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Abstract
The main goal of the project described herein was to exam ine and rationalise the 

binding of a novel class of compound based on isosorbide to cholinesterase 

enzymes. The compounds of interest had been prepared within the group and found 

to interact with both cholinesterase enzymes present in the human body, namely 

acetylcholinesterase (AChE) [E.C. 3 .1 .1 .7 ] and butyrylcholinesterase (BChE) [E.C. 

3 .1 .1 .8 ]. They were structurally dissimilar to typical cholinesterase ligands and the  

basis of the ir affinity for the enzymes was not apparent at the outset. Kinetic 

studies and computational analyses were used to elucidate the binding modes of 

these ligands. The results reveal much regarding the recognition of ligands by 

cholinesterase enzymes and should prove useful in guiding the preparation of 

cholinesterase substrates and inhibitors going forward.

Firstly, the isosorbide-based compounds were compared to conventional 

cholinesterase ligands, and such studies are described in Chapter 2. Flexible 

alignments of our compounds with physostigmine, rivastigmine and other related  

inhibitors w ere particularly useful, indicating that similar functional groups could be 

overlain well in three-dim ensional space, and the compounds were not as different 

as initially suggested. As the complexes of such ligands with cholinesterase 

enzymes have been elucidated, these comparisons could guide further modelling 

work. For exam ple, the 5 -ester group of the isosorbide derivatives was im portant 

for activity and appeared to occupy sim ilar space as the quaternary nitrogen of 

physostigmine-type ligands; both could interact with Trp82 of BChE via ion -  R 

interactions.

Studies of the binding of isosorbide di-ester compounds to cholinesterase enzymes  

are described subsequently that go some way to corroborating the results of the  

ligand comparison studies. These compounds are substrates for BChE but inhibitors 

of AChE. I t  was shown that the ligands were mixed inhibitors of AChE and values of 

the com petitive inhibitor binding constant Ki and the non-competitive constant K'i 

were calculated for a number of these compounds using in vitro methods. Molecular 

docking studies produced reliable models that explained the binding of the most 

potent inhibitors and the basis of their inhibition. Models of ligand binding to BChE 

also agreed with experim ental findings, indicating association of the ligand with the  

catalytic machinery of the enzym e in agreem ent with experim ental results. Finally, 

molecular dynamics simulations highlighted movements of protein residues th a t 

were im portant for ligand binding in both enzymes and highlighted the close 

contacts formed between ligand and enzym e that were responsible for binding 

within the active sites of both enzymes.



The finding that isosorbide di-esters were BChE substrates suggested that 

isosorbide-based carbam ates m ight act as BChE inhibitors. Carbam ate compounds 

can interact with the catalytic sites of esterase enzymes, forming carbamy! adducts 

that break down slowly, resulting in enzym e inhibition for sustained periods of tim e. 

I t  was shown that isosorbide 2-carbam ate compounds interacted with BChE in this 

manner, and the inhibitory potencies of a num ber of such agents are detailed in 

Appendix 1.

The binding of these carbam ate compounds to BChE was investigated by preparing 

models of carbam ate ligand binding to the enyzm e, as described in Chapter 4. 

These models, prepared using docking and molecular dynamics simulations 

highlighted how isosorbide-based carbam ates could bind BChE and associate with 

the catalytic serine. This carbamylation reaction was studied in detail by carefully 

monitoring enzym e-inhibitor interactions using colorimetric assays. Rather than 

expressing inhibitor potencies in term s of IC 50 values, enzym e inhibition by these 

carbam ates was de-convoluted by fitting the data from these studies to kinetic 

equations. Kinetic constants thus derived explained the basis of the potent 

inhibition. Interestingly, the models prepared not only explained variable inhibition 

but, by preparing scoring functions based on them , could be used to predict 

inhibitory potency of novel compounds. The models were further substantiated by 

examining ligand binding to m utant enzymes; isosorbide 5-salicylates appeared to 

bind to Asp70 and Tyr332 of BChE, and this was shown to be true  

The results of in vivo studies suggested that isosorbide-based ligands might also 

interact with human carboxylesterase (CE) enzym es, and such interactions were 

probed as part of this study. I t  was shown that isosorbide 2-carbam ates interact 

covalently with intestinal CE2. The structure of this enzyme was not available, and 

therefore a homology model of the protein was built using BChE as a tem plate, as 

the proteins were found to be similar. Docking the ligands to this protein provided 

models that explained experim ental results well.

Finally, the isosorbide block was used as a basis for the developm ent of aspirin 

prodrugs. I t  was found that isosorbide 2-aspirinate 5-salicylate (IS A S ) liberated 

significant amounts of aspirin upon hydrolysis by BChE and CE2; other aspirin 

derivatives were mainly hydrolysed to salicylic acid. Models were prepared showing 

the ligands covalently bound to both enzymes, and the suggestion was that 

interactions between the hydroxyl group of the salicylate ester and specific residues 

of the enzym e were responsible for encouraging liberation of aspirin rather than 

salicylic acid. This was substantiated by exam ination of prodrug hydrolysis by 

m utant BChE enzymes using HPLC. Sim ilar interactions were not apparent in AChE 

and C E l, explaining the fact that these enzymes did not release aspirin.
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Chapter 1: Introduction

Chapter 1 

Introduction

"Life em erged, I  suggest, not simple, but complex and whole, and 
has remained complex and whole ever since -  not because of a 
mysterious elan vital, but thanks to the simple, profound 
transform ation of dead molecules into an organization by which 
each molecule's formation is catalyzed by some other molecule in 
the organization. The secret of life, the wellspring of reproduction, 
is not to be found in the beauty of W atson-Crick pairing, but in the  
achievem ent of collective catalytic closure."

S tuart Kauffman. At Home in the Universe, Oxford University Press,
1995, pp 4 7 -4 8 .

The study of enzymes - the rather marvellous polypeptide molecules that catalyse 

biological reactions and are responsible for almost every aspect of biological 

organisation and physiological homeostasis -  is a subject that lies on the borderline 

where the physical, chemical and biological sciences m eet. They are of obvious 

biological importance, yet an appreciation of their actions relies on a detailed 

knowledge of their underlying physical chem istry. Research in the area is truly 

interdisciplinary. Enzymology has become a large and rapidly developing subject 

thanks to the efforts of scientists working in areas as diverse as agriculture, 

medicine, genetics, botany and engineering.

From a pharmaceutical viewpoint, enzym e inhibition frequently constitutes the 

molecular basis for the effectiveness of therapeutic agents, and searching for 

enzym e inhibitors is a rational and efficient approach to drug discovery. Indeed, in 

recent years the proportion of current drugs described as enzym e inhibitors has 

increased. As examples, antimicrobial agents often target bacterial enzymes, as 

typified by the inhibition of M em brane Transpeptidase by penicillins and 

cephalosporins or the inhibition of dihydropteroic acid synthesis by sulphonamides; 

the antineoplastic agent m ethotrexate is an inhibitor of Dihydrofolate Reductase; 

the anti-hypertensive agents captopril and enalapril are inhibitors of angiotensin 

converting enzym e (ACE); and the anti-thyroid agents propylthiouracil and 

methim azole are inhibitors of the Thyroid Peroxidase enzym e. The many im portant
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enzyme inhibitors currently in the research pipelines of pharmaceutical companies 

will become the therapeutic agents of tomorrow.
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1.1. Enzyme inhibitors as drugs
Enzymes play myriad roles in the body, many being essential for the well-being of 

the body but others also being involved in bacterial or parasitic or fungal growth 

causing disease and infectious states. Enzyme inhibitors interfere with these 

enzymes when the removal of their activity by treatm ent is necessary. The use of 

enzym e inhibitors as drugs is based on the rationale that inhibition of a suitably 

selected target leads first to an accumulation of the substrate, and second, to a 

corresponding decrease of the metabolites; one of these features leads to a useful 

clinical response.

Where the substrate gives a required response, inhibition of its metabolism leads to 

accumulation of the intact substrate and accentuation of the response. Carbidopa is 

a classic exam ple of a medicinally used enzym e inhibitor which works in this way. 

Parkinsons's Disease is a neurodegenerative condition associated with reduced 

dopamine levels in the basal ganglia. Levodopa is administered as a therapeutic  

agent; it is decarboxylated in the brain by a centrally acting amino acid 

decarboxylase leading to increased dopamine levels that address its deficit. 

However, peripheral amino acid decarboxylase enzymes inactivate levodopa prior to 

its uptake across the blood-brain barrier. Carbidopa is an inhibitor of these 

peripheral enzymes and its co-administration with levodopa reduces the required 

dose.

When the m etabolite of an endogenous enzym e-catalysed reaction has an action 

that is clinically undesirable or too pronounced, inhibitors are used to reduce its 

concentration. For exam ple, uric acid build-up in the joints leads to the painful 

symptoms of gout. Allopurinol is a xanthine oxidase inhibitor that reduces the 

formation of uric acid from the purines xanthine and hypoxanthine in order to 

address its accumulation.

3



Chapter 1; Introduction

1.2. Rational design of enzyme inhibitors

Whereas the discovery of enzyme inhibitors as therapeutic agents has been 

somewhat serendipitous in the past, great strides have been made in the field of 

rational enzyme inhibitor design in recent times. The most fundamental problem of 

enzymology is the mechanism of action of enzymes, and how to account for their 

astonishingly high and specific catalytic activity in terms of their chemical structure. 

Advances in our understanding of protein structures and functions and the factors 

that affect ligand binding, as well as improved techniques to analyse these 

structures and depict ligand interactions, have helped to address such difficulties. 

Once an enzyme target is selected or discovered, it is possible to obtain extensive 

knowledge of the structure, substrates, kinetics and mechanism of the enzyme. The 

study of enzyme kinetics, which has undergone great development since the 

classical work of Brown, Henri and Michaelis early in the 20th Century, has made it 

possible in many cases to analyse the successive steps in enzyme reactions and to 

make deductions about their mechanism of action. A good deal has been inferred 

about the nature of the chemical groups in enzyme molecules which are involved in 

catalysis, both from the study of the specificity of enzymes and from the action of 

ligands which attack particular chemical groups. But it is the availability of purified 

enzymes that has made possible the great developments of structural enzymology 

of recent years. Using techniques including basic amino acid sequencing through to 

structural elucidation by X-Ray Crystallography or NMR spectroscopy, one can 

obtain a complete and detailed picture of the enzyme, its active site and the means 

by which this site fits ligand molecules. Such information is invaluable in helping to 

design new inhibitory agents.
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1.3. Cholinesterase enzymes

The human body contains two cholinesterases (ChEs), namely acetylcholinesterase 

(AChE, E.C. 3 .1 .1 .7 ) and butyrylcholinesterase (BChE, E.C. 3 .1 .1 .8 ). AChE is by far 

the more prom inent of the two, and the only one consistently associated with 

cholinergic pathways. Its  critical role in cholinergic neurotransmission is based on 

its ability to rapidly hydrolyse the endogenous ester neurotransm itter acetylcholine 

(ACh) and term inate its action at nerve-nerve and neuromuscular junctions. ACh is 

also hydrolysed by BChE but it is present in much lower concentrations and its 

distribution is more restricted. No definitive physiological role has been ascribed to 

BChE.

1.3.1. Acetylcholinesterase
From a medicinal point of view, AChE and its normal substrate ACh are most 

intim ately involved with the neuromuscular disorder Myasthenia Gravis (M G ), and 

the central neurodegenerative condition Alzheimers Disease (AD). The form er is an 

acquired autoim m une disorder affecting neuromuscular transmission due to ACh- 

receptor deficiency at the neuromuscular junction, and it is most often 

characterised by weakness aggravated by exertion and relieved by rest. 

Anticholinesterases were the first effective treatm ent for MG as they increased ACh 

levels and allowed the neurotransm itter to persist for longer periods at the  

neuromuscular junction, thereby allowing for persistent depolarisation at the motor 

end plate. The anti-cholinesterase agent pyridostigmine is most commonly used to 

treat MG, alongside immunosuppressive agents that address the underlying causes 

of the condition.

In  AD, there is a marked loss of AChE in central cholinergic pathways, particularly 

in the cerebral cortex. The normally AChE-rich cholinergic axons in this area are 

severely depleted even in the earliest stages of the condition, before the classical 

dem entia associated with this debilitating condition presents.^ There is an 

associated loss in cortical cholinergic axons, and in later stages, ChAT and AChE 

levels decrease.^ These findings explain why AChE inhibitors are effective  

treatm ents for AD initially, increasing concentrations of neurotransm itter a t the  

synapse, but also why these inhibitors become less effective as the condition 

deteriorates. Intravenous physostigmine was first used as an anti-A lzheim er's drug 

in 1979,^ and similar anti-cholinesterases are still the drugs of choice today. The 

AChE inhibitors rivastigmine, tacrine, donepezil and galantam ine, along with the
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IMMDA antagonist memantine, are the only licensed agents to treat AD to date. 

They give rise to reduced psychotic synnptoms, improvements in apathy in AD 

patients, decreased depression and anxiety and improvements in motor skills/'® 

Arguably more importantly, they retard the rate of cognitive decline associated with 

the condition^'^

However, these agents are far from ideal. They give rise to significant side effects 

including gastrointestinal upset, muscle fatigue and breathing difficulties arising out 

of their inhibition of peripheral cholinesterases. There are suggestions that 

rivastigmine is more a more selective inhibitor of cholinesterases in the brain 

compared to the periphery,^® but one avenue for further research is the 

development of more brain-specific agents. With very long acting ChE inhibitors 

such as the organophosphates, the rate of enzyme activity recovery is limited by 

the synthesis of new enzyme. Normally, the rate of synthesis of brain AChE is 

significantly slower than that of peripheral AChE, and consequently, there is 

reasonable brain selectivity in these long-acting compounds, thus favouring 

therapeutic effect over side-effects.“  That said, we must also consider possible 

central side effects including drowsiness and vomiting that also occur, again most 

often during the initial stages of treatment. These arise particularly with high initial 

doses of drug which cause a rapid increase in ACh and concomitant CNS-dependent 

side-effects. For most ChE inhibitors, progressive and slow dose titration can reduce 

most adverse effects to manageable levels.

It  is also important to note that there is a decreased clinical effect, typically after a 

period of 30-36 w e e k s . T o l e r a n c e  to repeated doses of ChE inhibitors may 

c o n t r i b u t e , c o m b i n e d  with patient deterioration and associated reductions in 

AChE levels as already n o t e d . I t  is generally stated that maintenance of clinical 

gains for one year or more is a feasible target in only about one-third of patients. 

There is therefore a stark need for improved therapies for AD.

In this regard, it is notable that light- and electron-microscopic investigations show 

that the vast majority of amyloid plaques and neurofibrillary tangles in the brain -  

hallmark neuropathological features of AD that have been postulated to contribute 

to disease symptoms -  display intense AChE activity. Furthermore, it has been 

shown that AChE catalyses the aggregation of these plaques and that AChE 

inhibitors interfere in this process.^®' There is thus some suggestion that 

appropriately designed AChE inhibitors could be used to modify the course of the
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disease rather than simply addressing its symptoms. This proposition has not yet 

been realised therapeutically.

1.3.2. And what about butyrylcholinesterase?

In  healthy human brain, AChE predominates over BChE activity. I t  has been 

estim ated that approxim ately 8 0%  of the cholinesterase activity in the normal brain 

is due to AChE and 20%  to BChE.^° In humans, AChE activity is between 1.5 and 60 

tim es higher than BChE activity, and AChE has been estimated to represent about 

95 %  of overall cholinesterase a c t i v i t y . W h e r e a s  AChE is localised mainly to 

neurons, BChE is associated primarily with glial cells; BChE-rich neurons are 

present in the cerebral neocortex, but the number of these neurons is 

approxim ately two orders of magnitude less than the num ber of AChE-rich 

n e u r o n s . A  possible role for brain BChE is for supportive hydrolysis of ACh. 

