Disease and AChE has been shown to accelerate the assembly of amyloid-β-peptides into toxic
Alzheimer’s fibrils. It has been suggested that an area of the protein surface situated near the
peripheral site may be responsible for this action, since peripheral site ligands can inhibit fibril
formation [136, 137].
The selective synthesis of potent inhibitors has been achieved through combinatorial methods,
where a pool of small precursor compounds are allowed to bind with acetylcholinesterase
before reaction in situ to create a larger molecule [138]. Non-biological applications of the
enzyme include the development of sensors for the detection of specific insecticide residues
[139]. The high catalytic efficiency of AChE has also prompted attempts to develop smaller
non-protein mimics of the catalytic site [140].

1.3.5

Acetylcholinesterase Inhibition

1.3.5.1

Pesticides

The discovery of organophosphate compounds, the first potent synthetic AChE inhibitors,
introduced a new era in both chemical weapon and pesticide development. As an enzyme
critical to basic life functions, potent AChE inhibitors have an obvious role. A number of
pesticide formulations containing AChE inhibitors are currently in commercial use [38], many
of which show structural similarity to the original organophosphate nerve agents.
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Organophosphates first bind as a trigonal bipyramidal intermediate with the catalytic serine of
AChE. This initial structure may persist for a period of days, and in some circumstances may
be reversed by the administration of oximes [141]. A hydrolysis process, known as aging, then
leads to irreversible enzyme inhibition. Slow hydrolysis of the initial organophosphate complex
to the aged form has been explained by steric exclusion, with the active site histidine being
forced into a position unsuitable for catalysis [32].
Other pesticide inhibitors, such as the carbamates, bind covalently but reversibly to the active
site, and thus are safer for handling and use than organophosphates.
1.3.5.2

Therapeutics

A number of medical disorders can be directly related to a dysfunction of the cholinergic
system, or can be treated through modulation of cholinergic function using AChE inhibitors
[30, 38]:
•

Alzheimer’s Disease is the most common form of dementia, with sufferers
experiencing increasing impairment of memory, judgement and intellectual function
[142]. Senile dementia of the Alzheimer’s type has been linked to changes in
cholinergic function, including changes in nAChR density, AChE activity and AChE
polymorphism. With progressively longer lifespans, diseases such as Alzheimer’s which
develop later in life are likely to become a more significant problem in the future [40].

•

Myasthenia Gravis is an incurable muscle disorder estimated to affect 3 in every 10,000
individuals. The muscle weakness is due to poor transfer of nerve impulses across
neuromuscular junctions as a direct result of an abnormally low presence of ACh
receptors (caused either by auto-immune response or genetic inheritance).
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Glaucoma is a specific pattern of optic nerve damage and visual field loss caused by a
number of different eye diseases. Most, but not all, of these eye diseases are
characterized by elevated intraocular pressure which may be relieved through treatment
with mild AChE inhibitors.

The only compounds presently licensed by the Food and Drug Administration (FDA) for the
symptomatic treatment of Alzheimer’s Disease are AChE inhibitors (such as tacrine and
donepezil) [143-145]. Tacrine binds to the active site of AChE [30], while donepezil binds
along the gorge, interacting with both the active and peripheral sites [36, 40]. There is some
evidence that AChE inhibitors may actually slow the development of the disease [142, 146148], but also evidence that AChE may not be the only target of these drugs [149, 150]. The
chemical structures for a range of AChE inhibitors are shown in Appendix 3.

1.4

Nuclear Magnetic Resonance

1.4.1

The NMR Spectrum

Nuclear magnetic resonance utilises nuclear spins as a probe to determine the magnetic
environment of a nucleus. The behaviour of a spin system can provide an insight into bond
angles, internuclear distances and the orientation of nuclei with respect to the external applied
field.
The nuclear spin (I) can be related to a nuclear magnetic moment by:

µ =γ Iη
where:

µ

=

nuclear magnetic moment

I

=

nuclear spin
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γ

=

gyromagnetic ratio

ħ

=

Planck’s constant divided by 2π

In the presence of a large externally applied magnetic field a number of orientations can be
adopted, described by their magnetic quantum numbers (m), which range from -I, -I + 1, …
through to +I (a total of 2I + 1 possibilities). For example, in the simplest case of a spin-½
nuclei two alignments exist, parallel and antiparallel to the applied field.
The energy level associated with each alignment differs and, as such, at equilibrium a
population difference will exist between states. This population difference produces an overall
net magnetisation (M0), which can be perturbed into a non-equilibrium arrangement through
the application of radio-frequency pulses. The subsequent precession of magnetisation around
the z-axis as it returns to equilibrium is detected and Fourier transformation translates this time
domain information into the frequency domain typically used for the presentation of NMR
data (Figure 1.11 represents this procedure for a single isolated spin using both vector and
product operator formalisms).

π/2

FID

Equilibrium
state

Preparation of transverse
magnetisation

z

Vector Description

Product Operator
Description

z

y
x

Detection of
evolving spin
z

y
x

Iz

y
x

Ix

Ix cos Ωt + Iy sin Ωt

Figure 1.11 – Nuclear spin behaviour during a one pulse experiment (adapted from [151]).
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The precise nature of the magnetisation behaviour is dependent upon both internal nuclear
properties and external interactions which are characteristic of the spin system under study,
and can be described using the general nuclear spin Hamiltonian [152]:

H TOTAL = H Z + H CS + H J + H D + H Q
where:

HZ

=

Zeeman Hamiltonian

HCS

=

chemical shift Hamiltonian

HJ

=

J-coupling Hamiltonian

HD

=

dipolar Hamiltonian

HQ

=

quadrupolar Hamiltonian

Equation 1.2

The Zeeman Hamiltonian describes the interaction of the nuclear spin with the static magnetic
field (B0). In the case where the applied field is along the z-axis:
H Z = γ η B0 I Z

Equation 1.3

The chemical shift Hamiltonian describes the distribution of electrons around the nucleus and
is given by:

(

)

H CS = γ η σ 11 sin 2 θ cos 2 φ + σ 22 sin 2 θ sin 2 φ + σ 33 cos 2 θ B0 I Z
where:

θ, Ф

=

Equation 1.4

relate the principle axis system to the laboratory frame

σ11, σ22, σ33=

principal tensor elements

The isotropic chemical shift (σiso) and the shielding anisotropy (∆σ) can be determined from
the three principle elements:

σ iso =

1
(σ 11 + σ 22 + σ 33 )
3
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∆σ = σ 33 −

1
(σ 11 + σ 22 )
2

Equation 1.6

The asymmetry parameter (η) can then be defined as:

η=

σ 22 − σ 11
σ 33 − σ iso

Equation 1.7

Both the J-coupling and dipolar Hamiltonians relate to interactions between nuclear spins,
corresponding to indirect (electron mediated, through bond) and direct (through space)
contributions respectively. The J-coupling can be described by:

H J = 2π ∑ I < S I I J IS I S
where:

JIS

=

Equation 1.8

indirect spin coupling tensor

The J-coupling may be split into its isotropic (HJiso) and anisotropic components (HJaniso):

HJ
where:

JIS

=

JISaniso

=

= 2π ∑I < S I I J IS I S

Equation 1.9

isotropic indirect spin coupling tensor

HJ
where:

iso

aniso

= 2π ∑I < S I I J ISaniso I S

Equation 1.10

anisotropic indirect spin coupling tensor

Under the high field approximation, the dipolar Hamiltonian may be truncated such that:

H D = ∑ I < S bIS

(

1
(
1 − 3 cos 2 θ IS ) 3I I Z I S Z − I I I S
2

- 24 -

)

Equation 1.11

DPhil Thesis

Chapter 1 – Introduction

 µ γ γ η
bIS =  0  I3 S
 4π  r IS
where:

Equation 1.12

bIS

=

dipolar coupling between nuclear spins I and S

µ0

=

permeability of free space

rIS

=

distance between nuclear spins I and S

In cases relating to heteronuclear spin interactions only, the dipolar Hamiltonian (HDhet) may be
further simplified:

HD

het

= bIS (1 − 3 cos 2 θ IS )I I Z I S Z

Equation 1.13

The remaining term in the nuclear spin Hamiltonian, the quadrupolar Hamiltonian (HQ), is
only applicable to NMR investigations of nuclei which are not spin-½; it will not, therefore, be
described in detail as it is not of relevance in the current study.
N

H Q = ∑ I I QI I I

Equation 1.14

I =1

1.4.2

Solid State NMR

The rapid isotropic motions generally observed in the solution state result in an averaging of
those terms in the Hamiltonian which have an angular dependency. Under these conditions the
Hamiltonian may be simplified, such that:

H TOTAL = H Z + H CS + H J

Equation 1.15

Resonance linewidths are therefore narrow, and splitting due to the relatively small scalar
couplings is easily discerned.
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However, conventional solution state NMR is of limited use for structural studies on large
proteins, membrane proteins and solid materials, where long correlation times or restricted
motions lead to incomplete averaging of the anisotropic interaction terms and the full form of
the Hamiltonian must be applied.

H TOTAL = H Z + H CS + H J + H D + H Q

Equation 1.2

In this situation, as in the case of static solid state NMR (SSNMR), spectra are dominated by
broadening from the anisotropic interactions (Table 1.1). Specific resonances are difficult to
resolve individually and spectra are of limited use (Figure 1.12 includes an example of a static
SSNMR spectrum).
Table 1.1 – Typical orders of magnitude for NMR interactions.

Interaction
Zeeman
Chemical Shift
Scalar (J-coupling)
Dipolar
Quadrupolar

Order of magnitude
(ν)
108 Hz
103 Hz
1-100 Hz
103 Hz
106 Hz

A number of techniques may be utilised to improve the NMR spectra of solid samples, by
increasing sensitivity and resolution, enabling the investigation of the structural and dynamic
properties of proteins and of their ligands.
1.4.2.1

Magic angle spinning

Early work in the field of SSNMR demonstrated that motional averaging could be introduced
into a system through macroscopic sample rotation [153, 154]. Sample rotation about an axis
aligned at 57.4o to the applied magnetic field, the ‘magic angle’, effectively removes the
inhomogeneous anisotropic terms with a dependency upon [1-(3 cos2 θ)] when the spinning
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speed (ωr) exceeds the magnitude of the interaction (Table 1.1) [155]. The impact of magic
angle spinning (MAS) is twofold, since the reduced linewidths not only enable resonances to
be resolved, but also produce a significant improvement in signal to noise levels. Incomplete
averaging, observed at slower rotation speeds where (0 < ωr < ν), leads to the creation of
spinning sidebands.
Figure 1.12 illustrates the effect of MAS on an NMR spectrum. Not all of the resonances are
obvious in the static spectrum; only two resonances are clearly visible. Sample spinning causes
the spectrum to separate into isotropic components, which are masked at slow speeds by their
spinning sidebands (located at intervals equal to the spinning speed, ωr). At higher speeds the
sideband pattern becomes clearer and a larger proportion of magnetisation is found within the
isotropic peaks. Only two resonances (those with the greatest CSA) still have associated
sidebands at the highest spinning speed.

O

NH2
13

13
13

C

C

O

13

N

C

13

CH3

F

C
F

F

0 Hz

1000 Hz

2500 Hz

5000 Hz

7500 Hz

Figure 1.12 – Magic angle sample spinning: 13C NMR spectra of a selectively labelled solid compound
(see inset), acquired at 125 MHz and room temperature, using a ramped cross-polarisation experiment. 128
acquisitions were made for each spinning speed. Spectra are not shown to scale.
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Dipolar interactions between nuclei are key to the determination of interatomic distances and
molecular orientations. However, MAS suppresses these interactions to permit the resonances
from individual atomic sites to be resolved. Many SSNMR experiments are therefore based on
the selective reintroduction of dipolar couplings whilst still retaining a high resolution
spectrum through MAS (such schemes are discussed later in Chapter 4 and Chapter 5).
1.4.2.2

Cross-polarisation

The sensitivity of a particular nucleus to NMR experiments may be related to its gyromagnetic
ratio (γ). Unfortunately, many nuclei of interest in biological NMR have relatively low γ values.
Cross-polarisation (CP) [156] involves the creation of transverse magnetisation on the
abundant high γ protons, before transfer to low γ spins and subsequent observation.
Magnetisation transfer is achieved by the simultaneous application of a spin-lock on both the
proton and low γ channels, such that the Hartmann-Hahn condition is met [157]:

γ I B1 = γ S B1
I

where:

S

Equation 1.16

B1 = applied field strength

The sensitivity gain compared to direct generation of transverse magnetisation depends on the
ratio of γ values; in the case of proton/carbon transfer a four-fold increase in signal to noise is
possible [151]. Additionally, the delay between acquisitions may be reduced since
magnetisation is dependent upon proton relaxation (which is typically faster than carbon
relaxation rates), thereby increasing the number of acquisitions which may be completed within
a given time period.
Precise selection of applied field strengths for the Hartmann-Hahn condition is important for
efficient CP, in particular under MAS where the match condition breaks down into a series of
sharp peaks separated by the sample spinning frequency [158]. A number of schemes have
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been developed to reduce the dependency of magnetisation transfer on an exact match, such as
ramped CP [159], variable amplitude CP [160] and amplitude-modulated CP [161].
1.4.2.3

Proton decoupling

Although heteronuclear dipolar couplings are effectively averaged by MAS, the heteronuclear
proton couplings behave in an homogeneous manner and are not significantly averaged. In
order to achieve narrow linewidths approaching those found in solution NMR experiments,
proton couplings with the nuclei of interest must be disrupted. Decoupling is often performed
through the application of a strong, continuous wave radio-frequency field on the proton
channel. However, advanced schemes such as TPPM [162] and its related super-cycles [163]
may offer improvements in some experimental circumstances.
Decoupling of the proton-proton homonuclear interactions provides a second approach to the
removal of proton heteronuclear couplings and correspondingly reduces linewidths in SSNMR
spectra [164]. In the presence of efficient homonuclear proton decoupling, the heteronuclear
coupling behaves in a more inhomogeneous manner and is therefore effectively averaged
through MAS.

1.5

Solid State NMR and Acetylcholinesterase

Crop losses due to pests are estimated to represent up to 50% of yields on a worldwide basis
[38]. The widespread use of anticholinesterase pesticides over many years has resulted in a
number of pests developing resistant strains [122, 165, 166], highlighting the need for
continued development of new pesticide products. The inherent toxicity of organophosphates
to humans is demonstrated by the fact that 220,000 deaths are believed to occur each year
from single short-term exposure to organophosphate pesticides [38, 141]. Chronic exposure
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has also been shown to have serious effects including psychiatric symptoms and delayed
neuropathy [167]. Species-specific anticholinesterases could lead to pesticides that are of low
risk to humans and those organisms outside the design intention.
The cholinergic hypothesis makes AChE an important medical target for the treatment of
Alzheimer’s Disease. Non-specific interactions of AChE inhibitors are thought to be
responsible for many of the side effects associated with tacrine and donepezil treatment [36,
143, 144]. Detailed knowledge of the mechanisms through which acetylcholinesterase interacts
with inhibitors, and the subtle changes in these interactions which occur between different
species, provides a basis for the optimisation of existing compounds and the design of novel
inhibitors with increased potency and selectivity [29, 40, 58].
Despite the wealth of information available on acetylcholinesterase, current research
methodologies have a number of limitations which may be addressed through the application
of SSNMR, an approach which has not been tried previously.
While crystallographic studies on AChE are becoming more routine and the number of
published structures available is constantly increasing (36 structures are currently available
from the Brookhaven Protein Data Bank compared to 28 in July 2000), a review of published
structures illustrates that the majority involve the Torpedo californica enzyme (see Appendix 2).
Only a small number of other species have been investigated and, while the availability of
enzyme may have been a limiting factor, it is studies of the insect and mammalian strains which
are likely to be of more relevance in the development of novel pesticides and therapeutics. Xray diffraction experiments require the preparation of high quality protein crystals, a non-trivial
process which is normally the limiting step in such structural studies. Co-crystallisation can
often improve the quality of crystals. The first published mouse AChE structure [28] and both
published human AChE structures [23] involved complexes with the FAS II peptide.
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Considering the body of evidence which suggests that inhibitor binding at the peripheral site
alters the conformation of the active site through an allosteric mechanism [74, 79, 82, 91, 112],
such as the case with FAS II, these complexes may be misleading when used as a model for the
development of novel inhibitors.
The importance of subtle interactions in ligand binding is demonstrated by the inability of
computational methods to predict accurately the binding modes of inhibitors. Donepezil was
developed after an extensive study involving the investigation of structure-activity relationships
and modelling of inhibitor binding [96]. Although donepezil did prove to be a potent inhibitor,
the binding mode predicted during its development was found to be markedly different from
the actual bound conformation later derived using x-ray diffraction [36, 40]. Additionally,
simulations of the binding of galanthamine, which is a rigid molecule, have only recently been
able to produce a structure which matches x-ray crystallography data [41, 64]. A greater pool of
AChE structures with bound ligands will allow the deconvolution of key binding interactions,
aiding the accuracy of computational predictions.
NMR investigations of AChE to date have involved solution state experiments which are
inherently restricted by the size of the enzyme (~65 kDa per catalytic unit). These experiments
include: the monitoring of linewidth changes as a means of following the hydrolysis reaction
[115]; chemical shift changes demonstrating the covalent binding of an inhibitor as a
tetrahedral transition state mimic [120]; the use of chemical shifts to identify the nature of aged
and non-aged organophosphate complexes [119]; the comparison of relaxation rates for two
inhibitors to infer different binding modes [118]; and the appearance of a resonance upon
inhibitor binding to demonstrate the formation of a short, strong hydrogen bond at the active
site [116, 117] (although the accuracy suggested by the authors appears to be greater than that
demonstrated in the study on which their work is based [168]). While the TROSY NMR
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experiment [169] and the application of carefully selected labelling schemes [170] enable the
molecular weight boundaries associated with solution NMR to be pushed back (~50 kDa),
solution NMR is unlikely to be of significant importance in AChE research.
SSNMR is a novel approach to the investigation of AChE and its inhibitors but has been used
extensively in the determination of orientation, dynamics, bond angles and distance constraints
in other biological systems. Selected examples include: the orientation of deuterated
bromoacetylcholine when bound to nAChR [20], the ground-state and photo-activated
orientations of retinal in rhodopsin [171] and helix orientation of the colicin E1 channel
domain [172]; the dynamics of the colicin Ia channel domain [173] and of loop motions in
triosphosphate isomerase [174]; and the secondary structure determination of a silk, based on
torsion angles [175]. However, the determination of internuclear distances is likely to be of
most value with respect to AChE research – the introductions to Chapter 4 (homonuclear
distance measurements) and Chapter 5 (heteronuclear distance measurements) cover previous
examples of such work in detail.
In contrast to other techniques, SSNMR:

•

is not hindered by molecular size, as is the case with solution NMR;

•

does not require the high degree of macroscopic order necessary for crystallographic
studies (providing the option for studies on forms of the enzyme which have so far
eluded attempts at crystallisation);

•

involves the investigation of either natural abundance signals or non-perturbing labels,
unlike mutation experiments or fluorescence labelling;

•

involves non-destructive analysis of samples;
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can resolve dynamic effects within the system and may be applied to the investigation
of ligands which are hydrolysed at a rate which is too rapid for the preparation of
crystals;

•

through chemical shifts, can provide an indication of the electronic environment which
each nuclei experiences;

•

has the potential to determine the absolute conformation of inhibitors within the
binding site and the position of inhibitors with respect to the protein;

•

may be applied to samples in either frozen solutions, freeze-dried solids or even
directly to the membrane tethered form of AChE (this ‘natural’ state is ultimately of
greatest interest).

Information about the binding site of AChE may also help in understanding the recognition of
ACh by proteins such as the acetylcholine receptors, which are intriguing in that although ACh
is a common ligand, few inhibitors of the esterase act as receptor agonists (galanthamine is one
such example [42]).
The active site, peripheral binding site and gorge are all potential targets for the design of novel
AChE inhibitors. It has been shown that compounds which simultaneously interact with the
peripheral and catalytic sites demonstrate greater potency when compared with compounds
which interact with a single site [40, 95, 96, 176]. As part of the development of novel
pesticides, Syngenta produced a library of compounds which were predicted (and later
confirmed) to be strong inhibitors of acetylcholinesterase [43]. The compounds are based
around a chimera of two previously known inhibitor structures – tacrine, which binds noncovalently

in

the

lower

gorge

[30]

- 33 -

and

m-(N,N,N-trimethylammonio)-2,2,2-

DPhil Thesis

Chapter 1 – Introduction

trifluoroacetophenone (TMTFA), which binds covalently to the catalytic serine mimicking a
transition state structure [27] (Figure 1.13).

a

b
NH2

H3C

CH3
+ CH3
N

O

N

F

F

F

Figure 1.13 – Tacrine (a) and (trimethylammonio)trifluoroacetophenone (b).

In a collaboration between Syngenta, Israel Silman and Joel Sussman, x-ray diffraction was
used to determine the conformation of two of the compounds in the series, R404435 and
R415657 (Figure 1.14), when bound to acetylcholinesterase. R404435 was characterised while
bound to TcAChE [43] and R415657 while bound to DmAChE (unpublished).

a

F

O

NH2

F

S

b

F

N

CH3

NH2

CH3

F

O
F

O
N

CH3

F

F

F

Figure 1.14 – Syngenta acetylcholinesterase inhibitors: R404435, 4-amino-5-fluoro-2-methyl3-(3-trifluoroacetylbenzyl-thiomethyl)quinoline (a) R415657, 4-amino-5-fluoro-2-methyl-3-(3trifluoroacetylbenzyl-methoxymethyl)quinoline (b).
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Despite these two compounds being closely related, their crystal structures indicate markedly
different binding conformations (Figure 1.15).

a

b

c

d

Figure 1.15 – Crystal structures of Syngenta compounds bound to acetylcholinesterase: R404435
with TcAChE - the enzyme secondary structure is shown, with the catalytic triad indicated by green stick
models and the inhibitor coloured by atom type (a); R404435 and the active site serine from TcAChE (b),
R415657 and the active site serine from DmAChE (c); overlay of the two structures based on a common
alignment of the serine residues - R404435 is shown in green, R415657 is shown in red (d).

Further members of the same family of inhibitors which have not been investigated using x-ray
crystallography are available, R414425 and R414983 (Figure 1.16); their structures in the

- 35 -

DPhil Thesis

Chapter 1 – Introduction

binding site have yet to be determined. These inhibitors provide interesting subjects for study
since, on the basis of the conformations for R404435 and R415657, their orientations within
the binding site cannot be predicted easily.

a

F

O

NH2

F

O
N

b

F

CH3

O

NH2

F

O
N

F

CH3

F

F

Figure 1.16 – Syngenta acetylcholinesterase inhibitors: R414425, 4-amino-5-fluoro-2-methyl3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline
(a)
R414983,
4-amino-2-methyl-3-(3trifluoroacetylbenzyl-methoxymethyl)quinoline (b).

1.6

Project Aims

This project aims, for the first time, to develop SSNMR methodologies for the investigation of
AChE and its ligands, and to demonstrate the potential contribution from SSNMR to the field
of AChE research through the synthesis of isotopically labelled R414425 and R414983, the
determination of internuclear distances for labelled R414983 while bound to Electophorus
electricus acetylcholinesterase, and the incorporation of these solid state NMR derived distances
in a model for its bound state.
Following on from this introduction to acetylcholinesterase and solid state NMR:

•

Chapter 2 describes the selection of isotopic labelling schemes for the two inhibitors
R414425 and R414983 in order to maximise the opportunities for defining their
conformation when bound to acetylcholinesterase. It also covers the synthesis of
- 36 -
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R414425 and R414983, together with their isotopically labelled counterparts,

13

C5-

R414425 and 13C5-R414983.

•

Chapter 3 involves the characterisation of the inhibitors, both in relation to their
potency (acetylcholinesterase activity assays) and to their basic NMR properties
(assignment of resonances and a discussion of the chemical shift changes observed
between solution, solid and acetylcholinesterase bound states).

•

Chapter

4

introduces

the

first

internuclear

distance

measurements

on

acetylcholinesterase bound 13C5-R414983 through homonuclear recoupling using the
rotational resonance (R2) scheme.

•

Chapter 5 covers heteronuclear distance determinations on acetylcholinesterase bound
13

C5-R414983 using rotational-echo double-resonance (REDOR) experiments.

•

Chapter 6 focuses on the range of conformations which the inhibitor R414983 can
adopt, applying molecular dynamics simulations to the free compound and
acetylcholinesterase bound inhibitor, and discusses how the distance measurements
determined in Chapters 4 and 5 restrain the conformational freedom of R414983 when
bound to acetylcholinesterase.

•

Chapter 7 reviews the work performed, discusses what has been achieved and also
addresses the future perspectives for the project.
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Synthesis of Labelled Inhibitors

Overview

The NMR active isotope of carbon, 13C, comprises approximately 1% of the natural abundance
carbon. For the purposes of NMR investigations, the incorporation of an increased proportion
of 13C provides significantly improved signal to noise and, when used selectively, can aid in the
differentiation of particular sites from their natural abundance counterparts. Fortunately, 19F is
NMR active and is 100% of natural abundance fluorine.
A protocol for the synthesis of the compounds R414425 and R414983 (Figure 2.1) was
provided by Syngenta (personal communication, although some of this work was later
published [43]). The range of potential labelling schemes is limited by the availability of
precursor chemicals and a scheme providing the greatest range of potential distance
measurements for both inhibitors was chosen.

R

O

NH2

F

O
N

CH3

F

F

Figure 2.1 – Syngenta acetylcholinesterase inhibitors: R414425 (R = F), R414983 (R = H).
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2.2

Introduction

2.2.1

Synthetic Route

The general synthetic route used is shown in Figure 2.2. Minor modifications to the scheme
supplied by Syngenta were necessary as a result of the differing reaction scales, however, the
reactants and conditions were retained.

R
CN

O

CO2Et

NH2

O

CF3

CH3

O

CF3
Piperidine
Triethylamine
Diethyl ether (anhydrous)

Stannic chloride
Toluene (anhydrous)

R

Br

TBDMSO
N

CH3

N

O

Lithium aluminium hydride
THF (anhydrous)

CF3

n-butyl lithium
DMF (anhydrous)

O

NH2

CF3

TBDMSO

OH
CH3

N

Hydrochloric acid
Methanol

Thionyl chloride

R

TBDMS chloride
Imidazole
DMF (anhydrous)

NH2
CO2Et

R

Br

HO

O

NH2

O
Cl

+

N
H

CF3

HO

CH3 Cl

R

O

NH2
O
N

CF3

CH3

Figure 2.2 – General synthetic steps for the production of Syngenta acetylcholinesterase inhibitors
R414425 (R = F) and R414983 (R = H).
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Labelling Schemes

Conformational flexibility exists in two main regions of the R414425 and R414983 molecules,
around the central ether linkage and the trifluoroacetyl function. It is therefore desirable to
incorporate isotopic labels such that internuclear distance measurements (both homonuclear
and heteronuclear) can be made to restrict, or ideally to define precisely, the conformation in
these areas.
Of the four starting materials which are combined to form the final structures, labelling
opportunities only exist for ethyl acetoacetate and 3-bromobenzyl alcohol (anthranilonitrile/2amino-6-fluorobenzonitrile and trifluoroacetic anhydride are not commercially available or
easily synthesised with 13C enrichment). Ethyl acetoacetate is available with a range of 13C label
combinations, in positions 3, (1,3), (2,4) and (1,2,3,4). Figure 2.3 illustrates how these positions
relate to the final structures.

R
3
2
O

4
CO2Et
1
CH3

Ethyl acetoacetate

NH2
3
2
N

O
4
O

CF3

1
CH3

R414425/R414983

Figure 2.3 – Ethyl acetoacetate label positions and their corresponding locations in
the final inhibitor structures.

The 2-methyl and quinoline C2 inhibitor sites (C1 and C2 ethyl acetoacetate sites respectively)
are of most interest because of their more distant location in relation to the ether linkage. Only
fully labelled ethyl acetoacetate incorporates labels in both of these positions and the presence
of the additional C3 and C4 labels (corresponding to the quinoline C3 and quinoline
methylene) is unlikely to be a problem in the final structures since they are in chemically (and
therefore NMR) distinct locations.
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Isotopically labelled 3-bromobenzyl alcohol, while not available itself, can be produced in two
steps by modification of benzoic acid (Figure 2.4) [177, 178]. Benzoic acid is available either
uniformly labelled at all six aromatic ring positions or singly labelled at the α-carbon. Uniform
labelling, while introducing the potential for a greater number of distance measurements, is
likely to make the measurement of specific distances more difficult (the aromatic carbons will
have similar resonances, which may not be resolved). Benzoic acid with a single label at the α
position was therefore chosen.

HOOC

Br

HOOC

Potassium bromate
Sulphuric acid (conc)
Water

HO

Br

Lithium aluminium hydride
THF (anhydrous)

Figure 2.4 – Additional synthetic steps required for the incorporation of isotopic labels.