Under conditions of high brain activity, high levels of synaptic ACh will inhibit 

hydrolysis by AChE, but BChE is activated by excess substrate, and therefore in 

such conditions its importance should be increased. The survival of AChE knockout 

mice with normal levels and localization of BChE is testam ent to the fact that 

BChE can compensate for AChE deficits.

1.3.2.1. Is  butyrylcholinesterase involved in Alzheimer's Disease?

Extensive studies in recent years have suggested that BChE m ay contribute to the 

developm ent and progression of AD, while researchers have also suggested that 

BChE inhibitors m ay am eliorate disease symptoms while possibly also addressing 

disease progression.

The AD brain contains far more BChE enzym e activity than the normal brain. As 

AChE is lost, BChE levels rise with disease progression.^^ Compared with levels in 

the brains of healthy control subjects with no psychiatric or neuropathological 

abnorm alities, AChE has been shown to be 3 3%  lower in the cortex and 38%  lower 

in the hippocampus in AD brain samples.^® Levels of BChE are up to 40 %  higher in 

the cortex and 65%  higher in the hippocampus of AD brains compared with 

c o n t r o l s . C l e a r l y ,  the altered ratio of BChE to AChE in AD brain could modify 

the normally supportive role of BChE in hydrolysing excess ACh only. Cholinergic 

deficits that typify the condition are worsened by this increase in BChE and it 

makes sense that selective BChE inhibition would address this. I t  has been shown 

th a t BChE inhibition by the dual cholinesterase inhibitor rivastigmine correlates well
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with cognitive improvements.^^ However, because the drug also inhibits AChE, it is 

difficult to elucidate w hether any of its activity can be attributed to its inhibition of 

BChE, and if so, how much. Similarly, Giacobini et al showed that both AChE and 

BChE activities in the CSF were significantly correlated with cognitive benefits 

during a small, open-label study involving 18 p a t i e n t s . I n  this same study, BChE 

(but not AChE) inhibition was correlated with improvements in speed, attention and 

verbal m em ory-related functions, indicating that BChE may be more significant, at 

least with regard to some aspects of AD pathology. For this reason, it is im portant 

to test potent, selective and well-tolerated inhibitors of each cholinesterase in order 

to determ ine which enzyme needs to be the focus for m axim um  effect in treating  

AD.

Potent and selective BChE inhibitory cymserine analogs have been tested as 

therapeutic agents for AD in a rat model of the disease.^® These agents caused 

long-term  inhibition of brain BChE and elevated extracellular ACh levels (up to 

300%  of pre-adm inistration levels), without substantial inhibitory effects on AChE. 

In rat brain slices, selective BChE inhibition augm ented long-term  potentiation  

(LTP). In  LTP, brief periods of intense synaptic activity (as triggered when learning 

a new task or produced experim entally during acquisition of passive avoidance) can 

cause a m arked and long-lasting strengthening of communication between  

glutam atergic synapses, and are part of the neurochemical basis of memory  

engram  formation.^®' These results indicated that increased availability of ACh 

mediated by the tested agents could have the ability to enhance learning and 

m em ory. Indeed, the inhibitors improved the cognitive performance of aged rats, 

tested using a w ater maze method. Clearly, BChE inhibition correlated well with 

cognitive improvements. In  addition, there were no adverse reactions to drug 

administration up to 30mg.kg'^ i.p. The agents used in these studies were 

approxim ately 3000-fo ld  selective for rat BChE over AChE, with IC 5 0  values in the 

low nanomolar range. While this study provided good proof for the concept of BChE 

inhibitors as agents to trea t AD, more potent and selective inhibitors should still be 

sought as more appropriate therapeutic agents.

Additional strong evidence for the involvem ent of BChE in cholinergic function 

during health and disease has been gained from studies in healthy individuals and 

AD patients with naturally occurring genetic variations in BChE activity. A specific 

mutation in the gene encoding BChE, with replacem ent of an alanine residue with a 

threonine, produces a functioning K variant form of BChE, resulting in an increase 

in the susceptibility to late-stage AD by 3 0 - f o l d . O n  the other hand, synergistic
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effects between polymorphisms in BChE and various zeta proteins, all of which are 

involved in tau phosphorylation -  itself a critical step in the aggregation in amyloid 

aggregation -  appear to lower the overall risk of developing AD.^^ Another study 

has suggested that polymorphisms in CYP19 arom atase along with BChE may 

interact in determining the risk of AD.^^ Thus, while the precise role of BChE in AD 

developm ent and progression can be debated, and while it is clear that BChE alone 

is not the main stimulus behind disease developm ent or symptom presentation, it is 

clearly a significant factor.

I t  is noteworthy that in AD, BChE activity is found almost exclusively in the amyloid 

plaques and vessels with amyloid angiopathy. While the enzym e is often not 

associated with diffuse plaques, the vast m ajority of compact plaques do associate 

with BChE, suggesting that it may play a role in the m aturation of the amyloid 

plaque into its most neurotoxic form.^'’ In  the afore-m entioned study of the effects 

of BChE inhibitors in the rat model, the agents were shown to lower p-amyloid  

peptide in rodents.^® This further highlights the therapeutic potential of such agents.

The weight of evidence suggests that much is to be gained by developing new 

cholinesterase inhibitors, especially potent and selective inhibitors of BChE. Not 

only m ight these offer therapeutic potential, but they may also help to resolve 

some questions regarding non-cholinergic function of both enzym es. The 

developm ent of enzym e inhibitors is aided substantially by the availability of 

accurate and detailed structural information regarding those enzymes. Fortunately, 

the X-Ray crystal structures of both AChE and BChE have been resolved along with 

the structures of their complexes with numerous ligands, both substrates and 

inhibitors. A m ajor thrust of this project was the developm ent of cholinesterase 

inhibitors and subsequent rationalisation of how these inhibitors interact with the 

enzym es. A detailed structural understanding of the enzymes was therefore  

required.
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1.4. Structural examination of cholinesterase enzymes

Rational in silico design of enzyme inhibitors is wholly based on the availability of 

high-quality models of the enzyme and detailed knowledge of its active site and the 

means by which it interacts with ligands, both inhibitors and substrates. Solution of 

the three-dimensional (3D) structure of Torpedo californica AChE (TcAChE) in 1991 

was a landmark in cholinesterase studies, allowing an appreciation of the 

structural elements of the enzyme that contribute to catalysis for the very first time. 

The structures of complexes with a number of ligands followed q u i c k l y , p a v i n g  

the way for many studies which have served to improve our understanding of how 

the enzyme works at a molecular level and detailing the many interactions 

observed upon ligand binding. Moreover, the structures of human and Drosophila 

melanogaster AChE have broadened our knowledge and appreciation of enzyme 

structures and highlighted differential binding of ligands to enzymes with only small 

variations in active site residues. Sophisticated modern techniques such as site- 

directed mutagenesis and radio-labelled ligand studies, allied with theoretical 

analyses utilising molecular dynamics and electrostatic analysis have deepened our 

understanding of the enzyme; it is now well understood at every level and therefore 

an ideal target for ab initio drug design.

When the structure of TcAChE was elucidated, a number of unexpected features 

were noted. AChE is among the most efficient enzymes known, hydrolysing 

740,000 molecules per minute at 25°C and at pH 7.0 per enzyme active site.^^ 

That's one molecule every 80 microseconds, a rate approaching that of a diffusion 

controlled r e a c t i o n , I t  was therefore surprising that the active site is deeply buried 

in a long and narrow gorge some 20A in depth, (Figure 1.1)

The active site itself, unsurprisingly, consisted of a catalytic triad, but even this 

triad was a Serine-Histidine-Glutamate combination unlike those in most serine 

hydrolases that contained an aspartate.
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Figure 1.1.  The complex o f TcAChE and its norm al substrate acetylcholine is shown. 

The protein is rendered using a Connolly surface (partially transparent), and the 

ligand, in white, is located a t the active site a t the base o f a gorge some ZOA in

depth; PDB accession code 2ACE.^^

I t  was also found that the AChE had significant sequence and structural homology 

with various other hydrolase, lipase and peptidase proteins. All such proteins have 

a fold known as the o/3-hydrolase fold,"*  ̂ consisting of a central p-sheet surrounded 

by loops and helices. (Figure 1 .2) The structural similarities between AChE and 

other enzymes of such disparate function raised suspicions of various non- 

cholinergic functions for AChE, some of which have been substantiated to varying 

d e g r e e s . H o w e v e r ,  it is the cholinergic functions that are of most interest in this 

dissertation.
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Figure 1.2. The crystal structure of TcAChE with ACh docked in the active site (PDB 

code 2ACE).^^ The ligand is shown as cyan spheres, with the a-helices in purple and 

13-sheets in yellow, with protein loops in green.

1.4.1. The acetylcholinesterase active site

Within the active site gorge of AChE, responsible for the hydrolysis of choline ester 

substrates, a num ber of residues contribute to substrate as well as inhibitor binding, 

and these have been elucidated over the course of a num ber of years using both 

crystallographic studies and site-directed mutagenesis t e c h n i q u e s . A

knowledge of these subsites is fundam ental to future discussions.

Studies with suitable quaternary ligands have demonstrated th a t Trp84

(TcAChE num bering) and, to a lesser degree Phe330, are involved in binding the 

positively-charged portion of these molecules, thus comprising the 'cation-n  

interaction site'. This site was originally proposed as an 'anionic' site within the 

g o r g e , i n  order to account for the binding of positively charged quaternary  

am m onium  ligands, such as ACh itself. However, the elucidation of the AChE
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structure indicated that there were no negatively-charged residues within the active 

site gorge; instead, binding of positively-charged ligands could only be accounted 

for by cation- n binding to the arom atic residues within the active site. Docking of 

substrate to the enzyme suggested that Trp84 was a vital residue in this regard,^^ a 

suggestion confirmed in later studies. Mutation of Trp84 led to a substantial loss of 

activity, highlighting its importance in substrate h y d r o l y s i s . T h e  complex of the 

enzyme with a powerful transition-state analogue demonstrated the importance of 

the three-pronged oxyanion hole in catalysis;"*^ it comprises the residues G ly llS ,  

G ly l l9  and A la201, which help to stabilise the developing negative charge on the 

carbonyl oxygen during formation of the acylenzyme enzym e interm ediate via the 

formation of H-bonds with the protein backbones of these residues. The pocket in 

the region of residues Phe288 and Phe290 is the binding pocket for the acetyl 

headgroup of ACh and other ligands."*^ Lastly, a peripheral site of AChE, located at 

the entrance to the active site gorge, was demonstrated by solving the structure of 

AChE with the bis-quaternary ligand decamethonium.^^ The snake venom  

polypeptide fasciculin binds to this peripheral site and blocks substrate entry to 

the gorge. In  AChE, the peripheral site comprises the aromatic residues Tyr70, 

Trp279 and T y r l2 1 . Mutation of the aromatic groups in these residues produced an 

enzyme that bound fasciculin 108 tim es more weakly than the wild type enzym e.”  

Further studies demonstrated its importance even in catalysis of substrate.^'* The 

orientation of these residues within the active site gorge is shown in Figure 1.3.

1.4.2, The active site of butyrylcholinesterase

The study of BChE and its interaction with various ligands received a m ajor boost 

with the publication of its crystal structure in 2003.^^ Prior to this, structural studies 

made use of a homology model based on AChE.'’® While the model turned out to be 

reasonably reliable, it was biased towards the AChE structure on which it was based, 

and the existence of more definitive structural data from crystaiiographic studies 

allows us to explain ligand binding and explore new ligands with more authority.

The active site of BChE consists of a catalytic triad identical to that in AChE, and 

once again it is located at the base of a deep gorge. A number of differences can be 

noted between the active site gorge in BChE compared to AChE.
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Phe330

Phe290

His440

Phe288

Glu327Ala201

Ser200

Figure 1.3. The substrate ACh, in white, is shown docked with TcAChE. Sites are 

coloured as follows: the catalytic triad is shown in cyan; the oxyanion hole in blue; 

the cation-n site in magenta, the acyl pocket in orange and the peripheral site in

yellow; PDB accession code 2ACE.^^

The gorge is larger and capable of accommodating much larger ligands -  as typified 

by butyrylcholine itself -  because of the replacement of a number of the aromatic 

residues in AChE with aliphatic ones. The acyl binding pocket of Phe288 and Phe290 

is replaced by a larger pocket comprising the aliphatic residues Leu286 and Val288  

(hum an BChE num bering). The tryptophan residue of the cation-n site is 

m aintained, but the phenylalanine residue located at residue 330 in TcAChE is 

lacking in BChE. The peripheral site of BChE is also less well-defined, with Asp70 

being the main residue involved in substrate binding at this site, compared to the 

contributions of three separate residues in AChE. The complex between BChE and 

butyrylthiocholine, an analogue of its normal substrate butyrylcholine, is shown in 

Figure 1.4. The catalytic serine has been inactivated by the organophosphate 

inhibitor soman in this structure, meaning that it could not attack the substrate, 

allowing for crystallographic data to be obtained.
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Asp70

His438

Alai 99

Gly325

Figure 1.4. The crystal structure o f butyrylthiocholine bound to som an-aged BChE 

(PDB accession code IPOP).^^ Colouring o f the various notable subsites in the  

catalytic site gorge is as per Figure 1.3.

1.4.3. Substrate hydrolysis in cholinesterases

Before examining the interaction of the cholinesterases and their inhibitors, a 

discussion of the general catalytic mechanism of the enzymes is required pro forma 

to help to understand how the inhibitors can interfere with this binding. 

Cholinesterase catalysis occurs via an acylenzym e mechanism that involves 

nucleophilic (serine) and general acid-base (histidine) elements, as shown in 

Scheme 1.1 below.
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Scheme 1.1. Acylenzyme Mechanism for Cholinesterase Catalysis o f ACh

Acylation and deacylation take place on the hydroxyl group of serine in a classic 

catalytic triad also comprising histidine and glutam ate in the active site. Formation 

of the acylenzym e was shown conclusively by Froede and W ils o n .F o rm a tio n  of 

the acyl enzym e is promoted by hydrogen bonding between the negatively charged 

oxygen of the carbonyl and the backbone nitrogen of the oxyanion hole residues. 

The other sub-sites noted above orientate the molecule appropriately in order for 

hydrolysis to take place. Although the peripheral site of the cholinesterases does 

not interact with substrate as it is bound to the catalytic serine, it still plays a role 

in orientating the molecule appropriately for hydrolysis, and ACh binds to Asp74 at 

the peripheral site as the first step in the catalytic p a t h w a y . A n  understanding of 

this scheme highlights just why the active site of these enzymes is at the base of a 

deep gorge -  the spatial positioning of each unit allows for specific and strong 

interactions between ligand and enzym e in all directions, while descent of substrate 

within the gorge and exit of reaction products can all be carefully controlled. I t  is 

this control of every aspect of the reaction that allows for the cholinesterases to 

hydrolyse the ir substrates with such efficiency.
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1.5. Acetylcholinesterase and its inhibitors

An inhibitor will interfere with the interaction of substrate and enzym e in order to 

retard hydrolysis in some manner. Of course inhibitors may bind at an active site 

and interfere with substrate binding in a competitive m anner. Molecules m ay also 

inhibit enzymes by binding at sites distinct from the active site but inhibiting 

substrate binding in an allosteric m anner. In relation to the cholinesterases, the 

peripheral site inhibitor fasciculin has already been described, and it simply 

obstructs substrate access to the gorge in a steric m anner. Fortunately, many 

ligands have been co-crystallised with the cholinesterase enzymes over the past 

num ber of years, and analysis of these complexes has yielded much information  

regarding how diverse ligands may bind to these enzymes. Studies of these 

complexes have helped to establish the most critical residues involved in binding a 

variety of ligands. In  the discussion below, the various binding sites for a number of 

ligands are described.
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Figure 1.5. Reversible inhibitors o f acetylcholinesterase
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1.5 .1. Reversibly binding inhibitors

A diverse set of compounds bind to AChE and inhibit substrate hydrolysis. A 

selection of these is shown in Figure 1.5. They exhibit much variation in structure, 

and unsurprisingly bind at different locations within the active site gorge as a result. 