The inclusion of 1,2,3,4-12C4-ethyl acetoacetate and α-13C-benzoic acid into the synthesis results
in the labelled structures shown in Figure 2.5.
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O
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13
13

C

C

O
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N

C

F

C
F

13

CH3

F

13C -R414983
5

Figure 2.5 – Final labelled inhibitor structures - NMR active nuclei are shown in red.

- 41 -

DPhil Thesis

2.2.3

Chapter 2 – Synthesis

Internuclear Distance Constraints

The arrangement of NMR active nuclei in the chosen labelling schemes raises the possibility of
both homonuclear and heteronuclear distance determinations (Figure 2.6).

F

O

NH2
13
13
13

N
13C

5-R414425

F

C
C

C

13

O

F

C

Homonuclear 13C-13C
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F

Figure 2.6 – Potential distance constraints based on the chosen labelling schemes.

However, it should be noted that in neither case is it possible to define a single conformation
using the labelling schemes proposed but only to restrict the range of conformations which the
inhibitors can adopt. Some degree of freedom is likely to remain, particularly in the region of
the benzyl ring.
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The products of each reaction step were confirmed using 1H NMR (200 MHz Bruker Gemini)
and APCI mass spectrometry (Micromass Platform) where appropriate.
The final compounds (R414425, 13C5-R414425, R414983 and 13C5-R414983) were purified by
reverse phase HPLC on a HiChrom Kromasil C18 column (100 mm x 21 mm). Solvent A was
the aqueous phase (containing 0.1% TFA) and solvent B acetonitrile (containing 0.1% TFA). A
linear gradient from 20-40% B, over a period of 20 minutes, was followed by a linear gradient
from 40-60% B over 3 minutes and then maintained for a further 3 minutes. A total flow of 20
ml/min was used, with 30-50 mg of product loaded for each run in a minimum volume of
75% A/25% B. Fractions were collected and analysed by 1H NMR (200 MHz Bruker Gemini)
and APCI mass spectrometry (Micromass Platform), those containing the desired compound
were pooled and dried by rotary evaporation.

2.3.2

Synthesis of 4-amino-5-fluoro-2-methyl-3-(3-trifluoroacetylbenzyloxymethyl)quinoline (R414425)

2.3.2.1

3-bromobenzoic acid

Benzoic acid (3.0 g, 24 mmoles) and potassium bromate (4.1 g, 24 mmoles) were dissolved in
water (18 ml) and heated to 90 oC. Concentrated sulphuric acid (22 ml) was added dropwise
over a period of 1 hour, after addition was completed the temperature was maintained at 90 oC
for a further 2 hours. Heating was removed and the mixture was allowed to cool before the
addition of water (50 ml) and the extraction of the product with diethyl ether (4 x 25 ml).
Ether fractions were combined, washed with sodium metabisulphate solution, then dried over
magnesium sulphate before evaporation under reduced pressure.
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The product at this point, an off-white solid, was purified to remove unreacted benzoic acid.
The solid was repeatedly shaken with hot water (3 x 50 ml, 90 oC) and the undissolved material
collected by filtration and dried, providing an pale brown powder (1.95 g, 39% yield): 1H NMR
(DMSO) δ 7.39 (1H, t), 7.77 (1H, d), 8.07 (1H, d), 8.28 (1H, s); M-H- (APCI-) 199 (1 Br).
2.3.2.2 3-bromobenzyl alcohol
Lithium aluminium hydride (1.26 g, 32 mmoles) was mixed with anhydrous diethyl ether (60
ml), and a solution of 3-bromobenzoic acid (1.95 g, 9.6 mmoles) in anhydrous diethyl ether (40
ml) was added dropwise to the stirred mixture over a period of 30 minutes at 18-25 oC, under a
nitrogen atmosphere. The mixture was refluxed for 1 hour, before being cooled and the
reaction quenched with wet diethyl ether. Following acidification by the addition of sulphuric
acid (1 M, 45 ml), the ether layer was removed and the aqueous layer extracted with diethyl
ether (3 x 30 ml). The extracts were combined, dried over magnesium sulphate and evaporated
under reduced pressure to give a light brown oil (1.70 g, 94% yield): 1H NMR (CDCl3) δ 4.61
(2H, s), 7.10-7.60 (4H, m).
2.3.2.3 N-trifluoroacetylpiperidine
Trifluoroacetic anhydride (5.65 g, 26 mmoles) was added dropwise over a period of 30 minutes
to a stirred solution of piperidine (2.75 g, 32 mmoles) and triethylamine (2.72 g, 27 mmoles) in
anhydrous diethyl ether (20 ml), maintained between 15-20 oC and under a nitrogen
atmosphere. After addition was completed the solution was stirred at room temperature for a
further 2 hours. A combination of ice and water (60 ml) was then added and the mixture well
shaken. The ether fraction was removed and washed with dilute hydrochloric acid until the
washings became acidic (0.1 M, 6 x 15 ml). The organic fraction was then washed with water (3
x 10 ml), dried over magnesium sulphate and evaporated under reduced pressure to produce a
clear yellow oil (2.66 g, 62% yield: MH+ (APCI+) 182.
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2.3.2.4 1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene
tert-butyldimethylsilyl chloride (0.89 g, 5.9 mmoles) in anhydrous DMF (4 ml) was slowly added
to a stirred solution of imidazole (0.94 g, 13.8 mmoles) in anhydrous DMF (2 ml). 3bromobenzyl alcohol (1.0 g, 5.3 mmoles) in anhydrous DMF (2 ml) was then slowly added,
with the temperature maintained below 20 oC. The resulting mixture was stirred at 50 oC for 20
hours. Upon completion the mixture was cooled, water (25 ml) added and the product
extracted with hexane (4 x 10 ml). Organic extracts were combined, washed with water (5 x 5
ml) and then dried over magnesium sulphate. Hexane was removed by evaporation to produce
a clear colourless oil (1.22 g, 76% yield): 1H NMR (CDCl3) δ 0.12 (6H, s), 0.94 (9H, s), 4.82
(2H, s), 7.30-7.81 (4H, m).
2.3.2.5 1-trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene
n-butyl lithium (2.5 M in hexanes, 1.46 ml, 3.6 mmoles) was added over a period of 15 minutes
to a stirred solution of 1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene (1.0 g, 3.3
mmoles) in anhydrous diethyl ether (11 ml), maintained between 0-5 oC under a nitrogen
atmosphere. The resulting clear yellow solution was allowed to warm to 10 oC over 30 minutes
before being recooled to 0 oC. N-trifluoroacetylpiperidine (0.60 g, 3.3 mmoles) in anhydrous
diethyl ether (3 ml) was added over a period of 30 minutes with the temperature maintained
between 0-5 oC, followed by stirring at room temperature for 1 hour. After cooling to 0-5 oC
the reaction quenched with saturated ammonium chloride solution (5 ml). The aqueous
portion was extracted with ether, extracts were combined, washed with ammonium chloride
solution, then washed with water before drying over magnesium sulphate and evaporation to
give a red-brown oil (1.02 g, 96% yield).
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2.3.2.6 3-trifluoroacetylbenzyl alcohol
Concentrated hydrochloric acid (0.74 ml) was added dropwise to a stirred solution of 1trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene (0.92 g, 2.9 mmoles) in methanol
(7.4 ml) at 10-20 oC. The mixture was stirred at room temperature for 30 minutes before being
reduced in volume (approx. 50%) on a rotary evaporator. The residue was diluted with diethyl
ether (25 ml) and neutralised with a slurry of sodium bicarbonate/water before washing with
water and drying over magnesium sulphate. Evaporation under reduced pressure resulted in a
yellow oil (0.55 g, 93% yield): 1H NMR (CDCl3) δ 4.80 (2H, s), 7.40-7.80 (4H, m).
2.3.2.7 4-amino-3-carboxyethyl-5-fluoro-2-methylquinoline
2-amino-6-fluorobenzonitrile (1.0 g, 7.4 mmoles) was dissolved in anhydrous toluene (20 ml)
and ethyl acetoacetate added (0.96 g, 7.4 mmoles). Stannic chloride (3.83 g, 15 mmoles) was
added over a period of 5 minutes with the temperature maintained around 20-22 oC. Following
addition, the mixture was stirred under reflux for 5 hours before cooling and the supernatant
removed. The residue was triturated with ethyl acetate (21 ml) and a yellow solid collected by
filtration. The solid was stirred with sodium hydroxide solution (2 M, 28 ml) for 30 minutes,
before extraction into ethyl acetate (4 x 25 ml). Extracts were washed with water before drying
over magnesium sulphate and evaporation to give a yellow solid (1.54 g, 85% yield): 1H NMR
(CDCl3) δ 1.44 (3H, t), 2.79 (3H, s), 4.42 (2H, q), 6.90-7.75 (5H, m); MH+ (APCI+) 249.
2.3.2.8 4-amino-5-fluoro-3-hydroxymethyl-2-methylquinoline
4-amino-3-carboxyethyl-5-fluoro-2-methylquinoline (1.0 g, 4.0 mmoles) in anhydrous THF (10
ml) was added over a period of 1 hour to a cooled (18-25oC) solution of lithium aluminium
hydride powder (0.182 g, 4.8 mmoles) in anhydrous THF (26 ml), under a nitrogen
atmosphere. The mixture was stirred at room temperature for 3 hours, before quenching with
the cautious addition of water and acidification with hydrochloric acid (2 M, 5 ml). The
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subsequent addition of saturated sodium hydroxide solution (2 ml) was then followed by
removal of the THF layer. The organic layer was dried over magnesium sulphate and
evaporated to produce a pale yellow powder (0.54 g, 65% yield): 1H NMR (CDCl3) δ 2.58 (3H,
s), 4.89 (2H, s), 6.05 (2H, br s), 7.40-7.70 (3H, m); MH+ (APCI+) 207; M-H- (APCI-) 205.
2.3.2.9 4-amino-3-chloromethyl-5-fluoro-2-methylquinoline
4-amino-5-fluoro-3-hydroxymethyl-2-methylquinoline powder (0.52 g, 2.5 mmoles) was added
slowly to vigorously stirred thionyl chloride (2.4 ml). The resulting mixture was stirred under
reflux for 1.5 hours, before cooling and evaporation under reduced pressure. The residue was
triturated with ethanol-free chloroform, the resulting solid filtered and dried in air to produce
an off-white powder (0.49 g, 74% yield): 1H NMR (DMSO) δ 2.78 (3H, s), 4.89 (2H, s), 7.307.95 (3H, m); MH+ (APCI+) 221 (1 Cl).
2.3.2.10 4-amino-5-fluoro-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline
4-amino-3-chloromethyl-5-fluoro-2-methylquinoline (0.11 g, 0.42 mmoles) was mixed with 3trifluoroacetylbenzyl alcohol (0.43 g, 2.1 mmoles) and stirred at 125-130 oC for 4 hours. After
cooling, the gum was stirred with water (5 ml) and diethyl ether (5 ml) until two clear layers
were obtained. The aqueous portion was extracted with diethyl ether (5 x 5 ml), before
addition of sodium hydroxide solution (2 M) such that the alkalinity exceeded pH 10. The
white precipitate was extracted into DCM (5 x 5 ml). After drying over magnesium sulphate,
the DCM extracts were evaporated to give an off-white solid (0.15 g, 89% yield). After HPLC
purification an off-white solid remained (48 mg, 28% yield): 1H NMR (CDCl2) δ 2.60 (3H, s),
4.62 (2H, s), 4.86 (2H, s), 6.00 (2H, br s), 6.90-8.15 (7H, m); MH+ (APCI+) 393.
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2.3.3

Synthesis of 13C5-4-amino-5-fluoro-2-methyl-3-(3trifluoroacetylbenzyl-oxymethyl)quinoline (13C5-R414425)

2.3.3.1

α-13C-3-bromobenzoic acid

α-13C-benzoic acid (3.0 g, 24 mmoles) and potassium bromate (4.1 g, 24 mmoles) were
dissolved in water (18 ml) and heated to 90 oC. Concentrated sulphuric acid (22 ml) was added
dropwise over a period of 1 hour, after addition was completed the temperature was
maintained at 90 oC for a further 2 hours. Heating was removed and the mixture was allowed
to cool before the addition of water (50 ml) and the extraction of the product with diethyl
ether (4 x 25 ml). Ether fractions were combined, washed with sodium metabisulphate
solution, then dried over magnesium sulphate before evaporation under reduced pressure. The
crude solid was repeatedly shaken with hot water (3 x 50 ml, 90 oC) and the undissolved
material collected by filtration and dried, providing an pale brown powder (1.36 g, 27% yield):
1

H NMR (DMSO) δ 7.38 (1H, t), 7.78 (1H, d), 8.05 (1H, m), 8.27 (1H, m); M-H- (APCI-) 200

(1 Br).
2.3.3.2 α-13C-3-bromobenzyl alcohol
Lithium aluminium hydride (0.88 g, 22 mmoles) was mixed with anhydrous diethyl ether (40
ml), and a solution of α-13C-3-bromobenzoic acid (1.36 g, 6.8 mmoles) in anhydrous diethyl
ether (28 ml) was added dropwise to the stirred mixture over a period of 30 minutes, at 18-25
o

C, under a nitrogen atmosphere. The mixture was refluxed for 1 hour, before being cooled

and the reaction quenched with wet diethyl ether. The mixture was acidified by the addition of
sulphuric acid (1 M, 30 ml), the ether layer was removed and the aqueous layer extracted with
diethyl ether (3 x 20 ml). The extracts were combined, dried over magnesium sulphate and
evaporated under reduced pressure to give a clear light brown oil (1.26 g, 100% yield).
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2.3.3.3 N-trifluoroacetylpiperidine
Trifluoroacetic anhydride (20 g, 95 mmoles) was added dropwise over a period of 30 minutes
to a stirred solution of piperidine (10.3 g, 116 mmoles) and triethylamine (10 g, 98 mmoles) in
diethyl ether (approx. 72 ml) maintained between 15-20 oC and under a nitrogen atmosphere.
After addition was completed the solution was stirred at room temperature for a further 2
hours. A combination of ice and water (approx. 200 ml) was then added and the mixture well
shaken. The ether fraction was removed and washed with dilute HCl until the washings
became acidic (0.1M, 6 x 45 ml). The organic fraction was then washed with water (3 x 30 ml),
dried over magnesium sulphate and evaporated under reduced pressure to produce a clear
yellow oil (13.9 g, 64% yield: MH+ (APCI+) 182.
2.3.3.4 α-13C-1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene
tert-butyldimethylsilyl chloride (1.12 g, 7.4 mmoles) in anhydrous DMF (5 ml) was slowly added
to a stirred solution of imidazole (1.18 g, 17.3 mmoles) in anhydrous DMF (2.5 ml). α-13C-3bromobenzyl alcohol (1.26 g, 6.7 mmoles) in anhydrous DMF (2.5 ml) was then slowly added,
with the temperature maintained below 20 oC. The resulting mixture was then stirred at 50 oC
for 20 hours. Upon completion the mixture was cooled, water added (30 ml) and the product
extracted with hexane (4 x 10 ml). Organic extracts were combined, washed with water (5 x 5
ml) and then dried over magnesium sulphate. Hexane was removed by evaporation to produce
a clear colourless oil (1.71 g, 85% yield): 1H NMR (CDCl3) δ 0.12 (6H, s), 0.96 (9H, s), 4.87
(2H, d), 7.10-7.60 (4H, m).
2.3.3.5 α-13C-1-trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene
n-butyl lithium (2.5 M in hexanes, 2.48 ml, 6.1 mmoles) was added over a period of 15 minutes
to a stirred solution of α-13C-1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene (1.70 g, 5.6
mmoles) in anhydrous diethyl ether (19 ml) maintained between 0-5 oC, under a nitrogen
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atmosphere. The resulting clear yellow solution was allowed to warm to 10 oC over 30 minutes
before being recooled to 0 oC. N-trifluoroacetylpiperidine (1.02 g, 5.6 mmoles) in anhydrous
diethyl ether (5 ml) was then added over a period of 30 minutes with the temperature
maintained between 0-5 oC, followed by stirring at room temperature for 1 hour. The solution
was then recooled to 0-5 oC and the reaction quenched with saturated ammonium chloride (8
ml). The aqueous portion was extracted with ether, extracts were combined, washed with
ammonium chloride solution, then washed with water before drying over magnesium sulphate
and evaporation to give a red-brown oil (1.78 g, 99% yield).
2.3.3.6 α-13C-3-trifluoroacetylbenzyl alcohol
Concentrated hydrochloric acid (1.44 ml) was added dropwise to a stirred solution of α-13C-1trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene (1.78 g, 5.6 mmoles) in methanol
(14.4 ml) at 10-20 oC. The mixture was stirred at room temperature for 30 minutes before
reduction in volume (approx. 50%) on a rotary evaporator. The residue was diluted with
diethyl ether (50 ml) and neutralised with a slurry of sodium bicarbonate/water before washing
with water and drying over magnesium sulphate. Evaporation under reduced pressure resulted
in a yellow oil (0.76 g, 65% yield): 1H NMR (CDCl3) δ 4.80 (2H, d), 7.10-8.10 (4H, m).
2.3.3.7

13

C4-4-amino-3-carboxyethyl-5-fluoro-2-methylquinoline

2-amino-6-fluorobenzonitrile (1.07 g, 7.9 mmoles) was dissolved in anhydrous toluene (21 ml)
and 1,2,3,4-13C4-ethyl acetoacetate added (1.00 g, 7.5 mmoles). Stannic chloride (3.90 g, 15
mmoles) was added over a period of 5 minutes with the temperature maintained around 20-22
o

C. Following addition the mixture was stirred under reflux for 5 hours before cooling and the

supernatant removed. The residue was triturated with ethyl acetate (21 ml) and a yellow solid
collected by filtration. The solid was stirred with sodium hydroxide solution (2 M, 28 ml) for
30 minutes, before extraction into ethyl acetate (4 x 25 ml). Extracts were washed with water
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before drying over magnesium sulphate and evaporation to give a yellow solid (1.38 g, 73%
yield): 1H NMR (CDCl3) δ 1.44 (3H, t), 2.79 (3H, m), 4.41 (2H, q), 7.05 (2H, br s), 7.40-7.90
(3H, m); MH+ (APCI+) 253.
2.3.3.8

13

C4-4-amino-5-fluoro-3-hydroxymethyl-2-methylquinoline

13

C4-4-amino-3-carboxyethyl-5-fluoro-2-methylquinoline (1.38 g, 5.6 mmoles) in anhydrous

THF (14 ml) was added over a period of 1 hour to a cooled (18-25oC) solution of lithium
aluminium hydride powder (0.26 g, 6.8 mmoles) in anhydrous THF (36 ml), under a nitrogen
atmosphere. The mixture was stirred at room temperature for 3 hours, before quenching with
the cautious addition of water and subsequent acidification with hydrochloric acid (2 M, 7 ml).
Following the addition of saturated sodium hydroxide solution (3 ml), the THF layer was
removed. The organic layer was then dried over magnesium sulphate and evaporated to
produce a pale yellow powder (0.90 g, 78% yield): 1H NMR (CDCl3) δ 2.54 (3H, m), 4.86 (2H,
m), 6.05 (2H, br s), 7.40-7.70 (3H, m); MH+ (APCI+) 211.
2.3.3.9

13

C4-4-amino-3-chloromethyl-5-fluoro-2-methylquinoline

13

C4-4-amino-5-fluoro-3-hydroxymethyl-2-methylquinoline powder (0.64 g, 3.05 mmoles) was

added slowly to vigorously stirred thionyl chloride (2.9 ml). The resulting mixture was stirred
under reflux for 1.5 hours, before cooling and evaporation under reduced pressure. The
residue was triturated with ethanol-free chloroform, the remaining solid filtered and dried in air
to produce an off-white powder (0.76 g, 94% yield): 1H NMR (DMSO) δ 2.78 (3H, m), 5.03
(2H, m), 7.40-7.09 (3H, m); MH+ (APCI+) 225 (1 Cl).
2.3.3.10

13

C5-4-amino-5-fluoro-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline

13

C4-4-amino-3-chloromethyl-5-fluoro-2-methylquinoline (0.27 g, 1.04 mmoles) was mixed

with α-13C-3-trifluoroacetylbenzyl alcohol (1.07 g, 5.2 mmoles) and stirred at 125-130 oC for 4
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hours. After cooling, the gum was stirred with water (10 ml) and diethyl ether (10 ml) until two
clear layers were obtained. The aqueous portion was extracted with diethyl ether (5 x 10 ml)‡,
before addition of sodium hydroxide solution (2 M) such that the alkalinity exceeded pH 10.
The white precipitate was extracted into DCM (5 x 10 ml). After drying over magnesium
sulphate, the DCM extracts were evaporated to give an off-white solid (0.32 g, 80% yield).
After HPLC purification an off-white solid remained (100 mg, 25% yield): 1H NMR (CDCl2) δ
2.59 (3H, m), 4.62 (2H, m), 4.86 (2H, m), 6.00 (2H, br s), 6.90-8.15 (7H, m); MH+ (APCI+)
398.

2.3.4

Synthesis of 4-amino-2-methyl-3-(3-trifluoroacetylbenzyloxymethyl)quinoline (R414983)

2.3.4.1

3-bromobenzoic acid

Benzoic acid (3.0 g, 24 mmoles) and potassium bromate (4.1 g, 24 mmoles) were dissolved in
water (18 ml) and heated to 90 oC. Concentrated sulphuric acid (22 ml) was added dropwise
over a period of 1 hour, after addition was completed the temperature was maintained at 90 oC
for a further 2 hours. Heating was removed and the mixture was allowed to cool before the
addition of water (50 ml) and the extraction of the product with diethyl ether (3 x 40 ml).
Ether fractions were combined, washed with sodium metabisulphate solution, then dried over
magnesium sulphate before evaporation under reduced pressure. The crude solid was
repeatedly shaken with hot water (3 x 50 ml, 90 oC) and the undissolved material collected by
filtration and dried, providing an pale brown powder (2.85 g, 57% yield): 1H NMR (DMSO) δ
7.37 (1H, t), 7.78 (1H, d), 8.06 (1H, m), 8.25 (1H, m); M-H- (APCI-) 199 (1 Br).

The starting material α-13C-3-trifluoroacetylbenzyl alcohol is present in a 5:1 molar ratio to the second reactant,
combination of ether extracts at this point, followed by drying over magnesium sulphate and rotary evaporation
allows unreacted material to be recovered.

‡
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2.3.4.2 3-bromobenzyl alcohol
Lithium aluminium hydride (1.80 g, 46 mmoles) was mixed with anhydrous diethyl ether (85
ml), and a solution of 3-bromobenzoic acid (2.80 g, 13.8 mmoles) in anhydrous diethyl ether
(60 ml) was added dropwise to the stirred mixture over a period of 30 minutes at 18-25 oC,
under a nitrogen atmosphere. The mixture was refluxed for 1 hour, before being cooled and
the reaction quenched with wet diethyl ether. The mixture was acidified by the addition of
sulphuric acid (1 M, 65 ml), the ether layer was removed and the aqueous layer extracted with
diethyl ether (3 x 45 ml). The extracts were combined, dried over magnesium sulphate and
evaporated under reduced pressure to give a clear light brown oil (2.34 g, 90% yield): 1H NMR
(CDCl3) δ 4.60 (2H, s), 7.10-7.60 (4H, m).
2.3.4.3 N-trifluoroacetylpiperidine
Trifluoroacetic anhydride (10 g, 47 mmoles) was added dropwise over a period of 30 minutes
to a stirred solution of piperidine (5.1 g, 58 mmoles) and triethylamine (5 g, 49 mmoles) in
diethyl ether (approx. 36 ml), maintained between 15-20 oC and under a nitrogen atmosphere.
After addition was completed the solution was stirred at room temperature for a further 2
hours. A combination of ice and water (approx. 100 ml) was then added and the mixture well
shaken. The ether fraction was removed and washed with dilute HCl until the washings
became acidic (0.1M, 6 x 20 ml). The organic fraction was then washed with water (3 x 15 ml),
dried over magnesium sulphate and evaporated under reduced pressure to produce a clear
yellow oil (6.6 g, 61% yield: MH+ (APCI+) 182.
2.3.4.4 1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene
tert-butyldimethylsilyl chloride (2.00 g, 13.2 mmoles) in anhydrous DMF (8 ml) was slowly
added to a stirred solution of imidazole (2.13 g, 31.2 mmoles) in anhydrous DMF (4 ml). 3bromobenzyl alcohol (2.30 g, 12.0 mmoles) in anhydrous DMF (4 ml) was then slowly added,
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with the temperature maintained below 20 oC. The resulting mixture was stirred at 50 oC for 20
hours. Upon completion, the mixture was cooled, water added (50 ml) and the product
extracted with hexane (4 x 20 ml). Organic extracts were combined, washed with water (4 x 10
ml) and then dried over magnesium sulphate. Hexane was removed by evaporation to produce
a clear colourless oil (2.54 g, 69% yield): 1H NMR (CDCl3) δ 0.11 (6H, s), 0.96 (9H, s), 4.84
(2H, d), 7.10-7.60 (4H, m).
2.3.4.5 1-trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene
n-butyl lithium (2.5 M in hexanes, 3.7 ml, 9.1 mmoles) was added over a period of 20 minutes
to a stirred solution of 1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene (2.50 g, 8.4
mmoles) in anhydrous diethyl ether (30 ml) maintained between 0-5 oC, under a nitrogen
atmosphere. The resulting clear yellow solution was allowed to warm to 10 oC over 30 minutes
before being recooled to 0 oC. N-trifluoroacetylpiperidine (1.51 g, 8.4 mmoles) in anhydrous
diethyl ether (7 ml) was then added over a period of 30 minutes with the temperature
maintained between 0-5 oC, followed by stirring at room temperature for 1 hour. The solution
was then recooled to 0-5 oC and the reaction quenched with saturated ammonium chloride (15
ml). The aqueous portion was extracted with ether, extracts were combined, washed with
ammonium chloride solution, then washed with water before drying over magnesium sulphate
and evaporation to give a red-brown oil (2.39 g, 90% yield).
2.3.4.6 3-trifluoroacetylbenzyl alcohol
Concentrated hydrochloric acid (2.0 ml) was added dropwise to a stirred solution of 1trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene (2.3 g, 7.3 mmoles) in methanol (20
ml) at 10-20 oC. The mixture was stirred at room temperature for 30 minutes before being
reduced in volume (approx. 50%) on a rotary evaporator. The residue was diluted with diethyl
ether (60 ml) and neutralised with a slurry of sodium bicarbonate/water before washing with
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water (2 x 20 ml) and drying over magnesium sulphate. Evaporation under reduced pressure
resulted in a yellow oil (1.22 g, 83% yield): 1H NMR (CDCl3) δ 4.81 (2H, d), 7.20-8.10 (4H, m);
MH+H2O+ (APCI+) 220.
2.3.4.7 4-amino-3-carboxyethyl-2-methylquinoline
2-amino-benzonitrile (0.88 g, 7.5 mmoles) was dissolved in anhydrous toluene (20 ml) and
ethyl acetoacetate added (1.00 g, 7.5 mmoles). Stannic chloride (3.90 g, 15 mmoles) was added
over a period of 5 minutes with the temperature maintained around 20-22 oC. Following
addition, the mixture was stirred under reflux for 5 hours before cooling and the supernatant
removed. The residue was triturated with ethyl acetate (20 ml) and a yellow solid collected by
filtration. The solid was stirred with sodium hydroxide solution (2 M, 28 ml) for 30 minutes,
before extraction into ethyl acetate (4 x 25 ml). Extracts were washed with water before drying
over magnesium sulphate and evaporation to give a yellow solid (1.47 g, 85% yield): 1H NMR
(CDCl3) δ 1.44 (3H, t), 2.86 (3H, m), 4.43 (2H, m), 7.00 (2H, br s), 7.40-7.95 (3H, m); MH+
(APCI+) 231.
2.3.4.8 4-amino-3-hydroxymethyl-2-methylquinoline
4-amino-3-carboxyethyl-2-methylquinoline (1.40 g, 6.0 mmoles) in anhydrous THF (15 ml) was
added over a period of 1 hour to a cooled (18-25oC) solution of lithium aluminium hydride
powder (0.242 g, 6.5 mmoles) in anhydrous THF (40 ml), under a nitrogen atmosphere. The
mixture was stirred at room temperature for 3 hours, before quenching with the cautious
addition of water and acidification with hydrochloric acid (2 M, 8 ml). The subsequent addition
of saturated sodium hydroxide solution (3 ml) was then followed by removal of the THF layer.
The organic layer was dried over magnesium sulphate and evaporated to produce a pale yellow
powder (1.13 g, 97% yield): 1H NMR (CDCl3) δ 2.62 (3H, m), 4.79 (2H, m), 7.00 (2H, br s),
7.30-8.10 (3H, m); MH+ (APCI+) 189.
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2.3.4.9 4-amino-3-chloromethyl-2-methylquinoline
4-amino-3-hydroxymethyl-2-methylquinoline (1.10 g, 5.7 mmoles) was added slowly to
vigorously stirred thionyl chloride (5.6 ml). The resulting mixture was stirred under reflux for
1.5 hours, before cooling and evaporation under reduced pressure. The residue was triturated
with ethanol-free chloroform, the solid then filtered and dried in air to produce an off-white
powder (0.88 g, 75% yield): MH+ (APCI+) 203 (1 Cl).
2.3.4.10 4-amino-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline
4-amino-3-chloromethyl-2-methylquinoline (0.30 g, 1.45 mmoles) was mixed with 3trifluoroacetylbenzyl alcohol (1.22 g, 6.7 mmoles) and stirred at 125-130 oC for 4 hours. After
cooling, the gum was stirred with water (10 ml) and diethyl ether (10 ml) until two clear layers
were obtained. The aqueous portion was extracted with diethyl ether (4 x 10 ml), before
addition of sodium hydroxide solution (2 M) such that the alkalinity exceeded pH 10. The
white precipitate was extracted into DCM (4 x 10 ml). After drying over magnesium sulphate,
the DCM extracts were evaporated to give an off-white solid (0.38 g, 76% yield). After HPLC
purification an off-white solid remained (95 mg, 19% yield): 1H NMR (CDCl2) δ 2.66 (3H, m),
4.61 (2H, m), 4.90 (2H, m), 7.35-8.10 (7H, m); MH+ (APCI+) 375.

2.3.5

Synthesis of 13C5-4-amino-2-methyl-3-(3-trifluoroacetylbenzyloxymethyl)quinoline (13C5-R414983)

2.3.5.1

α-13C-3-bromobenzoic acid

α-13C-benzoic acid (6.0 g, 48 mmoles) and potassium bromate (8.2 g, 48 mmoles) were
dissolved in water (35 ml) and heated to 90 oC. Concentrated sulphuric acid (40 ml) was added
dropwise over a period of 1 hour, after addition was completed the temperature was
maintained at 90 oC for a further 2 hours. Heating was removed and the mixture was allowed
to cool before the addition of water (100 ml) and the extraction of the product with diethyl
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ether (3 x 50 ml). Ether fractions were combined, washed with sodium metabisulphate
solution, then dried over magnesium sulphate before evaporation under reduced pressure. The
crude solid was repeatedly shaken with hot water (3 x 100 ml, 90 oC) and the undissolved
material collected by filtration and dried, providing an pale brown powder (5.95 g, 59% yield):
1

H NMR (DMSO) δ 7.38 (1H, t), 7.78 (1H, d), 8.05 (1H, m), 8.27 (1H, m); M-H- (APCI-) 200

(1 Br).
2.3.5.2 α-13C-3-bromobenzyl alcohol
Lithium aluminium hydride (3.85 g, 96 mmoles) was mixed with anhydrous diethyl ether (175
ml), and a solution of α-13C-3-bromobenzoic acid (5.95 g, 29 mmoles) in anhydrous diethyl
ether (120 ml) was added dropwise to the stirred mixture over a period of 30 minutes at 18-25
o

C, under a nitrogen atmosphere. The mixture was refluxed for 1 hour, before being cooled

and the reaction quenched with wet diethyl ether. The mixture was acidified by the addition of
sulphuric acid (1 M, 120 ml), the ether layer was removed and the aqueous layer extracted with
diethyl ether (3 x 90 ml). The extracts were combined, dried over magnesium sulphate and
evaporated under reduced pressure to give a clear light brown oil (4.6 g, 86% yield).
2.3.5.3 N-trifluoroacetylpiperidine
Trifluoroacetic anhydride (10 g, 47 mmoles) was added dropwise over a period of 30 minutes
to a stirred solution of piperidine (5.1 g, 58 mmoles) and triethylamine (5.0 g, 49 mmoles) in
diethyl ether (approx. 36 ml) maintained between 15-20 oC and under a nitrogen atmosphere.
After addition was completed the solution was stirred at room temperature for a further 2
hours. A combination of ice and water (approx. 100 ml) was then added and the mixture well
shaken. The ether fraction was removed and washed with dilute HCl until the washings
became acidic (0.1M, 6 x 20 ml). The organic fraction was then washed with water (3 x 15 ml),
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dried over magnesium sulphate and evaporated under reduced pressure to produce a clear
yellow oil (5..9g, 54 % yield: MH+ (APCI+) 182.
2.3.5.4 α-13C-1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene
tert-butyldimethylsilyl chloride (4.04 g, 26.7 mmoles) in anhydrous DMF (18 ml) was slowly
added to a stirred solution of imidazole (4.25 g, 62.3 mmoles) in anhydrous DMF (7 ml). α-13C3-bromobenzyl alcohol (4.55 g, 24.1 mmoles) in anhydrous DMF (7 ml) was then slowly
added, with the temperature maintained below 20 oC. The resulting mixture was stirred at 50
o

C for 20 hours. Upon completion the mixture was cooled, water (100 ml) added and the

product extracted with hexane (4 x 35 ml). Organic extracts were combined, washed with
water (4 x 20 ml) and then dried over magnesium sulphate. Hexane was removed by
evaporation to produce a clear colourless oil (5.90 g, 81% yield): 1H NMR (CDCl3) δ 0.11 (6H,
s), 0.96 (9H, s), 4.86 (2H, d), 7.10-7.60 (4H, m).
2.3.5.5 α-13C-1-trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene
n-butyl lithium (2.5 M in hexanes, 8.60 ml, 21.2 mmoles) was added over a period of 25
minutes to a stirred solution of α-13C-1-bromo-3-(tert-butyldimethylsilyloxymethyl)benzene
(5.90 g, 19.5 mmoles) in anhydrous diethyl ether (65 ml) maintained between 0-5 oC, under a
nitrogen atmosphere. The resulting clear yellow solution was allowed to warm to 10 oC over 30
minutes before being recooled to 0 oC. N-trifluoroacetylpiperidine (3.54 g, 19.4 mmoles) in
anhydrous diethyl ether (18 ml) was then added over a period of 30 minutes with the
temperature maintained between 0-5 oC, followed by stirring at room temperature for 1 hour.
The solution was then recooled to 0-5 oC and the reaction quenched with saturated ammonium
chloride (25 ml). The aqueous portion was extracted with ether, extracts were combined,
washed with ammonium chloride solution, then washed with water before drying over
magnesium sulphate and evaporation to give a red-brown oil (5.77 g, 92% yield).
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2.3.5.6 α-13C-3-trifluoroacetylbenzyl alcohol
Concentrated hydrochloric acid (5.0 ml) was added dropwise to a stirred solution of α-13C-1trifluoroacetyl-3-(tert-butyldimethylsilyloxymethyl)benzene (5.70 g, 18 mmoles) in methanol (50
ml) at 10-20 oC. The mixture was stirred at room temperature for 30 minutes before reduced in
volume (approx. 50%) on a rotary evaporator. The residue was diluted with diethyl ether (150
ml) and neutralised with a slurry of sodium bicarbonate/water before washing with water and
drying over magnesium sulphate. Evaporation under reduced pressure resulted in a yellow oil
(3.28 g, 88% yield): 1H NMR (CDCl3) δ 4.80 (2H, d), 7.20-8.15 (4H, m); MH+H2O+ (APCI+)
221.
2.3.5.7

13

C4-4-amino-3-carboxyethyl-2-methylquinoline

2-amino-benzonitrile (0.88 g, 7.5 mmoles) was dissolved in anhydrous toluene (20 ml) and
1,2,3,4-13C4-ethyl acetoacetate added (1.00 g, 7.5 mmoles). Stannic chloride (3.90 g, 15 mmoles)
was added over a period of 5 minutes with the temperature maintained around 20-22 oC.
Following addition the mixture was stirred under reflux for 5 hours before cooling and the
supernatant removed. The residue was triturated with ethyl acetate (20 ml) and a yellow solid
collected by filtration. The solid was stirred with sodium hydroxide solution (2 M, 28 ml) for
30 minutes, before extraction into ethyl acetate (4 x 25 ml). Extracts were washed with water
before drying over magnesium sulphate and evaporation to give a yellow solid (1.40 g, 81%
yield): 1H NMR (CDCl3) δ 1.46 (3H, t), 2.85 (3H, m), 4.43 (2H, m), 7.05 (2H, br s), 7.40-7.95
(3H, m); MH+ (APCI+) 235.
2.3.5.8

13

C4-4-amino-3-hydroxymethyl-2-methylquinoline

13

C4-4-amino-3-carboxyethyl-2-methylquinoline (1.40 g, 6.0 mmoles) in anhydrous THF (15

ml) was added over a period of 1 hour to a cooled (18-25oC) solution of lithium aluminium
hydride powder (0.242 g, 6.5 mmoles) in anhydrous THF (40 ml), under a nitrogen
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atmosphere. The mixture was stirred at room temperature for 3 hours, before quenching with
the cautious addition of water and acidification with hydrochloric acid (2 M, 8 ml). The
subsequent addition of saturated sodium hydroxide solution (3 ml) was then followed by
removal of the THF layer. The organic layer was dried over magnesium sulphate and
evaporated to produce a pale yellow powder (1.15 g, 99% yield): 1H NMR (CDCl3) δ 2.62 (3H,
m), 4.79 (2H, m), 7.05 (2H, br s), 7.30-8.10 (3H, m); MH+ (APCI+) 193.
2.3.5.9

13

C4-4-amino-3-chloromethyl-2-methylquinoline

13

C4-4-amino-3-hydroxymethyl-2-methylquinoline powder (1.15 g, 5.95 mmoles) was added

slowly to vigorously stirred thionyl chloride (5.8 ml). The resulting mixture was stirred under
reflux for 1.5 hours, before cooling and evaporation under reduced pressure. The residue was
triturated with ethanol-free chloroform, the resulting solid filtered and dried in air to produce
an off-white powder (0.81 g, 66% yield): MH+ (APCI+) 207 (1 Cl).
2.3.5.10

13

C5-4-amino-2-methyl-3-(3-trifluoroacetylbenzyl-oxymethyl)quinoline

13

C4-4-amino-3-chloromethyl-2-methylquinoline (0.55 g, 2.67 mmoles) was mixed with α-13C-3-

trifluoroacetylbenzyl alcohol (2.20 g, 12 mmoles) and stirred at 125-130 oC for 4 hours. After
cooling, the gum was stirred with water (20 ml) and diethyl ether (20 ml) until two clear layers
were obtained. The aqueous portion was extracted with diethyl ether (5 x 20 ml)§, before
addition of sodium hydroxide solution (2 M) such that the alkalinity exceeded pH 10. The
white precipitate was extracted into DCM (5 x 20 ml). After drying over magnesium sulphate,
the DCM extracts were evaporated to give an off-white solid (0.64 g, 63% yield). After HPLC

The starting material α-13C-3-trifluoroacetylbenzyl alcohol is present in a 5:1 molar ratio to the second reactant,
combination of ether extracts at this point, followed by drying over magnesium sulphate and rotary evaporation
allows unreacted material to be recovered.

§
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purification an off-white solid remained (170 mg, 17% yield): 1H NMR (CDCl2) δ 2.64 (3H,
m), 4.62 (2H, m), 4.90 (2H, m), 7.40-8.15 (7H, m); MH+ (APCI+) 380.

2.4

Discussion

Considering the small scale under which synthesis was performed, the yields obtained are
within the expected range. A relatively large quantity, in comparison the amounts required for
NMR studies, of both the unlabelled and labelled inhibitors was successfully produced (Table
2.1). The subsequent purification of the compounds by HPLC has ensured that they only
contain trace amounts of impurities (confirmed by both solution NMR and mass
spectrometry).
Table 2.1 – Summary of synthesis yields.

Compound
R414425
13
C5-R414425
R414983
13
C5-R414983

The presence of

19

F and

Mass of product (mg)
48
100
95
170

Moles of product (mM)
0.12
0.25
0.25
0.45

13

C isotopic labels in the final inhibitor structures provides the

opportunity for a range of NMR experiments to investigate internuclear separations when the
inhibitors are bound to acetylcholinesterase. Homonuclear and heteronuclear distance
determinations are both possible: 13C-13C in both 13C5-R414425 and 13C5-R414983; 19F-19F in
13

C5-R414425; 13C-19F in 13C5-R414983.

The restriction imposed on the choice of labelling schemes by the availability of isotopically
labelled reactants is limiting. Distance measurements based on the current schemes can only
provide constraints which, although significantly reducing the range of conformations which
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the inhibitors could potentially adopt, cannot be used to determine the absolute conformation
whilst at their binding sites.
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Chapter 3 – Characterisation of Inhibitors

Characterisation of Inhibitors

Overview

The potency of acetylcholinesterase inhibitors is largely maintained across different species,
although exceptions are known to exist (see Chapter 1). Neither of the two compounds
R414425 and R414983 has previously been tested as an inhibitor of Electrophorus electricus
acetylcholinesterase. Monitoring of the rate of substrate hydrolysis in the presence of a range
of inhibitor concentrations enables the determination of the inhibitor concentration where
50% of enzyme activity remains (the IC50). Additionally, the impact of steps used in the
preparation of samples for NMR studies on the activity of acetylcholinesterase is examined
(such as freezing, freeze drying and dialysis).
The chemical shift of an NMR resonance is a sensitive probe of the electronic environment
around a nucleus and is reflected in the isotropic and anisotropic part of the interaction.
Chemical shifts of the labelled inhibitors 13C5-R414425 and 13C5-R414983 are investigated in
solid form, in solution and when bound to acetylcholinesterase. The variation in chemical
shifts between these states may provide an insight to the conformational changes which occur
during binding of the inhibitors.
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3.2

Introduction

3.2.1

Acetylcholinesterase Activity Assays

The chemical and physical properties of acetylcholine, its related esters and their hydrolysis
products are such that assays involving natural substrates are particularly difficult. However, it
is generally accepted that thio analogues of substrates, such as acetylthiocholine or
butyrylthiocholine, provide appropriate replacements. These compounds report hydrolysis
rates closely matching their natural counterparts yet are suitable for simple photometric
monitoring of the reaction process [179]. The methodology may be applied to protein extracts,
homogenates or suspensions of whole cells.
Acetylthiocholine (present in excess) is hydrolysed by acetylcholinesterase to form acetate and
thiocholine. Subsequently, the thiocholine reacts with 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB) and releases the strongly coloured 5-thio-2-nitrobenzoic acid (in anion form). The
second reaction step is not rate limiting, therefore the development of absorbance at 412 nm
can be directly related to enzyme activity. Figure 3.1 shows the reactions involved in the assay
process.
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Figure 3.1 – The Ellman Assay [179]: acetylcholinesterase activity is measured through a coupled reaction
involving the acetylcholine analogue acetylthiocholine.
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3.2.2

Chemical Shift Investigation

3.2.2.1

Chemical shifts

In a uniform applied magnetic field the movement of electrons around a nucleus results in the
generation of a secondary magnetic field. This secondary field is opposed to the applied field
and causes a nucleus to experience a reduced net magnetic field, the exact value of which is
dependent upon the degree of shielding provided by the associated electrons. The chemical
shift of a nucleus is therefore a sensitive indicator of its local electronic environment and, as
such, is also a potential source of structural information.
Chemical shifts are dominated by the type of atom under investigation (which defines the
ground-state electron arrangement) and the nature of chemical bonding to neighbouring atoms
(which determines both hybridisation of electron orbitals and the degree of electron
withdrawal, donation or delocalisation). For structural studies on biological samples it is the
more subtle effects which are of greatest interest, such as perturbations arising from molecular
conformation or intermolecular interactions.
1

H, 13C and 15N chemical shifts in peptides show a marked dependency upon the relative

orientation of the peptide planes (Figure 3.2) defined by the angles Φ and Ψ.

a

b
α-carbon

α-carbon

Figure 3.2 – The peptide plane: a rigid plane is formed due to the double bond character of the
carbon-nitrogen peptide bond [180].
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Since secondary structural motifs have different associated arrangements of their peptide
planes, the chemical shift of a nucleus can be used to derive the backbone structure by
comparison with known data (Figure 3.3) [181-183]. The combination of multiple chemical
shifts from a single residue (13Cα, 13Cβ, 13C’, 1Hα and 15N) and comparison with data from only
homologous proteins can provide a more reliable estimate of Φ and Ψ angles, accurate to
within 15o of x-ray crystallography results [184].

Figure 3.3 – Conformationally dependent chemical shifts: histograms of secondary shift
distribution in α-helix and β-sheet [183].

The C16 and C17 methyl groups of retinal, the chromophore of rhodopsin, demonstrate
identical chemical shifts in solution (28.8 ppm, in heptane) although are resolved as two
inequivalent sites in the dark-state of rhodopsin (occurring at 30.8 and 26.4 ppm) [185]. Figure
3.4 illustrates the positions of the two methyl groups with respect to the β-ionone ring. Steric
interaction between the axial methyl (C17) and the axial proton at the C3 position is
responsible for the different shifts.
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C16
C17
C8
100°

C1
C6
C5

-28°

C18

Figure 3.4 – Proposed conformation of the β-ionone ring of retinal in the dark-state of rhodopsin: the
C16 and C17 methyl groups occupy equatorial and axial positions with respect to the ring, causing inequivalence
in their chemical shifts [185].

In practice, the presence of multiple effects can make deconvolution of specific interactions
difficult (including steric interactions, ring currents, electrostatics and hydrogen bonding).
Solid-state NMR has an advantage over solution studies in relation to the investigation of
chemical shifts due to the absence of CSA averaging. As a result, both the isotropic chemical
shift and the anisotropy can be characterised, enabling a more detailed analysis of the
electronic shielding distribution within a system.
3.2.2.2 Determining chemical shift parameters
Methods are available for the extraction of the principal chemical shift tensor elements from a
spinning sideband pattern [186]. However, it is first necessary for the sideband intensities to be
determined accurately. In the current study, involving small quantities of a multiply labelled
ligand bound to protein, this process is complicated by the presence of a protein background
and overlapping sideband envelopes.
The protein background may be removed through the preparation of a second sample,
prepared in parallel to the protein-inhibitor complex but lacking the labelled inhibitor.
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Subtraction of the ‘protein only’ spectrum from that of the complex reliably compensates for
the protein background, providing a spectrum comparable to the bound form of the inhibitor
alone.
To determine the tensor elements accurately, the sample spinning speed must be selected so
that a sufficient number of sidebands remain for each of the labelled positions. However, at
such low speeds the spectrum becomes significantly more complex. Since the strength of
magnetic shielding scales linearly with the applied magnetic field, the advantages of higher
frequency spectrometers are clear:
•

increased sensitivity

•

increased resolution

•

greater number of sidebands at a given spinning frequency

2D-PASS [187] is a two dimensional NMR experiment which separates spinning sidebands by
their order. This is achieved through the manipulation of sideband phases by the application of
five π pulses with variable spacings (Figure 3.5). Pulses are initially spaced evenly throughout a
single rotor cycle. In subsequent increments the pulse positions are varied in a complex
manner. It is important to note that the 2D-PASS experiment is susceptible to the effects of
residual dipolar couplings - a weakness which may prove significant in the network of multiple
labels presently under investigation.
Symmetry based radio-frequency cycles, based on either C sequences (where the net impact of
each cycle element on spins is a 360o rotation of spins) or R sequences (an 180o rotation),
enable the design of new experiments which select specific spin interactions [188, 189]. Each
interaction is selected on the basis of its relationship to the molecular framework (Space rank),
nuclear spin polarisation (Spin rank) and rotations of the external magnetic field (Field rank).
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The values of these parameters for homonuclear spin interactions are shown in Table 3.1
(corresponding values are also available for heteronuclear interactions) [188].

π/2

1

Decouple

H
CP

π

π

π

π

π

Acquire

13

C

CP
CP

PASS
1
2
3
4
Experiment number

5
6
7
8
9
10
11
12
13
14
15
16

0

0.2

0.4

0.6

0.8

1.0

Pulse timings [τr]

Figure 3.5 – Pulse sequence for the 2D-PASS experiment.
Table 3.1 – Rotational signatures of homonuclear spin interactions in diamagnetic systems of spin-½.

Interaction
Isotropic chemical shift
Chemical shift anisotropy
J-coupling
Dipole-dipole coupling

Space rank, l
0
2
0
2

Spin rank, λ
1
1
0
2

Field rank
1
1
0
0

Each sequence is described using the notation XNνn, where X denotes the use of either C or R
elements, and n describes the number of sample revolutions into which N equal intervals are
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each filled with a radio-frequency based π rotation around the x-axis. The final parameter, ν,
denotes the phase shift of the radio-frequency pulses for the segments. Many of the
‘traditionally’ designed experiments can be described using symmetry notation - RFDR (see
Chapter 4) corresponds R414, while the REDOR scheme (see Chapter 5) corresponds to R412.
The C7 scheme, specifically C721 in the current study, recouples the homonuclear dipolar
interaction and can be used for the development of double quantum coherences for DQF and
correlation experiments.
The R1245 experiment (Figure 3.6) recouples the chemical shift anisotropy, while suppressing
the isotropic chemical shift and homonuclear dipolar couplings. However, in the absence of
radio-frequency pulses on the non-observed spins, heteronuclear interactions are also
recoupled by the scheme [188].

Figure 3.6 – The R1245 scheme: Five rotor cycles are split evenly into 12 elements (each of which has the
effect of a 180o rotation of spins), RF phases are alternated between ±1/3 π.

3.2.2.3 Modelling of chemical shifts
Advances in computational power mean that semi-empirical methods for the estimation of
NMR parameters [190] have become relatively fast. Software packages are available which can
calculate chemical shifts based on a given input molecular structure and conformation (such as
deMon, from the University of Montreal).
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The chemical shifts of the labelled sites within 13C5-R414983, and their variation with changes
in the conformation of the molecule, are presently under investigation by Dr Rene Verel
(Oxford). It is hoped that values for chemical shifts and CSA tensor elements determined
experimentally on the solid inhibitor and for the inhibitor bound to acetylcholinesterase can be
correlated with changes in the inhibitor conformation and environment upon binding. This
modelling work is currently at a preliminary stage and will not be discussed further here.

3.3

Methodology

3.3.1

Acetylcholinesterase Assays

3.3.1.1

General

Acetylcholinesterase activity and inhibition assays were performed according to the Ellman
method [179]. Acetylthiocholine (ATCh) iodide solution (0.075 M, 21.67 mg/ml) was prepared
in water. 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) (0.1 M, 3.96 mg/ml) was dissolved in pH
7.0 phosphate buffer (0.1 M) containing 0.15% (w/v) sodium bicarbonate. A concentrated
AChE solution was prepared by dissolving 100 units of lyophilised Electrophorus electricus AChE
(Sigma-Aldrich, Type V-S) in 25 ml of 0.2% aqueous gelatine, dilution of this concentrate with
water was performed before use (typically 1:1) such that the final enzyme activity comprised
between 0.15 and 0.10 AU/min. Serial dilutions of the test compounds (R414425, R414983,
tacrine and galanthamine) were prepared in water at 3.14 times their desired final
concentrations (1 mM – 10 fM).
Phosphate buffer (1.0 ml, 0.1 M, pH 8.0) was first mixed with DTNB solution (50 µl) and
AChE (10 µl) before the addition of either an inhibitor test solution or water (0.5 ml) as
appropriate. Following preincubation at 25 oC for 10 minutes, 10 µl of ATCh solution was
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added. The absorbance at 412 nm was followed for a period of 10 minutes, using a BeckmanCoulter DU 640 spectrophotometer. Data was corrected for non-enzymatic contributions to
hydrolysis by the use of a blank containing all components except for AChE.
3.3.1.2

Inhibitor assays

For each concentration of the four inhibitors tested, five samples were analysed. IC50 values,
defined as the inhibitor concentration were 50% of enzyme activity remains, were determined
by non-linear least squares fitting of a sigmoidal function (Equation 3.1) to the experimental
results using Microcal Origin version 5.0.

y = min +

max − min
1 + e − k ( x − Xmid )

Equation 3.1

Where x and y are variables, max and min define the data range, with Xmid the value of x at
y=(max+min)/2. In the case of an ideal dose response curve, max and min correspond to 1
and 0 respectively, while Xmid is the IC50.
3.3.1.3

AChE stability

Five aliquots of AChE solution (1 ml) were subjected to different treatments to examine the
susceptibility of the enzyme to damage as a result of handling steps such as those involved
during the preparation of samples for NMR analysis:

•

a control sample was maintained at 4 oC for 3 hours

•

to test the effects of slow freezing, a sample was placed in a freezer (-20 oC) for 3 hours

•

a sample was quickly frozen by rotating a round bottom flask in liquid nitrogen

•

a sample was quickly frozen (as above) and subsequently lyophilised

•

a final sample was maintained at 25 oC for 3 hours
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The lyophilised sample was reconstituted to its initial volume before testing. The first four
samples were tested three times to determine acetylcholinesterase activity, while the room
temperature sample was examined at 30 minute intervals.

3.3.2

Solution NMR Experiments

3.3.2.1

Pure labelled inhibitors

13

C and 19F spectra of the isotopically labelled inhibitors, 13C5-R414425 and 13C5-R414983, were

recorded using a 250 MHz (1H frequency, 63 MHz for carbon, 235 MHz for fluorine) Bruker
DPX spectrometer. Samples were prepared at a concentration between 1-2 mg/ml in either
deuterium oxide or deuterated chloroform. Approximately 700 µl was used for analysis. 13C
spectra were acquired with proton decoupling (400-1200 transients) and

19

F without

decoupling (60-150 transients).
3.3.2.2

13

C5-R414983 bound to acetylcholinesterase

Musca domestica acetylcholinesterase* (MdAChE), at an initial concentration of 1.0 mg/ml, was
reduced in volume from 5 ml to approximately 400 µl using Amicon Centricons (3 kDa
molecular weight cut-off) while maintained at 4 oC. A 50:1 molar excess of 13C5-R414983 was
added to the concentrate (1.5 ml of aqueous solution at a concentration of 1 mg/ml) and the
mixture left at room temperature for 15 minutes. After cooling to 4 oC the volume was again
reduced to 400 µl. Excess inhibitor was removed by dialysis in 100 ml of buffer solution (20
mM phosphate, pH 7.0, 0.5 mM EDTA, 0.02% NaN3) for 12 hours at 4 oC. 300 µl of the
protein solution was placed in a susceptibility matched NMR tube and a

19

F spectrum

recorded, over 20480 acquired, using a 500 MHz (1H frequency, 470 MHz for fluorine) Varian

* MdAChE exists mainly in the G2a-I form (covalently linked GPI-anchored dimers). The enzyme utilised was a
C575S mutant, which is unable to form covalent link between monomer units and therefore remains as a
monomer in solution.
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Infinity spectrometer. 19F spectra of the protein sample with additional inhibitor (a nominal
quantity) and the pure inhibitor solution were also recorded (20480 and 16 transients
respectively) for the purposes of spectral assignment.

3.3.3

Solid-Sate NMR Experiments

3.3.3.1

Pure labelled inhibitors

13

C spectrum of 13C5-R414425

Solid 13C5-R414425 (10 mg) was placed within a 4 mm Bruker MAS rotor and a 13C spectrum
acquired on a 200 MHz (1H frequency, 50 MHz for carbon) Chemagnetics spectrometer. The
probe and spinning module were supplied by Bruker. 1024 scans were recorded at room
temperature using a CP experiment with TPPM decoupling, ωr 12000 Hz,.
13

C spectrum of 13C5-R414983

Solid 13C5-R414983 (22 mg) was placed within a 4 mm Chemagnetics MAS rotor and a 13C
spectrum acquired on a 500 MHz (1H frequency, 125 MHz for carbon) Chemagnetics
spectrometer. 1000 scans were recorded at room temperature using a standard single pulse
experiment with continuous wave (CW) proton decoupling and 9000 Hz spinning speed.
2-D correlation experiments
A two dimensional C7 experiment [191, 192] was performed on solid labelled R414983 for the
assignment of resonances. 3.5 mg of 13C5-R414983 was placed within a 4 mm Bruker MAS
rotor and a

13

C spectrum acquired on a 200 MHz (1H frequency, 50 MHz for carbon)

Chemagnetics spectrometer. The probe and spinning module were supplied by Bruker. Figure
3.7 shows the sequence used. Initial proton magnetisation, generated using an 85 kHz field,
was transferred to carbon spins during a 1 ms period of cross-polarisation (85 kHz field on
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both channels). During τ1 and acquisition TPPM decoupling was applied, while CW decoupling
was utilised during the C7 cycle (85 kHz proton field strength in both cases). A carbon field
strength of 70 kHz was used during the C7 cycle. 128 τ1 increments were recorded for each of
three mixing times (0.6 ms, 1.2 ms and 2.4 ms), with 128 acquisitions taken in each slice. The
spinning speed was maintained at 10000 Hz.