Thus, over the years, in silico modelling techniques were of limited use in predicting 

their binding, since the binding of one ligand could not be used to guide thought 

regarding the potential binding site of another. Crystallographic techniques have 

been required to fully describe the binding of these ligands with confidence. Crystal 

structures of the complexes of these ligands with AChE have helped to elucidate the 

residues that are most often available for interaction with ligands. A description of 

these complexes follows.

1.5.1.1. Huperzine A

The inhibitor (-)-huperzine  A (HupA), (Figure 1 .5 ) is a nootropic alkaloid isolated 

from a Lycopodium species that has been used in China for centuries as a folk 

medicine.^® It  has a K, of 8nM in rat cortical AChE, while its stereoisomer ( +  )-  

huperzine A is 38-fold less p o t e n t . I t  is 1000-fold selective for AChE over BChE.^° 

The crystal structure of the HupA-TcAChE complex has been solved and it reveals 

that the ligand binds rather unusually within the active site. Computer docking 

studies and site-directed mutagenesis work had failed to lead to a definitive docking 

pose,®^ and therefore crystallisation of the complex was necessary in this case. The 

structure of the complex is shown in Figure 1.6.
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O

Phe330

Phe290

Phe288

Tyr130

Tyr116

Ser200

Phe120

Figure 1.6. The binding o f (-)-huperzine A (structure shown in top right of the 

diagram) to TcAchE, showing the principal residues of interaction. Specific residues 

are coloured as in Figures 1.3. and 1.4. Others are shown in green, while the ligand 

is as usual in white. The structure was obtained from the PDB database, accession

code IVOT.'^^

The ligand binds close to the cation-n site as shown. A strong hydrogen bond is 

observed with TyrlBO, but otherwise the high affinity can be attributed to extensive 

hydrophobic contacts and non-bonded interactions with various water molecules 

surrounding the molecule in the gorge. I t  is notable that in human AChE, Phe330 is 

replaced by a tyrosine residue. HupA binds five to ten-fold more avidly to human 

AChE compared to TcAChE,®^ and this may be attributed to the extra hydrogen 

bonding interaction between Tyr330 and the primary amino group of HupA. Also, it 

is noteworthy that HupA binds only loosely to BChE mainly because it lacks many of 

the aromatic residues associated with the AChE gorge. Inhibitors of this type are
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typically poor ligands for BChE. Mutation of residue Ala328 -  which corresponds to 

P he330/Tyr337 of electric eel and human AChE respectively -  to phenylalanine or 

tyrosine results in much more avid binding of HupA (/C/values of 0 .5  pM and 0 .032  

pM respectively, compared to 194 .6  pM in the w ild-type enzym e), highlighting the 

importance of this residue in binding.

Analogues of HupA, notably HupB, are also inhibitors of AChE. The crystal structure 

of TcAChE complexed with HupB has been described.®'' Both ligands bind in an 

almost identical manner, which is hardly surprising as a result of their structural 

similarities. In term s of structural studies, however, a notable point is that Phe330 

is displaced relative to its normal position in the enzym e, as seen in the complex 

with HupA. This is the first reported case of discrete disorder for Phe330 in a 

particular AChE structure. In all such complexes, a peptide flip is observed between 

G ly l l7  and G ly l l8 ,  induced by the carbonyl oxygen in all huperzine ligands. These 

findings begin to dem onstrate the flexibility that is inherent in the cholinesterase 

active sites that must always be considered when examining enzym e-ligand  

interactions.

1 .5 .1 .2 . Tacrine

A third reversible inhibitor of interest is tacrine (1 ,2 ,3 ,4 -te trah yd ro -9 - 

aminoacridine). (Figure 1.5) Tacrine is an effective agent in the treatm ent of AD, 

but it is rarely used nowadays because its administration results in hepatotoxicity in 

3 0 -5 0 %  of patients.®^ In the tacrine-AChE c o m p l e x , t h e  ligand is stacked against 

Trp84. The ring nitrogen of the drug interacts electrostatically with the main-chain 

carbonyl of His440 and its amino nitrogen hydrogen bonds to a water molecule. The 

structure of the complex is shown in Figure 1.7. Such studies further confirm that 

Trp84 and Phe330 are crucial residues for binding many ligands in the AChE active 

site.

1 .5 .1 .3 . Edrophonium

Edrophonium is a competitive inhibitor of AChE which is used clinically to 

diagnose myasthenia gravis. The quaternary group of the ligand is juxtaposed to 

Trp84 in the complex of ligand and enzym e, in a position virtually equivalent to the  

quaternary group of ACh in the docking procedure described p r e v i o u s l y . T r p 8 4  is 

covalently labelled by the aziridinium ion which is sim ilar in structure to 

edrophonium, and edrophonium protects against labelling by aziridinium. The m eta

hydroxyl group is positioned between His440 and Ser200, thus making hydrogen 

bonds to two of the three members of the catalytic triad. There is also a 3.sA
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hydrogen bond to G iy ll9  in the oxyanion hole. These interactions explain the high 

affinity of the ligand for the enzyme and explain the observation that meta

substituted anilinium ions are much more potent inhibitors of AChE than the 

homologous ligands which lacks the hydroxyl group.®® The structure of the complex 

is shown in Figure 1.8.

NHg

Phe290

Ser200
Figure 1.7. Binding of tacrine to TcAChE (PDB accession code 1 ACJ).^^
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Phe290

Figure 1.8. Edrophonium (in white) bound to TcAChE (PDB accession code 2ACK).^^ 

Residues are coloured as in previous figures.

1.5.2. Dual binding-site inhibitors

The inhibitors that have been described thus far are small molecules that bind to a 

discrete subsite within the active site gorge and effect inhibition by obstructing 

subsrate binding at this position. However, as described previously, various 

subsites have been identified in the active site gorge, and dual binding site 

inhibitors should dem onstrate enhanced potency due to binding at two such sites. 

For the most part, dual binding site inhibitors interact with the anionic site at the  

base of the gorge, as well as the peripheral anionic site at the lip of the gorge. The 

first such inhibitor described was decam ethonium , (Figure 1 .5 ) a bis-quaternary  

ligand that is used as both a depolarizing neuromuscular blocker and an 

anticholinesterase. I t  interacts with both anionic sites because of its charge. The AD 

drug donepezil (Figure 1 .5) also spans both sites but in this case, interactions with

Trp279

Phe330

?he288

Ala201

His440

Ser200Glu327
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the anionic sites are due to aromatic interactions. A number of more novel dual

binding site inhibitors have been prepared by combining two inhibitors that 

themselves interact with the anionic sites with a suitable linker. Each of these will 

now be described in turn.

1.5 .2 .1 . Decam ethonium

Crystals of the complex obtained by soaking decamethonium into the native 

crystals display an elongated electron density within the gorge which is consistent 

with that expected for a decamethonium m o l e c u l e . I t  assumes a curved shape 

along the gorge, with a mixture of trans and gauche rotamers along its length, 

filling the gorge and occupying most of the available volume. There is little 

distortion of the gorge, however, and the side chains of all active site residues are 

in almost identical positions to those in the native enzyme. The quaternary head 

groups interact with Trp84 at the base of the gorge and Trp279 at the periphery. 

The structure of the complex is shown in Figure 1.9.

Figure 1.9. Binding of decamethonium to TcAChE (PDB accession code lACL).^^

+

Phe290

Phe330
Phe288

Ser200
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1.5.2.2. Donepezil

Computational modelling was very successful in predicting the binding of donepezil 

(E2020; Aricept®), the structure of which is shown in Figure 1.5, to AChE. I t  is an 

active-site gorge directed reversible inhibitor of the cholinesterases, with a high 

selectivity for AChE over BChE.^® Modelling work suggested that the differential 

binding to the cholinesterases was related to the structural differences between  

residues in and around the peripheral sites of the enzym es, and the relative dearth  

of arom atic residues in BChE relative to AChE.^^' The crystal structure of the 

complex confirmed this, pinpointing specific interactions responsible for the high 

affinity and selectivity associated with this compound. The compound lies vertically 

within the gorge, stretching from the anionic subsite at the base of the gorge to the  

peripheral anionic site at the top while it is involved in substantial aromatic stacking 

interactions with residues lining the gorge. (Figure 1 .10 ) I t  does not interact 

directly with the catalytic triad itself.
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Phe290

Phe288Tyr334

" Phe331 

Phe330

Ser200

Figure 1 .10. Donepezil binding to TcAChE. Residue colouring Is as p e r previous 

figures, with extra residues Interacting with the ligand shown In green. The 

structure was obtained from the PDB database, accession code lEVE.^^

1.5.3. Novel Dual Binding Site Inhibitors

Structural studies on the interactions of established AChE inhibitors with the 

enzym e have provided a wealth of information describing how ligands may bind, 

what functional groups m ight bind especially well to different loci and what the 

relative orientations of these different groups should be in order to obtain ever- 

improved inhibitors. Thus, armed with the knowledge obtained, scientists could 

begin to use QSAR analysis, molecular modelling and In slllco design to prepare 

novel inhibitors that were postulated to make im provem ents on the inhibitor
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tennplates already available. In the early stages of this research, the most common 

approach was to combine known inhibitors into a larger molecule -  if these 

individual inhibitors themselves bound at distinct subsites, but could be combined 

with a suitable linker, such that the larger molecule could bind and place each 

group at its most appropriate binding site, then this larger molecule should have 

enhanced binding capabilities relative to the two individual inhibitor molecules from 

which it was composed.

More often than not, the approach was to combine an inhibitor that bound at the 

base of the gorge with one that interacted principally at the peripheral site, thereby 

creating molecules akin to decamethonium or donepezil that would span the gorge. 

For example, bistacrine analogues have been prepared using computer modelling.

The analogues were up to 10,000 fold more selective and 1,000-fold more potent 

than tacrine itself in inhibiting rat AChE. Moreover, the fact that tacrine could bind 

at the peripheral site of AChE highlighted that the peripheral site could bind tacrine 

during its descent into the gorge, akin to what has been described for ACh.

Bivalent ligands have also been derived from huperzine A.^  ̂ HupA was also found to 

bind at both the anionic and the peripheral sites, and it made sense to link two 

huperzine-derived moieties into a single molecule.

Different ligands have also been combined to achieve a similar desirable effect. 

Researchers in Italy have recently combined the active site directed inhibitor 

edrophonium with a coumarin moiety that interacts with the peripheral site of AChE, 

using in silico  techniques to guide their synthetic efforts.^'* Again, the result was the 

synthesis of highly potent and selective inhibitors. Donepezii-tacrine hybrids have 

been prepared to work in a similar manner.

Work to combine individual inhibitors into larger ligands has not been confined to 

ligands intended to straddle both the peripheral and catalytic anionic sites. Huprine 

X is a novel AChE inhibitor with one of the highest affinities ever reported for a 

reversible inhibitor. It  is a synthetic hybrid that contains the 4-aminoquinoline 

substructure of tacrine and a carbocyclic moiety derived from (-)-huperzine A. The 

3D structure of Huprine X bound to TcAChE has been solved to 2 .lA  resolution.^® 

The inhibitor binds to the anionic site and also hinders access to the esteratic site. 

The aromatic portion occupies the same binding site as tacrine, stacking between 

the aromatic rings of Trp84 and Phe330, while the carbocyclic portion is positioned
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in an identical manner as for HupA. It  binds to Torpedo AChE 54 times more avidly 

than tacrine itself. The binding of Huprine X to TcAChE is shown in Figure 1.11.

Cl
NH

Phe290
Phe330

Phe288Phe331

Ser200

F ig u re l. i l .  Huprine X (structure on the top right of the figure) bound to TcAchE.

(PDB code 1E66)
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1.6. Covalently-binding AChE inhibitors

A second class of AChE inhibitor has been widely described, distinct from the  

reversibly-binding agents enum erated above. These agents form a covalent bond 

with the enzym e, and either act irreversibly or as slow substrates; for the most part 

they are organophosphate compounds or carbam ate compounds. These reagents, 

which act by blocking the active-site serine, comprise a rather homogeneous class 

of inhibitors, since they must mimic efficiently the first stage of substrate 

h y d r o l y s i s . T h u s ,  they must display the appropriate characteristics for 

carbamylating or phosphorylating the active site, with possible enhancem ent of 

affinity by recognition of suitable groups within the substrate binding site, and 

therefore tend to be largely similar in nature to the substrate itself. (Figures 1 .12. 

and 1 .13 ) As a result of these similarities, computational modelling of these 

inhibitors has been much more successful, since the crystal structures of ligand- 

enzym e complexes can be used to guide docking experim ents for their analogues, 

while such similar compounds are very amenable to QSAR analysis. The 

crystallographic structures of a number of these complexes are described below.

Prior to this, one should consider the means by which these inhibitors typically 

interact with esterase enzymes and the reasons for such ligands being considered 

inhibitors of esterase enzymes. Carbam ate and organophosphate agents interact in 

a m anner that is pro forma that for substrate hydrolysis, and hence have been 

called pseudo-substrate inhibitors. The overall scheme for carbam ate inhibition of 

cholinesterases is shown in Scheme 1.2 and 1.3.

Carbam ate inhibitors initially bind non-covalently within the active site gorge. In  

this position, a good inhibitor will be susceptible to nucleophilic attack a t the 

carbonyl carbon of the carbam ate group, and a tetrahedral interm ediate is formed. 

From here, the reaction proceeds irreversibly, with the formation of a carbamyl 

enzym e adduct as shown, and concomitant loss of an alcohol leaving group, 

represented by Pi in Scheme 1.3. E P  is akin to the acyl-enzym e adduct formed  

during ester substrate hydrolysis. However, the carbamyl enzym e breaks down 

extrem ely slowly relative to an acyl enzym e adduct. As this adduct is stable, the 

active site serine is unable to interact with substrates for long periods of tim e, and 

thus the compound has inhibited the enzym e. Eventually, the adduct will break 

down to release free enzyme which can now react with another substrate or 

inhibitor molecule, but for the duration of this tim e, the enzym e is rendered inactive 

and the ligand thus acts as an inhibitor.
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Scheme 1.2. Inhibition of AChE by carbamate compounds.
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E + l El  El* + Pi  E + P2

Scheme 1.3. Kinetic scheme for inhibition of cholinesterase enzymes by carbamate

compounds.

While carbamates knock out the enzyme for long periods of time, they may still be 

described as reversible inhibitors of the enzyme, since the native enzyme is 

regenerated (although the inhibitor is not). The time for this regeneration step may 

be of the order of minutes to days,^® depending on the structure of the inhibitor and 

the carbamylenzyme adduct formed. Organophosphate compounds, on the other 

hand, are more frequently described as irreversible inhibitors of esterase enzymes. 

These compounds again act like substrates but phosphorylate the active site serine, 

as shown in Scheme 1.4.

0  

Ser2oo — OH +  X - P - O R
1
R

O
II

O P OR +  X‘ 

R

1
O
II

®̂̂ 200 O P O 

R

O

  Serjoo— O —P—OHR+ 
Ageing

Scheme 1.4. Steps in the interaction of an esterase with an organophosphate

inhibitor.