π/2

1

H
CP

TPPM

Decouple
CW

Acquire

13

C

TPPM

CP

C7

τ1

τm

Figure 3.7 – Pulse sequence for a two-deimensional C7 experiment.

19

F spectra of 13C5-R414425 and 13C5-R414983

Solid 13C5-R414983 (22 mg) or 13C5-R414425 (80 mg) was placed within a 6 mm Chemagnetics
MAS rotor and a 19F spectrum acquired on a 500 MHz (1H frequency, 470 MHz for fluorine)
Chemagnetics spectrometer with a triple channel (HFX) MAS probe. 400 acquisitions were
recorded at room temperature using a standard single pulse experiment with CW proton
decoupling at spinning frequencies from 6000-9000 Hz. A 63 kHz field was used for
generation of fluorine magnetisation, with a 63 kHz decoupling field applied on the proton
channel during acquisition.
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C5-R414983 bound to acetylcholinesterase

Sample preparation
Lyophilised Electrophorus electricus AChE (50,000 units, Sigma-Aldrich Type V-S, approximately
30 mg/400 nmoles protein) were dissolved in distilled water (8 ml) and divided between two
previously prepared Float-a-lyzers (3500 Da limit) for dialysis (4 hours, 4 oC, 5 litres of 25 mM
potassium phosphate, 0.05 mM EDTA at pH 7.1).
The dialysed solutions were first combined, then divided again into two equal volumes. An
excess (approximately 10:1 molar ratio) of 13C5- labelled R414983 was added to one half of the
enzyme (1 ml, 1 mg/ml), with buffer solution (1 ml, 25 mM potassium phosphate, 0.05 mM
EDTA, pH 7.1) added to the remaining enzyme). Both solutions were left to equilibrate (30
min, 25 oC) before dialysis using two further Float-a-lyzers (3500 Da limit) to remove the
unbound excess inhibitor (12 hours, 4 oC, 5 litres of 25 mM potassium phosphate, 0.05 mM
EDTA at pH 7.1). After completion of the second dialysis step the enzyme samples were
frozen quickly in liquid nitrogen and lyophilised.
NMR experiments
Experiments were performed on a Chemagnetics 500 MHz (1H frequency - 125 MHz for 12C
and 470 MHz for 19F) spectrometer using either a 4 mm dual channel Chemagnetics Apex
MAS probe for 13C experiments or a 6 mm triple channel (HFX) MAS probe for 19F observe
experiments. The temperature was maintained at -30 oC.
13

C spectra of the protein and protein/inhibitor samples were acquired using a ramped CP

experiment. A 63 kHz field was used to generate initial proton magnetisation and during CP,
while a 100 kHz field was applied for decoupling during the relaxation decay and a 63 kHz
field during acquisition. A carbon field strength of 63 kHz was applied for CP, modulated by a
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20% linear ramp. The spinning speed was set to 7500 Hz, with 2000 acquisitions were made on
each sample. Spectral subtractions were performed using the FELIX software package.
19

F spectra of the protein/inhibitor sample were acquired using a ramped CP experiment. A 63

kHz field was used to generate initial proton magnetisation, a 42 kHz field during CP and a 63
kHz field was for decoupling during acquisition. A fluorine field strength of 42 kHz was
applied for CP, modulated by a 20% linear ramp. Two experiments were performed, with the
spinning speed set to 9000 Hz (6144 transients) and 6500 Hz (12288 transients).
3.3.3.3 Anisotropy investigation
PASS experiment
A 750 MHz (1H frequency, 188 MHz for carbon) Bruker DSX spectrometer was used to
examine a sample of solid 13C5-R414983 (20 mg) using the PASS sequence†. A 4 mm dual
channel MAS probe was utilised. The PASS pulse sequence was supplied by Bruker Analytik
(CPPASS) and was used without modification. A 55 kHz field was used for initial generation
of proton magnetisation, during CP and decoupling. A 55 kHz field was applied on the carbon
channel during CP and a 60 kHz field for π pulses. 81 scans were acquired in each of 16 slices
in the indirect dimension. The temperature was maintained at 0 oC and a spinning speed of
2000 Hz was used.
R1245 experiment
Figure 3.5 shows the general form of the pulse sequence for the R1245 experiment. Inversions
during each R segment were achieved by the application of a composite pulse (900270180). A

† The protein/inhibitor complex and protein background samples were also examined. However, the signal to
noise from these samples was insufficient for sideband analysis. The results are therefore not included here,
although it is intended that further experiments are performed with these samples.
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sample of solid 13C5-R414983 (20 mg) was examined on a 500 MHz (1H frequency, 125 MHz
for 13C) Chemagnetics spectrometer using a 4 mm dual channel Apex MAS probe. A 100 kHz
field was used to generate initial proton magnetisation and during CP, while a 100 kHz field
was applied for decoupling. A carbon field strength of 100 kHz was used for CP (modulated
by a 10% linear ramp), with a 28 kHz field used during the recoupling sequence. The spinning
speed was set to 15000 Hz. 320 acquisitions were made in each of 33 slices.

π/2

1

H
CP

TPPM

Decouple
CW

Acquire

13

C

TPPM

R124 5

CP
CP

τ1

τm

Figure 3.8 – Pulse sequence for a two-dimensional R1245 experiment.

3.4

Results

3.4.1

Activity Assays

3.4.1.1

Inhibitor testing

Dose response curves for each of the four inhibitors tested are shown in Figure 3.9-Figure
3.12. The IC50 values derived from these results are summarised in Table 3.2 and compared to
published data where available.
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Figure 3.9 – Dose response curve showing tacrine inhibition of Electrophorus electricus AChE:
Experimental points (an average of 5 data sets) are shown as black filled circles with the standard deviation
indicated by error bars. A sigmoidal fit to the experimental data is shown in red (R = 0.9882).

Figure 3.10 – Dose response curve showing galanthamine inhibition of Electrophorus electricus AChE:
Experimental points (an average of 5 data sets) are shown as black filled circles with the standard deviation
indicated by error bars. A sigmoidal fit to the experimental data is shown in red (R = 0.9900).
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Figure 3.11 – Dose response curve showing R414425 inhibition of Electrophorus electricus AChE:
Experimental points (an average of 5 data sets) are shown as black filled circles with the standard deviation
indicated by error bars. A sigmoidal fit to the experimental data is shown in red (R = 0.9951).

Figure 3.12 – Dose response curve showing R414983 inhibition of Electrophorus electricus AChE:
Experimental points (an average of 5 data sets) are shown as black filled circles with the standard deviation
indicated by error bars. A sigmoidal fit to the experimental data is shown in red (R = 0.9947).
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Table 3.2 – Comparison of measured inhibitor IC50 values, with standard deviation, for Electrophorus
electricus acetylcholinesterase with literature values for Electrophorus electricus and Torpedo
californica.

Inhibitor

Measured IC50 (nM)

tacrine
galanthamine
R414425
R414983

38 ± 14
37 ± 13
4.8 ± 1.2
4.4 ± 1.2

Literature IC50 (nM)
Electrophorus electricus
Torpedo californica
50 ± 4 [176]
8.2 [43]
360 ± 10 [176]
3.8 [43]
3.0 [43]

Throughout the four test series, the data show a sigmoidal curve which is characteristic of
simple inhibition kinetics. The standard deviation of the data is typically small in the presence
of inhibitor concentrations approaching or higher than the IC50, while at lower inhibitor
concentrations a greater range in the data distribution is observed.
The IC50 of the Alzheimer’s Disease drug tacrine was found to be 38 ± 14 nM. This value is
similar to that determined previously for tacrine inhibition of Electrophorus electricus AChE (50 ±
4 nM)[176]. The IC50 for tacrine inhibition of Torpedo californica AChE is 8.2 nM [43], a possible
explanation for the different inhibitory potency between species could be amino-acid
substitution in the region where tacrine binds (see Chapter 6).
The IC50 for galanthamine, the second Alzheimer’s Disease drug used for comparison, was
determined to be 37 ± 13 nM. There is some discrepancy between the value determined here
and that available in the literature (360 ± 10 nM [176]). It is not clear where this difference may
arise, although the similarity between values for tacrine inhibition of EeAChE in both studies
suggests that the methodology used is comparable.
A step change is apparent when comparing the inhibition by tacrine and galanthamine to that
of R414425 and R414983, both of these Syngenta compounds are extremely potent with IC50
values of 4.8 ± 1.2 nM and 4.4 ± 1.2 nM respectively. The published IC50 values for inhibition
of TcAChE are marginally lower (R414425 3.8 nM and R414983 3.0 nM [43]) but show the
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same trend, with R414983 demonstrating a subtly greater level of enzyme inhibition than
R414425.
3.4.1.2

Acetylcholinesterase stability

Storage of EeAChE at room temperature results in a marked decrease in the enzyme activity
after a relatively short period of time (Figure 3.13). An exponential fit to the data provides a
time constant of 5.00 ± 0.25 hrs.

Figure 3.13 – Acetylcholinesterase activity as a function of time at room temperature: data
points are shown as black dots, with an exponential fit in red (R = 0.9905).

The effect of steps such as freezing and freeze-drying on enzyme activity is of great interest,
since it is desirable that samples analysed by NMR are representative of the AChE in its natural
state. Table 3.3 shows that slow freezing, rapid freezing and freeze-drying are reversible
processes which have no deleterious effect on the activity of the enzyme.
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Table 3.3 – The effect of preparative steps on AChE activity.

Sample treatment
Normalised activity
o
Maintained at 4 C
1.0 ± 0.07
Slowly frozen
1.02 ± 0.04
Rapidly frozen in liquid nitrogen
0.91 ± 0.08
Rapidly frozen and lyophilised
1.06 ± 0.07

3.4.2

NMR

3.4.2.1

13

C NMR

Solid state experiments
The spectrum of solid 13C5-R414425 (Figure 3.14) benefits from the use of a low frequency
spectrometer and a high sample spinning speed, J-couplings are resolved for a number of the
resonances. The relatively narrow linewidths suggest the absence of significant structural
heterogeneity in the sample. The C2, C3 and 2-methyl resonances appear within isolated
regions of the spectrum and are therefore assigned easily. Resonances arising from the benzyl
methylene and quinoline methylene labels both fall within the same region of the spectrum,
although they may be assigned on the basis that the quinoline methylene is coupled to the
quinoline C3 position (therefore appearing as a doublet) while the benzyl methylene is isolated
(singlet).
Figure 3.15 shows the spectrum of solid 13C5-R414983. Spectral linewidths are broader than
observed previously for 13C5-R414425 (Figure 3.14), due to a combination of effects such as a
slower spinning frequency, higher field spectrometer and sample heterogeneity. Coupling
between labelled sites is not resolved and, although the two methylene positions could be
assigned with reference to the

13

C5-R414425 spectrum, homonuclear double-quantum

correlation experiments are otherwise necessary to distinguish the benzyl methylene and
quinoline methylene in the solid state.
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Figure 3.14 – 13C NMR spectrum of solid 13C5-R414425: 1024 transients were acquired on a 200 MHz
(1H frequency, 50 MHz for carbon) spectrometer using 10 mg of inhibitor and a sample spinning speed of
12000 Hz.
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Figure 3.15 – 13C NMR spectrum of solid 13C5-R414983: 1000 transients were acquired on a 500 MHz
(1H frequency, 125 MHz for carbon) spectrometer using 22 mg of inhibitor and a sample spinning speed of
9000 Hz. Spinning sidebands are indicted by *.
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Use of the pulse scheme applied for the two-dimensional correlation experiments generates
cross-peaks which alternate in phase depending upon the number of bonds separating atoms.
Figure 3.16a was acquired with a mixing period of 0.6 ms. Only three cross-peaks are present
at this time point (2-methyl/C2, C2/C3 and C3/quinoline methylene) but they are sufficient
for the unequivocal assignment of resonances.
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Figure 3.16 – 13C homonuclear correlation experiments on solid 13C5-R414983: A two-dimensional C7
sequence was used to investigate 3.5 mg of inhibitor on a 200 MHz spectrometer (1H frequency, 50 MHz
for carbon). A sample spinning speed of 10000 Hz was used. The homonuclear coupling is reintroduced
during a variable mixing time of 0.6 ms (a) 1.2 ms (b) and 2.4 ms (c). Positive intensity is shown in black
and negative intensity in red.
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At longer mixing times additional cross-peaks appear, initially those corresponding to two
bond internuclear separations (τm 1.2 ms, seen with positive phase in Figure 3.16b) and later
couplings via three bonds (τm 2.4 ms, seen with negative phase in Figure 3.16c).
Figure 3.17a shows the spectrum of 13C5-R414983 bound to acetylcholinesterase. Comparison
with the spectrum of the enzyme alone (Figure 3.17b) provides an indication of the level of
signal arising from natural abundance

13

C within the protein. Subtraction of the control

spectrum from that of the inhibitor with acetylcholinesterase provides a spectrum
representative of the inhibitor in the binding site.

a

b

c

*

*

*

*

Figure 3.17 – 13C NMR spectra of 13C5-R414983 bound to acetylcholinesterase: acquired on a 500
MHz (1H frequency, 125 MHz for carbon) spectrometer at a sample spinning speed of 7500 Hz –
acetylcholinesterase with bound inhibitor (a), acetylcholinesterase control (b), difference spectrum (c).
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Solution state experiments
13

C observed solution NMR spectra of the inhibitors are shown in Figure A4.1-Figure A4.4 in

Appendix 4. The spectra are all typical of solution experiments on pure low molecular weight
samples, demonstrating narrow linewidths and easily resolving homonuclear J-couplings‡.
Isotropic chemical shifts
The chemical shifts determined during 13C NMR experiments on the labelled inhibitors are
listed in Table 3.4. The multitude of interactions which contribute to the chemical shift of a
resonance make it difficult to reach specific conclusions on the basis of the results. However, a
number of observations can be made.
Table 3.4 – Summary of 13C NMR chemical shifts for the inhibitors 13C5-R414425 and 13C5-R414983.

Compound
13

C5-R414425
“
“
13
C5-R414983
“
“
“

State
solid
D2O
CDCl3
solid
D2O
CDCl3
EeAChE
bound

C2
154.8 (br s)
153.4 (q)
158.8 (t)
155.5
153.3 (q)
157.9 (t)

Chemical shift (ppm)
Benzyl
Quinoline
C3
CH2
CH2
108.0 (t) 73.8 (s)
62.1 (d)
108.5 (q) 72.4 (s)
63.6 (d)
108.8 (t) 70.8 (s)
66.9 (d)
108.5
72.6
60.1
107.7 (q) 72.4 (s)
63.7 (d)
108.8 (t) 70.8 (s)
67.2 (d)

152.6

108.2

73.0

64.4

Methyl
17.3 (d)
18.0 (d)
24.1 (d)
20.1
18.1 (d)
24.2 (d)
18.3

The chemical shifts of both 13C5-R414425 and 13C5-R414983 are similar in solid form. While
the presence of the fluorine atom on the quinoline ring of R414425 is responsible, in part, for
the differences, sample preparation may also be a contributing factor since the chemical shifts
are more closely matched in either D2O or CDCl3 solution.

Attempts were made to resolve 13C resonances for the bound ligand using solution NMR experiments (1H-13C
heteronuclear single quantum correlation). However, these experiments were unsuccessful.

‡
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The inequivalence of the electronic environments of the benzyl and quinoline methylene labels
is highlighted by their changes in chemical shift in solution (Table 3.5). In D2O the benzyl
methylene resonances move to lower frequency, while the quinoline methylene resonances
moving to higher frequency. These shift changes are more pronounced in CDCl3, with the
benzyl methylene moving further in the low frequency direction and the quinoline methylene
resonances moving further in the high frequency direction. The chemical shift difference
between the two methylene positions in solid form therefore decreases in D2O and to a greater
extent in CDCl3.
Table 3.5 – Summary of chemical shift changes for the benzyl and quinoline methylene labels in solution
(values are in ppm).

Compound
13

C5-R414425
C5-R414983

13

Chemical shift change relative to solid Difference in chemical shifts
Benzyl methylene Quinoline methylene
Solid
D2O
CDCl3
D2O
CDCl3
D2O
CDCl3
-1.4
-3.0
1.5
4.8
11.7
8.8
3.9
-0.2
-1.8
3.6
7.1
12.5
8.7
3.6

For both labelled compounds, splitting of the C2 and C3 resonances due to the J-coupling is
resolved as a quartet for both compounds in D2O, but only as a triplet in CDCl3 (arising from
unresolved overlapping doublets).
Resonances for the C3 and benzyl methylene positions are marginally shifted for the enzyme
bound 13C5-R414983 compared to the solid 13C5-R414983 inhibitor alone (by -0.3ppm and 0.4
ppm respectively), in contrast to substantial shifts for the C2, quinoline methylene and 2methyl positions (-2.9 ppm, 4.3 ppm and -1.9 ppm respectively).
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F NMR

Solid state experiments
The fluorine spectra of solid 13C5-R414425 indicate the presence of three inequivalent fluorine
sites (Figure 3.18). Based on the structure of the compound this result may at first seem
surprising, though it may be explained easily.

a

b

c
1

2

3

Figure 3.18 – 19F NMR spectra of solid 13C5-R414425: 400 transients were acquired on a 500 MHz (1H
frequency, 470 MHz for fluorine) spectrometer using 80 mg of inhibitor and sample spinning speeds of
6000 Hz (a) 7500 Hz (b) and 9000 Hz (c). The three isotropic peaks are numbered (1 - ketone, 2 - hydrate,
3 - aromatic.

The trifluoromethyl function is critical for inhibitor potency and substitution of the group for
an unfluorinated methyl decreases the IC50 of inhibitors in the series by a factor of over 3000fold [43]. The fluorine atoms withdraw electron density, making the ketone accessible to
nucleophilic attack from the catalytic serine and stabilising the covalently bonded tetrahedral
structure. This susceptibility to nucleophilic attack is demonstrated by the formation of a
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hydrate in aqueous solution (Figure 3.19). Incomplete drying of the sample, prepared from a
water/MeCN solution, is therefore responsible for the third resonance.

F

O

NH2

HO

F

F

O
N

OH

F

CH3

F

H2O

F

F

Figure 3.19 – Hydrate formation in the presence of water: the aromatic fluorine and the
trifluoromethyl groups from the free ketone and hydrate produce distinct NMR resonances (the three
fluorines within each trifluoromethyl group are equivalent).

Spectra of solid 13C5-R414983 show a single fluorine resonance with its associated sideband
pattern (Figure 3.20). The single form present in the sample is the hydrate, not the free ketone,
on the basis of the isotropic chemical shift.

a

b

*

Figure 3.20 – 19F NMR spectra of solid 13C5-R414983: 400 transients were acquired on a 500 MHz (1H
frequency, 470 MHz for fluorine) spectrometer using 10 mg of inhibitor and a sample spinning speeds of
7500 Hz (a) and 9000 Hz (b). The isotropic peak is indicated by *.
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Figure 3.21 shows the fluorine NMR spectrum of

13

C5-R414983 bound to EeAChE.

Comparison of the peaks at two spinning speeds suggests the presence of a single fluorine
resonance, although it should be noted that the broad spectral linewidths (1300 Hz, ~3 ppm)
make it impossible to distinguish between resonances from the serine bound and unbound
hydrate forms of the inhibitor (unlike in the case with solution NMR, Figure 3.22).

a

b

*

Figure 3.21 – 19F solid state NMR spectra of 13C5-R414983 bound to EeAChE: acquired on a 500 MHz
(1H frequency, 470 MHz for fluorine) spectrometer with a sample spinning speed of 6500 Hz (a) and 9000
Hz (b). The isotropic peak is indicated by *.

Solution state experiments
19

F NMR spectra of the pure inhibitors in D2O and CDCl3 solution are included as Figure

A4.5-Figure A4.8 in Appendix 4. Linewidths are narrow in all four spectra and, in contrast to
the

13

C solution NMR experiments which were performed on the same sample, separate

resonances are observed in D2O corresponding to the hydrate and free ketone forms of the
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inhibitor (the presence of both forms can also be observed in 1H spectra, the results of which
are not included here).
Solution NMR spectra of 13C5-R414983 bound to MdAChE are particularly interesting (Figure
3.22). As a result of the high viscosity of the concentrated protein solution, linewidths are
broader in the presence of the protein (Figure 3.22a and Figure 3.22b) than for the spectrum
of the inhibitor alone (Figure 3.22c). Despite this, peaks relating to the trifluoromethyl
function of the protein bound inhibitor and free unbound inhibitor (in hydrate form) are
resolved. The protein bound resonance is broadened in relation to the free inhibitor as a result
of its impeded mobility.

a

b

c

Figure 3.22 – 19F solution state NMR spectra of 13C5-R414983 bound to MdAChE: acquired
on a 500 MHz (1H frequency, 470 MHz for fluorine) spectrometer showing the sample after
dialysis (a) doped with additional inhibitor (b) and inhibitor alone (c).
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Isotropic chemical shifts
Table 3.6 combines the isotropic chemical shift results from the 19F NMR experiments for
comparison. Again, the interactions which determine the isotropic chemical shift are complex
and limit analysis.
Table 3.6 – Summary of 19F NMR chemical shifts for the inhibitors 13C5-R414425 and 13C5-R414983.

Chemical shift (ppm)
Compound
State
Trifluoromethyl
Aromatic
Ketone
Hydrate
13
C5-R414425
solid
-73.6
-83.4
-114.8
“
D2O
-76.1(6%)
-84.7 (94%)
-113.7
“
CDCl3
-71.8
Not present
-116.6
13
C5-R414983
solid
Not present
-83.5
NA
“
D2O
Not present
-84.7
NA
“
CDCl3
-71.8
Not Present
NA
“
EeAChE bound (solid)
Not Present
-84.3
NA
-83.8 (bound)
“
MdAChE bound (solution) Not Present
NA
-84.7 (free)

Fluorine nuclei posses a large chemical shift range and chemical shifts are very sensitive to
factors such as solvent polarity and ionic strength [120], a feature highlighted by the fact that
free ketone and tetrahedral hydrate forms are not resolved in 13C NMR experiments but are in
19

F NMR. The location of the fluorine atoms, in close proximity to the hydration site,

obviously contributes to this sensitivity but 1H resonances from the 2-methyl or quinoline
methylene positions can also distinguish the two forms (data not shown). The chemical shift
difference between the ketone and hydrate is measured to be 9.8 ppm (based on solid 13C5R414425).
The detection of a resonance which can be ascribed to the protein bound ligand has been
shown previously using solution state fluorine NMR for the binding of 3-octyl-thio-1,1,1trifluoropropan-2-one to EeAChE [120]. It has also been successfully performed here, with a
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resonance at -83.8 ppm for the tetrahedral enzyme bound inhibitor and -84.7 ppm for the free
tetrahedral hydrate.
3.4.2.3 Anisotropy investigation
2D-PASS
The results of the 2D-PASS experiment on the pure inhibitor (13C5-R414983) are shown in
Figure 3.23. The inequivalence of the two methylene sites is of particular interest, due to their
contrasting chemical shift changes upon binding, and a full analysis of the sideband
distribution for these positions is shown in Figure 3.24. While the remaining sites have not
been analysed in detail, a number of points are apparent in the 2D-PASS results.
The isotropic peaks show a large variation in intensity between the labelled positions, with the
aromatics and quinoline methylene being significantly smaller than the benzyl methylene and 2methyl. Differential magnetisation transfer during cross-polarisation may contribute to the
intensity variation, though the dominant effect arises from the chemical shift anisotropy of the
positions. Twelve sidebands are visible for each of the aromatic positions, seven for the
quinoline methylene, five/six for the benzyl methylene and four for the 2-methyl.
A plot of the methylene sideband manifolds and Herzfeld-Berger [186] analysis of their
intensities enables the chemical shift anisotropy and asymmetry parameters to be quantified
(Figure 3.24). The benzyl methylene has a shielding anisotropy (∆σ) of 43.8 ppm and an
asymmetry parameter (η) of 0.37, the quinoline methylene has a much larger shielding
anisotropy of 62.4 ppm and an asymmetry parameter of 0.60.
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Figure 3.23 – 2D-PASS series for solid 13C5-R414983: acquired on a 750 MHz spectrometer (1H frequency,
183 MHz for carbon) at a spinning speed of 2000 Hz. A single slice through the isotropic peaks is also shown.

a

b

Figure 3.24 – Extraction of chemical shift anisotropy parameters from sideband manifolds:
based on the results of the 2D-PASS experiments on solid 13C5-R414983, using Herzfeld-Berger
deconvolution [186] for the benzyl methylene (a) and quinoline methylene (b). A solid line represents
68% and a dotted line 95% confidence limits.
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R1245
The results of the R1245 experiment are illustrated in Figure 3.25. Using this scheme, the
recoupled CSA is observed in the indirect dimension as an overlapped doublet, symmetrical
around the centre and scaled by a factor of 0.13. Slices through the benzyl methylene (Figure
3.25b) and quinoline methylene (Figure 3.25c) highlight the differences in both the shielding
anisotropy and their asymmetry.

a

b

c

Figure 3.25 – CSA recoupling using the R1245 sequence: spectra were acquired on a 500 MHz
spectrometer (1H frequency, 125 MHz for carbon) at a spinning speed of 15000 Hz (a). Slices through the
benzyl methylene (b) and quinoline methylene (c) are also shown (under this scheme the CSA is scaled by a
factor of 0.13 and appears as a symmetrical ‘doublet’).

Fitting of simulated powder patterns to the peaks is impeded by the central spike, an artefact
arising from a DC offset in the time domain. Although it is possible to compensate for this
offset, this cannot be done in a way that the anisotropy parameters are guaranteed to remain
unchanged.
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Discussion

Each of the two compounds, R414425 and R414983, is an extremely potent inhibitor of
Electrophorus electricus acetylcholinesterase (IC50 values of 4.8 ± 1.2 nM and 4.0 ± 1.2 nM
respectively). The high degree of homology between the enzymes from Electrophorus electricus
and Torpedo californica is shown by the similarity of the IC50 values determined here with those
previously published for TcAChE (only one residue is altered in the region where the inhibitors
bind – Phe331 in TcAChE, which is equivalent to Tyr337 in EeAChE). The IC50 values are
almost an order of magnitude smaller than that of tacrine, the drug used in the treatment of
Alzheimer’s Disease, upon which the Syngenta compounds are based. While the difference
between the IC50 values of R414425 and R414983 for EeAChE is within experimental error,
previous work also noted the subtly greater potency of R414983 [43]. Structurally, a single
substitution of a fluorine atom at the 5 position of the quinoline ring is responsible for this
change in potency.
The chemical shifts of the labelled inhibitors, based on both 13C and 19F NMR in solution and
solid state, show a marked dependence upon their environment. The complexity of the
interactions which contribute to the chemical shift limits a full analysis. For this reason, it is
best to focus on the benzyl and quinoline methylene positions. These sites are chemically
similar, yet demonstrate contrasting chemical shift behaviour such as their opposite shift
changes in solution, different shift changes with bonding to AChE and their dissimilar
electronic environments (illustrated by both the shielding anisotropy and asymmetry
parameters). Interpretation of a structural basis for these differences is presently not possible.
To date, attempts at crystallisation of the Syngenta inhibitors have proved unsuccessful,
possibly due to the presence of a mixture of the hydrate and free forms. The narrow linewidths
observed in the 13C NMR spectrum of pure 13C5-R414425 suggest a low level of local structural
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heterogeneity, it may therefore be possible to determine the conformation of the solid
inhibitors using NMR without the need for macro-crystalline material. After the development
of a model for the inhibitors bound to AChE it may then be possible to simulate the electronic
environment for both unbound and protein bound inhibitors, explaining the chemical shift
changes which have been observed. Additional instrument time is required before 2D-PASS
experiments on the enzyme bound inhibitor have sufficient signal for the analysis of sideband
manifolds, enabling the investigation of anisotropy changes which may also occur upon
binding of the inhibitor.
Spectral linewidths for lyophilised 13C5-R414983 bound to acetylcholinesterase are broad. The
sensitivity of the isotopic labels to their environment, coupled with a less well defined binding
pocket in this dehydrated state may be responsible. However, the large chemical shift changes
observed for certain positions when compared to the pure solid inhibitor (such as 4.3 ppm for
the quinoline methylene) shows that although some heterogeneity is present, it is unlikely to be
structurally significant in later distance measurements.
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Rotational Resonance
Investigation of 13C5-R414983
Bound to Acetylcholinesterase

Overview

Determination of 13C-13C internuclear distances for the acetylcholinesterase bound inhibitor
R414983 is an important step in the development of a model for its bound state.

O

NH2
13
13

C

C

13

O

13

N

C

F

C
F

13

CH3

F

Figure 4.1 – 13C5-R414983, 4-Amino-2-methyl-3-(3-triflouroacetylbenzyl-oxymethyl) quinoline.