The phosphonyl enzyme adduct is itself extremely stable, and regeneration of the 

enzyme is unlikely. Nucleophilic compounds such as fluoride salts and some 

oximes can reactivate the enzyme at this stage. However, in a process known 

as 'ageing', dealkylation of an alkoxy group, as shown, results in a species that is 

refractory to reactivation. This step is accelerated by several residues in the AChE 

active site meaning that it is a particular problem in AChE relative to other 

related serine hydrolase enzymes. Thus, organophosphates really are irreversible 

inhibitors of the cholinesterases.
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A discussion now follows describing the interactions of AChE with various carbamate 

and organophosphate compounds of note. The structures of some of these 

inhibitors are shown in Figures 1.12 and 1.13,
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Figure 1 .12 . Carbamate-type inhibitors of acetylcholinesterase.
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1.6 .1. Carbamate compounds

1.6.1.1. Physostigmine

Physostigmine (Figure 1 .12 ) is a natural product that has inspired the synthesis of 

many cholinesterase inhibitors for more than 60 years. (-)-Physostigm ine, also 

called eserine, is an alkaloid isolated from Calabar beans, the dried ripe seed of the  

vine Physostigma venenosum, a perennial plant of tropical West Africa. The beans 

were used by native tribes in West Africa as a poison for trials in witchcraft. The 

first pharmacological studies were performed in 1855 using an extract from the 

beans, while the pure alkaloid was isolated in 1864 by Jobst and Hesse. Its  

chemical structure was determined by Stedm an and Barger,®'* paving the way for 

further structural studies in the future. The chemical and pharmacological 

properties of physostigmine have been reviewed relatively recently.®^

Structural analysis of AChE -  physostigmine conjugates, as for all carbam ates, is 

made more difficult by the multi-step nature of the interaction between ligand and 

enzym e as described. With the exception of the carbam yl-enzym e adduct, no other 

complex in Scheme 1.2 persists long enough for collection of data by X-Ray 

Crystallography. Crystal structures of physostigmine bound to AChE are not 

available. However, it is clear that physostigmine, along with synthetic analogues 

such as neostigmine and miotine are similar to acetylcholine. One can hypothesise 

with confidence that these ligands are hydrolysed like ACh, and that their inhibition, 

as suggested in Scheme 1.2, arises out of the fact that the interm ediate carbamoyl 

ester bond is more stable than the corresponding acetyl ester bond formed during 

substrate hydrolysis.

Based on the structural similarities between these carbam ates, ACh and also 

edrophonium, (Figure 1 .5 .) we can state that the quaternary am m onium  

headgroups in these compounds interact with Trp84 as in Figure 1.8. The 

carbam ate group is m eta- to the amine-containing side chain, again analogous to 

edophonium, and thus it is orientated towards the catalytic serine and can interact 

with it in a covalent manner. The covalent interaction between the catalytic serine 

residue and the carbamic group of these inhibitors is supported by the design and 

synthesis of some transition-state analogue inhibitors of AChE, that persist in the 

bound state long enough such that crystallographic study of their complexes with 

enzyme is viable. The X-Ray crystal structure of TcAChE bound to one such 

compound, (m -(N ,N ,N -trim ethylam m onio)-2 ,2 ,2-trifluoroacetophenone (TMTFA),
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clearly shows the covalent bond formed between ligand and e n z y m e . ( F i g u r e  1.14) 

Interactions with other residues are exactly as predicted.

CR+

Phe288

Phe330

Gly327
Phe290His440

Gly119

Gly118
Ser200

Ala201

Trp84

Figure 1.14. The complex o f TcAChE and TMTFA (structure shown on top right o f 

diagram) clearly shows the covalent bond formed between the ligand and Ser200 of 

the enzyme. (PDB accession code lAM N)

1.6.1.2. Rivastigmine (Exelon®)

Rivastigmine, marketed under the trade name Exelon® and used as an anti- 

Alzheimers agent, is shown in Figure 1.12. Compared to other clinically useful 

carbamate drugs, it has a longer duration of action in vivo and preferentially 

inhibits AChE of the hippocampus and cortex.®® The crystal structure of the complex 

formed when the inhibitor interacts with AChE has been solved.®® The active site 

serine is ethylcarbamylated while the leaving group remains bound in the active 

site, and is itself a good reversible inhibitor of the enzyme. Thus, rivastigmine
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inhibits AChE both because it causes active site carbamylation, but also because it 

acts as a prodrug and delivers the leaving group which is itself an inhibitor. This 

dual inhibitory effect is depicted in Figure 1.15.

O

N O

N

Phe330

Phe290

Phe288

Ser200

Trp84

His440

Glu327

Figure 1.15. Inhibition of AChE by rivastigmine. (PDB accession code Ig q r) The 

inhibitor, in white, covalently interacts with the catalytic serine. The leaving group 

that is released as a product o f the carbamylation reaction reamins bound within 

the gorge, interacting mainly with Trp84.

1 .6 .1 ,3 . M F-268

M F-268 is a long-chain analogue of physostigmine, shown in Figure 1.12. Whereas 

AChE inhibited by rivastigmine is reactivated reasonably rapidly, long-chain
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physostigmine analogues form much more stable conjugates; MF268 behaves in 

vitro as an almost irreversible inhibitor/® The X-Ray crystal structure of MF268 

bound to TcAChE shows the dimethylmorpholinooctylcarbamic moiety covalently 

bound to the active-site serine. The alkyl group stretches upwards towards the 

gorge entrance, as shown in Figure 1.16, such that the heterocycle can interact 

with the aromatic residues close to the enzyme's peripheral site. Interestingly, the 

authors used this structure to argue for the existence of a 'back-door' to the active 

site gorge -  they suggested that the leaving group could not exit the gorge through 

the normal entrance since it was blocked by the carbamic moiety, and since there 

was no corresponding electron density in the final structure, this leaving group 

must have exited the gorge in some other manner. The existence of such a back 

door has been debated for many years, and is still a bone of contention among 

researchers in the area.® '̂®‘*
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Glu327

Figure 1.16. The carbamyl enzyme adduct formed when AChE is inhibited by MF268. 

(PDB code loce) The alcohol leaving group is not present in the gorge, 

suggesting its exit via a 'back door'.

1.6.2. Organophosphate inhibitors

Organophoshate (OP) nerve agents, as shown in Scheme 1.4., form stable covalent 

conjugates with AChE, which may then undergo and internal dealkylation reaction 

called 'ageing'. The aged conjugates are extremely stable as already described. The
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crystal structures of 'aged' conjugates obtained by reaction of soman, sarin and 

diiosopropyl fluorophosphates (DFP) have been solved and explain this 

phenomenon. In all three conjugates, the OP oxygen atoms are within hydrogen- 

bonding distance of four potential donors from catalytic subsites of the enzyme's 

active site gorge -  namely G ly llS , G ly l l9  and Ala201 of the oxyanion hole and 

His440 of the catalytic triad. Such electrostatic forces would seem to significantly 

stabilise these conjugates and prevent their break down. Indeed, the oxyanion hole 

residues would appear to play a more significant role in stabilising organophosphate 

or carbamate inhibitors than it does in aiding substrate hydrolysis.^® In Figure 1.17, 

the conjugate formed subsequent to inhibition by soman is shown -  other crystal 

structures were very similar and the same explanation could be given for their 

innate stability.

Figure 1.17. Active site region of the 'aged' conjugate formed when soman reacts 

with TcAChE; structure obtained from the PDB database, accession code ISOM.^^

0

Phe290,

Phe288

Ala201

Ser200

His440

Gly118
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Note tha t the structure of the aged conjugates is identical to the tetrahedral 

internnediate formed during substrate  hydrolysis, and it provides us with a model 

for this negatively charged intermediate.

A large number of o ther organophosphate inhibitors have been prepared and tested. 

However, all react with the enzyme as described, and structural variations merely 

affect the kinetics of each stage of the reaction, causing differential interactions 

with other residues of the active site gorge. The structure-activity relationships of 

organophosphate inhibitors have been reviewed extensively.^^'
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1.7. Butyrylcholinesterase and its Inhibitors

The potential clinical roles of butyrylcholinesterase inhibitors have only been 

identified more recently, and compared to acetylcholinesterase, few er inhibitors 

have been developed or analysed in full, except within the agricultural industry 

where toxic irreversible inhibitors of butyrylcholinesterase have long been used as 

insecticides. Researchers first set about developing selective butyrylcholinesterase 

inhibitors in the 1990s, arm ed with convincing evidence for the role of BChE in 

AD as elaborated upon earlier. Since AChE and BChE are structurally sim ilar, many 

inhibitors that have been described as AChE inhibitors above are also inhibitors of 

BChE. Within these last few years, there has been some success in the  

developm ent of selective or specific inhibitors for BChE and reasonable explanation  

of the structural elem ents which lead to selective inhibition of BChE over AChE. 

These findings will now be explored.

1.7.1. Dual BChE/AChE inhibitors

The active site residues of BChE share much homology with AChE. There isn't the 

predominance of arom atic residues in the gorge as with AChE, indicating that there  

may be reduced affinity for arom atic ligands, but a number of the binding subsites 

are similar. For exam ple, the cation -  n site contains a tryptophan residue Trp82  

(hum an BChE numbering is used throughout) that is identical in position to Trp84 in 

AChE. The catalytic triad and oxyanion hole residues are also identical. And ligands 

that take advantage of binding to these residues in AChE should also inhibit BChE.

As a reversible inhibitor, tacrine binds principally to Trp84 at the base of the  

arom atic gorge of AChE. I t  can also bind BChE, presumably in a sim ilar orientation. 

The IC 5 0  va lues- which indicate the concentration that causes 50%  inhibition of an 

enzym e -  are 130 nM and 0 ,4  nM for AChE and BChE respectively,^®^ indicating that 

tacrine is much more selective for AChE. This is most likely related to the reduced 

arom atic character of the BChE gorge; as an exam ple, Phe330 which is significant 

in binding tacrine in Figure 1 .7 ., is absent in BChE. I have also described how the  

peripheral site binds tacrine and plays a role in enhancing its binding to AChE; the  

peripheral site of BChE m ay not play the same role.

Carbam ate compounds also interact with BChE in a m anner akin to their inhibition 

of AChE, Rivastigmine is a dual AChE/BChE inhibitor, and it inactivates all BChE in
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brain structures at I t  is in fact 5 tim es more selective for BChE than

AChE.^°^

Organophosphate compounds also inhibit BChE, and the only crystal structures of 

inhibited BChE currently available involve its inhibition by organophosphates, 

namely DFP, soman and echothiophate.^^' From the structure of echothiophate, 

it can be observed that the aged conjugate will be close in size to butyrate, making 

the aged structure analogous to the deacylation tetrahedral interm ediate formed 

during hydrolysis of butyrylcholine.

The structures obtained also give rise to a num ber of other observations regarding 

how BChE may interact with ligands. Analysis of the conjugates with DFP and 

soman, for exam ple, highlights mobility in the acyl loop that could give rise to 

induced fit of ligands. The acyl pocket of BChE, as already described, consists of 

residues Leu286 and Val288 in BChE, compared to residues Phe288 and Phe290 in 

AChE. I t  normally binds the acyl moiety of carboxyl ester substrates, but in the 

conjugate with DFP, it accommodates one of the isopropoxy groups of the ligand, 

while with soman, it binds the methyl group. The conformation of the acyl loop in 

the DFP-phosphorylated conjugate is the same as that observed with native BChE. 

However, its conformation is different in the soman aged structure, as shown in 

Figure 1.18. The methylphosphonyl moiety derived from soman inhibition is small, 

and the acyl loop actually moves inwards to accommodate this. This has im portant 

implications for modelling of any inhibitors in BChE. In a similar m anner, the acyl 

loop of AChE moves outwards to accommodate DFP -  the larger acyl pocket 

residues of Phe288 and Phe290 in AChE are better fits for the small soman side 

chain than the larger isopropoxy group of DFP. (Figure 1 ,18)
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i-CgH,-----
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Figure 1.18. Superposition o f the active site structures o f aged hBChE arising from 

inhibition by soman and DFP. The structure obtained after inhibition with soman is 

shown in magenta, while that obtained subsequent to addition of DFP is shown in 

green. Both structures were obtained from the PDB database, accession codes 

ISO M  and 2DFP. Superposition was carried out using MOE, and the picture 

prepared using the Pymol pacl<age.

Interestingly, BChE ages faster than AChE/°® Nachon et al have argued that this is 

because the catalytic histidine in BChE, namely His438, is always well positioned to 

carry out the dealkylation reaction, whereas the homologous His440 in AChE 

changes position with particular ligands -  as seen in the crystal structure of AChE
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inhibited by DFP.®^ This might also be a consideration in future cholinesterase 

structural studies.

1.7.2. Towards more selective BChE inhibition

The increased awareness of potential roles of BChE in AD pathogenesis and 

progression has hastened the search for more selective BChE inhibitors. They may 

be more useful therapeutic agents than selective AChE inhibitors, and may also be 

used in future studies to define a function for BChE and to fully characterise the 

reasons for its presence in the body. A number of selective inhibitors of BChE have 

been developed.

1.7.2.1. Ethopropazine and Tacrine analogues

Ethopropazine is a tricyclic compound related to tacrine but used medicinally as an 

antidyskinetic to treat parkinsonism. I t  is also a selective inhibitor of BChE, and 

interestingly has been reported to improve cognitive function in AD.^°^ The 

structure of ethopropazine is shown in Figure 1.19.

- N '

-N.

Figure 1.19. The structure o f the selective BChE inhibitor ethopropazine.

Based on its similarities with tacrine, it would be unsurprising if it bound Trp82 of 

BChE. However, there must be other factors that contribute to its selectivity for 

BChE over AChE. Golicnik et al have used molecular dynamics to exam ine its 

binding to BChE.^°® While the ligand was initially bound to BChE in a position such 

that it corresponded to the position of tacrine in AChE, there was a small shift in 

position after 370ps towards free space around A la328 in horse BChE. In  this 

position, the two lateral rings of the drug could interact with Trp82 in a typical n-n 

manner and with Ala328 via n -a  interactions with the methyl group of the side 

chain. Meanwhile, the protonated nitrogen atom  in the aliphatic side chain of 

ethopropazine could interact with Asp70 at the peripheral site of BChE, while the
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aliphatic groups of the side chain could form n -a  interactions with the arom atic  

system of Tyr332 in BChE. This positioning was corroborated by kinetic studies that 

indicated com petitive inhibition of substrate hydrolysis by ethopropazine. By taking  

advantage of these unique aspects of the BChE architecture, selective inhibition of 

BChE was achieved,

Savini e t a! have modified tacrine in other manners and rationally designed 

potent BChE inhibitors by targeting specific residues that differ in BChE and AChE. 

For exam ple, replacem ent of the amine group of a tacrine unit by a sulfur atom  

provided compounds with increased selectivity toward BChE, which the authors 

explained by the fact that Trp286 in hAChE, responsible for cation-n interaction at 

the peripheral anionic site, is replaced by an aliphatic residue -  A la277 -  in /7BChE,

Bivalent bistacrine ligands were also prepared, and it was found th a t while a 7- 

m ethylene linker was a strict requirem ent for high affinity binding to AChE, a longer 

8-m ethylene linker conferred BChE selectivity on such compounds. This was 

explained by the presence of a phenylalanine residue at position 278 of BChE, 

located at the rim of the gorge; the tetrahydroacridine moiety could interact with 

Phe278 in BChE but this residue is lacking in AChE, hence the selective inhibition 

observed.

Meanwhile, extra binding sites in the mid-gorge region and near the peripheral site 

of BChE compared to AChE have been identified. Bistacrine analogues that pass 

vertically along the length of the gorge can take advantage of these sites in order 

to develop more potent, but also more selective BChE inhibitors. Based on a 

molecular modelling approach, a new series of such ligands were developed and 

tested. As an exam ple, a bistacrine compound with an amino group along the 

alkyl te ther could hydrogen bond with T h r l2 0  in the mid-gorge area.

Xanthostigmine (Figure 1 .20 ) is a long chain carbam ate compound th a t inhibits 

AChE. While the carbam ate portion of the molecule interacts with the catalytic 

machinery of the enzym e, it contains a long alkoxy chain which attaches the 

carbam ate functionality to a tricyclic ring system, again analogous to tacrine. By 

properly extending this alkoxy chain, it is possible to reach the peripheral site of 

AChE in order to establish n-stacking interactions with the indole ring of Trp286 and 

thus enhance inhibitor potency. Piazzi e t al have shown that increasing the  

length of this m ethylene side chain beyond seven methylene units increases BChE
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selectivity. They suggest that this could be due to increased occupancy of the large 

BChE active site gorge because of folding of the ligand within the gorge.

OX
"O NH

Figure 1.20. Xanthostigmine, shown here, is an inhibitor o f AChE, but longer chain 

alkyl derivatives are BChE-selective inhibitors.

1.7.2.2. Tetraisopropyl pyrophosphoramide

Tetraisopropyl pyrophosphoramide (iso-OMPA) is the prototypical selective inhibitor 

of BChE. I t  is a bulky organophosphate inhibitor, with a structure as shown in 

Figure 1.21. Because of the differing sizes of the acyl pockets in AChE and BChE, 

bulky inhibitors tend to inhibit BChE selectively. This is true for iso-OMPA, and the 

specificity can be explained on this basis -  the double F288L/F290V mutant of AChE 

is inhibited extremely well by iso-OMPA.'’  ̂ Based on the structures of 

organophosphate complexes already described, one must assume that at least one 

of the isopropyl side chains is accommodated by the large acyl pocket of BChE but 

clashes with Phe288 and Phe290 in AChE, thus giving rise to selective inhibition of 

the former.

N -P -N

N -P -N

Figure 1.21. Tetraisopropyl pyrophosphoramide (iso-OMPA) is a selective 

organophosphate inhibitor o f BChE.

1.7.2.3. Physostigmine analogues

The development of novel carbamate inhibitors of AChE has already been described, 

with a large bulk of these inhibitors being derived from or inspired by the natural 

product physostigmine. Unsurprisingly, a huge number of novel BChE-selective 

inhibitors are structurally similar to physostigmine, and structure activity
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relationships have been derived to predict w hat alterations may be made to these 

molecules to enhance selectivity for one or other choiinesterase enzyme.

Eseroline is the alcoholic leaving group of physostigmine, and it has been used as a 

starting point for butyrylcholinesterase inhibitor design by many researchers. The 

unsubstituted phenyl carbam ate of eseroline, phenserine (Figure 1 .22 ) is a potent 

and 65-fold selective inhibitor of AChE versus BChE, whereas specific 4 '- 

substitutions of the phenyl ring provide compounds that are selective for BChE.

An exam ple is the 4'-isopropyl derivative cymserine, which is 15-fold selective for 

BChE over AChE. The addition of side-chains at the position of phenserine 

further enhanced BChE potency and selectivity -  N^-Phenethylnorcymserine is 

5000-fold selective for BChE, and has an IC 50 of 6 nM in BChE.®® Molecular modelling 

suggested that the phenyl ring attached to the carbam ate function interacts at 

the acyl pocket; increased bulk at the 4 ' position allows for improved interactions 

with BChE while such binding is occluded in AChE by the two large phenylalanine 

residues at this position. I t  is proposed that the increase in activity associated with 

the N^-phenethyl moiety is a consequence of hydrophobic interactions close to the  

gorge mouth.

\
Phenserine

Cymserine

N^- Phenethylnorcymserine

Figure 1.22. The structures of phenserine and analogues.
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Me

Figure 1.23. The structure of the most potent BChE inhibitor from the range of 

conformationaliy-restricted rivastigmine analogues described by Bolognesi e t at.

Tricyclic derivatives of rivastigmine have also been prepared as conformationally 

restricted analogues that demonstrate improved affinity for cholinesterase enzymes, 

and in some cases, BChE s e l e c t i v i t y . T h e  increased potency of these rigified 

derivatives in general can be attributed to the reduced entropic penalty experienced 

upon binding at Trp82/84 compared to the freely rotating skeleton of rivastigmine 

itself. Thus, such a change did not improve selectivity for either enzyme in any way. 

BChE selectivity was obtained rather by changing the nature of the carbamate 

group; in this regard, the hexyl carbamate group was the most potent BChE in the 

series and the most selective for BChE over AChE. The structure of this compound 

is shown in Figure 1.23 below.

1.7.2.4. Other diverse BChE-selective inhibitors

Bambuteroi, (Figure 1.24) a carbamate prodrug of the bronchodilator drug 

terbutaline, is a potent and selective inhibitor of plasma butyrylcholinesterase.^^^ In 

order to determine the amino acids that interact with bambuteroi, the inhibition of 

mouse BChE, AChE, and 11 site-directed mutants of mouse AChE was examined.

The inhibition of BChE was 16,000 times more rapid than that of AChE, making it 

one of the most specific inhibitors ever prepared distinguishing BChE and AChE. 

When AChE was modified, mutating Tyr337 in the choline binding site of AChE and 

T yrl24  at the peripheral site, creating a Y337A/Y124Q double mutant, however, its 

rate of inhibition by bambuteroi was almost identical to that of BChE. Molecular 

dynamics of tetrahedral bambuterol-BChE and bambuteroi AChE carbamylation 

intermediates implicated Y337 of AChE, homologous to Ala328 in /?BChE, as the 

most likely steric obstacle for the inhibition, accounting for the three orders of 

magnitude decrease of bambuteroi rate constants in AChE. A later study suggested 

that Phe295 in the acyl pocket of AChE -  equivalent to Leu286 in hBChe -  may also 

be an important residue in promoting selective bambuteroi binding to BChE over 

AChE.“ ^
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Figure 1.24. The structure of bambuterol, a potent and selective BChE inhibitor.

Compounds with rather diverse structural features have been noted as BChE 

inhibitors, though these are rarely potent compared to the prototypical inhibitors 

described above. SSRI and tricyclic anti-depressant drugs inhibit BChE in the 

micromolar r a n g e , a s  do steroidal a l k a l o i d s , c o u m a r i n s  and quinoline 

a l k a l o i d s . A l l  may provide templates for future studies in the development of 

BChE specific inhibitors.

The development of inhibitors that may bind BChE along with other enzymes of 

interest has been a goal of several researchers recently. In this regard, dual 

inhibitors of BChE and mono-amine oxidase (MAO) enzymes may slow 

neurodegeneration in AD and in Parkinson's Disease, and MAO inhibitors have been 

incorporated into BChE-inhibitory carbamates such that they are released as 

leaving groups upon binding and can effect inhibition at their target MAO 

e n z y m e s . T h e r e  is also emerging evidence that an altered calcium homeostasis 

can play a pivotal role in the pathogenesis of AD.^^ '̂ In this regard, the

development of heterocyclic derivatives that inhibit BChE while also modulating 

Câ "̂  channels and nicotinic receptors is i n t e r e s t i n g . W h i l e  these types of 

molecules may be desirable in later years however, it still remains the case that the 

importance of BChE in AD and other neurodegenerative conditions has not been 

established fully. There is still a need for development of more potent and selective 

BChE as possible therapeutic agents and probes for the function of the enzyme in 

the normal and AD brain.
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1.8. Isosorbide-based BChE inhibitors
It is clear from w ha t  has  been said in previous sections th a t  the  deve lopm en t of 

BChE inhibitors is desirable. While m any  have a lready  been developed as  described , 

they  tend  to be structurally  similar to AChE inhibitors and therefore , tend  only to be 

mildly selective for BChE over AChE, so m e w h a t  precluding their  use  as  a probe to 

de te rm ine  BChE effects th a t  a re  different to those  of AChE.

Also, relative to AChE, th e re  have been  few structura l s tud ies  of BChE and  its 

inhibitors. Most of our  knowledge regarding the  BChE enzym e and its active site 

com es via direct se q u en c e  and s truc tu re  com parisons with AChE. It would clearly 

be interesting to exam ine  th e  interaction of BChE with o ther  inhibitors in o rde r  to 

observe  which res idues  m ay  be m ost im portan t  in binding various ligands and  to 

exam ine  how the  kinetics of their  binding m ay differ com pared  to AChE and o ther  

serine hydrolase enzym es.

For both cho lines te rase  enzym es, it is c lear th a t  while reversible inhibitors m ay be 

structurally  diverse and bind to different subs ites  in the  catalytic gorge, covalen t 

inhibitors -  w he ther  they  a re  c a rb a m a te  or o rgan o p h o sp h a te  com pounds  -  tend  to 

be structurally  similar. All of th e s e  com pounds  a re  mimics of th e  su b s tra te  in som e 

way, so m e t im e s  with ex tra  functional g roups to  exploit ex tra  binding s ites  in th e  

gorge. This is a natural consequence  of th e  fact th a t  th e s e  inhibitors m u st  in terac t 

with the  catalytic triad of the  enzym e, and  th e  su b s tra te  molecules a re  ideally 

s tru c tu re s  for such interactions.

The introduction of isosorbide d i-es te rs  a s  s u b s tra te s  of BChE by our group w as the  

first t im e th a t  novel s u b s tra te s  for BChE, with affinity for the  enzym e a lm ost 

equivalen t to th a t  of the  prototypical su b s tra te  butyrylcholine, had been 

r e p o r t e d . ( F i g u r e  1.25) It m ade  s e n se  to use this new s u b s tra te  a s  a tem p la te  to 

develop a c a rb a m a te  com pound th a t  m ight ac t a s  an  inhibitor of the  enzym e, and it 

tu rned  out th a t  isosorb ide-based  c a rb a m a te  com pounds , a s  shown in Figure 1 .24., 

were  po ten t  and selective inhibitors of BChE.^^® These  inhibitors, a t  least  a t  first 

glance, a p p e a re d  to be structurally  dissimilar to an y  of the  inhibitors of the  enzym e 

e v e r  reported  and described above. For exam ple , the  c a rb a m a te  group w as not 

directly a t tached  to an  a rom atic  ring as  w as the  ca se  for all c a rb a m a te  com pounds  

reported  prior to  this, and  for som e  inhibitors, th e re  was no arom atic  ring in the  

s truc tu re  w ha tsoever ;  a p a r t  from the  n itrogen a tom  of the  c a rb a m a te  functionality, 

th ese  inhibitors lacked a nitrogen a tom , a fea tu re  th a t  w as generally  noted for all
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inhibitors as it was protonated in vivo and interacted with Trp82 as did the 

quaternary ammonium group of the substrate; and lastly, there appeared to be 

little similarity with any reversible inhibitors of the cholinesterases, such as tacrine 

or edrophonium. Such realisations threw up many questions regarding these 

compounds.

In the first instance, how do these compounds bind to the cholinesterases? With no 

apparent similarities to prototypical ligands, there was no obvious answer to this 

question. Also, if binding could be explained and rationalised using suitable models, 

could the template be developed to prepare more potent and selective inhibitors of 

BChE than ever described previous to this? The fact that these ligands are very 

different from anything previously described or tested might allow their use to 

develop new theories regarding the general actions of cholinesterases and other 

enzymes. Since they are different to what has been analysed before, an 

examination of their interactions with the enzymes may bring to light aspects of 

cholinesterase chemistry that were hitherto unnoticed. Their structural differences 

compared to typical cholinesterase ligands also raised the possibility of dual 

interaction with other similar enzymes, particularly the serine hydrolases related to 

the cholinesterases. Such findings could reveal enzyme similarities and differences 

across these enzymes that might be important in the design of future therapeutic 

agents. One also wondered whether these ligands may themselves provide a lead 

for future therapeutic agents for AD or other similar conditions. Indeed, they might 

otherwise be used to elucidate a role for BChE in the normal nervous system.

In this thesis, I describe efforts to address the issues enumerated in the previous 

paragraph.

Figure 1.25. Isosorbide di-esters (left) are good substrates for BChE while 

isosorbide 2-carbamate 5-esters are potent and selective inhibitors o f the enzyme.

H
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Chapter 2

Structural Analysis of Isosorbide-based Compounds 

and Comparisons with Established Choiinesterase
Inhibitors

structural examinations of ligand binding to receptors typically begin with detailed  

analysis of the ligands themselves. W ithout a deep understanding of the structure 

of the small molecule, it is difficult to appreciate how it m ight interact with its 

target macromolecuie. Studies of ligands typically involve analysis of the numerous 

conformations a molecule may adopt in solution, and comparison of such 

conformations with objects for which the binding mode is known. Since the binding 

of a variety of ligands to the choiinesterase enzymes is well understood, as 

described in Chapter 1, any similarities between isosorbide-based ligands and other 

molecules that bind to cholinesterases might help to specify exactly how our 

compounds of interest interact with the enzymes.

The conformational analysis of ligand molecules can involve energy minimisation, 

Monte Carlo analysis, systematic or random conformational searches or sim ilar 

techniques. This chapter begins with a description of the theory behind these 

methods before exploring how they were used to exam ine the isosorbide-based 

compounds that are the subject of this thesis. These compounds are then compared 

to classical choiinesterase inhibitors in order to explore similarities between them  -  

despite the fact that the isosorbide-based ligands are apparently different from  

most choiinesterase ligands described in the first chapter, all bind to the same 

catalytic site in a covalent m anner, and therefore some similarities were expected. 

The results of such studies provided guidance for further work.
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2.1. Techniques in conformational analysis

Any given molecule in a sample can exist at any one tim e in any one of an infinite 

number of conformations, each of which arises as a result of rotation about single 

bonds, variations in bond length or atom translations that can produce varying 

bond angles or dihedral angles. Each molecule is dynamic in nature and continuous 

atom m ovem ents mean that it never remains static in a single conformation. The 

conformational space through which the molecule moves is typically represented by 

an energy vs. torsional angle plot, an exam ple of which is shown in Figure 2.1.

Torsion vs. Energy Plot

4

2

0

2

0 4 8 12 16 2820 24 32 26 40
Torsion Spate

Figure 2.1. A sample plot demonstrating the variation in energy associated with

bond rotation in a molecule.

The minima in the above plot correspond to energy minima while the m axim a 

represent transition states between low energy conformations. The lowest energy 

conformer, often referred to as the global m inim um , lies at the bottom of the  

deepest potential energy well. Conformers, meanwhile, that lie at the bases of the  

energy wells that are higher in energy than that of the global minimum are known 

as local minima. At any one tim e, a molecule is more likely to exist at lower energy
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conformations, and statistically, according to the Boltzmann distribution, more 

molecules in a sample should exist at the global minimum or very close to it, than  

in any other conformation.

The conformations available dictate a compounds activity and reactivity. Although 

the global minimum represents the most probable conformation of a molecule at 

any given tim e, it is im portant to note that this global minimum conformation may 

not be responsible for any particular property of that molecule. Thus when 

analysing the effects of 3D structure on molecular properties, it is best to consider 

as many conformations of the molecule as possible. Obviously, a rigorous analysis 

of all available conformations of a molecule is beyond the scope of any study. 

Numerous techniques are available that sample the available conformational space 

of a species.

2.1 .1 . System atic energy sampling

Systematic energy sampling is, in principle, the most thorough method for 

searching conformational energy space. The energy is sampled over the entire 

range of each degree of freedom at regularly spaced intervals. Bonds are 

systematically rotated in discrete increments as defined by the user, creating a 

plethora of conformations. Screening to reject species with inappropriate non

bonded repulsive interactions provides a realistic library of conformers. The m ajor 

problem with this method is that the num ber of conformations required to 

adequately sample the entire conformational space of a molecule can become 

prohibitively large as the number of rotatable bonds in the molecule increases. In  

order to cope with this, it is necessary to increase the rotation step size or to hold 

some rotatable bonds in a rigid state, both of which can render the method less 

effective unless such steps are used judiciously.