Three pairs of spins are located such that their separation is dependent upon the relative
orientation of the quinoline and benzyl functionalities of the molecule (benzyl methylene/2methyl, benzyl methylene/quinoline C2 and benzyl methylene/quinoline C3), the relative
positions of the remaining pairs of spins is fixed through the rigid network of covalent bonds.
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Dipolar couplings are inversely proportional to the cube of the separation between spins
(Chapter 1 – Equation 1.12). Elucidation of the dipolar coupling strength between pairs of
spins is therefore key in the determination of internuclear distances. Under the magic-angle
spinning conditions required for high spectral resolution, dipolar couplings are effectively
averaged to zero. Thus, reintroduction of the interaction is necessary in order that distance
measurements can be performed.
Interference with the averaging process of magic-angle spinning, and thereby a recoupling of
the dipolar interaction, can be achieved through the use of rotor synchronised radio-frequency
pulses or by mechanical means where the spinning frequency is carefully selected. The
importance of the dipolar interaction, not only in the determination of internuclear distances,
but also in the assignment of coupled networks of spins or the creation of multiple-quantum
coherences, has led to the development of a wealth of schemes for its recovery [193, 194].
Early radio-frequency based recoupling methods, such as the DRAMA experiment [195] in
which two π/2 pulses are applied during each rotor period or SEDRA/RFDR [196-198] which
employ a single π pulse in each rotor period, are all particularly susceptible to pulse
imperfections, chemical shift anisotropy, chemical shift offsets and difficulties with calibration.
Later schemes including MELODRAMA [199], CEDRA [200], RIL [201] and DRAWS [202]
incorporate improvements to ensure a more broad-banded recoupling efficiency. Despite the
fact that precise distance determination using these sequences has been demonstrated on ideal
systems, broad-banded recoupling restricts their practical application to distance determination
in samples incorporating a single pair of labelled nuclei or for multidimensional correlation
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experiments [203-205] (narrow-banded versions of the RFDR and SEDRA experiments have
recently been proposed [206]).
The dipolar interaction is also utilised in double quantum filtering (DQF) experiments, where
coherences between coupled spins are promoted and exclusively selected, suppressing signals
such as those arising from a natural abundance background [191, 192, 207-210]. While in
theory the rate of double quantum evolution could be correlated to the strength of the dipolar
coupling, the complex analysis required has ensured that this method is not employed for
internuclear distance determination.
Mechanical recoupling of the dipolar interaction, known as rotational resonance, is more
appropriate for distance determination in a multiply labelled spin system such as that used in
the current study [211].

4.2.2

Rotational Resonance

4.2.2.1

The rotational resonance method

First observed through its effects on relaxation times and line broadening [212, 213], when the
frequency difference between the isotropic chemical shifts of two nuclei is equal to an integer
multiple of the sample spinning speed the rotational resonance condition is met (∆ωIS = n ωr).
Under these conditions nuclei may undergo rapid cross-relaxation and magnetisation exchange
through reintroduction of the dipolar interaction.
In suitable circumstances, with sufficient spectral resolution, a dipolar splitting resulting from
rotational resonance [214] can be observed directly in the standard one-dimensional spectrum
(see Figure 4.2 below). While measurement of the dipolar splitting is a relatively simple method
for the determination of internuclear distances, which has been proven on crystalline systems
[215] and successfully applied in at least one biological system [216], it is not commonly utilised
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in biological systems where large resonance line widths and relatively weak dipolar couplings
limit the potential for accurate measurements.

a

b

Figure 4.2 – Dipolar splitting under rotational resonance: 13C spectra acquired at 125 MHz (500 MHz
for 1H ) of 13C2-glycine diluted 1:19 with unlabelled glycine and crystallized from aqueous solution - off
rotational resonance, ωr = 12000 Hz (a) on rotational resonance at the n = 1 condition, ωr = 16720 Hz (b).

The first inter-atomic distance measurement for an integral membrane protein from solid-state
NMR was determined in bacteriorhodopsin by investigation of magnetisation exchange
between a pair of spins under rotational resonance [217]. In contrast to the line shape effects
discussed above, significant magnetisation exchange can occur even in systems with weak
dipolar couplings. The basis of this magnetisation exchange and the interpretation of an
exchange profile in terms of the strength of the dipolar coupling between spins are discussed
later (Section 4.2.3).
Figure 4.3 illustrates the general form of the pulse scheme used for rotational resonance
magnetisation exchange experiments [151, 214]. Initial proton magnetisation is transferred to
the dilute spins during a period of cross-polarisation (in this case using ramped CP). Following
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a non-selective 90o pulse on the 13C channel which aligns the spins along the +Z axis, a
selective inversion is performed on one of the pair of

13

C spins (the DANTE scheme is

frequently used [185, 218], though other methods involving long weak pulses [214], time delays
[219] or three pulse sequences have also been applied [220]). A mixing time of variable length
(τm) allows magnetisation exchange to occur, before magnetisation is returned to the transverse
plane and an FID is acquired. Efficient proton decoupling is required throughout the course of
the experiment, though particularly during the exchange period to minimise the influence of
zero-quantum relaxation (discussed later in Section 4.2.3.2).

π/2

1

H

Decouple

CP

π/2

Acquire

13

C

π/2

CP

Selective
Inversion

τm

Figure 4.3 – The rotational resonance pulse sequence [151, 214].

Recoupling of the dipolar interaction by rotational resonance allows the transfer of Zeeman
magnetisation between sites during the mixing period (Figure 4.4), in cases where the coupling
is strong it is often possible to observe oscillations in the exchange. One advantage of
rotational resonance is that the dipolar recoupling is highly frequency selective. Recoupling
(and therefore magnetisation exchange) is strongly suppressed at spinning frequencies away
from the rotational resonance condition (it is absent 500-1000 kHz from the match).
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a – 0.0 ms

b – 0.2 ms

c – 0.4 ms

Figure 4.4 – Magnetisation exchange under rotational resonance: 13C spectra of 13C2-glycine diluted 1:19
with unlabelled glycine and crystallized from aqueous solution acquired at 125 MHz (500 MHz for 1H ) on
rotational resonance at the n = 1 condition, ωr = 16720 Hz, showing rotational resonance exchange following
inversion of the carbonyl peak and after τm = 0.0 ms (a) τm = 0.2 ms (b) τm = 0.4 ms (c).

Internuclear distances of up to 6.5 Å can be determined at an accuracy as high as 0.01 Å [214,
221], enabling the investigation of protein and peptide structure [160, 217, 222] or the
conformation of protein bound ligands [185, 223]. Due to the reintroduction of a single
dipolar coupling, it is feasible to apply the rotational resonance technique to specific distance
measurements within multiply labelled samples.
Experiments involving large proteins, or even those with smaller proteins and peptides if in the
presence of membrane lipids, can be complicated by contributions from the natural abundance
background. The need to discern the resonances of interest from the background for accurate
quantification requires the preparation and measurement of two samples in parallel, one
containing and the other without the labelled component.
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4.2.2.2 Modified rotational resonance sequences
A number of advanced rotational resonance sequences have been proposed. One of the most
conceptually simple is the constant-time experiment (Figure 4.5) [224], which in addition to the
variable mixing time under which magnetisation exchange proceeds (τm) introduces a further
time delay (τd). The sum of these delays is maintained at a constant value during variation in
the mixing time, ensuring that samples experience a consistent level of heating from the strong
decoupling applied and can remove the requirement for a separate background spectrum for
each mixing time (a reliable background spectrum is still required, but the single spectrum may
be applied to all of the data points).

π/2

1

H

Decouple

CP

π/2

π/2

π/2

π/2

Acquire

13

C

CP

τd

τinv

τm

Constant time

Figure 4.5 – The constant time rotational resonance experiment pulse sequence [224].

In systems with multiple spins where the chemical shift difference between a pair of spins is
small, the low sample spinning speed required for traditional rotational resonance
measurements may result in an incomplete removal of residual homonuclear dipolar couplings.
Rotational resonance in the tilted rotating frame (R2TR) allows spinning speeds which are
many kilohertz away from rotational resonance to be used [225-227]. An additional advantage
of R2TR, which also results from the higher spinning frequency, is the suppression of sideband
intensities.
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R2TR features a constant weak radio-frequency field during the mixing period (Figure 4.6),
compensating for a sample spinning speed offset from normal rotational resonance conditions.
Rapid switching of the radio-frequency field strength provides the potential for
multidimensional experiments, where data acquisition for different pairs of spins is possible
without requiring changes in sample spinning speed. This technique has been successfully
demonstrated in the determination of the absolute conformation of a uniformly labelled
dipeptide [228].

π/2

1

H

Decouple

CP

π/2

Acquire

13

C

π/2

CP

Selective
Inversion

RF compensation for ωr

τm
Figure 4.6 – The rotational resonance in the tilted frame (R2TR) pulse sequence [225].

The dependency of spin dynamics under rotational resonance on zero-quantum parameters
(see Section 4.2.3.2 below) can be reduced by the use of rotational resonance tickling [219]. In
this case the spinning speed is again offset from rotational resonance (though by a relatively
small amount compared to R2TR), while a variable radio-frequency field ramps through a
rotational resonance condition.
Combination of DQF methods with a traditional rotational resonance experiment can also
remove the need for a background sample. In addition to the radio-frequency based DQF
methods discussed earlier, it has recently been proposed that rotational resonance can itself be
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utilised to create double-quantum coherences [229-231]. Unfortunately, the efficiency of DQF
is limited in practical circumstances, and it is often more effective to split the available material
into two samples (to provide a sample for measurement and a background or control sample)
than to apply such super-sequences*.

4.2.3

Data Analysis and Modelling of Distances

4.2.3.1

The dipolar interaction under rotational resonance

The theoretical basis of the line shape effects and magnetisation transfer phenomena which
occur under rotational resonance have been investigated in detail [232]. In a two spin system
under magic-angle spinning conditions where the dipolar coupling is smaller than the isotropic
chemical shift difference, the dipolar coupling can be effectively removed (it is dominated by
∆ωIS, behaving in an inhomogeneous manner and is easily averaged by moderate sample
spinning). Nuclear spins are normally unable to achieve rapid mutual spin flips through the
dipolar coupling because of the energy mismatch for nuclear transitions.
At spinning speeds which satisfy the rotational resonance condition, energy levels associated
with the macroscopic sample rotation match the energy disparity between spin states. As such,
truncation of the dipolar interaction by the isotropic shift difference no longer applies,
restoring its true homogenous nature. Spectral broadening and splitting become visible in the
normal one dimensional spectrum, while the non-equilibrium state of Zeeman magnetisation
prepared in the exchange experiment undergoes transfer through a zero-quantum flip-flop
process.

* Strongly coupled resonances pass through DQF with a greater efficiency. Initial experiments performed here
with DQF suggested that of the labelled sites in 13C5-R414983 the four directly bonded positions produced much
stronger signals than the isolated methylene. The isolated methylene is involved in each of the three variable
distance measurements and a large differential in initial magnetisation is likely to affect the quality of any distance
measurements obtained.
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4.2.3.2 Correlation of exchange with internuclear distances
The dynamics of the difference magnetisation exchange process depend upon a number of
variables: the strength of the dipolar coupling between sites (bIS), the zero-quantum relaxation
rate (T2ZQ), the principle values of the chemical shift tensors, the orientation of the chemical
shift tensors relative to both the dipolar coupling and to each other, and the through bond Jcoupling [151, 232].
The J-coupling has a relatively small influence on magnetisation exchange and may be easily
estimated from typical solution NMR data, while operating at the n = 1 condition ensures that
the dependence upon chemical shift parameters is minimised. Reliable determination of the
dipolar coupling from a simulated fit to the experimental data [232] therefore often depends
mainly on the zero-quantum relaxation value and it has been shown that errors of over ±1 Å
can be directly attributed to the incorrect estimation of this term [222].
Since magnetisation exchange occurs through a zero-quantum coherence process, zeroquantum relaxation retards the rate of exchange. Zero-quantum relaxation is suppressed (i.e.
T2ZQ is maximised) by the use of strong decoupling fields but remains a significant factor in its
uncertainty, especially in situations where the dipolar couplings are weak. A number of
methods are commonly utilised to estimate T2ZQ: summation of the individual line widths,
which is generally an underestimate and produces a larger dipolar coupling than in reality [217];
summation of single-quantum (T2) relaxation rates, typically an overestimate which can result
in underestimation of the dipolar coupling [151, 160, 185, 233]; and also calculation of T2ZQ
through experiments on analogous systems with known distances (such as determined by x-ray
crystallography), which is limited by the degree of similarity between the examples used [222].
Recently experiments have been proposed for the direct measurement of zero-quantum
relaxation [220, 234] and these methods are discussed later in more detail (Section 4.2.4).
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Stability of the sample spinning speed is important to ensure a consistent match of the
rotational resonance condition, deviations from the condition can have significant effects on
the observed magnetisation exchange. Sample inhomogeneity is a further factor which must be
considered since the rotational resonance condition is relatively narrow (offset effects can be
observed as little as 50 Hz from the match, particularly on crystalline standards with narrow
linewidths) and broad spectral lines may not undergo rotational resonance exchange at a
uniform rate across their full width. It has been proposed that simulations of experimental data
should incorporate inhomogeneity correction factors [218, 222], although for relatively long
internuclear distances a high correlation of fitted parameters is observed which may still result
in good quality fits without incorporation of this additional factor. The scale of such
corrections factors can be determined from known calibration distances, typically short
internuclear distances where it may be discerned independently of other parameters, although
it must be assumed that these values are directly transferable to the intended distance
measurement.
After successfully fitting a simulated exchange to the experimental data [151] the value of the
dipolar coupling can be related to the internuclear distance, as discussed previously:

 µ γ γ η
bIS =  0  I3 S
 4π  r IS
where:

bIS

=

dipolar coupling between nuclear spins I and S

µ0

=

permeability of free space

γI

=

gyromagnetic ratio of spin I

γS

=

gyromagnetic ratio of spin S

ħ

=

Planck’s constant divided by 2π

rIS

=

distance between nuclear spins I and S
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Which, for a 13C homonuclear spin pair, can be simplified to:
rIS = 3

7.59382 × 103
bIS

Equation 4.1

where bIS is specified in Hz and rIS in Å.

4.2.4

Rotational Resonance Echos

The apparent ‘loss’ of magnetisation which results from Zeeman exchange during rotational
resonance occurs through a coherent process which can in fact be reversed [220, 234]. Figure
4.7 illustrates such a scheme, where after an initial time delay (τ1) under which normal
rotational resonance exchange occurs, a radio-frequency cycle is performed. The cycle may be
considered to lock spins in space and lasts for one half of a rotor period, as a result of sample
rotation it therefore leads to a π shift of the spins relative to the z-axis (proton decoupling may
be turned off during the cycle to minimise CP effects, although it can still be utilised if
relatively high 13C field strengths are applied). In a second delay period (τ2) the zero-quantum
state vectors continue along their initial trajectories, but the inclusion of the π shift ensures that
they are now refocused.

π/2
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Decouple

CP

Decouple

π/2

13

C

CP

π/2

Selective
Inversion

Acquire

Cycle

τ2

τ1
τr /2

Figure 4.7 – The rotational resonance echo pulse sequence [234].
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In the case where the two mixing times are equal (τ1 = τ2) a rotational resonance echo will
occur (see Figure 4.8). However, the magnitude of the echo is not equal to the initial level of
difference magnetisation as a result of zero-quantum relaxation. Comparison of rotational
resonance echo intensity across different time delays is therefore a means of directly measuring
T2ZQ.

a – τ1

b – cycle

c – τ2

Figure 4.8 – Rotational resonance echoes depicted a fictitious zero-quantum frame (adapted from [220]):
zero-quantum state vectors spread during the initial rotational resonance exchange period, observed a decrease of
Zeeman difference magnetisation (a) the refocusing cycle shifts zero-quantum state vectors around the z-axis (b)
the vectors refocus by continuing along their initial trajectories during the second exchange period (c).

The cycle applied in rotational resonance echoes has also been utilised in creating doublequantum coherences under rotational resonance conditions [229-231]. There are currently no
published examples of the application of either rotational resonance echoes or doublequantum excitation under rotational resonance to real biological systems.

4.3

Methodology

4.3.1

Sample Preparation

4.3.1.1

Glycine

1,2-13C2-glycine was diluted with unlabelled glycine (1:19 molar ratio) and repeatedly crystallised
from aqueous solution to ensure that a single crystal form was obtained. Dried crystals were
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powdered using a mortar and pestle and packed into a 4 mm Chemagnetics MAS rotor, using
standard Teflon spacers.
4.3.1.2

Acetylcholinesterase

Lyophilised Electrophorus electricus AChE (50,000 units, Sigma-Aldrich, Type V-S, approximately
400 nmoles protein) were dissolved in distilled water (8 ml) and divided between two
previously prepared Float-a-lyzers (3500 Da limit) for dialysis (4 hours, 4 oC, 5 litres of 25 mM
potassium phosphate, 0.05 mM EDTA at pH 7.1).
The dialysed solutions were first combined, then divided again into two equal volumes. An
excess (approximately 10:1 molar ratio) of 13C labelled R414983 was added to one half of the
enzyme (1 ml, 1 mg/ml), with buffer solution (1 ml, 25 mM potassium phosphate, 0.05 mM
EDTA, pH 7.1) added to the remaining enzyme). Both solutions were left to equilibrate (30
min, 25 oC) before dialysis using two further Float-a-lyzers (3500 Da limit) to remove the
unbound excess inhibitor (12 hours, 4 oC, 5 litres of 25 mM potassium phosphate, 0.05 mM
EDTA at pH 7.1).
After completion of the second dialysis step the enzyme samples were frozen quickly in liquid
nitrogen and lyophilised. Each sample was then placed in a 4 mm Chemagnetics MAS rotor
with the volume restricted appropriately using additional Teflon inserts.

4.3.2

NMR Experiments

4.3.2.1

General conditions

All experiments were performed on a Chemagnetics 500 MHz (1H frequency, 125 MHz for
13

C) spectrometer using a 4 mm dual channel Chemagnetics Apex MAS probe. Unless

otherwise noted, the temperature for experiments was maintained at -30 oC. Typically, 64
transients were acquired per data point on labelled glycine samples and 2000 transients
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acquired on both the protein and protein/inhibitor samples. Integral intensities were
determined by peak fitting using the FELIX software package.
4.3.2.2 T2 measurement
A Hahn spin echo experiment [235] was used to measure single-quantum relaxation rates. A 63
kHz field was used to generate initial proton magnetisation and during CP, while a 100 kHz
field was applied for decoupling during the relaxation decay and a 63 kHz field during
acquisition. A carbon field strength of 63 kHz was applied throughout the experiment,
although this was modulated by a 20% linear ramp during CP. Time delays for relaxation were
synchronised to whole rotor periods. A spinning speed of 9000 Hz was used. Time constants
were determined by least squares fitting of an exponential curve.
4.3.2.3 Rotational resonance experiments
The rotational resonance scheme discussed earlier (Section 4.2.2.1, Figure 4.3) was applied to
the investigation of internuclear distances in both glycine and for acetylcholinesterase bound
13

C5-R414983. Field strengths were applied at the same levels as during T2 experiments. Rotor

spinning frequencies were carefully chosen to match the n = 1 condition for the spin pair of
interest and the DANTE inversion was optimised separately in each experimental case.
Magnetisation loss at a spinning speed off rotational resonance was found to be negligible. An
appropriate range of mixing times were chosen in each case such that a suitable degree of
magnetisation exchange was observed. Multiple points were taken close to 0 ms and averaged
to provide the initial time point.
Simulated exchange curves were fitted to the experimental data using the RR FIT program
[236], an adaptation of CC2 (Malcolm Levitt, Southampton) derived from the original
theoretical treatment [232]. Tensor values were taken from the range typical for the sites under
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consideration, while T2ZQ was estimated using both the combination of individual linewidths
and measured relaxation rates (T2).
4.3.2.4 Rotational resonance echo experiments
The variation of difference magnetisation intensity during the rotational resonance echo
experiment was investigated using the sample of labelled glycine, since the scheme has not
previously been applied to a biological system. The impact of the time delays in the rotational
resonance echo scheme discussed earlier (Section 4.2.2.1, Figure 4.7) was first investigated with
τ1 kept constant while the τ2 period was arrayed. Values were chosen such that τ1 was
synchronised to an integral number of rotor periods, while τ2 was varied across a range of time
points corresponding to both an integral number of rotor periods and points falling between
whole rotor periods.
After the scheme was shown to be performing as expected [220], zero-quantum relaxation
rates were then determined for the labelled glycine and one pair of spins from bound 13C5R414983 by performing a range of echo decay experiments (τ1 = τ2). Field strengths were
applied at the same levels as during the other experiments, with proton decoupling turned off
during the refocusing cycle.

4.4

Results

4.4.1

T2 Measurement (Hahn Echo)

4.4.1.1

Labelled glycine

The single-quantum relaxation rate for the C1 position (carbonyl) was determined to be 5.44 ±
0.68 ms while the corresponding rate for the C2 position (α) was 3.76 ± 0.24 ms (Figure 4.9).
Both of these values are lower, as expected, than would be typical for an isolated 13C spin (~10
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ms). The faster decay associated with the C2 position is a result of heteronuclear coupling with
its directly bonded protons which has not been completely suppressed by the combination of
magic-angle spinning and the decoupling field.

C1
C2

Figure 4.9 – T2 decay curves for 13C2-glycine diluted 1:19 with unlabelled glycine: intensity values have
been normalised to the initial time point. Data for the C1 (carbonyl) position are shown as red squares and a red
line (T2 5.44 ms, R = 0.9786) while the C2 (α) position is indicated by black filled circles, with the appropriate
exponential fit as a black line (T2 3.76 ms, R = 0.9898).

4.4.1.2

13

C5-R414983 bound to acetylcholinesterase

Data from experiments on the background sample (acetylcholinesterase without bound ligand)
were subtracted from the results for acetylcholinesterase with bound 13C5-R414983 to produce
spectra for the bound ligand alone. The integral intensities of these spectra were used to
produce relaxation curves shown in (Figure 4.10), relaxation rates are summarised in Table 4.1.
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Table 4.1 – T2 relaxation rates (with standard deviation) for 13C labelled positions within 13C5-R414983
bound to AChE.

Label position
Quinoline methylene
Benzyl methylene
Quinoline C2
Quinoline C3
2-methyl

Relaxation rate (ms)
2.03 ± 0.20
3.19 ± 0.08
3.91 ± 0.67
3.53 ± 0.18
4.09 ± 0.27

O

NH2
13

13

N

13

C

13

C

C

13

O

F

C
F

CH3

F

• C2
C3
benzyl methylene
+

quinoline methylene

*

methyl

Figure 4.10 – T2 decay curves for 13C5-R414983 bound to acetylcholinesterase: intensity values have
been normalised to the initial time point (C2 R=0.9840, C3 R=0.9569, benzyl R=0.9951, quinoline
R=0.9977, methyl R=0.9850)..

All of the resonances show relaxation rates which are well below the normal range for isolated
13

C spins (~10 ms). The 2-methyl position relaxes at the slowest rate (4.09 ms) as it is directly

bonded to only one other labelled carbon and is able to undergo free rotation which ensures
that it is effectively decoupled from its attached protons. The two aromatic positions (C2, C3)
and the benzyl methylene relax at an intermediate rate (3.91, 3.53 and 3.19 ms respectively). In
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the case of the aromatic carbons, enhanced relaxation is due to the effect of the strong
homonuclear coupling to multiple directly bonded sites. For the benzyl methylene, increased
relaxation is due to heteronuclear coupling to its attached protons. The quinoline methylene
experiences the effects of both a strong homonuclear coupling to the C3 position and strong
heteronuclear couplings, therefore relaxing at the fastest rate (2.03 ms).

4.4.2

Rotational Resonance

4.4.2.1

Labelled glycine

The short distance separating the directly bonded spins in the labelled glycine sample ensures
that magnetisation exchange proceeds at a rapid rate. The strength of the coupling is such that
oscillations of both resonances around the baseline can be observed (Figure 4.11).

a
b
c
d
e

Figure 4.11 – Magnetisation oscillations of 13C2-glycine resonances under rotational resonance
exchange: at rotational resonance at the n = 1 condition, ωr = 16720 Hz., showing rotational resonance
exchange following inversion of the 13C=O peak and after τm = 0.0 ms (a) τm = 0.3 ms (b) τm = 0.6 ms (c) τm
= 0.9 ms (d) τm = 1.4 ms (e).

After initial magnetisation is prepared with the carbonyl resonance inverted (Figure 4.11a),
rotational resonance exchange results in a progressive decrease of peak intensities and net
magnetisation (Figure 4.11b). Resonances then pass through the baseline and develop inverted
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intensities. Net magnetisation increases in this inverted state (Figure 4.11c), before decreasing
again as the spins continue to undergo exchange (Figure 4.11d). The oscillatory profile
continues as magnetisation then develops in the initial direction, increasing the net
magnetisation but not to the extent observed at the outset of the experiment (Figure 4.11e).
Due to the well defined oscillating profile in magnetisation transfer (Figure 4.12) it is possible
to create a simulated fit without the need to restrain the zero-quantum parameter since there is
likely to be a low correlation with the dipolar coupling strength [218].

1.62
1.42
1.52

Figure 4.12 – Rotational resonance exchange curve for 13C2-glycine: experimental data is shown as black
dots, with the appropriate fit (1.52 Å) as a solid black curve, R=0.9487. Simulated exchange curves for 1.42 Å
(dashed red line) and 1.62 Å (dotted blue line) internuclear distances are also shown.

The results of the data fit are shown in Figure 4.12. The dipolar coupling of 2149 Hz
corresponds to a C1-C2 internuclear distance of 1.52 Å (applying Equation 4.2), which is in
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good agreement with previous measurements† performed using x-ray diffraction (1.52 Å) [237],
neutron diffraction (1.53 Å) [238] and NMR (1.54 Å) [239]. Theoretical curves for internuclear
distances of 1.42 Å and 1.62 Å are also shown and demonstrate that experiments performed
under these ‘ideal’ conditions are likely to have relatively low levels of uncertainty.
The discrepancy between intensities of the simulated and experimental data is common for
strongly coupled spin pairs and is a result of the simulation methodology. The effect of this
discrepancy on the dipolar coupling is negligible since, under the strongly coupled conditions
for which the discrepancy occurs, the frequency of intensity oscillations are more characteristic
than the absolute intensity values (the simulated curves corresponding to 1.42 and 1.62 Å both
have similar ranges of intensity oscillations, but demonstrate these oscillations at a higher and
lower frequency respectively).
4.4.2.2

13

C5-R414983 bound to acetylcholinesterase

The spectra of 13C5-R414983 bound to acetylcholinesterase reveal particularly broad resonances
(Figure 4.13), probably as a result of local structural inhomogeneity in the sample (T2
measurements show that relaxation rates are not the limiting factor for the linewidths). It is
therefore important to examine a number of the fixed internuclear distances, in order to
quantify the possible effect of inhomogeneity on distance measurements (i.e. the extent of offresonance effects in magnetisation exchange) and determine whether it is possible to
incorporate an inhomogeneity parameter in simulations if necessary.
Table 4.2 lists the rotational resonance match condition for each spin combination at n = 1, 2
and 3. The data demonstrates that for each spin pair chosen for investigation, the closest

† The dipolar coupling is also resolved in the one-dimensional spectrum as a 562 Hz splitting of the C1 carbonyl
resonance and a 637 Hz splitting of the C2 resonance. These values, taken directly from the line shape, suggest a
dipolar coupling [215, 232] of 1589 Hz and 1801 Hz, giving distances of 1.68 Å and 1.62 Å respectively.
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match is a minimum of 795 Hz away. The distance measurements obtained from rotational
resonance experiments are summarised in Table 4.3 and subsequently discussed in detail.

NH2

2
13
C

4

13

C

13

O

O

3

F

C

13

N

C

1

F

13

CH3

F

5

a

b

c

*

*

*

1

2

*

3 4

5

Figure 4.13 – 13C spectra of acetylcholinesterase bound 13C5-R414983: a ramped cross-polarisation
experiment was used, ωr = 7500 Hz. Spectrum of acetylcholinesterase with bound ligand (a) spectrum of
acetylcholinesterase background (b) background subtracted spectrum, showing the five 12C labelled sites
within the inhibitor, * indicates a spinning sideband (c).

Table 4.2 – Rotational resonance match conditions (values are given in Hz).

Spin pair

Quinoline C2/quinoline C3 (1/2)
Quinoline C2/benzyl methylene (1/3)
Quinoline C2/quinoline methylene (1/4)
Quinoline C2/2-methyl (1/5)
Quinoline C3/benzyl methylene (2/3)
Quinoline C3/quinoline methylene (2/4)
Quinoline C3/2-methyl (2/5)
Benzyl methylene/quinoline methylene (3/4)
Benzyl methylene/2-methyl (3/5)
Quinoline methylene/2-methyl (4/5)

Isotropic
chemical
shift
difference
(n = 1)
5875
10400
11195
17250
4525
5320
11375
795
6850
6055
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n=2

n=3

2938
5200
5598
8625
2263
2660
5688
398
3425
3028

1958
3467
3732
5750
1508
1773
3792
265
2283
2018
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Table 4.3 – Summary of rotational resonance distance measurements.

Spin pair

ωr
(Hz)

Quinoline methylene/2-methyl
Quinoline C3/2-methyl
Benzyl methylene/2-methyl
Quinoline C2/benzyl
methylene
Quinoline C3/benzyl
methylene

T2ZQ (ms)

6055
11375
6850

Expected
distance
(Å)
2.95
2.53
<5.63

Measured
distance (Å)
linewidth T2
3.0
4.0
3.0
4.0
3.9
5.2

linewidth
0.231
0.315
0.303

T2
1.35
1.89
1.79

10400

2.91-5.13

0.174

1.88

3.5

5.1

4525

3.14-3.79

-

-

-

-

4.4.2.2.1 Internal calibration measurements
Quinoline methylene/2-methyl spin pair
The frequency difference between the isotropic chemical shifts for the quinoline methylene
and the 2-methyl labels is 6055 Hz. Figure 4.14 shows an example of the spectra obtained
during rotational resonance on the quinoline methylene/2-methyl spin pair. These spectra are
representative of all other experiments on the protein and protein/inhibitor samples.

a

b

c

Figure 4.14 – 13C rotational resonance spectra the quinoline methylene/2-methyl spin pair in bound
13C -R414983: the rotational resonance sequence was used at the n = 1 match (ω = 6055 Hz), spectra are
5
r
produced by subtraction of the control acetylcholinesterase spectra from those of acetylcholinesterase with
bound ligand τm = 0 ms (a) τm = 22 ms (b) difference spectrum illustrating magnetisation exchange during the
22 ms mixing period (c).
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At the n = 1 rotational resonance condition (ωr = 6055 Hz), as a result of the longer
internuclear distance and thereby a weaker dipolar coupling, magnetisation exchange occurs
over a significantly longer period of time than for the directly bonded spin pair in the labelled
glycine sample.
A simulated fit of the experimental data is shown in Figure 4.15. Using the combined spectral
linewidths as an estimate for T2ZQ (0.231 ms) produces a dipolar coupling of 287 Hz
(corresponding to an internuclear distance of 3.0 Å). In the case where single-quantum
relaxation rates are used to estimate T2ZQ, the combination of T2 values for the two sites leads
to an estimate of 1.35 ms (Section 4.4.1.2), a dipolar coupling of 119 Hz then provides the
most suitable fit (4.0 Å). The distance is expected to be 2.95 Å (corresponding to bIS = 296 Hz)
[43], which suggests that T2ZQ estimation using spectral linewidths is much more reliable (< 0.1
Å error) than using single-quantum relaxation rates (1 Å error), in the absence of explicitly
including inhomogeneity effects in the analysis.
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Figure 4.15 – Rotational resonance exchange curve for quinoline methylene/2-methyl label pair:
experimental data is shown as black dots, with the appropriate fit (3.0 Å) as a solid black curve. Simulated
exchange curves for 2.5 Å and 3.5 Å internuclear distances are shown as dashed red lines. Simulations are
based on the use of spectral linewidths for estimation of zero-quantum relaxation, R=0.9691.
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Incorporating a dipolar coupling value based on the expected distance into the simulation
allows the determination of an apparent T2ZQ. This value, found to be 0.230 ms, was later used
in simulating a fit for the variable benzyl methylene/2-methyl spin pair which can be expected
to have similar spin dynamics.
Appendix 5 uses this data set to demonstrate that the statistical error introduced by noise in
the rotational resonance results is relatively small, and that systematic errors (such as the
method of T2ZQ estimation) are the major source of deviation in distance determinations.
Quinoline C3/2-methyl spin pair
At the n = 1 condition for the quinoline C3/2-methyl spin pair (11375 Hz), a simulated fit
(Figure 4.16) using the combined spectral linewidths for T2ZQ (0.315 ms), produces a dipolar
coupling of 281 Hz (corresponding to an internuclear distance of 3.0 Å). In the case where
single-quantum relaxation rates are used to estimate T2ZQ (1.89 ms), a dipolar coupling of 115
Hz provides the best fit (a 4.0 Å separation).
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Figure 4.16 – Rotational resonance exchange curve for quinoline C3/2-methyl label pair:
experimental data is shown as black dots, with the appropriate fit (3.0 Å) as a solid black curve. Simulated
exchange curves for 2.5 Å and 3.5 Å internuclear distances are shown as dashed red lines. Simulations are
based on the use of spectral linewidths for estimation of zero-quantum relaxation., R=0.9774
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Crystal data indicates a separation of 2.53 Å (with an expected dipolar coupling of 469 Hz)
[43]. Again, T2ZQ estimation using spectral linewidths produces a better result (0.5 Å error) than
using single-quantum relaxation rates (1.5 Å error). The good quality of the simulated fit to the
experimental results suggests that the errors do not arise from random variation in the data but
are due to a systematic inaccuracies arising from T2ZQ estimation or inhomogeneity which
affects all time points. Subtle oscillations in the exchange profile are visible, these are
frequently observed and are probably due to a small residual dipolar couplings between the
spin pair of interest and the other labelled sites with the inhibitor (incompletely averaged by
magic-angle spinning), though these are unlikely to contribute significantly to the distance error
[240].
Estimation of zero-quantum relaxation
Considering that T2ZQ estimation from single-quantum relaxation consistently underestimated
the coupling strength for both fixed distance measurements (errors of 1.0 and 1.5 Å when
compared to x-ray crystallography distances), while estimation using linewidths were
significantly more accurate (errors of < 0.1 and 0.5 Å), it is therefore likely that the linewidth
based method provides the most accurate result for the variable distance measurements.
4.4.2.2.2 Variable distance measurements
Benzyl methylene/2-methyl spin pair
The first pair of spins with a conformationally dependent separation, benzyl methylene/2methyl, are separated in the spectrum by a frequency difference of 6850 Hz. The magnetisation
exchange profile correlates to a dipolar coupling of 131 Hz (corresponding to a separation of
3.9 Å) based on T2ZQ estimation from the combined linewidths (0.303 ms), a coupling of 55 Hz
(5.2 Å) from the measured T2 (1.79 ms) based estimation and a coupling of 150 Hz (3.7 Å) if
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the value for T2ZQ is taken from the quinoline methylene/2-methyl calibration experiment
(0.230 ms). The internuclear distance can reach a potential maximum of 5.63 Å in the most
extended conformational form, based on typical bond lengths from crystal data.
As discussed earlier, the linewidth based approach is likely to be the most accurate
measurement. Additional support for this approach comes from applying the apparent T2ZQ
from the quinoline methylene/2-methyl spin pair, which has a relatively high degree of
similarity in the chemical environments for the two nuclei. However, due to the differences in
dipolar coupling values an error in internuclear distance of 0.5 Å may be possible.
Oscillations in the exchange profile (Figure 4.17) are observed, again probably due to residual
dipolar couplings from other

13

C labels in close proximity to the sites under rotational

resonance. This variation results in a relatively low correlation value (R=0.8623), although is
taken into account with the limits of ± 0.5 Å.
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Figure 4.17 – Rotational resonance exchange curve for benzyl methylene/2-methyl spin pair:
experimental data is shown as black dots, with the appropriate fit (3.9 Å) as a solid black curve. Simulated
exchange curves for 3.4 Å and 4.4 Å internuclear distances are shown as dashed red lines. Simulations are
based on the use of spectral linewidths for estimation of zero-quantum relaxation, R=0.8623.
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Quinoline C2/benzyl methylene spin pair
The n = 1 rotational resonance condition for the quinoline C2/benzyl methylene resonances is
met at a spinning frequency of 10400 Hz. The magnetisation exchange profile is shown in
Figure 4.18. The spread of experimental points is larger than during previous distance
measurements, with R=0.7764. However, a fit to the data based on T2ZQ estimation from the
combined linewidths (0.174 ms) produces a dipolar coupling of 182 Hz (3.5 Å). Again, use of
the Hahn echo measured T2 (1.88 ms) provides a much longer distance value (bIS = 56 Hz,
corresponding to 5.1 Å) which is likely to be an overestimate. Based on crystal structure data,
the distance is expected to fall within the range of 2.91-5.13 Å.
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Figure 4.18 – Rotational resonance exchange curve for quinoline C2/benzyl methylene pair:
experimental data is shown as black dots, with the appropriate fit (3.5 Å) as a solid black curve. Simulated
exchange curves for 3.0 Å and 4.0 Å internuclear distances are shown as dashed red lines. Simulations are
based on the use of spectral linewidths for estimation of zero-quantum relaxation, R=0.7764.

Both pairs of nuclei involved in the calibration experiments are chemically different, which
may invalidate the use of their apparent zero-quantum relaxation rates to this particular case
(the first fixed distance is between methylene and methyl sites while for the second fixed
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distance, although it involved a methylene-aromatic measurement, the C3 aromatic has a very
different chemical environment to the C2 position). However, it is likely that inhomogeneity
effects dominate contributions dependant upon the nature of the nuclei and these
inhomogeneity effects are expected to be similar. Application of the apparent T2ZQ from the
quinoline methylene/2-methyl pair (0.230 ms) results in a dipolar coupling of 158 Hz (3.6 Å),
while the quinoline C3/2-methyl data (0.111 ms) suggests a coupling of 228 Hz (3.2 Å). These
two values are similar to the 3.5 Å determined using spectral linewidths for T2ZQ estimation.
Quinoline C3/benzyl methylene spin pair
Due to the relatively small frequency separation between the aromatic quinoline C3 and benzyl
methylene position (4525 Hz) at the n = 1 condition a large proportion of intensity for
resonances occurs within rotational sidebands i.e. the spinning frequency is small compared to
the chemical shift anisotropy. Superposition of rotational sidebands with isotropic resonances
for inverted and non-inverted nuclei causes a reduction of spectral intensity. Combined with
the effects from residual dipolar couplings, which are also amplified at lower spinning speeds,
this results in a greatly reduced level of signal to noise across the whole spectrum and ensures
that accurate deconvolution of peak intensities is not possible.
Figure 4.19 shows a representative spectrum. The isotropic peaks of the aromatic positions, in
particular, are significantly reduced in intensity because of their high CSA.
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Figure 4.19 – 13C spectral subtraction from rotational resonance experiments on the benzyl
methylene/quinoline C3 spin pair: ωr = 4550 Hz. A large proportion of signal is lost in sideband
intensities, especially for the two aromatic resonances at 108 and 152 ppm, making deconvolution of peak
intensities difficult.

4.4.3

Zero-quantum Relaxation Measurement

4.4.3.1

13

C2-glycine

The variation of difference magnetisation intensity during the rotational resonance echo
experiment was investigated using the sample of labelled glycine. The complex oscillatory
behaviour of intensity around the echo position is illustrated in Figure 4.20. When the initial
delay period (τ1) is fixed at a value equivalent to 80 rotor cycles, a gross oscillation in intensity
is observed across a range of τ2 delays which are located on rotor cycles at 10 cycle intervals.
The echo intensity varies from a normalised value of 1 (when τ1 = τ2) to as low as -0.85. An
array of τ2 delays over a shorter range, again located on rotor periods, suggests that the form of
the gross oscillations is correct and is not a result of digitisation from of the 10 cycle steps.
However, variation of τ2 delays such that data points lay between rotor cycles indicates that a
second smaller oscillation in difference magnetisation intensity (covering a normalised range of
0.15) is superimposed on the overall gross profile.
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c

b

a

Figure 4.20 – Rotational resonance echoes from 13C2-glycine: acquired at 125 MHz and the n = 1 rotational
resonance condition. The initial delay, τ1, is maintained at 80 rotor cycles (4.790 ms) with the second delay
period, τ2, varied between 0 and 160 rotor cycles, at intervals of 10 cycles (a) between 75 and 80 rotor cycles, on
each rotor cycle (b) between 79 and 81 rotor cycles with values between complete rotor cycles (c).
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Observation of rotational resonance echo intensity for a range of time delays such that τ1 = τ2
and fitting of the resulting data to a single exponential decay profile provides a direct
measurement of zero-quantum relaxation (Figure 4.21). It should be noted that T2ZQ is actually
half of the decay time constant determined from the experimental data (due to the zeroquantum vectors spending approximately 50% of their time in the transverse plane [220])
providing a value of 14.1 ms‡, this value is similar to that found in previous work on doubly
labelled glycine (9.0 ms [233]). The discrepancy with earlier experiments may be explained
through the fact that samples were not isotopically diluted, as was the case the current study
(resulting in a faster rate of zero-quantum relaxation).

Figure 4.21 – Zero-quantum relaxation in 13C2-glycine: applying the rotational resonance echo
experiment at the n = 1 condition, normalised difference magnetisation intensity for a range of delay
times (where τ1 = τ2) is shown as black dots, with a least squares exponential fit to the experimental data
shown by a black line, R=0.8547.

‡ Based on the combined single quantum relaxation rates (determined earlier in Section 4.3.2.2) the zero-quantum
relaxation rate is estimated to be 2.223 ms, a value significantly different from that measured directly.
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C5-R414983 bound to acetylcholinesterase

The benzyl methylene/2-methyl spin pair was selected for zero-quantum relaxation
investigation as a representative example from the rotational resonance experiments performed
previously (Section 4.4.2.2.2).
Use of the combined spectral linewidths to estimate T2ZQ, found to be the most appropriate
method based on the calibration distance measurements, gave a value of 0.174 ms. However,
application of the rotational resonance echo experiment to the benzyl methylene/2-methyl pair
produced a result which conflicts with the linewidth based estimation method (Figure 4.22).
While the data shows a relatively large error range, this is unlikely to have a serious effect on
the overall form of the plot and it can be concluded that no significant loss of difference
magnetisation occurs during the course of the experiment. This result is not unexpected since
the time constant for zero-quantum relaxation can exceed 30 ms [233].

Figure 4.22 – Zero-quantum relaxation for benzyl methylene/2-methyl spin pair: acquired at 125
MHz, using the rotational resonance echo experiment at the n = 1 condition. The normalised difference
magnetisation intensity for a range of delay times (where τ1 = τ2) is shown as black dots, with an
exponential fit to the experimental data shown by a red line.
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If T2ZQ was indeed 0.174 ms, it could be expected that difference magnetisation would only be
refocused to much less than 1% of the initial level when both time delays are set at 5 ms (this
includes a correction for the 50% lower decay rate observed in the echo experiment). Even if
T2ZQ is based upon the single-quantum relaxation rates (1.79 ms), refocusing should still only
reach slightly over 12% of the initial level. Taking this into consideration, the lack of any
significant decay of difference magnetisation from loss of zero-quantum coherence may seem
surprising at first but can be easily explained. It is likely that the degree of zero-quantum
coherence from rotational resonance is limited as a result of the large linewidths, rather than
T2ZQ undergoing unusual behaviour.

4.5

Discussion

The validation of NMR methodologies on ideal systems is an important step in the acceptance
of new techniques into the field. Biological systems, however, are non-ideal and the desire to
answer a specific biological problem creates a need to make compromises between the
optimisation of experimental conditions and the collection of data.
Sample inhomogeneity, due to a degree of local structural variation in the environment of the
bound inhibitor, resulted in extremely broad resonance linewidths. Rotational resonance
experiments, though widely accepted as an accurate method for the determination of
internuclear distances (see Section 4.2.2) and successfully demonstrated here using a sample of
labelled glycine, have not been characterised under such unusual conditions. Additionally, the
use of single-quantum relaxation rates and spectral linewidths have both been shown as a valid
means for estimation of zero-quantum relaxation [151, 160, 185, 217], although a large sample
inhomogeneity will lead to an increase in the discrepancy between these methods. It is
therefore important to determine if the application of rotational resonance under extreme
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inhomogeneous broadening can still produce reliable distance measurements and, if not, what
corrective steps can be taken to improve accuracy.
In spite of the difficult experimental conditions both of the fixed internuclear distances were
successfully determined to within 0.5 Å of the x-ray crystallography measurements (Section
4.4.2.2.1). Errors on this scale are acceptable in the current study, since the conformational
freedom of the inhibitor can still be significantly restrained. The smallest distance errors are
achieved through the use of spectral linewidths for estimation of the zero-quantum relaxation
term, while the use of single-quantum relaxation rates for this purpose produced a larger error
in both cases (which was consistently an underestimate of the internuclear distance). It is clear
from a comparison of data spread with the simulated exchange profiles that random effects are
unlikely to significantly affect the size of errors (see Appendix 5 for further details).
Rotational resonance is considered a narrow-banded method and exchange dynamics are
sensitive to deviation from the match condition [232]. Inhomogeneity in resonance linewidths,
in a similar manner to a small offset in spinning speed, results in reduced magnetisation
exchange as the rotational resonance condition is not simultaneously met across all
isochromats of the resonance. Earlier investigations of the impact of inhomogeneous
linewidths (methods for its correction [218] and application to a biological problem [222])
relied upon the transfer of parameters discerned from short internuclear distances with well
defined exchange profiles to the weaker exchange profiles where these parameters cannot be
independently simulated. A number of points arise in the comparison of the current work to
these earlier studies. Firstly, the extent of the inhomogeneous contribution to linewidths was
not reported and it is not obvious whether the transfer of parameters would still be valid under
the extreme conditions observed here. Secondly, despite incorporation of an inhomogeneity
parameter from a strongly coupled standard, potential errors in the final distances determined
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are not greatly reduced when compared to the errors found in the two calibration distance
measurements made here. However, their approach is analytically more appropriate.
The success of the fixed distance measurements lies in the use of spectral linewidths for the
estimation of the T2ZQ term in simulations. While inhomogeneity retards magnetisation
exchange and should lead to an underestimate of the dipolar coupling, it additionally produces
an overestimate of the rate of zero-quantum relaxation which, to a good approximation (under
the current experimental conditions), compensates for the slower exchange observed.
Estimation of zero-quantum relaxation using single-quantum relaxation rates produces a
greater error in internuclear distance since it does not incorporate this ‘internal’ correction.
Evidence supporting the scenario of a corrected retarded exchange comes from the rotational
resonance echo experiments. While the scheme was demonstrated on a sample of crystalline
labelled glycine (low inhomogeneity), no significant zero-quantum relaxation was observed
when applied to the acetylcholinesterase bound inhibitor during a total exchange period of 20
ms (Section 4.4.3). T2ZQ can be greater than 30 ms [233], however, the lack of observed zeroquantum relaxation is likely to be due to a low level of zero-quantum coherence (resulting
from the broad lines and poor rotational resonance match) and therefore only a small portion
of the difference magnetisation has the potential to relax.
With the ability to measure zero-quantum relaxation directly, it is clear that both of the
currently accepted methods for estimation zero-quantum relaxation in rotational resonance
simulations, using spectral linewidths or single quantum relaxation rates, produce values which
substantially overestimate the true relaxation rate (suggesting a smaller time constant). Current
simulation methodology must therefore already include some degree of inhomogeneity
correction, however, both on- and off-resonance effects have been dealt with collectively in a
fictitious zero-quantum relaxation term rather than through explicit definition of the exchange
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phenomenon. Even under the extreme conditions observed in the present study,
inhomogeneity is effectively compensated for by this mechanism. A full mathematical analysis
of how inhomogeneity affects rotational resonance exchange and the subsequent simulation of
dipolar couplings has not been published. It should now be possible to perform a simulation
based on a single parameter fit which incorporates an independently determined
inhomogeneity term (discerned from comparison of spectral linewidths and Hahn echo
measured relaxation) and the directly measured T2ZQ value.
The use of rotational resonance echoes as a means of measuring T2ZQ has been illustrated
previously only in examples where the time delays (τ1, τ2) fall on complete rotor periods [220,
234]. Behaviour identical to that previously demonstrated was observed on the sample of
labelled glycine. The minor oscillation of difference magnetisation between rotor periods has
not been shown previously and demonstrates that imprecise synchronisation of the delays to
whole rotor periods will have relatively small affect on T2ZQ measurements.
The two variable distances measured (Figure 4.23), benzyl methylene/2-methyl (3.9 Å) and
quinoline C2/benzyl methylene (3.5 Å), both fall within the range of values possible and
suggest that the bound inhibitor demonstrates a partially folded conformation. These distances
are discussed further during the development of a model for the conformation of the bound
inhibitor (Chapter 6).
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Figure 4.23 – Distances determined for acetylcholinesterase bound R414983 using rotational resonance.
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The failure to quantify magnetisation exchange for the third pair of spins with a
conformationally dependent separation is unlikely to be of practical significance, as it has the
smallest range of potential values (only 0.65 Å). It would therefore be mainly of interest as
further confirmation that the experimental methodology produces valid distance
measurements. This particular spin pair may be a good candidate for the application of offresonance techniques [225-228] which would allowing spinning at a higher speed, reducing
sideband complexity and averaging residual homonuclear dipolar couplings.
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Chapter 5

5.1

Rotational-Echo DoubleResonance Experiments

Overview

The measurment of

13

C-19F internuclear distances provides an additional method for

investigation of the structure of R414983 bound to acetylcholinesterase.

O

NH2
13

13
13

C

C

O

13

N

C

F

C

13

CH3

F

F

Figure 5.1 – 13C5-R414983, 4-Amino-2-methyl-3-(3-triflouroacetylbenzyl-oxymethyl) quinoline.

Heteronuclear 13C-19F dipolar couplings are stronger than homonuclear 13C-13C couplings (due
to the higher γ value for 19F), enabling the measurement of accurate internuclear separations
over a greater distance range. The isolated location of the trifluoromethyl function with respect
to the rigid quinoline core means that heteronuclear distance measurements will significantly
reduce the range of possible conformations in the development of a model for the bound
state.
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5.2

Introduction

5.2.1

Heteronuclear Recoupling Methods

Magic-angle spinning averages those heteronuclear dipolar interactions which are of biological
importance, this averaging is subtly different from that of homonuclear dipolar interactions
discussed earlier (the abundant proton heteronuclear couplings are an exception because of
their homogeneous nature). In contrast to the broad range of homonuclear recoupling
techniques available, the number of heteronuclear schemes is relatively small.
Relaxation based recoupling methods such as dipolar exchange-assisted recoupling (DEAR)
[241] and the related relaxation-induced dipolar exchange with recoupling (RIDER) [242] have
the advantage that only two spectrometer channels are required (for observation and
decoupling - interaction with the third spins arises through trains of rotor synchronised π
pulses applied on the observe channel to interrupt motional averaging). However, the
dependency of these schemes on favourable relaxation rates and their susceptibility to dynamic
effects are serious restrictions to their application for biological samples.
Lee-Goldburg cross-polarisation (LG-CP) [243] provides a route for the investigation of 1H13

C distances by the measurement of cross-polarisation rates in the presence of Lee-Goldburg

homonuclear decoupling of protons [164]. While this scheme has obvious potential, it may not
be possible to deconvolute the many contributions present in the current study (where the
effect of both intramolecular couplings and protein-inhibitor couplings are unknown). With
the conformation of the bound inhibitor in hand, the opportunity for investigation of
inhibitor-protein interactions exists without the need for isotopic labelling of the protein.
The use of simultaneous frequency and amplitude modulation (SFAM) [244] has been shown
to have a number of advantages over other methods in the investigation of

13

C-15N

heteronuclear distances [245], such as a reduced susceptibility to frequency offsets and RF
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inhomogeneity. Complex RF pulse variation of this nature is unlikely to be feasible in 13C-19F
NMR where inherent technical challenges are present because of the use of two high frequency
channels.
To date, the most widely applied heteronuclear recoupling method is rotational-echo doubleresonance (REDOR).

5.2.2

Rotational-Echo Double Resonance

5.2.2.1

The REDOR scheme

REDOR [246, 247] has been used extensively in solid state NMR for the recoupling of
heteronuclear dipolar interactions under MAS and the subsequent determination of
internuclear distances in spin systems which include: 13C-15N [248], 13C-2H [249], 15N-31P [250],
15

N-19F [251],31P-19F [252] and also 13C-19F. 13C-19F REDOR has been used successfully in a

range of studies, such as the investigation of: the conformation of inhibitors bound to H+/K+ATPase in hydrated membranes [253]; host-guest distances in crystalline inclusion compounds
[254]; inter-tryptophan distances in lyophilised rat cellular retinol binding protein [255]; the
interfacial characteristics of polymer blends [256]; and the binding modes of antibiotics to
lyophilised bacterial cell walls and whole cells [252].
As discussed earlier, the dipolar Hamiltonian for a heteronuclear interaction may be described
by:

HD

het

(

)

= bIS 1 − 3 cos 2 θ IS I I Z I S Z

Equation 1.13

This interaction can be split into three key contributions: the space, I spin and S spin parts.
Figure 5.2 illustrates how these three components behave after under normal MAS conditions;
the dipolar interaction is averaged over each complete rotor cycle.
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HD = space part x I spin x S spin
π/2
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Figure 5.2 – The behaviour of the heteronuclear dipolar interaction under magic angle spinning.

REDOR is an extension of the static SEDOR scheme [257], adapted for MAS, and is
conceptually simple. A typical REDOR sequence is shown in Figure 5.3 below. Initial proton
magnetisation is first used to enhance the magnetisation of the observed spins through crosspolarisation, before the application of a train of rotor synchronised π pulses to the nonobserved (dephasing) nuclei interrupts the spatial averaging of the heteronuclear dipolar
coupling. A single π pulse on the observed nuclei is positioned in the centre of the evolution
period to refocus the isotropic chemical shifts. Acquisition coincides with the completion of a
rotor cycle. Strong proton decoupling is necessary during evolution and acquisition [258, 259].
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Figure 5.3 – A typical REDOR NMR pulse sequence: in this case demonstrating the scheme for the
observation of 13C with 19F dephasing [246].

Figure 5.4 illustrates how the train of π pulses in the REDOR scheme leads to recoupling of
the heteronuclear dipolar interaction.

HD = space part x I spin x S spin
π/2
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Figure 5.4 – Rotor synchronised radio-frequency pulses prevent MAS averaging of the
heteronuclear dipolar interaction.
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The sign change of the Hamiltonian in the later half of each rotor cycle, as a result of the
oscillating space component, is cancelled through the application of a π pulse in the centre of
each rotor period. π pulses positioned on rotor cycles ensure that the dipolar interaction is
accumulated from one cycle to the next. The impact of the restored heteronuclear coupling
during evolution is a reduction in observed echo intensity. To quantify the extent of this
dephasing, experiments are performed with and without dephasing pulses. Section 5.2.2.2
discusses how the proportion of dephased signal may be correlated to a dipolar coupling
strength and thereby an internuclear separation.
5.2.2.2 Data analysis and modelling of distances
Restating the heteronuclear dipolar Hamiltonian:
HD

het

= d (t ) I I Z I S Z

Equation 5.1

The time dependent space term, d(t), can be defined in units of radians per second for a single
pair of isolated spins [247]:

{

}

d (t ) = d sin 2 β cos 2(α + ωr t ) − 2 sin 2 β cos(α + ωr t )

Equation 5.2

where d is the dipolar coupling in rad/sec (2πbIS), α is the azimuthal angle and β the polar angle
of the internuclear vector, in a coordinate system where the z axis is aligned along the spinning
axis (see Figure 5.5). The net dephasing angle, Φ, during a single rotor period is given by:

φ=∫

Tr / 2

0

where:

ω d (t )dt − ∫

Tr

Tr / 2

ωd = ± d(t)/2
Tr = rotor period
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Figure 5.5 – The azimuthal (α) and polar (β) angles for a heteronuclear spin pair:
B0 is the applied magnetic field, I and S represent the pair of nuclei under investigation.

The negative sign for the second term in Equation 5.3 arises as a result of the π pulse applied
in the centre of the rotor cycle (in the absence of this pulse the two terms cancel). Evaluation
of over multiple rotor cycles (Nc) results in a general expression for the total phase
accumulation:

φ=

N cTr d

π

2 sin 2 β sin α

Equation 5.4

The integral signal intensity in the absence of dephasing pulses (S0) is dependent upon the
transverse relaxation rate of the observed spin during evolution. However, the intensity in the
presence of dephasing pulses (S) is a function of both relaxation and the extent of dipolar
dephasing. The use of a term which defines the proportion of dephasing (∆S/S0) enables the
separation of the dipolar dephasing from relaxation effects.

∆S S0 − S
=
S0
S0

Equation 5.5

∆S
= 1 − cos φ
S0

Equation 5.6

For a single spin pair:
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For a powder sample, with random orientations of the internuclear vector, all values of α and β
must be considered.
Hence:

∆S
1
=
S0
2π

π

π

∫ ∫ cosφ sin βdαdβ

Equation 5.7

α =0 β =0

where (sin β) is a geometric weighting factor. A universal REDOR curve can be created using
Equation 5.7, which relates the proportion of dephasing to a dimensionless term λ (Figure 5.6).