2.1 .2 . Stochastic conform ational searching

Stochastic conformational search methods generate molecular poses by randomly 

sampling local minima of the potential energy surface. The position of each 

coordinate of each atom in the molecule is randomly perturbed, typically by a small 

distance, and the resulting structure is energy minimised. Energy minimisation  

reduces any excess potential energy in the randomly created molecule bringing it to 

the nearest local minimum structure, as described in Section 2 .1 .3 . Identical
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structures can be elim inated, producing a range of conformations that should 

represent all minima on the potential energy surface if the procedure is allowed to 

proceed for a long enough period. Such an approach rapidly locates conformational 

minima even for large and complex molecules, but it does not produce 

conformations that do not lie at potential energy m inima, poses which may or may 

not be im portant.

2.1.3. Energy minimisation

Energy minimisation methods locate energy minima on a potential energy surface 

by 'hom ing-in ' on each minimum point. Starting with an input conformation, all 

degrees of freedom  in the molecule are altered in order to arrive at the closest low 

energy structure. Each starting conformation should give rise to one local minimum, 

although different conformations can lead to the same minimum.

Energy minimisation algorithms typically assume that the energy surface around a 

given conformation en route to a minimum is quadratic in nature, as shown in 

Figure 2 .2 .

>.
O)

Variable I

Figure 2.2. Energy minimisation algorithms typically assume that the energy 

surface can be modelled as a quadratic function.

The quadratic energy function is given by a Taylor series:
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where P is the current point, and x is an arbitrary point on the surface, b is the 

gradient at point P, and A is the Hessian matrix at P, An energy minimum is 

characterised by a small change in energy between steps and/or by a zero gradient 

of the energy function.

The major difference between energy minimisation methods lies in their approach 

to calculating and applying the "b" term, whether the "A" term is included and if so, 

how "A" is calculated. Thus, the algorithm might calculate "b" alone at each step, 

but may or may not make use of the "b" terms calculated in previous steps to guide 

the minimisation procedure; otherwise, it may calculate both "A" and "b", while 

using data from previous steps in subsequent calculations. Each approach has its 

own merits in terms of being able to converge to a minimum rapidly and accurately, 

while avoiding mathematical problems associated with the fact that potential 

surfaces are rarely good matches to the quadratic function used to model them.

2.1.3.1. Steepest Descent

This algorithm follows the gradient of the energy function ("b") at each step. This 

results in successive steps which are mutually perpendicular, which can lead to 

backtracking. This method is best used when far from an energy minimum as it can 

achieve significant decreases in energy quickly. It  tends not to produce structures 

especially close to energy minima, because the gradient becomes smaller as the 

minimum approaches.

2.1.3.2. Conjugate gradient

In conjugate gradient energy minimisation, the gradients calculated in previous 

steps are remembered, such that backtracking should not occur. I t  works better at 

finding a good minimum energy structure in fewer steps than Steepest Descent 

methods, but may encounter problems when used on structures that are far from 

the energy minimum, where the gradients are large.

with Established Cholinesterase Inhibitors

(Equation 2.1)
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2.1.3.3. Newton-Raphson

This algorithm predicts the location of an energy minimum and automatically heads 

in that direction. I t  calculates the second derivatives in "A", and this often allows it 

to find a minimum in fewer steps than the gradient-only methods. However, like 

the Conjugate Gradient algorithm, it is not appropriate for use on initial structures 

that are far from an energy minimum.
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2.2. Conformational analysis of isosorbide and its derivatives

Isosorbide is a carbohydrate molecule consisting of two c/s-fused tetrahydrofuran  

rings, with two secondary alcohol functional groups as shown in Figure 2.3.

HO H

OH

Figure 2.3. The 2D structure of isosorbide.

The ring structure of isosorbide is reasonably rigid. Thus, it is im m ediately possible 

to model isosorbide in a reliable 3-dimensional (3D ) conformation. Because of the 

lack of bond rotation and the small number of degrees of freedom of isosorbide, 

there is little need to enum erate various conformations of the compound, and the 

3D structure shown below (Figure 2 .4 ) will vary little within a sample of isosorbide.

Figure 2.4. A 3D structure of isosorbide -  the lowest energy conformation from a

stochastic search.

A simple stochastic search within MOE with an energy cutoff of 7 kcal.mol'^ and an 

RMS tolerance of 0.1 gives rise to just three structures, all arising through small 

variations in the orientations of the ring structure and the directionality of the 

alcohol groups. The following remarks apply to all structures:
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• Isosorbide is V-shaped because of its cis ring structure, with an angle of 

approximately 120° between the two planar rigid rings.

• The 2-alpha OH group lies exo to the ring and the 5-beta group endo. This 

makes the 2-position more sterically accessible. However, the 5-OH group is 

activated by an intra-molecuiar hydrogen bond with one of the ring oxygen 

atoms. (These positions are labelled in Figure 2.3)

Isosorbide mononitrate and isosorbide di-nitrate -  in which one or both of the 

alcohol functional groups are replaced with nitrate groups -  are used medicinally to 

dilate blood vessels and prevent attacks of angina in susceptible individuals. The 

addition of the extra rotatable bond at the 2- and 5-positions allows for more 

conformational variation. Still, however, the groups are orientated exo and endo to 

the ring in a manner akin to that seen for isosorbide itself. Isosorbide di-nitrate in 

at its predicted global minimum is shown in Figure 2.5.

Figure 2.5. Isosorbide di-nitrate -  the global minimum structure as predicted by a 

stochastic conformational search with an RMS tolerance of 0.1.

In this thesis, the interactions of larger esters, ethers and carbamates with 

cholinesterases are examined. The introduction of flexible side chains meant that 

conformational analysis became more involved. At this stage, it is opportune to re

examine the SAR of the isosorbide-based compounds as had been described at the
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outset of this project and published in 2005.^ This allowed us to focus on a selection 

of the compounds of most interest in this thesis.

2 .2 .1 . S tru c tu re -a c tiv ity  re la tionsh ips o f isosorbide-based ligands

At the outset of this project, it had been shown that a series of compounds based 

on isosorbide were potent and selective inhibitors of the cholinesterase enzym es, 

especially BChE. Over 100 compounds had been synthesised with myriad ester, 

ether and carbam ate functional groups at the 2- and 5- positions of the  

tetrahydrofuran fused ring system. A selection of these compounds is shown in 

Appendix 1, along with their IC 5 0 values in BChE and AChE. These range from the 

most potent BChE inhibitor synthesised to date -  isosorbide 2-benzyl carbam ate 5- 

salicylate (7; compound numbering throughout the thesis corresponds to that in 

Appendix 1), which has an IC50 for BChE of 180pM and a selectivity for BChE over 

AChE of over 60 ,000 , to the N-linked 2-benzyl carbam ate 5-benzoate (8) which has 

an ICsofor BChE of 32.77nM  -  a nearly 10000-fo ld  decrease in activity compared to 

the 0 -linked  benzyl carbam ate (9) with the same benzoate group at the 5-position  

(IC50 = 4 .3n M ). (Figure 2 .6 )
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Figure 2.6. Isosorbide 2-benzyl carbamate 5-salicylate (7) (top) has an ICso for 

BChE of 180 pM. The structurally similar compound isosorbide 2-N-benzyl 

carbamate 5-benzoate (8) (centre) has an IC 5 0  of 32 .77  //M , while the 0-Hnked 

benzyl carbamate (9) (bottom) has an IC 5 0  o f 4 .3  nM.

The SAR of the series is complex as is evident even from this selection, but it is 

possible to make the following generalisations regarding structure-activity 

relationships in the cholinesterases:

• 2-Benzyl carbamates are the most potent BChE inhibitors. 2-Alkyl 

carbamates are also potent in general.
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• 2-Phenyl carbamates tend to be weak BChE inhibitors but reasonably potent 

AChE inhibitors. The most potent AChE inhibitor elucidated in the group was 

isosorbide 2-(3,4-dichlorophenylcarbamate) 5-benzoate.

• A 5-ester group increases potency in all compounds. Aryl-esters are 

especially potent inhibitors.

• 0-linked 2-carbamates are significantly more potent than N-llnked 

carbamates in every case.

• Isomannide or isoidide compounds -  ie. compounds with altered 

stereochemistry in the fused ring portion of the molecule -  retain little 

activity. (Figure 2.7).

Figure 2.7. The general structures of the isomannide (left) and isoidide (right)

compounds tested.

Armed with this knowledge, it was now appropriate to examine these compounds 

and their conformations. Could there be significant differences between the 

conformations of the most active compounds and those that demonstrate little 

inhibition of the cholinesterases? Later, would there be more similarities between 

the most active compounds and the prototypical cholinesterase inhibitor compounds 

described in Chapter 1? Such speculation is addressed in the ensuing sections of 

this chapter.

H H
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2 .2 .2 . C onform ations o f isosorbide-based carb am ates  and esters

The 2-benzyl carbamate 5-nitrate compound (10) was analysed first because it is 

moderately potent but has a relatively small side-chain at the 5-position, thus 

limiting flexibility at this position. Thus, the 2-carbamate sidechain was the focus.

The predicted global minimum of this compound is shown in Figure 2.8. The V- 

shaped structure of isosorbide is maintained, and there is little variation on this 

template amongst the variety of conformations produced that are within a 

reasonable energy bracket to this minimum (ie. 22 conformations were obtained 

with energies within 7kcal.mor^ of the minimum, using the described parameters). 

Amongst higher energy compounds, there is some scope for a loosening of the 

rings -  the lowest energy structures typically have bond angles at the ring junction 

of 110°, but this can change to the order of 114°. Such ring opening events do not 

occur without an energy penalty of at least 5 kcal.mol'S however.

The carbamate side chain does vary somewhat in orientation amongst the 

examined conformations. Carbamate bonds are typically planar about the carbon- 

nitrogen bond and cannot rotate substantially. However, other bonds within the 

sidechain are almost freely rotatable, and the carbamate portion of the molecule 

can project into various regions of space with little energy penalty associated with 

each movement. In the case of the benzyl group, the aromatic ring is typically 

orientated almost perpendicular to the alkyl side chain -  the angle between the ring 

and the chain is normally about 110°, and varies between 107° and 115° amongst 

the studied conformations.

The low energy conformations of compound 10 that differ most substantially are 

shown in Figures 2.9 and 2.10, and highlight that some bonds are quite flexible -  

such bond rotations can result in the whole sidechain occupying very different 

regions of space. A single rotation in the sidechain, as in Figure 2.9, for example, 

results in little increase in the overall energy of the molecule but changes its overall 

conformation significantly. Perturbations in ring structure are associated with higher 

energy penalties, as shown in Figure 2.10, but do result in significantly different 

molecular conformations. Such conformations cannot be discounted in further 

analyses.
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Figure 2.8. A global m inimum structure o f isosorbide 2-benzyl carbamate 5- 

mononitrate (10), obtained using a stochastic search procedure in MOE. 

Conformers were generated using bond rotation and Cartesian perturbation, and 

minimised to an RMS gradient o f 0.001; a failure lim it o f 20 was applied for the 

whole run with an RMS tolerance o f 0.1. An MMFF94s forcefield was used  ̂ with a 

distant-dependent dielectric model, using a dielectric constant o f 80 to screen

electrostatic interactions.

Figure 2.9. The predicted global m inimum energy structure o f compound 10 (cyan) 

is superposed onto an alternative conformation from the stochastic search method, 

o f conformational analysis implemented in MOE. The energy difference between

molecules is ju s t  1.1 kca l.m o r\
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Figure 2.10. The global m inimum energy structure o f compound 10, again in cyan, 

is superposed on a second conformer from the stochastic search analysis. The 

energy difference between molecules in this instance is 5.8 kcal.mol'^.

Isosorbide 2-benzyl carbamate 5-benzoate (9 ), a potent BChE inhibitor, was 

analysed in order to examine flexibility in the 5-ester sidechains.

As is shown in the global energy structure (Figure 2.11), the ester group is endo to 

the isosorbide ring. Small variations in the angle of exit from the ring are 

permissible with little  increase in overall molecular energy -  the angle o f exit can 

vary between 107° and 112° with increases in energy only of the order of 

3kca l.m o r\ In all energy-minimised structures, the aromatic ring is planar with the 

carbonyl group of the ester side chain; however, free rotation about the carbon- 

carbon bond attached to the ring is of course possible, and hence this ring can 

rotate freely 180° about the bond. At least for energy minimum structures within 

the 7 kcal.mol'^ threshold implemented for the conformational analysis, variation in 

the position of the 5-ester side-chain arises only from differences in the angle at 

which the chain attaches itself to the isosorbide ring, as shown in Figure 2.12; the
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planarity between the aromatic ring and the carbonyl group is maintained in every 

case.

Figure 2.11. A predicted global m inimum structure o f isosorbide 2-benzyl 

carbamate 5-benzoate (9). The model was created using the same parameters

noted in Figure 2.8 above.

Figure 2.12. The predicted global m inimum structure (cyan) o f compound 9 is 

superposed on another conformation from the stochastic search. The energy 

difference between molecules is 3.8 kcal.mol'^.
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2.3. Comparisons between isosorbide-based ligands and 

common cholinesterase inhibitors

Although the isosorbide-based carbamate inhibitors of the cholinesterase enzymes 

did appear at first glance to be rather different to established carbamate drugs that 

inhibit AChE and BChE, this could only be authoritatively confirmed if a thorough 

evaluation was undertaken to confirm whether there was any substantial spatial 

overlap. Computational tools are useful in helping to compare one molecule to 

another and examining whether there is any similarity. I f  similar functional groups 

are positioned in the same regions of space in different molecules, it would be 

anticipated that these groups should bind to the same residues and subsites. As an 

example, CoMFA,^ used as a tool to design new drugs and deduce their method of 

binding to molecular targets, uses a 3D molecular alignment as input.

In order to investigate any similarities between compounds, the structure of 

isosorbide 2-benzyl carbamate 5-benzoate (9) was compared to a number of 

established cholinesterase inhibitors and novel inhibitors in the literature.

2 .3 .1 . Rigid superpositions

Rigid comparisons between global minimum structures, as predicted by the 

stochastic search procedure described above, were first attempted. Isosorbide 2- 

benzyl carbamate 5-benzoate (9) was compared to a number of inhibitors including 

physostigmine, phenserine,^ tolserine and rivastigmine (Figure 1.12); in each case, 

the predicted global minimum energy structures were superposed at the carbamate 

groups. In all cases, there was little notable overlap between molecules, however. 

For example, the overlay obtained with physostigmine (Figure 2.13), the molecules 

occupied very different regions of space. The best overlap between functional 

groups was probably observed in the superposition with rivastigmine (Figure 2.14), 

with the aromatic ring of the inhibitor overlain with the isosorbide moiety of 

compound 9, and one of the ring oxygen atoms of isosorbide juxtaposed with the 

sidechain nitrogen of rivastigmine, often cited as being positively charged and an 

important contributor to ligand binding, forming cation-n interactions with Trp82/84 

in BChE/AChE respectively. As rivastigmine was the most BChE-selective inhibitor 

used in comparisons at this stage, the result was encouraging. However, it was 

suggested that ligand flexibility might have to be considered if better results were

78



Chapter 2: Structural Analysis of Isosorbide-based Compounds and Comparisons

with Established Cholinesterase Inhibitors

to be obtained, as ligand may not -  and in most cases do not -  bind in their energy 

minimum conformations.

H
o Me

Figure 2.13. A rigid superposition of the global minima of isosorbide 2-benzyl 

carbamate 5-benzoate (9) and physostigmine.
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Figure 2.14. A rigid superposition of the predicted global minima of isosorbide 2- 

benzyi carbamate 5-benzoate (9) and rivastigmine.

2.3.2. Flexible alignment of molecules

Flexible alignm ent procedures take the 3D coordinates of two or more molecules, 

the atoms of which are fully flexible, and compute a collection of alignments. Each 

alignm ent is given a score th a t quantifies the quality of the alignm ent in term s of 

both internal strain and overlap of molecular features. The isosorbide-based
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inhibitors were compared to molecules whose binding modes in cholinesterase 

enzymes were known using the flexible alignment application of MOE.®

Physostigmine and rivastigmine are smaller molecules than compound 9 , so they 

would never overlap substantially at least in terms of molecular volume, as is clear 

in Figures 2.13 and 2.14. However, we sought some manner of overlap between 

similar atoms. Bolognesi et al described a series of rivastigmine analogues that 

include the dimethylamino-o-methylbenzyl moiety in different tricyclic systems, and 

these molecules were of particular interest at this stage of the project. These 

compounds were more potent than rivastigmine itself, and the authors suggested 

that this was because of the fewer degrees of freedom available to the rigid 

molecule. From a structural viewpoint, these molecules provide a rigid template 

with which we could compare our own inhibitors; any similarities with such rigid 

conformations would be replicated with rivastigmine and other similar compounds, 

but should be easier to elucidate, with the results less likely to involve undesirable 

superpositions of molecules in poses that are not representative of docked 

conformations.

An overlay between our typical isosorbide ligand and the most potent BChE 

inhibitor in the class of conformationally-restricted rivastigmine analogues is shown 

in Figure 2.15. With the carbamate functionalities reasonably well overlain -  as is 

requisite since the carbamate group will dock adjacent to the catalytic machinery in 

a small region of space within the gorge -  there is reasonable overlap of functional 

groups. The long alkyl chain of the rivastigmine analogue extends into a very 

similar region of space as the benzyl carbamate, and the overall chain length is not 

substantially different. Amongst our compounds, benzyl carbamates or long chain 

alkyl carbamates are generally reasonably potent and selective inhibitors of BChE, 

while shorter chain carbamates, typified by phenyl carbamates, are less inhibitory 

towards BChE. Interestingly, this same SAR was seen for the compounds described 

by Bolognesi et al;" a benzyl carbamate derivative of rivastigmine was very 

selective for BChE, though not as potent as the hexyl carbamate shown, with both 

being substantially less inhibitory towards AChE compared to methyl or ethyl 

carbamates. The suggestion is that the carbamate group is accommodated by the 

acyl pocket of the cholinesterases, a pocket which is larger in BChE than in AChE as 

described previously. However, the SAR is not identical, as for example, the benzyl 

carbamates derivatives of isosorbide are the most potent in the class. Also, it is 

noteworthy that selectivity for BChE amongst the rivastigmine analogues never

81



Chapter 2: Structural Analysis of Isosorbide-based Compounds and Comparisons

with Established Cholinesterase Inhibitors

exceeds 20-fold, far inferior to the isosorbide ligands. Other factors must therefore 

affect binding.

H

Me

Figure 2.15. A flexible alignment o f isosorbide 2-benzyl carbamate 5-benzoate (9) 
and compound 7 described by Bolognesi et al.^ A maximum of 200 iterations were 

allowed for matching, with an energy cutoff of 10 kcal.mol'^ and a failure lim it o f 20. 

Emphasis was placed on the matching of H-bond donors and acceptors and 

molecular volume in all alignments.

It  is also interesting to note that one of the isosorbide ring oxygens is overlain with 

the oxygen atom of the rivastigmine congeners' tricyclic system. The presence of
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an oxygen atom in the heterocycle did little to enhance potency or selectivity 

amongst the conformationally restricted compounds, but the similarity is worthy of 

note and potentially further study. I t  is probably more im portant to notice that the 

heterocyclic nitrogen -  generally assumed to be protonated in vivo and the most 

im portant factor in the cation-n interactions formed between ligand and T rp 82 /84  

of the cholinesterases -  is juxtaposed with the ester group a t the 5- position of 

isosorbide. The partial charges associated with the oxygen and carbon atoms of the 

ester functional group may participate in ion-n associations at this site upon binding 

of isosorbide 5-esters to the cholinesterases.

Cymserine is the prototypical BChE-selective inhibitor in the series of compounds 

based on physosostigmine,®' so therefore, it was examined and compared to the 

isosorbide ligands using the same flexible alignm ent procedure. The highest scoring 

alignm ent is shown below in Figure 2 .16 .
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Figure 2 .1 6 . The highest scoring flexible alignm ent o f an isosorbide ligand with 

cymserine; the alignm ent procedure  ivas the same as th a t described for Figure 2 .15 .

Again, the suggestion is that the ester group mimics the positively charged 

nitrogens that associate with the enzym e at the cation-n site of the cholinesterases.

2.3.3. Using the alignment of classic inhibitors to create a 

pharmacophore query for our isosorbide-based ligands

A pharmacophore is a set of structural features in a ligand that are related to the 

ligand's recognition at a receptor site and its biological activity. Typically, studies 

utilising pharmacophore-based techniques involve 3D searches of conformational 

databases which exam ine w hether any ligands can satisfy a pharmacophore query 

which establishes a num ber of features which appear im portant in ligand-receptor
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binding. In this study, we are examining a homogenous class of inhibitors rather 

than a plethora of compounds making up a diverse conformational database for 

high throughput screening; however, the use of a pharmacophore can still be useful 

at this stage in examining potential docking poses for our ligands. An accurate 

pharmacophore query was developed based on the range of cholinesterase 

inhibitors available to us, and such a query helped us to understand how our ligand 

docks to the active site, facilitating interactions with various residues there in order 

to stabilise binding.

An overlay of physostigmine, cymserine, a conformationally restricted BChE 

inhibitor (compound 7 from r e f e r e n c e a n d  phenserine is shown in Figure 2.17.

Figure 2 .17 . A flexible alignm ent o f physostigmine, cymserine, phenserine and

Bolognesi's compound 7.^

I t  is abundantly clear that there are a num ber of common features between  

molecules, and studies, described in Chapter 1, have shown that each of these are 

im portant in binding to the receptor. Thus, the carbam ate function is vital, as is the 

nitrogen atom that is involved in binding at the cation-n site, and there is good 

agreem ent as to the general location of this group across all of the overlain ligands. 

By superposing several compounds thus, the 3D orientation of each of these 

features in space was established. Each of these im portant features were assigned 

annotation points which together described a set of structural features that
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contributed to a ligand's pharmacophore. If the pharmacophoric features of the 

isosorbide ligands could be aligned with those of the query, we may suggest that 

the ligand is then in its most appropriate pose for docking.

A query was built specifying the presence and location of the following features;

• The heavy atoms of the carbamate functional group were specified as 

hydrogen bond donors or acceptors as appropriate.

• The hydrophobic bulk of the cyclic ring structures of the overlain 

physostigmine-based inhibitors was included in the query.

• The important nitrogens involved in binding to the tryptophan at the 

catalytic site were included in the query as a hydrogen bond acceptor.

• A large region of space where the alkyl or aromatic side chains attached to 

the carbamate moiety was included as a region of hydrophobic bonding for 

the purposes of the search.

A number of conformations of isosorbide 2-benzyl carbamate 5-benzoate (9 ), each 

one obtained from a stochastic search of the molecule's conformational space, were 

screened for their ability to satisfy the pharmacophore query. The best matching 

compounds satisfied 5 of the 6 query annotation points; that with the lowest RMSD 

is shown in Figure 2.18. The locations of hydrogen bond donor and acceptor groups 

are shown in magenta and cyan respectively. The region encircled by the orange 

sphere specified the location at which an aromatic or hydrophobic group appeared 

favourable, based on the overlapping multi-cyclic structures of the traditional 

cholinesterase inhibitors. Lastly, the region enclosed by the green sphere indicated 

that a hydrophobic portion of a molecule would bind best here, based on the 

hydrophobic alkyl and aromatic side chains of the carbamate ligands in Figure 2.17. 

It  was this criterion that was not satisfied by the isosorbide-based ligand studied 

here. This area is rather poorly defined in any case, and even in the small selection 

of ligands superposed in Figure 2.17, there is some disparity in the orientation of 

the side chains in this area. The hydrophobic pocket at this site may be larger than 

indicated, or otherwise the isosorbide ligands may take advantage of a different 

pocket in this area. Furthermore, it is important to note that several portions of the 

isosorbide molecule may bind extra residues in the cholinesterase active sites 

compared to the physostigmine-based inhibitors; the 2 aromatic rings of compound 

9 , for example, do not satisfy any of the criteria of the pharmacophore query but 

may bind to other sites in the receptor. These possibilities are explored in 

subsequent chapters.
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Figure 2.18. The best f it  o f an isosorbide-based ligand to the pharmacophore query 

developed based on traditional carbamate inhibitors o f the cholinesterases.
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2.4. Discussion

This thesis describes a thorough and detailed study of the binding of isosorbide- 

based ligands to their target enzymes. In order to appreciate the structural basis 

underlying their interaction with macromolecules, a detailed understanding of their 

general structure is required initially. This chapter describes the inhibitors 

themselves, the structural variation within inhibitors that gives rise to differential 

inhibition of the cholinesterase enzymes and the conformations of these inhibitors, 

before comparing the isosorbide ligands with more traditional cholinesterase 

inhibitors. Such studies help to give an appreciation of the normal conformations of 

these compounds and begin to suggest what conformations our novel ligands might 

adopt when bound to proteins.

It  is noted that isosorbide is a V-shaped molecule, and this immediately has 

implications for modelling and structural studies to come. The isosorbide template 

is rigid, and the conformational analysis described above demonstrates that there is 

little inherent flexibility in the c/s-fused rings of the template. This is useful because 

it limits the number of degrees of freedom in the isosorbide-based ligands, 

restricting the variety of conformations that can be formed in solution and making it 

more feasible to elucidate their binding modes in enzymes. Furthermore, because 

the basic template of the molecules is so rigid, there should be little energy penalty 

in moving from energy minimum structures to docked conformations. Immediately, 

this provides some basis for the enzyme inhibitory potency inherent in this class of 

molecules. The compounds in the class vary in the nature of their side chains, and 

it is impossible to describe each inhibitor that we deal with in detail. However, the 

bulk of the most potent inhibitors in the class are isosorbide 2-carbamate 5-ester 

compounds, and therefore it made sense to at least examine one such compound in 

detail -  the conclusions made above regarding conformations of isosorbide 2-benzyl 

carbamate 5-benzoate (9 ) apply to all such compounds in general. Amongst our 

compounds with shorter side chains at least, the variability amongst typically 

available conformations is small, and this is useful for the conformational studies 

described subsequently.

In all molecular superpositions carried out and described herein, the overlap of the 

carbamate functional groups is prioritised. Carbamates tend to interact with the 

catalytic machinery of esterase enzymes and their inhibition of these enzymes 

arises through covalent interactions, as described in Chapter 1. Physostigmine-
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based compounds are known to interact covalently with cholinesterase enzymes, 

and experiments to confirm that enzyme carbamylation occurs in the presence of 

isosorbide-based carbamates are described in Chapter 4. Therefore, we know that 

the carbamate portions of all of these molecules must position themselves adjacent 

to the catalytic triad of the cholinesterases subsequent to ligand docking. This is a 

small region of space, and thus it makes sense that if the carbam ate groups of 

these molecules are overlain, all functionalities external to this group that occupy 

the same subsites of the catalytic gorge will be superposed -  this of course 

assumes that the molecules are in their bound conformations when overlain.

The rigid overlays of our molecules with established inhibitors, both in their 

estim ated global minimum conformations, are generally poor. There is little obvious 

overlap of functional groups other than the carbam ate portion of the molecule in 

any of the figures above, or in any similar studies carried out over the course of 

this project. However, compounds do not typically bind to their receptors in their 

global minimum energy conformations, so the lack of obvious similarity is not 

surprising. The isosorbide compounds are rather rigid, however, as already  

described, and therefore it is easy to envisage the bond rotations that can occur 

and the variations in conformation that can occur. The same is true for many of the 

traditional carbam ate inhibitors of cholinesterases which themselves contain rigid 

multi-cyclic structures. One can begin to imagine what overlaps in structure may 

occur by making small bond angle adjustm ents. Thus, in the overlay with 

physostigmine in Figure 2 .10  or phenserine in Figure 2 .12 , a small adjustm ent at 

the carbon-oxygen bond attaching the carbam ate group to the tricyclic ring could 

allow the ring to come closer to the isosorbide moiety and occupy a very similar 

chemical space. These observations are encouraging and stimulated the flexible 

alignm ent of molecules that might allow for these similarities to be exposed in more 

detail.

The flexible alignm ent of isosorbide-based carbam ates with traditional inhibitors 

again emphasised the need for the carbam ate portions of the molecule to occupy 

very similar regions of space. In  these studies, however, the bonds could flex, 

allowing atoms with similar properties to be superposed. The main conclusion from  

these studies was that the 5-ester part of the isosorbide ligands could be a mimic of 

the nitrogen atom of the traditional inhibitors. This nitrogen atom  typically interacts 

with Trp82 in BChE in an ion-n m anner, and has been depicted in Figure 1 .14  

already. I t  could be proposed that ion-n binding may occur a t this site for the
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isosorbide ligands -  the partial negative charges on the ester oxygens and partial 

positive charge on the carbonyl carbon may improve interactions at this site. In fact, 

the presence of anion-n binding in contrast to the solely cation-n binding associated 

with nitrogenous compounds may be especially favourable -  Schwabacher and co

workers have shown enhanced binding of anionic species with the edge of an 

aromatic ring compared to cationic species. This potential binding is studied further 

in other chapters of this thesis.

The overlap o f other portions of isosorbide ligands with conventional inhibitors is 

emphasised in Figure 2.16 and 2.17, but most especially in Figure 2.18. The 

pharmacophore queries in this figure are derived purely from the traditional 

cholinesterase inhibitors. The usefulness of such pharmacophore queries to deduce 

molecular features required for biological activity was first described by l^artin.^^ 

They are very appropriate as a screen to obtain lead compounds from databases, 

but also for deducing whether two different ligands m ight bind in a similar manner. 

Our isosorbide ligand can satisfy almost all of the requirements of the query 

prepared herein. At this stage, the conformation in Figure 2.19 must be put forward 

as the most lil<ely docked conformation of this ligand in the cholinesterase enzymes, 

and it was interesting to observe whether this conformation was maintained in 

docking studies subsequently described. In general, our novel ligands were more 

potent inhibitors than physostigmine analogues analysed in this chapter, 

particularly in terms of the ir inhibition of BChE. I t  is refreshing to note, therefore, 

that as well as satisfying the requirements o f the pharmacophore, the isosorbide 

ligands tend to have many more functional groups tha t do not overlap with sim ilar 

groups in the overlays above but may interact with novel subsites in the 

cholinesterase enzymes; indeed, based on the potency of many compounds such as 

compound 9 examined in this chapter, one must assume that these moieties do 

interact at other sites in the macromolecules of interest. Docking and other 

structural and kinetic studies are described in subsequent chapters which examine 

what residues m ight be important in these extra interactions while seeking to 

confirm the conclusions already derived from the conformational studies carried out 

in this section.
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2.5. Experimental methods

Conformational analysis studies were carried out using a stochastic search 

procedure in MOE 2007 .0 9  (Chemical Computing Group, Montreal, Canada). The 

MMFF94S forcefield was used throughout for charge calculation and energy

calculations, with a distance dependent dielectric method applied to the calculation 

of electronic interactions. Once all rotatable bonds were identified, each was 

distorted to random dihedral angles, biased towards angles with a sum -of- 

gaussians distribution with peaks at multiples of 30 degrees. All atoms were then  

perturbed by 0 .0001  and then minimised in Cartesian coordinates until the RMS 

gradient was less than or equal to 0 .0 0 1 . The minimisation involved successive use 

of Steepest Descent, Conjugate Gradient and Truncated Newton algorithms. The 

resulting conformation was assessed for duplication (RMS tolerance of 0 .1 ) , and 

either assigned as a new conformation or a failure. An energy cutoff of 7 kcal.mol'^ 

from the lowest energy structure was applied. Analysis proceeded until the failure  

limit of 20 was exceeded. Chiral constraints were applied where appropriate.