λ = N cTr bIS

Equation 5.8

Figure 5.6 – The universal REDOR dephasing curve: the proportion of observed dephasing is
correlated with the dimensionless parameter λ (NcTrbIS).

Ideally, the evolution period is varied and multiple time points are used to determine an
average value for the dipolar coupling strength. The dipolar coupling can then be correlated to
an internuclear distance.
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As stated previously:
 µ γ γ η
bIS =  0  I3 S
 4π  r IS

Equation 1.12

Which, for a 13C/19F spin pair, can be simplified to:

rIS = 3

where:

2.8412 × 103
bIS

Equation 5.9

bIS is specified in Hz and rIS in Å

Heteronuclear couplings between 13C-19F are stronger than homonuclear 13C-13C couplings,
enabling accurate internuclear separations to be determined over a greater distance range (1012 Å) [193, 255].
5.2.2.3 Improved REDOR sequences
The dependency of the original REDOR scheme on effective π pulses was quickly recognised,
phase cycling of pulses (XY-8 and XY-16 schemes are among those commonly utilised [245,
260]) or the use of adiabatic pulses [261] can reduce the build-up of errors during the evolution
period. The transfer of dephasing pulses to the observed spins rather than on the nonobserved channel has been shown to reduce the susceptibility of the REDOR scheme to
frequency off-sets [260], reduce homonuclear coupling effects between dephasing spins [262]
and provide signal improvements where probe limitations restrict the power or quality of
pulses on spectrometer channels [259]. A number of schemes are available which enable the
investigation of systems containing multiple dephasing centres [263, 264] (the effects of which
would otherwise be difficult to deconvolute), while a frequency selective scheme has enabled
the determination of a single internuclear distance in uniformly labelled peptides [265].
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Background filtered experiments can negate the requirement for a control sample in certain
circumstances [266].
Experiments which are technically similar to REDOR also exist, such as transferred-echo
double resonance (TEDOR) [267] and rotational-echo adiabatic passage double-resonance
(REAPDOR) [268]. TEDOR additionally involves signal transfer between heteronuclear spins,
while it is appropriate for the isolation of resonances in certain systems, it suffers from reduced
sensitivity compared to REDOR. The REAPDOR scheme is optimised for measurements
involving spin-1 nuclei.

5.3

Methodology

5.3.1

Sample Preparation

5.3.1.1

REDOR standard

A conformationally rigid REDOR standard was prepared in order to investigate the accuracy
of REDOR distance measurements. Crude

13

C4-4-amino-5-fluoro-3-hydroxymethyl-2-

methylquinoline (the ‘labelled’ component) and 4-amino-3-hydroxymethyl-2-methylquinoline
(the ‘unlabelled’ component) were each purified by recrystallisation from hot ethanol (see
Chapter 2 for information on their synthesis, Figure 5.7 illustrates their structures).
An aqueous solution was prepared with 5 mg of the purified labelled component and 136 mg
of the unlabelled material (a 1:30 molar ratio). This solution was rapidly frozen in liquid
nitrogen before freeze-drying to produce a homogeneous powder. Co-precipitation from hot
ethanol was previously attempted, although NMR results suggested a poor level of
incorporation was achieved for the labelled component.
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25 mg of the powdered mixture was positioned in the centre of a 6 mm Chemagnetics MAS
rotor, using custom made boron nitride inserts (boron nitride inserts were found to be superior
to the commonly used Teflon or Delrin inserts, which lead to fluorine and carbon background
signals respectively).
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13

C

C

OH

13

N
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C

13

C H3

NH2
OH
N

CH3

Figure 5.7 – REDOR standard compounds: 13C4-4-amino-5-fluoro-3-hydroxymethyl2-methylquinoline (a) and 4-amino-3-hydroxymethyl-2-methylquinoline (b).

5.3.1.2

Acetylcholinesterase

Samples of acetylcholinesterase with and without bound 13C labelled R414983 used for the
earlier rotational resonance studies were also utilised during REDOR experiments (their
preparation is discussed in Section 4.3.1.2). Each sample was placed in the centre of a 6 mm
Chemagnetics MAS rotor with the volume restricted appropriately using boron nitride inserts.

5.3.2

NMR Experiments

All experiments were performed on a Chemagnetics 500 MHz (1H frequency, 125 MHz for
12

C) spectrometer using a 6 mm triple channel (HFX) Chemagnetics MAS probe. The

temperature was maintained at -30 oC throughout all of the experiments.
The ability of three different REDOR pulse sequences (shown in Figure 5.8) to effectively
restore heteronuclear couplings under MAS was first tested using the standard sample.
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Figure 5.8 – REDOR sequences used during experiments.

A 63 kHz field was used to generate initial proton magnetisation and during CP, while an 83
kHz field was applied for decoupling during the evolution period and a 63 kHz field during
acquisition. A carbon field strength of 63 kHz was applied during cross-polarisation,
modulated by a 20% linear ramp, with a field strength of 42 kHz for π pulses on either the
carbon or fluorine channel as required by the sequence (pulse widths were optimised on a
sample containing 100% labelled material, such that maximum dephasing was observed). A
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spinning speed of 9000 Hz was maintained throughout, selected to avoid rotational resonance
match conditions for the multiple carbon labels present. 1536 transients were collected (for
both non-dephased and dephased spectra, acquired alternately) at evolution times of
approximately 4, 8 and 12 ms, with each of the three sequences.
The scheme found to provide the most accurate distance measurements (Scheme 3 – using
carbon channel dephasing pulses) was applied to the acetylcholinesterase samples. Acquisition
was restricted to a single evolution time, 26 rotor cycles/2.89 ms. 30,000 transients were
acquired for the bound inhibitor and protein background samples (with non-dephased and
dephased spectra acquired on alternate acquisitions), samples were exchanged after every
10,000 acquisitions to reduce the impact of instrument instability. Other acquisition parameters
remained unchanged. Integral intensities were determined by peak fitting using the FELIX
software package and corresponding dipolar couplings calculated using REDOR curves
generated with the SIMPSON package [269].

5.4

Results

5.4.1

REDOR Standard

Figure 5.9 shows the NMR spectrum of the labelled standard (undiluted). Each of the four
peaks arising from the site specific labelling of the molecule is easily discerned.
On dilution of the labelled material the spectrum becomes significantly more complex as a
result of natural abundance contributions. Dipolar couplings within the REDOR standard
were only determined for the methyl carbon/fluorine interaction. The methyl resonance occurs
in an isolated region of the spectrum, requiring a simple correction for background
contributions.
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Figure 5.9 – 13C spectra of the labelled REDOR standard: using a ramped cross-polarisation
experiment, ωr = 9000 Hz (* indicates a spinning sideband).

The expected internuclear distance for the methyl carbon/fluorine is illustrated in Figure 5.10,
based on the crystal structure of enzyme bound R404435 [43]. The separation of 6.46 Å is at
an intermediate range for 13C-19F heteronuclear measurements, which can be measured up to
12 Å [193, 255] for ‘ideal’ model compounds.

F

NH2
13
13

C

C

OH

13

N

C

13

C H3

6.46 Å

Figure 5.10 – The methyl carbon/fluorine internuclear distance measured using
REDOR experiments.

Figure 5.11 shows a representative example of the REDOR results. This example is taken from
the spectra generated using Scheme 2, with dephasing pulses on alternate channels. The effect
of heteronuclear recoupling is visible on the overlay of non-dephased and dephased spectra (i),
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but is most clear in (ii) where the methyl region has been expanded and a spectral subtraction
included.

(i)

(ii)

a
b

c

Figure 5.11 – REDOR spectra of the rigid distance standard (13C observe, applying 13C and 19F
dephasing pulses): acquired using Scheme 2, ωr = 9000 Hz, with an evolution period of 32 rotor cycles
(3.56 ms) - overlay of non-dephased and dephased spectra (i) expansion of the methyl region showing the
non-dephased, dephased and difference spectra labelled a, b and c respectively (ii).

Table 5.1 summaries the REDOR results discussed below, which are also subsequently
illustrated in Figure 5.12. The statistical error arising from noise levels is evaluated in Appendix
5.
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Scheme 1- Fluorine channel dephasing pulses
Dipolar couplings were not calculated for the data generated using Scheme 1. The proportion
of dephasing measured at all three evolution times is marginal and in fact decreases slightly
with longer evolution periods. Signal to noise is reduced at longer evolution times, since
magnetisation remains in the transverse plane, it is obvious that this standard REDOR
sequence does not recouple the heteronuclear interaction to an appreciable degree.
Scheme 2- Alternate carbon/fluorine channel dephasing pulses
In contrast to Scheme 1, the use of carbon π pulses as a replacement for the fluorine pulses
located on full rotor cycles produces an accurate value for the heteronuclear dipolar coupling
at the shortest evolution time (32 rotor cycles, 3.56 ms). The corresponding internuclear
distance, 6.43 Å, is within 0.03 Å of the expected value of 6.46 Å. However, as the evolution
time is increased to 7.11 ms (64 cycles) and 10.67 ms (96 cycles), the efficiency of the scheme is
reduced and dipolar couplings are progressively underestimated (providing distances of 7.10
and 7.84 Å respectively).
Scheme 3- Carbon channel dephasing pulses
The third REDOR scheme, in which only a single pulse remains on the fluorine channel,
proved to be the most successful sequence. The shortest evolution time (34 cycles, 3.78 ms)
produced dephasing which corresponded to a 6.51 Å 13C-19F distance (a 0.06 Å overestimate).
The second time point also showed a reasonable degree of accuracy, providing a distance
estimate of 6.61 Å (0.16 Å overestimate).
Analysis of the final evolution time for Scheme 3 was not practicable. At this time point the
signal level in both dephased and non-dephased spectra is extremely low.

- 152 -

DPhil Thesis

Chapter 5 – REDOR Experiments

Table 5.1 – Summary of REDOR distance measurements for the standard sample.

REDOR
scheme

Evolution
time (ms)

∆S/S0

1 – 19F pulses
1 – 19F pulses
1 – 19F pulses
2 – 13C/19F pulses
2 – 13C/19F pulses
2 – 13C/19F pulses
3 – 13C pulses
3 – 13C pulses
3 – 13C pulses

4.00
8.00
12.00
3.56
7.11
10.67
3.78
7.33
10.89

0.076
0.064
0.031
0.148
0.303
0.359
0.157
0.450
-

Dipolar
coupling
(Hz)
106.7
79.5
58.9
103.2
98.2
-

Distance
(Å)

Error
(Å)

6.43
7.10
7.84
6.51
6.61
-

- 0.03
+ 0.64
+ 1.38
+ 0.06
+ 0.16
-

Figure 5.12 – Comparison of methyl dephasing using three different REDOR schemes: data for the
13C observed 19F dephasing pulse sequence is shown using black filled circles, for the 13C/19F dephasing
pulse sequence by red squares and for the 13C dephasing pulse sequence by blue triangles. A solid black line
indicates the expected dephasing based on a dipolar coupling of 105.4 Hz (corresponding to the expected
6.46 Å internuclear distance). ωr = 9000 Hz.

The extremely poor performance of the standard REDOR scheme may be explained by the
technical challenges associated with fluorine NMR - it is difficult to effectively isolate each of
the high frequency channels and phase transients become a significant issue. As a result, the
quality and power of RF pulses on the fluorine channel is relatively low. Inversion of carbon
spins therefore produces smaller errors, leading to more effective recoupling and higher levels
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of observed dephasing. Problems are exacerbated by the need for an unusually high spinning
frequency of 9 kHz, to avoid rotational resonance matches and remove residual dipolar
couplings. While it has been shown that a finite pulse length does not have a detrimental effect
on REDOR dephasing [270], the higher spinning frequency requires a greater rate of π pulses
and pulse errors rapidly accumulate.
With respect to restoration of the heteronuclear coupling, the transfer of π pulses to the
observed channel is theoretically equivalent to pulsing on the non-observed channel. However,
three additional effects also arise:
•

homonuclear dipolar couplings are partially restored. Resulting in increased relaxation
of the carbon spins during the evolution period and a reduced signal to noise

•

pulse imperfections not only provide a reduced level of recoupling (and therefore
dephasing) but are also detrimental to the observed signal intensities in both the
dephased and non-dephased spectra because of poor signal refocusing

•

the final effect is positive in that a train of pulses on the observed channel more closely
mimics a CPMG type echo [271] rather than the Hahn echo [235] of Scheme 1,
producing a more effective refocusing of the signal

5.4.2
The

13

C5-R414983 Bound to Acetylcholinesterase

background

subtracted

REDOR

spectra

of

labelled

R414983

bound

to

acetylcholinesterase are shown in Figure 5.13. Even at an evolution time corresponding to 26
rotor cycles (2.89 ms at 9000 Hz) the fast T2 relaxation rates, which result from the presence of
the multiple 13C labels in the inhibitor, are clearly apparent in the level of signal observed (see
Section 4.4.1).
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(i)

(ii)

a
b

c

Figure 5.13 – REDOR spectra of labelled R414983 bound to acetylcholinesterase (13C observe, applying
13C dephasing pulses): acquired using Scheme 3, ω = 9000 Hz, with an evolution period of 26 rotor cycles
r
(2.89 ms) - overlay of background subtracted non-dephased and dephased spectra (i), expansion of the methyl
region showing the non-dephased, dephased and subtracted spectra labelled a, b and c respectively (ii).

Some degree of dephasing is observed across each of the resonances present, though because
of the low signal to noise of the aromatic and methylene peaks only dephasing of the methyl
spin has been quantified.
The integrated intensity of the dephased spectrum is reduced by 41.5% when compared with
the non-dephased spectrum. This corresponds to a total dipolar coupling of 236.8 Hz between
the methyl carbon and the trifluoromethyl function, which may be interpreted as a coupling of
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78.9 Hz between the methyl and a single fluorine spin positioned centrally between the three
fluorine atoms, providing a average distance measurement of 7.10 Å.
The earlier distance measurements performed on the REDOR standard using Scheme 3
provided an accuracy of at least ± 0.16 Å. However, the signal to noise level of the spectra for
the protein bound inhibitor are reduced in comparison to the standard measurements and the
result is based upon a single evolution time. Appendix 5 determines the statistical error arising
from spectral noise, which is found to be ± 2%. Additional errors arising from peak fitting and
incomplete recoupling are likely to dominate the statistical variation. For the creation of a
model of the bound inhibitor utilising NMR derived distance restraints, an accuracy of ± 0.5 Å
is acceptable and the result may be assumed to fall within this range.

5.5

Discussion

The use of a rigid molecule to investigate the accuracy of REDOR distance measurements
demonstrates the importance of testing methodology on standards prior to the application to
real systems. Although REDOR schemes typically involve dephasing pulses applied to the
non-observed spectrometer channel, it has been shown that this approach (Scheme 1) is not
effective in the present case, probably as a result of pulse imperfections on the non-observed
fluorine channel. Modified REDOR schemes which transfer either alternate dephasing pulses
(Scheme 2) or all dephasing pulses (Scheme 3) from fluorine to the carbon spins were more
successful. While the alternated pulse scheme proved reliable only at shorter evolution periods,
Scheme 3 provided accurate values for the dipolar coupling over the limited range tested. A
reduced signal to noise level is one consequence of applying carbon dephasing pulses, although
the need for a greater number of acquisitions is outweighed by the reliability of recoupling.
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Following conformation of the quality of distance measurements, Scheme 3 was used to
measure the heteronuclear coupling strength between the trifluoromethyl function and
quinoline methyl in labelled R414983 bound to Electrophorus electricus acetylcholinesterase. The
measured coupling corresponds to a distance separation of 7.10 Å, illustrated in Figure 5.14.

O

NH2

F

O
N

F

CH3

F

7.10 Å

Figure 5.14 – Distance determined for acetylcholinesterase bound R414983 using REDOR.

The measurement on the bound ligand is based on a single evolution time, while the distance is
likely to be within 0.5 Å of the true value, it would be advantageous to perform the experiment
for both a greater number of acquisitions and at additional time points to quantify any error
arising from imperfect recoupling (this has not been completed because of the long acquisition
time required for such work).
The need for an accurate S0 value means that both protein and protein/inhibitor samples must
be examined to provide subtracted spectra of the inhibitor alone, doubling the time required
for acquisition. Fluorine is extremely rare in natural systems; as such, the use of carbon
dephased/fluorine observed REDOR has the potential to halve instrumental time. However,
the performance of the current generation of NMR probes for the observation of fluorine
means that this may be an unrealistic aim.
An advantage of REDOR over the earlier homonuclear rotational resonance measurements is
that multiple internuclear distances can be determined through a single experiment, since
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dephasing will occur independently on each of the observed spins. However, only dephasing of
the methyl carbon was analysed because of the lower signal to noise ratio of the aromatic and
methylene carbons. The single distance measurement weakens the contribution of the
REDOR experiments in the creation of a model of the bound inhibitor, although the methyl
carbon/trifluoromethyl distance can potentially reach 12 Å in a fully extended conformation,
therefore this single restraint in itself is highly characteristic of the overall molecular
arrangement.
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Modelling of R414983 Bound to
Acetylcholinesterase

Overview

Computational studies have made a significant contribution to acetylcholinesterase research
since the first crystal structure was published in 1991. The rapidly increasing processing
capabilities of modern computers means that the complexity of the systems studied has been
increased and the number of approximations made in calculations reduced, both of which have
improved the level of information and accuracy which molecular modelling provides, in this
system and generally.
This section discusses the contribution of molecular modelling to an understanding of
acetylcholinesterase function and the binding modes of the two inhibitors (TMTFA and
tacrine) which form basis of the Syngenta chimeras studied here. Energy minimisation is used
to generate a conformation for R414983 alone and for the inhibitor bound to
acetylcholinesterase (in vacuo), while molecular dynamics simulations enable investigation of the
motional freedom for the inhibitor in both of these states. NMR derived distances for the
bound ligand are compared to the modelling results and the range of structures fitting the
NMR restraints is discussed.
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6.2

Introduction

6.2.1

Computational Studies on Acetylcholinesterase

The publication of the first crystal structure of acetylcholinesterase [31] provided a basis for
computational investigation of acetylcholinesterase. The contribution of electrostatic steering
to the rate of ligand binding was one of the first topics studied using molecular modelling: rate
constants for the binding of charged ligands were predicted to within an order of magnitude of
those determined experimentally [53], while the presence of a net negative charge (-11e) was
found to be only a minor factor in the large dipole exhibited by the enzyme, with the relative
distribution of positive and negative charges throughout the protein being the main cause [52].
Selective mutation of up to seven negatively charged residues in the region of the gorge
entrance showed little effect on the rate constants for the hydrolysis of cationic and neutral
substrates, leading to the incorrect suggestion that electrostatic field is not responsible for the
routing of cationic substrates to the binding site and that the process was simply diffusion
based [75]. These results were later explained through simulation of the mutant enzymes which
indicated that, even in the case where all seven residues have been substituted with uncharged
amino-acids, the dipole of acetylcholinesterase is reduced by less than 40% [49].
Molecular dynamics simulations are computationally demanding. Early molecular dynamics
simulations on TcAChE were hampered by the relatively short timescales which could be
modelled, with a simulation time of only 119 ps (compared to approximately 100 µs for the
hydrolysis of one molecule of ACh) [21, 22, 51]. However, a small opening to the active site in
the region of Trp84 was observed (although close to the active site, the wall of the protein is
particularly thin in this region) [51].
A simulation on a TcAChE dimer complexed with tacrine (500 ps) focused on the accessibility
of the active site, both through the gorge and alternative routes [50]. It is clear that the system
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had not converged, since deviation of the backbone compared to x-ray positions continued to
rise over the time studied (although remains relatively small at 0.05 nm). An opening in the
area of Cys67-Cys94 was observed (the ‘side door’) but not in the region of Trp84 (the ‘back
door’). Motions within the backbone were found to correspond well with B-factors from
crystallography, with residues in the gorge and active site showing less mobility than was
typical for the whole structure. The active site was accessible to a 2.4 Å probe (corresponding
to the size of an acetylcholine molecule) during only 2.4% of the simulation time (Figure 6.1)
[56], although the electrostatic field around the enzyme is relatively stable throughout [59].

Figure 6.1 – Dynamics in the gate region: stereo images looking down the gorge to the catalytic site. Five
residues are shown coloured by atom type in positions corresponding to the closed (above) and open states
(below). The solvent accessible surface for a 1.4 Å probe is also shown. The state of the gate is determined by
accessibility of a 2.6 Å probe. [56]

The latest generation of computer hardware and simulation techniques have further extended
the timeframe of acetylcholinesterase simulations – a 10 ns simulation of mAChE [61] and a 5
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ns simulation of the FAS II/mAChE complex [63] are now available. However, this timescale
is still relatively short on a functional level.
In the simulation of mAChE alone, in addition to the main gorge entrance, ‘back door’
openings were observed in 78 of 10,000 frames analysed. The gorge was found to have an
average radius of 1.52 Å with a complex distribution of probabilities [61] making it accessible
to ACh during 20% of the simulation [66] (in contrast to the Gaussian probability distribution
in the earlier 500 ps simulation of TcAChE [50] which was accessible 2.4% of the time [56]).
The population of water molecules in the gorge fluctuated from 16-22 molecules, with an
average of 19.8 [62], closely matching the 18 water molecules present in the 1.8 Å TcAChE
crystal structure (PDB reference 1EA5), while 20 water molecules were located in isolated
positions within the protein structure [67].
Simulation of the FAS II/mAChE complex showed a number of key changes in both overall
structure and dynamic motions [63]. The imidazole ring of the catalytic histidine (His 447 for
mAChE) is twisted in relation to the orientation found in simulations of the free enzyme [61].
In this twisted alignment the ring is positioned inappropriately for proton transfer during
catalysis. Additionally, the sidechain of Glu334 is directed away from the two other residues of
the catalytic triad (Figure 6.2). The distribution for the radius of the gorge opening in the FAS
II complex, although following a similar profile, is shifted to a higher range of values (Figure
6.3). A more interesting difference in the two simulations involves the dynamics of secondary
routes to the gorge. ‘Back door’ opening was observed in the simulation of mAChE in less
than 1% of the sampled frames, while for the inhibitor complex further transient openings
were also seen – the ‘back door’ was open in 18% of the frames, with a ‘side door’ open in
13%.
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Figure 6.2 – Fasciculin induced movement of the catalytic triad: the average structures from simulations are
shown. Results from the mAChE MD are shown in grey, those from the FAS II/mAChE MD are coloured by
atom type. From left to right, residues are Ser203, His447 and Glu334 [63].

Figure 6.3 – Distribution of the gorge proper radius: data from the MD simulation of mAChE is shown by a
dashed line, while that from the simulation of the FAS II/mAChE complex is shown by a solid line [63].

Modelling of inhibitor binding has proven to be a challenge for computational researchers. The
Alzheimer’s drug donepezil was developed after a comprehensive study involving the
investigation of structure-activity relationships for a range of compounds and modelling of
inhibitor binding [96]. Although donepezil was proven to be a potent inhibitor, the binding
mode predicted during its development was found to be markedly different from the actual
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bound conformation later derived using x-ray diffraction [36, 40]. Simulations of the binding
of galanthamine, which is a rigid molecule, have only recently been able to produce a structure
which matches x-ray crystallography data [41, 64].

6.2.2

The Binding of TMTFA and Tacrine to Acetylcholinesterase

Figure 6.4 shows the binding of TMTFA and tacrine to TcAChE (the two inhibitors which
form the basis of the series of Syngenta compounds). TMTFA binds covalently to the catalytic
serine, forming a stable tetrahedral structure which is analogous to the first transition state
formed during acetylcholine hydrolysis [27]. Tacrine binds non-covalently to the protein, close
to the base of the gorge [30].

a

b

Figure 6.4 – The binding of TMTFA and tacrine to Torpedo californica acetylcholinesterase: based
on the PDB structures 1AMN and 1ACJ. A dark red ribbon illustrates the protein backbone, with three key
residues shown in green – Trp279 marks the gorge entrance at the top of the diagram, Ser200 marks the
catalytic site in the centre and Trp84 marks the back door entrance on the right. Inhibitors are shown
coloured by atom type, TMTFA (a) and tacrine (b).
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In addition to covalent attachment to the protein, TMTFA is involved in a number of noncovalent interactions which stabilise the structure (Figure 6.5), these can be divided into three
groups [30]. The quaternary ammonium, which is aligned towards the open face of Trp84 and
also interacts with Phe330 (cation-π interactions), as expected for the quaternary ammonium
function of the ACh substrate. Secondly, the oxy-anion is involved in hydrogen bonding to the
backbone NH functions of Gly118, Gly119 and Ala201. Lastly, the trifluoromethyl group
interacts with the aromatic rings of Trp233, Phe288, Phe290 and Phe331.

Trp279

Phe331
Phe288

Phe290

Phe330
Trp233

Gly119

Ser200

His440

Trp84

Glu327

Figure 6.5 – TMTFA binding to Torpedo californica acetylcholinesterase: the inhibitor is shown
as a ball and stick model. Key residues in the region of the binding site are shown with stick models.
Created using the PDB file 1AMN.

The x-ray structure of tacrine bound to TcAChE [30] shows that the acridine ring is stacked
with the indole ring of Trp84 (Figure 6.6). This may explain why opening of the ‘back door’
was not observed in the 500 ps simulation of the TcAChE/tacrine complex as discussed earlier,
since Trp84 could be held in place through its interaction with the inhibitor [50]. Phe330 also
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interacts with the acridine ring, while the tacrine ring nitrogen forms a hydrogen bond to the
backbone oxygen of His440. The inhibitor occupies only part of the active site, with the region
near the catalytic serine occupied by water molecules.

Trp279

Phe290

Phe288
Phe331
Phe330

Trp233

Gly119

His440

Trp84

Ser200
Glu327

Figure 6.6 – Tacrine binding to Torpedo californica acetylcholinesterase: the inhibitor is
shown as a ball and stick model. Key residues in the region of the binding site are shown with stick
models. Created using the PDB file 1ACJ.

The rational for a chimera of TMTFA and tacrine as an inhibtor of AChE is clear. The binding
site of each compound is positioned in a distinct region of the active site, and the combination
of favourable binding interactions creates a more potent AChE inhibitor. Figure 6.7a shows an
overlay of the crystal structures of TMTFA and tacrine bound to acetylcholinesterase; for
clarity the relative position of the inhibitors alone is shown in Figure 6.7b. The main structural
features of both inhibitors are included in the Syngenta compound R414983 (Figure 6.7c).
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a
b

c
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F

Figure 6.7 – Combination of TMTFA and tacrine: overlay of the crystal structures for the inhibitors
bound to TcAChE, residues from the TMTFA structure are shown in blue and from the and tacrine
structure in green (a) an overlay of the inhibitors alone (b) R414983 (c).

6.3

Methodology

6.3.1

Molecular Dynamics Simulations

6.3.1.1

General

Energy minimisation and molecular dynamics were performed on a 1.4 GHz single processor
machine with the Linux operating system and using GROMACS 3.1.3.
6.3.1.2

Modelling of R414983

A PDB file for the free inhibitor was created using DS ViewerPro 5.0 (Accelrys Inc.) and a
topology for the molecule then generated using PRODRG [272]. A potential limitation of
PRODRG is its bias towards typical biological molecules. The partial charges for R414983
assigned by the program were compared to those generated by DS Viewer, although small
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differences were present, these were found to have no significant effect on the results from
simulations.
The minimum energy conformation of the molecule was determined by the use of a steepest
descent algorithm with the GROMACS forcefield. A maximum move per atom of 0.1 Å per
step was allowed.
Using the energy minimised ligand structure, a 1 ns molecular dynamics simulation was
performed in vacuuo (2 fs per step) using the GROMACS forcefield. Initial velocities were
generated randomly using a Boltzman distribution at a temperature of 300K and a pressure of
1 bar (Berendsen methodology was used for the maintenance of temperature and pressure).
6.3.1.3

Modelling of R414983 bound to Electrophorus electricus acetylcholinesterase

R414983 was manually positioned at the active site of a single catalytic sub-unit of Electrophorus
electricus AChE (PDB reference 1C2B), aligned in a similar manner to bound TMTFA and
tacrine in their x-ray crystallography structures [27, 30] (Figure 6.8). The location of the protein
backbone and sidechains were unaltered during this process.
A topology for the serine bound ligand was generated using PRODRG [272], where the
inhibitor was covalently attached (in the correct chiral form) to a short chain from the protein
backbone (comprising two additional residues on either side of the catalytic serine, Ser203 in
EeAChE). These structural parameters were included in the GROMACS forcefield as a new
residue type, before a topology for the entire system was generated by GROMACS.
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b

Figure 6.8 – Initial placement of R414983 within Electrophorus electricus AChE: overlay of the
crystal structures for the inhibitors bound to TcAChE, residues from the TMTFA structure are shown in
blue and from the and tacrine structure in green (a) EeAChE crystal structure with R414983 positioned in a
similar location (b).

The energy of the complex was minimised using a steepest descent algorithm with a maximum
move per atom of 0.1 Å per step. Subsequently, this energy minimised structure was used as
the basis for a 1 ns molecular dynamics simulation (2 fs per step), in vacuuo, using the
GROMACS forcefield.
Initial velocities were generated randomly using a Boltzman distribution at a temperature of
300K and a pressure of 1 bar (Berendsen methodology was used for the maintenance of
temperature and pressure). The inhibitor and catalytic serine, together with any protein
residues which had at least one atom within 5 Å, were allowed to move freely, the remaining
parts of the structure were fixed. Five 20 ps simulations were performed to bring the system to
equilibrium before the before the full 1 ns simulation was begun.
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NMR Restrained Conformations

Using software developed specifically for this purpose by Dr Stephan Grage (Oxford),
molecular conformations which matched the NMR derived distance restraints were
determined. Each torsion angle was varied through 20 equal steps (15o) and, on the basis of
typical bond lengths and angles from x-ray crystallography, the internuclear distances for pairs
of atoms calculated. These distances were automatically compared to NMR restraints, with
structures displaying a deviation above chosen threshold levels rejected – no threshold, 0.5 Å
(the estimated error in the NMR restraints), 0.2 Å (a potentially achievable error with
experimental optimisation) and 0.0108 Å (chosen to include only ten conformations).

6.4

Results

6.4.1

Molecular Dynamics Simulations

Sample structures and details of how the three distances investigated using NMR vary over
time in the 1 ns molecular dynamics simulation of R414983 are shown in Figure 6.9. After a
period of relative mobility during the first 200 ps of the simulation, the molecule reaches a
stable state in which it remains until the later stages of the run. At approximately 900 ps the
structure shows a sudden deviation and does not return to the previous conformation during
the remainder of the simulation. The simulation time of 1 ns may therefore be insufficient to
characterise the dynamic motions of the molecule in this state. However, structures sampled at
100 ps intervals are closely matched after the initial 200 ps.
Table 6.1, summarises the internuclear distances from molecular modelling and compares them
with those determined using NMR and x-ray crystallography. Modelling of the inhibitor in free
space results in an average distance between: the centroid of the trifluoromethyl and the 2-
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methyl of 8.35 ± 0.72 Å; the benzyl methylene and the 2-methyl of 4.62 ± 0.14 Å; and for the
benzyl methylene to the quinoline C2 of 4.54 ± 0.08 Å.

(nm)

2-methyl/CF3
2-methyl/benzyl CH2
C2/benzyl CH2

Figure 6.9 – Molecular dynamics simulation of R414983: overlay of structures, sampled every 100 ps
during a 1 ns simulation, progressing from black at the start of the simulation (0 ps) to light green at the
end (1000 ps). Variation of the three distances investigated by NMR is shown in the plot beneath.

In contrast to the free inhibitor, a reduced level of mobility is observed during the 1 ns
simulation of the compound when bound to acetylcholinesterase (Figure 6.10), with each of
the three distances having a lower RMSD value. The trifluoromethyl and the 2-methyl are
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separated by 8.23 ± 0.20 Å, the benzyl methylene and the 2-methyl by 4.23 ± 0.08 Å, with the
benzyl methylene to the quinoline C2 located 4.30 ± 0.06 Å apart. Sampled structures are
closely matched throughout the 1 ns time period.

(nm)

2-methyl/CF3
2-methyl/benzyl CH2
C2/benzyl CH2

Figure 6.10 – Molecular dynamics simulation of R414983 bound to EeAChE: overlay of the inhibitor
and catalytic serine, sampled every 100 ps during a 1 ns simulation, progressing from black at the start of
the simulation (0 ps) to light pink at the end (1000 ps). Variation of the three distances investigated by
NMR is shown in the plot beneath.
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The average distances during simulations do not correspond to those determined by NMR for
R414983 bound to EeAChE or by the earlier x-ray crystallographic investigation of R414983
analogues [43]. This discrepancy is most likely a result of the simplified methodology which
was utilised. Residues greater than 5 Å from the inhibitor may be restricting local motions,
trapping the system its current conformation (each of the distances changes by over 1 Å from
their starting arrangement, therefore some degree of flexibility is present, although this may be
insufficient). Additionally, longer simulation time could be necessary. The computationally
demanding step of hydrating the system would provide an environment which approaches the
natural state of the enzyme (how this may correspond to the lyophilised form examined by
NMR is not known).
Table 6.1 – Summary of molecular modelling results, with previous NMR and x-ray derived
measurements.

Inhibitor
form
Free
R414983
“
“
EeAChE
bound
R414983
“
“
“
TcAChE
bound
R404435
DmAChE
bound
R415657

Structure
Initial
form
Energy
minimised
1 ns MD
Initial
form

Internuclear distance (Å)
2-methyl/benzyl
C2/benzyl
2CH2
CH2
methyl/CF3

RMSD
(from NMR
data)

3.84

4.28

9.53

1.47

4.00

4.27

9.51

1.46

4.62 ± 0.14

4.54 ± 0.08

8.35 ± 0.72

1.03

3.35

3.71

7.63

0.46

Energy
minimised
1 ns MD
NMR
restraints

3.23

3.25

7.06

0.41

4.23 ± 0.08

4.30 ± 0.06

8.23 ± 0.20

0.82

3.9 ± 0.5

3.5 ± 0.5

7.1 ± 0.5

-

x-ray

4.11

3.55

6.57

0.33

x-ray

3.80

3.71

9.53

1.41
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NMR Restrained Conformations

A large degree of conformation flexibility exists within the structure of R414983. Five distinct
torsion angles must be determined to enable the selection of a single conformation for the
bound inhibitor. The data in Table 6.2 indicates that the three internuclear distances which
have been measured (Chapter 4 and Chapter 5) are insufficient for this purpose. Even in the
case where NMR distances show unrealistically low errors (<0.0108 Å) a substantial number of
possibilities remain, this number will be greater if the precision of torsion angles is increased
(i.e. the number of steps). Figure 6.11 illustrates the structural basis for the values in Table 6.2.
Table 6.2 – Possible molecular conformations based on torsion angle searching (15o steps).

Data set
Number of structures
All possibilities
7,962,624
Model distances within 0.5 Å of NMR measurements
144,806
Model distances within 0.2 Å of NMR measurements
12,060
Model distances within 0.0108 Å of NMR measurements
10

O

NH2

F

O
N

a

F

CH3

F

b

Figure 6.11 – Torsion angle occurrence in structures matching NMR restraints: each of the three
model distances within 0.5 Å of NMR measurements (a) within 0.2 Å (b).
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Inclusion of all structures within a maximum of 0.5 Å of the NMR determined distances
(Figure 6.11a) only excludes a short range of angles for two of the five torsions (indicted by
black and red). The two angles torsions closest to quinoline ring are restricted to a range of
255o (each excluding 7 torsion angle steps). Increasing the precision to include structures
within 0.2 Å of the measured distances has a marked effect on their torsion angle distribution
(Figure 6.11b), with a larger range of angles excluded.
The remaining three torsions, in the region of the benzyl ring, display a similar distribution
profile for both the 0.5 Å and 0.2 Å thresholds, suggesting that the number of degrees of
freedom is limiting rather than the quality of present measurements (i.e. more distance
restraints are required, not a greater level of restraint precision, since a single REDOR distance
covers the three torsions). Although certain angles show a slightly higher number of
occurrences, for all three torsions the full range of angles is possible.
The method used in torsion angle searching is purely geometric and therefore does not
consider steric effects. Of ten structures selected at random from those meeting the 0.5 Å
threshold, four were positioned such that collisions occurred between atoms, while of the ten
conformations determined to match the NMR restraints most closely (lowest RMSD), seven
were positioned such that collisions occurred.

6.5

Discussion

The reliability of molecular modelling as a tool for structural analysis is limited by the accuracy
with which a system is represented. Recently published simulations of acetylcholinesterase have
been based on fully hydrated systems [61, 63] and analysis of water molecules within the gorge
has shown that 16-20 water molecules are present (in crystal structures of TcAChE 18 are
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found in the gorge [62], out of 42 conserved water molecules in the complete enzyme [39]). It
is not surprising that the conformation of enzyme bound R414983 in molecular dynamics
simulations does not correspond to the internuclear distances measured using NMR (Table
6.1). Previous difficulties in the modelling of inhibitor binding [36, 40, 41, 43, 64] suggest that
accurate representation of the system under study may be particularly critical in the case of
acetylcholinesterase. The lack of a hydrated environment for the protein during simulation
necessitated the restraint of a proportion of the enzyme structure to ensure it remained intact.
The selection of a cut-off for mobile residues of 5 Å from the inhibitor or catalytic serine may
result in an insufficient level of flexibility in the region of the inhibitor for it to assume a
preferred conformation. Concerted ‘breathing’ motions of the enzyme have been observed
during 10 ns simulations of the hydrated TcAChE enzyme [61], such motions may be
important for inhibitor positioning.
The PDB entry on which the present work was based (1C2B) is at a resolution of 4.5 Å [34].
As a result of the low resolution, the locations of amino-acid sidechains were determined
through homology modelling with the mouse enzyme [34]. Use of the structure for
simulations, especially where only a small region of the protein is mobile, is likely to contribute
to the deviation of simulation results from NMR measurements.
Extending the current work to a fully hydrated system, where the complete structure is allowed
motional freedom, may resolve the current discrepancy in distances. However, this step would
be computationally demanding and could form a project in its own right.
At this time it is not realistic to present a single conformation, or even a small set of
conformations, as being representative of R414983 bound to acetylcholinesterase using solely
the internuclear distances measured using NMR in this study. A substantial degree of freedom
remains within the molecule. Improving the accuracy of NMR measurements will reduce the
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conformational freedom further but additional measurements are required if a single
conformation is ultimately to be determined.
The two 13C-13C rotational resonance measurements help define torsions in the region of the
quinoline ring (shown by black and red arrows in Figure 6.12). Increasing the precision of
these measurements and the determination of the C3/benzyl methylene distance will increase
the restriction placed on the range of possible angles for these two torsions.
The long-range REDOR measurement between the 2-methyl and trifluoromethyl function is
dependent upon the orientation of all five torsions. While restricting the overall number of
molecular conformations, the large number of torsions on which the distance depends means
that none of the torsions is specifically constrained. Additional measurements are necessary to
restrict torsions in the region of the benzyl ring (shown by green, blue and purple arrows in
Figure 6.12), such as between the trifluoromethyl and the benzyl methylene or quinoline
methylene.

O

NH2
13

13
13

C

C

O

13

N

C

F

C
F

13

CH3

F

Figure 6.12 – Conformational freedom within the inhibitor R414983 and NMR distance
measurements.

Despite the inability to determine a definitive structure using data presently available, it is
interesting to note that of the two analogues which have been examined by x-ray
crystallography (R404435 and R415657), only the conformation for R404435 falls within the
error margins of the NMR based internuclear distances (Table 6.1). It is therefore possible that
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R414983 adopts a similar conformation when bound to EeAChE as is found with R404435
bound to TcAChE.
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Conclusions

General Conclusions

Solid state NMR is a novel approach to the investigation of acetylcholinesterase and the
binding of acetylcholinesterase inhibitors. This was demonstrated by studies on a series of
compounds designed by Syngenta, based on a chimera of two previously known inhibitors,
which are ideal candidates for such initial work. The compounds show a high level of potency,
have structural flexibility and, as transition state analogues, have a known point of attachment
to the enzyme.
As is often the case with structural studies on proteins, the availability of enzyme imposes
restrictions on the experimental approach. The lack of an academic source of the enzyme
means that material must be purchased from commercial suppliers. Under these circumstances,
the selection of a single isotopic labelling scheme which enables the determination of multiple
distance restraints is more appropriate than the use of multiple samples tailored for specific
measurements.
Two compounds from the Syngenta series were chosen, 4-amino-5-fluoro-2-methyl-3-(3trifluoroacetylbenzyl-oxymethyl)quinoline and 4-amino-2-methyl-3-(3-trifluoroacetylbenzyloxymethyl)quinoline, designated as R414425 and R414983. Both of these compounds were
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subsequently synthesised with the incorporation of isotopic labels (13C) which, in conjunction
with the fluorine atoms already present in their structures, provides the potential for
homonuclear

13

C-13C, homonuclear

19

F-19F and heteronuclear

13

C-19F internuclear distance

measurements. The availability of isotopically labelled starting materials restricted the selection
of label positions in the final products. R414425 and R414983 were characterised as inhibitors
of Electrophorus electricus acetylcholinesterase, with IC50 values determined to be 4.8 ± 1.2 nM
and 4.4 ± 1.2 nM respectively.
Rotational resonance experiments on 13C5-R414983 bound to EeAChE are subject to errors
arising from broad spectral linewidths and the presence of multiple

13

C labels in close

proximity. Despite these difficulties, two measurements on internal calibration distances
indicated an accuracy of 0.5 Å could be attained during experiments. Subsequently, the
internuclear distance for the benzyl methylene/2-methyl spin pair was determined to be 3.9 ±
0.5 Å, with the benzyl methylene/quinoline C2 distance found to be 3.5 ± 0.5 Å. REDOR
experiments were utilised to quantify the separation of the trifluoromethyl function and the 13C
atom at the 2-methyl position in 13C5-R414983 bound to EeAChE, providing a distance of 7.1
± 0.5 Å.
The desire to answer a specific biological problem creates a need to make compromises
between the optimisation of experimental conditions and the collection of data. The error level
for each of the distance measurements is unfortunately high. However, the determination of a
unique conformation for the bound inhibitor is restricted by the number of distance
measurements presently available rather than the precision of the current values. Technical
issues (such as the reliability of instrumentation) and theoretical issues (such as the complexity
of the rotational resonance analysis in multi-spin systems with a large spectral linewidths) will
have to be addressed if the precision of the present rotational resonance measurements is to be
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improved, the third variable 13C-13C distance determined and supplementary 13C-19F distances
measured using REDOR.
As such, this work forms a solid foundation which has the potential to provide a conclusive
determination of the inhibitor conformation with further work. Significant progress has been
made towards elucidation of the first structure of an inhibitor bound to Electrophorus electricus
acetylcholinesterase and, for the first time, determination of the conformation of an inhibitor
bound to acetylcholinesterase through means other than x-ray crystallography.

7.2

Future Experiments

Heterogeneity within the binding site is responsible for the broad spectral linewidths observed
in 13C spectra of 13C5-R414983 bound to EeAChE. Although it is possible that the binding site
is promiscuous in its acceptance of different inhibitor conformations, the lyophilised state of
NMR samples is a more likely explanation. The presence of 42 conserved water molecules in
x-ray structures of the enzyme, 18 of which are in the region of the gorge and active site [39],
suggests that water molecules are of structural importance. The preparation of NMR samples
which contain micro-crystalline or partially hydrated enzyme may reduce spectral linewidths. In
addition to the sensitivity benefit of smaller linewidths, heterogeneity effects during rotational
resonance experiments would be decreased, enabling the determination of distances to a higher
level of accuracy (presently, errors arise mainly through systematic rather than random effects).
The compensation for sample heterogeneity by the use of spectral linewidths to estimate zeroquantum relaxation parameters during rotational resonance experiments requires further
investigation. In addition to the two rigid distances used to confirm the accuracy of rotational
resonance measurements, a number of other rigid internuclear measurements can also be
made, providing a basis for a more rigorous mathematical analysis of magnetisation exchange
under these conditions, potentially increasing the precision of the rotational resonance
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measurements already performed. The application of an off-resonance R2 scheme [225-228]
should enable the measurement of the third and final conformationally dependent 13C-13C
distance.
A series of REDOR experiments on standard samples will enable the full characterisation of
the instrumentation, enabling the selection of experimental conditions such that reliable
distance measurements can be obtained. Subsequently, the accuracy of the 13C-19F distance
measured may be improved and additional interatomic distances determined.
Labelled R414425 has not yet been investigated when bound to acetylcholinesterase. The latest
generation of solid state fluorine NMR probes should make more complex fluorine observed
experiments viable, such as homonuclear distance measurement between the quinoline fluorine
and trifluoromethyl in R414425. The previous performance of instrumentation for this
purpose has been poor. The opportunity for homonuclear

13

C-13C measurements on

acetylcholinesterase bound R414425 also remains.
Deuterium NMR provides a method for the elucidation of dynamics in a system. Although not
included here, deuterium labelled versions of the inhibitors R414425 and R414983 have also
been synthesised (but not measured) and should allow the investigation of dynamics of in the
region of the benzyl ring – whether it is tightly constrained or demonstrates a degree of
motion, and the nature of any motions.
Once a specific conformation for the bound inhibitor has been determined (or a small number
of possibilities), the opportunity for investigation of inhibitor-protein interactions exists
without the need for isotopic labelling of the protein. Lee-Goldburg cross-polarisation (LGCP) [243] provides a method for the investigation of heteronuclear 1H-13C distances.
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The opportunity also exists for the development of more advanced molecular dynamics
simulations of the bound inhibitors than undertaken here. However, such work is technically
more difficult and is restricted by demands on computational time.
Knowledge of the interactions of acetylcholinesterase with acetylcholine is still of great
interest. A small quantity of detergent solubilised GPI anchored TcAChE has been provided by
Israel Silman (Wizemann Institute). Once reconstituted into membranes, this material has the
potential for rapid purification by centrifugation. It may therefore be possible to investigate the
binding of carbamylcholine, a close analogue of acetylcholine, which is hydrolysed in a period
of minutes at room temperature [273] and therefore not suitable for examination by x-ray
crystallography.
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Appendix 1
Acetylcholinesterase Publications
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Figure A1.1 – Acetylcholinesterase publications: based on Science Citation Index search results for
the term ‘acetylcholinesterase’ in article titles, keywords or abstracts. The first x-ray structure was
published in 1991. Data for 2002 is based on an extrapolation of the number of publications during the
first six months of the year.
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Appendix 2
Published Acetylcholinesterase Structures
Table A2.1 – Summary of published acetylcholinesterase structures (Brookhaven Protein Data Bank, August
2002). Associated publications listed are those given in the Data Bank as the primary citation(s), if listed.

Esterase
source
Drosophila
melanogaster
Drosophila
melanogaster
Drosophila
melanogaster
Electophorus
electricus
Electophorus
electricus
Electophorus
electricus
Human
Human

Comment

Technique

-

x-ray
(2.70 Å)
x-ray
(2.72 Å)

9-(3-iodobenzylamino)1,2,3,4-tetrahydroacridine
complex
9-(3-phenylmethylamino)1,2,3,4-tetrahydroacridine
complex
Single chain
Tetramer
Fasciculin-II complex

Mus muculus

Fasciculin-II complex with
E202Q mutant
-

Mus muculus

Fasciculin-II complex

Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica

Radiation induced damage
over nine time points
Bw284C51 complex
Decamethonium complex
Diisopropyl-phosphorofluoridate

Associated
publication
[38]

PDB
code
1QO9

Date

[38]

1QON

1999

x-ray
(2.70 Å)

[38]

1DX4

1999

x-ray
(4.50 Å)
x-ray
(4.20 Å)
x-ray
(4.50 Å)
x-ray
(2.76 Å)
x-ray
(2.90 Å)
x-ray
(2.90 Å)
x-ray
(2.90 Å)
x-ray
(2.1-3.0 Å)
x-ray
(2.80 Å)
x-ray
(2.50 Å)
x-ray
(1.80 Å)
x-ray
(2.85 Å)
x-ray
(2.80 Å)
x-ray
(2.30 Å)

[34]

1C2B

1999

[34]

1C2O

1999

-

1EEA

1999

[23]

1B41

1999

[23]

1F8U

2000

[33]

1MAA

1998

[28]

1MAH

1995

[45]

1999

[31]

1QID1QIM
1ACE

[24]

2ACE

1996

-

1EA5

2000

-

1E3Q

2000

[30]

1ACL

1993

[32]

2DFP

1998

- 207 -

1999

1991
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Esterase
source
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica
Torpedo
californica

Appendices

Comment

Technique

3-[(1S)-1(dimethylamino)ethyl]phenol
complex
E2020 (Aricept/Donepezil)
complex
Edrophonium complex

x-ray
(3.00 Å)

Edrophonium complex
Fasciculin-II complex
Galanthamine complex
Galanthamine complex
(-)-Huperzine-A complex
Huprine-X complex
PEG-SH complex
R404435 complex
Rivastigmine complex
Mf268 complex
Sarin complex (aged)
Soman complex (aged)
Tacrine complex
m-(N,N,Ntrimethylammonio)-2,2,2trifluoroacetophenone
complex
Vx complex
Vx complex (aged)

Associated
publication
[46]

PDB
code
1GQS

Date

x-ray
(2.50 Å)
x-ray
(2.80 Å)
x-ray
(2.40 Å)
x-ray
(3.00 Å)
x-ray
(2.50 Å)
x-ray
(2.30 Å)
x-ray
(2.50 Å)
x-ray
(2.10 Å)
x-ray
(2.30 Å)
x-ray
(2.50 Å)
x-ray
(2.20 Å)
x-ray
(2.70 Å)
x-ray
(2.60 Å)
x-ray
(2.20 Å)
x-ray
(2.80 Å)
x-ray
(2.80 Å)

[36, 40]

1EVE

1998

[37]

1AX9

1997

[37]

2ACK

1997

[26]

1FSS

1995

[42]

1QTI

1999

[41]

1DX6

1999

[24]

1VOT

1996

[47]

1E66

2000

[44]

1JJB

2001

[43]

1HBJ

2001

[46]

1GQR

2001

[35]

1OCE

1998

[32]

1CFJ

1999

[32]

1SOM

1999

[30]

1ACJ

1993

[27]

1AMN

1996

x-ray
(2.20 Å)
x-ray
(2.40 Å)

[25]

1VXR

1999

[25]

1VXO

1999
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Table A2.2 – Summary of acetylcholinesterase structures on hold (Brookhaven Protein Data Bank, August 2002).

Esterase
source
Mus muculus
Torpedo
californica
Torpedo
californica
Not
disclosed
Not
disclosed
Not
disclosed
Not
disclosed

Comment

Technique
x-ray

Associated
publication
-

PDB
code
1KU6

Fasciculin-II complex
(+)-Huperzine A

x-ray

[48]

1GPK

Huperzine B

x-ray

[48]

1GPN

Diisopropyl-phosphoryl
enzyme with 1,7-heptylenebis-N,N’-syn-2pyridiniumaldoxime
Diisopropyl-phosphoryl
enzyme with 1,3-propylenebis-N,N’-syn-4pyridiniumaldoxime
(S,S)-(-)-BIS(10)-Huperzine A
complex
(S,S)-(-)-BIS(12)-Huperzine A
complex

theory

-

1JGA

theory

-

1JGB

June
2001

x-ray

-

1H22

x-ray

-

1H23

July
2002
July
2002
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Acetylcholinesterase Species Homology

Figure A2.1 – Sequence relationships of proteins showing sequence identity to acetylcholinesterase:
numbers reflect the fractional amino acid identities with mouse AChE (top) and BuChE (bottom) [22].
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Figure A2.2 – Acetylcholinesterase species homology: comparison of three vertebrate and
three insect acetylcholinesterase sequences. Insect/vertebrate identity is shown in red,
insect/vertebrate similarity in yellow, insect only identity or similarity in green, and vertebrate only
identity or similarity in blue. Torpedo californica numbering is shown above and Drosophila
melanogaster numbering is shown below [38].
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Appendix 3
Acetylcholinesterase Inhibitors
Nerve Agents:

O
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O
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O
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CH3
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CH3

Figure A3.1 – Organophospahte nerve agents: tabun (a), sarin (b), soman (c), VX (d).

Pesticides:

a

NO2

b
O

S

H3C
O

P
O

O

O
H3C

H
N

CH3
CH3

O
O

CH3

Figure A3.2 – Pesticides targeting acetylcholinesterase: parathion, an organophosphate (a),
Bendiocarb, a carbamate (b).
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Therapeutics:
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Figure A3.3 – Acetylcholinesterase inhibitors used in therapeutics: tacrine (a) donepezil (b)
galanthamine (c) rivastigmine (d)
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O
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Figure A3.4 – Additional acetylcholinesterase inhibitors discussed in the text: decamethonium (a)
DFP (b) edrophonium (c) (-)-Huperzine A (d) Mf268 (e) and TMTFA (f)
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Appendix 4
13

C Spectra

Figure A4.1 – 13C solution NMR spectrum (63MHz) of 13C5-R414425 in D2O.

Figure A4.2 – 13C solution NMR spectrum (63MHz) of 13C5-R414425 in CDCl3.
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Figure A4.3 – 13C solution NMR spectrum (63MHz) of 13C5-R414983 in D2O.

Figure A4.4 – 13C solution NMR spectrum (63MHz) of 13C5-R414983 in CDCl3.
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19

F Spectra

Figure A4.5 – 19F solution NMR spectrum (235MHz) of 13C5-R414425 in D2O.

Figure A4.6 – 19F solution NMR spectrum (235MHz) of 13C5-R414425 in CDCl3.
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Figure A4.7 – 19F solution NMR spectrum (235MHz) of 13C5-R414983 in D2O.

Figure A4.8 – 19F solution NMR spectrum (235MHz) of 13C5-R414983 in CDCl3.
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Appendix 5
Error Analysis
Rotational resonance experiments:
The uncertainty in any point of an NMR spectrum may be quantified by the root mean square
deviation (RMSD) of the spectral noise (n). The plotted values used in the estimation of
dipolar couplings are derived by addition of the integral areas for each peak in the spin pair
under investigation. In order to estimate an error for the integrated area, it may by assumed
that the number of points used to define a peak (Np) can be related to the spectral width (Ω),
the total number of points defining the spectrum (Nt) and the equivalent peak width (W):

Np =

W Nt
Ω

Equation A5.1

For simplicity, the peak width (W) may be approximated to that of an equivalent square (i.e.
with the same integrated area) which is related to the full width at half height (L):

W=

1 π
L
2 ln2

Equation A5.2

The statistical error (σ) in the area of a single peak as a result of spectral noise is then:

σ=

σ=

nW
Np

Np Ω n
Nt
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The error (σA) in net magnetisation (IZ-SZ) may be described in relation to the errors in the two
areas (σI and σS) from which it is comprised:
2

σA = σI + σS

2

Equation A5.5

Since the linewidths, spectral width and acquisition length remain the same throughout each
distance measurement the error arising from the noise is therefore identical for each data point
(on an absolute, rather than proportional basis). Normalising the data with respect to the initial
time point does not introduce a further error, it may be considered as a mathematical
transformation necessary for the analysis software.
The level of signal to noise is lowest in experiments on the protein/inhibitor complex. As an
example to demonstrate the spectral noise is not limiting in the determination of accurate
internuclear distances, using the data for the quinoline methylene/2-methyl distance
measurement (Section Error! Reference source not found.) provides an error in net
magnetisation, in normalised units, of approximately ± 0.02 (errors in the initial point are
lower, since the data from three time points are combined).
A number of assumptions are necessary in this calculation, such as the accurate knowledge of
the linewidths, the appropriateness of approximating the peak to an equivalent square and that
the processing of data does not introduce further errors. However, it is clear from the plotted
results that data spread is generally low (exceptions are a single point in Figure 4.15 and two
points in Figure 4.18), deviations from the fitted exchange curve match an oscillatory profile
(most likely due to secondary couplings) and are thus not due to statistical variations.
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REDOR experiments:

As stated previously, the statistical error (σ) in the area of a single peak as a result of spectral
noise (n) is:

σ=

Np Ω n

Equation A5.4

Nt

Each data point for a REDOR experiment represents the proportion of dephasing observed
(A), determined from the integral intensities of the dephased (S) and non-dephased spectra
(S0). Both S and S0 are considered as having errors.
Expanding Equation 5.5 from Chapter 5:

A=

∆S S0 − S
S
= 1−
=
S0
S0
S0
2

2

σA

2

σA

2

Equation A5.6

 ∂A  2  ∂A 
2
=
σ S0
 σS + 

 ∂S 
 ∂S0 

Equation A5.7

2

 1  2  S2  2
=  −  σ S +  4  σ S 0
 S0 
 S0 

Equation A5.8

As both the dephased and non-dephased spectra are acquired with identical spectral width and
acquisition length on the same instrument, the noise level in each spectrum should be
comparable (i.e. σS = σS0 = σ):

2

σA =

1 
S2  2
σ

1
+
2
2
S0  S0 
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Using Equation A5.5:

2

σA =

σA =

1
2
1 + (1 − A ) σ 2
2
S0

(

)

Equation A5.10

σ
2
1 + (1 − A )
S0

Equation A5.11

Two additional factors must be included due to method of data manipulation. The RMSD
noise is measured from a single spectrum in the series. However, a spectrum for the protein
background is subtracted from a spectrum for the protein with inhibitor to create a value for S
or S0 (increasing noise by 2½), and three sets of such data were acquired (decreasing noise by a
factor of [1/3½]).
On this basis, the final data point used for determination of the 2-methyl/trifluoromethyl
distance incorporates an error of less than ± 2% as a result of spectral noise.
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