Rigid superpositions were carried out on the lowest energy structures obtained from  

each stochastic search of a molecules conformational space. The superpositions 

were carried out using the rigid body alignment tools of MOE. Alterations in 

conformation were not allowed, and only rotations and translations of the input 

molecules were perm itted. In order to ensure that that carbam ate groups were  

superposed, sim ilarity between molecules was only calculated based on the 

superposition of hydrogen-bond donors and acceptors. Thus, the rigid alignments  

shown above were  obtained simply and rapidly.

The same tool in MOE was used for flexible alignm ent of molecules, but this process 

was more involved. A stochastic search procedure was used to search the 

conformation space of the molecules of interest. Alignments were sampled using a 

Random Increm ental Pulse Search procedure,^® and then the sim ilarity function -  

based upon a Gaussian density representation of features -  was minimised with 

respect to the coordinates of all of the atoms. For our purposes, based on the  

compounds of interest, the sim ilarity function was weighted toward the overlap of 

hydrogen bond donors and acceptors in order to maintain the superposition of the  

carbam ate moieties, but also included similarity term s for arom aticity, 

hydrophobicity and molecular volume. As per the stochastic search procedure
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described, a cutoff of ail compounds with average strain energy greater than 

lOkcal.moT^ from the m inim um  was applied, and the procedure was continued until 

a failure limit of 20 was exceeded, based on an RMSD tolerance of 0 .5  being 

applied to the analysis of structure similarities. Chiral constraints were once again 

applied if necessary, and the same MMFF94s forcefield was used as for 

conformational analysis.

For building the pharmacophore query described at the end of this chapter, the 

pharmacophore query editor of MOE was used. The overlay shown in Figure 2 .17  

was contructed first using the flexible alignm ent tools of MOE -  the same 

param eters and settings were used as described in the previous paragraph. The 

pharmacophore was built interactively using the Unified scheme that is the default 

set of rules for defining ligand annotation points in MOE. The Pharmacophore 

Consensus method was used to generate suggested features for the 

pharmacophore query from the overlain molecules. The tolerance radius and 

consensus score threshold were modified so as to leave the six query points shown 

in Figure 2 .18  above; the weighted conformations method was used for scoring the 

consensus. The pharmacophore query thus produced was saved and used to filter a 

database of 3D conformations of the isosorbide ligand based on the positions of the 

annotation points in the query; the conformational database was that prepared 

using the stochastic search method described previously. The ligand conformation 

satisfying the pharmacophore query to the fullest degree is shown in Figure 2 .18.
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Chapter 3

Isosorbide Di-ester Compounds and their 

Interactions with Choiinesterase Enzymes

With a detailed appreciation of the structures of isosorbide and its derivatives, as 

well as the choiinesterase enzymes to which they bind, it is appropriate to begin to 

describe the studies that were undertaken to exam ine the binding of isosorbide 

ligands to these proteins and the basis of the high apparent com plem entarity  

between isosorbide ligands and their receptors. At the outset, this project was 

founded upon the serendipitous discovery that isosorbide di-esters were extrem ely  

good substrates for butyrylcholinesterase.^ HPLC studies revealed that isosorbide 

di-esters - with ester functional groups a t the 2 - and 5-positions of the fused ring 

system -  were hydrolysed preferentially at the 2-position when interacting with 

BChE. The same compounds, however, were inhibitors of AChE.

In this chapter, efforts to explain the interaction of isosorbide di-esters with BChE 

and AChE are described. Such studies, it was hoped, m ight begin to explain why 

isosorbide-based ligands interact with cholinesterases. They could potentially reveal 

what residues in the active site were most im portant for ligand binding. A number 

of such questions had to be answered -  why for exam ple, hydrolysis of isosorbide 

di-esters occurred almost exclusively at the 2- position, or how ester compounds 

could feasibly inhibit an esterase enzym e -  as appeared to be the case for AChE. 

The answers to these and other questions are explored in the ensuing sections.
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3.1. Structure-activity relationships for isosorbide di-esters

The initial discovery that isosorbide esters are hydrolysed by BChE was made while 

investigating potential prodrugs of aspirin. I t  was found that isosorbide 2-aspirinate 

5-mononitrate (3 5 ) was hydrolysed almost exclusively at the 2-benzoate ester 

(Figure 3.1) in rabbit plasma.^ In addition, the diaspirinate analogue (2 7 ) was also 

hydrolysed preferentially at the 2-benzoate.^ The Km values for both compounds 

were sim ilar to butyrylcholine under test conditions, Indicating sim ilar affin ity to the 

prototypical substrate.

Figure 3.1. Isosorbide 2-aspirinate 5-mononitrate (35) (le ft) and isosorbide di

aspirinate (27) (righ t) are both exceiient substrates for BChE. Hydrolysis occurs 

preferentially a t the marked ester sites.

In these initial studies, the groups at the 2- and 5-positions were altered and BChE- 

mediated hydrolysis monitored by HPLC. In all cases, there was very rapid 

hydrolysis of the 2-ester group, indicating a rather specific interaction between 

isosorbide and the enzyme. However, the nature of the groups at the 2- and 5- 

positions appeared to greatly affect the kinetics of the reaction, with half-lives in 

10% buffered human plasma ranging from 20s to 25min within the series of 

compounds prepared. Throughout the series, compounds with a benzoate group at 

the 5-position were hydrolysed more rapidly than 5-mononitrate compounds, which 

themselves were hydrolysed more rapidly than 5-OH compounds. Simple 2-esters 

were all hydrolysed at sim ilar rates, although larger 2-esters such as cinnamate 

esters underwent slower hydrolysis. The half-lives of a number of these compounds 

in 10% human plasma are shown in Table 3.1.

O
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R HO
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1260
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850NO

Table 3 .1 . Hydrolysis o f isosorbide-based esters by BChE and the corresponding 

half-lives in buffered dilute plasma (p H 7.4 ) a t 37°C . Adapted from Gilm er e t al.^

3.1.1. And w hat about acetylcholinesterase?

The initial realisation that isosorbide di-esters were hydrolysed by BChE was 

founded upon the fact that BChE is present in human plasma. I t  is an ideal enzyme  

for activation of prodrugs, as many drugs enter the bloodstream upon 

administration, thus meaning that full conversion of the prodrug to its active form is 

possible. AChE, on the other hand, is present predominantly in the nervous system  

and in red blood cells. When studying the aspirin prodrugs, there would have been 

little opportunity for interactions between the drugs and AChE on account of this 

differential distribution of the cholinesterases in the body. However, AChE and BChE 

are so sim ilar that it would make sense to exam ine w hether these ligands 

interacted sim ilarly with AChE. Such studies would help to elucidate the binding 

modes of these ligands better, since differential interactions could result from  

binding to the residues that differ between the two. Also, AChE is of course an 

important and interesting enzym e in its own right, and a novel ligand class for AChE 

would be em inently desirable.
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Initial studies examining binding of isosorbide di-esters were carried out by Dr. 

Joanne Gaynor over the course of her PhD studies, and are reported in her PhD 

thesis.'* She found tha t rather than being substra tes  for AChE, isosorbide di-esters 

are instead inhibitors of the enzyme. She tested  four inhibitors, all di-benzoates 

with halogen substituents a t the 2-, 3- or 4-positions of the benzene ring. It was 

found tha t isosorbide di-(3-chlorobenzoate) ( 2) was the most potent inhibitor of 

AChE, while isosorbide di-(4-chlorobenzoate) ( 1) was also a good inhibitor. 

Isosorbide di-(2-chlorobenzoate) (3 ) was a relatively poor inhibitor, as was 

isosorbide di-(4-bromobenzoate) (4 ). The extent of inhibition of AChE by these 

inhibitors, a t  a concentration of lOOplM, is shown in Table 3,2.

Compound %
Compound Inhibition of 

num ber  AChE a t
lOOpM
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ClO

82.81

Br

O

,Br 83.90

Table 3.2. The extent o f inhibition of acetyichoiinesterase by isosorbide di-esters, 

expressed here as the % inhibition a t lOOfjM, (Adapted from reference

A number of studies were undertaken to explain the differential binding of the di

ester ligands to AChE and BChE as outlined above. Both in vitro and in silico 

techniques were used to probe the interactions of enzyme and ligand, and 

especially to probe the structural basis of the interactions. The goal and the 

purpose of this chapter is to describe such studies, their results and the 

implications of the findings for further research.
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3.2. How do the di-esters bind to AChE?

Studies using RP-HPLC showed that isosorbide di-esters were not hydrolysed when 

they were incubated with Electrophorus electricus AChE; instead, the esters were 

inhibitors, as indicated in Table 3.2. The basis of isosorbide binding to AChE as an 

inhibitor warranted further study.

At the outset, the only information available was that in Table 3.2 -  i.e., the 

percentage inhibition of AChE observed when the enzyme was incubated with the 

drugs at a final concentration of lOOpM. The potency of inhibitors of biological 

molecules are most often expressed as IC50 values, these being the concentration 

of inhibitor that cause inhibition of the enzyme by 50%. IC 5 0 values for isosorbide 

di-ester inhibitors o f AChE were determined before a full kinetic analysis of 

compound binding to AChE was undertaken.

3.2.1. In  vitro studies of ligand binding to AChE

The firs t step in full characterisation of the di-ester compounds as inhibitors was 

the calculation of the ir IC5 0 values for inhibition of AChE.

3 .2 .1 .1 . IC 5 0  values of isosorbide-di-esters in AChE

The inhibitory potencies of various isosorbide di-esters were evaluated in 

Electrophorus electricus AChE. IC50 values were obtained from sigmoidal dose- 

response curves on a plot of enzyme activity against the logarithm of inhibitor 

concentration -  a typical example is shown in Figure 3.2 below. The values that 

were obtained are shown in Table 3.3. The most potent inhibitor of those tested 

was isosorbide di-(3-chlorobenzoate) (2 ), with an IC50 of 1.4 (iM. The di-(4- 

chlorobenzoate) (1) was sim ilarly potent. Puzzlingly, the di-(4-bromobenzoate) (4) 

demonstrated little activity. The relative potencies of each molecule are in 

accordance with what m ight be anticipated based on the data in Table 3.2.

For reasons that will become clearer later, isosorbide di-salicylate (6 ) was also 

tested as an inhibitor of AChE. I t  was also reasonably potent as an inhibitor, despite 

the fact that its subsitutent was ortho to the benzoate side-chain; the d i-( 2 - 

chlorobenzoate), which had a chlorine atom at the ortho position demonstrated 

reduced potency compared to the compounds with chlorine at meta and para 

positions.
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Figure 3.2. A sigmoidal dose response curve fo r the inhibition o f electric eel AChE in 

the presence o f various concentrations o f isosorbide di-(3-chlorobenzoate) (2), 

from which an IC5 0  value was obtained.
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Compound Compounds
number

ICso (pM )

O

Cl

o

,CI 4.3 ± 1.1

Cl

o
Cl

1.4 ± 0.3

Clo

55.7 ± 4 . 8

Br

O

,Br
2860 ± 8 4 2

102



Chapter 3: Isosorbide Di-ester Compounds and their Interactions with

Cholinesterase Enzymes

17.0 ± 2.6

OH

Table 3.3. The ICso values o f selected isosorbide di-esters for inhibition o f E. 

electricus AChE. Values are shown ±  standard error.

3.2.1.2. Kinetic analysis of di-ester binding to AChE

Reversible inhibitors form dynamic complexes with an enzyme that have different 

catalytic properties to those of the free enzyme. The catalytic properties of the 

enzyme, and of course the inhibited enzyme, are often described in terms of a 

number of constants first described by researchers Michaelis and Menten in 1913.^ I 

will make use of these constants in the following discussion, and therefore an 

overview of Michaelis-Menten kinetics is warranted at this stage.

Michaelis-Menten kinetics
Michaelis and Menten studied the enzyme invertase, measuring initial rates of 

reaction at different substrate concentrations. I f  initial rates are used in enzymatic 

studies, back reactions and other effects of product can be legitimately ignored, so 

that a much simpler rate equation can be used to explain the kinetics of the 

reaction. They proposed the following reaction scheme for enzymatic reactions with 

their substrates:

E-\- S <-> ES —> E P (Scheme 3.1)

They assumed that the reversible first step was sufficiently rapid for it to be 

represented by an equilibrium constant, Ks = [E ].[S ]/x , where x is the 

concentration of the intermediate, ES, so that x = [E ].[S ]//(s. The instantaneous 

concentrations of free enzyme and substrate are not directly measurable in a 

typical assay, and therefore should be expressed in terms of the initial
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concentrations of each -  quantities which are known. Therefore, the following 

relationships were used:

eo = e + X (Equation 3 .1 )

So = s +  X (Equation 3 .2 )

In  equation 3 .1 , x cannot be greater than eo and thus, provided that Sq is very large 

compared with eo, it must be large compared with x. We m ay therefore make the 

assumption that s = Sq. We can express x then as follows:

X = (eo -  x)s /K s  (Equation 3 .3 )

which when rearranged gives:

j: = ------ —------- (Equation 3 .4 )
( / C s  /  s )  - h i

Now the second step in the reaction is a simple first-order reaction, with a rate 

constant that we will call k+2 . The overall rate of the reaction can be expressed as 

follows:

V  =  k . ,x  = ------- ^  _ t 2 _ o _  (Equation 3 .5 )
 ̂ (/ir./5) + l K s  +  S

Derivation of this equation was subsequently found to make unwarranted and 

unnecessary assumptions. Van Slyke and Cullen ® assumed that the first step of the 

reaction, laid out in Scheme 3 .1 , was irreversible, but arrived a t the same result. 

Briggs and Haldane were the first authors to exam ine a generalised mechanism  

that made no such assumptions.^ Their reaction scheme was as follows:

E + S<r^ES— * - ^ E  +  P  (Scheme 3 .2 )

In  this case.
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(Equation 3.6)
d,

If  it is assumed that a steady state is achieved in which the concentration of the 

intermediate is constant, ie. dx/dt = 0, then

Equation 3.9, written in its more normal form (equation 3.10), is known as the 

Michaelis-Menten equation:

The constant /Cm is known as the Michaelis constant, and is defined as (/c.j+/r+2 )//f+j, 

and Vmax, typically called the maximal velocity of the reaction, is defined as k^2 ^o- 

Equation 3.10 is a fundamental equation in enzyme kinetic studies, applying not 

only to the above reaction mechanisms but also schemes much more complex than 

this, when the constants Km and V^ax are defined in more complex manners. We, 

therefore, cannot assume that in every case, is simply (k .i+k+ 2 )/k+i, or Vmax as 

k+2 eo. These relationships only apply if the reaction follows the scheme described 

above. Vmax is not a fundamental property of an enzyme, as it depends on enzyme 

concentration. Therefore, provided that enzyme concentration is known, it is useful 

to define the quantity kcat, typically called the turnover number and given by 

Vmax/̂ o', thus it gives a value for the turnover of substrate per unit enzyme.

(Equation 3.7)

Therefore,

(Equation 3.8)

and so

(Equation 3.9)

V  max S
(Equation 3.10)V  =

m
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The graphical form of equation 3 .10  is shown in Figure 3 .3  below:

max

O

L U

Km

[Substrate]

Figure 3 .3 . Plot o f initial velocity, v, against substrate concentration, s, for a 

reaction obeying the Michaelis-Menten equation.

The curve is a rectangular hyperbola, with asymptotes s = -Km and v = Vmax- At 

very small values of s, v is directly proportional to s, so that the reaction is 

apparently first order in s. Thus, VmaxIKm is the rate constant for the reaction 

E  +  S E  +  P  at low substrate concentrations, and is an interesting ratio to include 

in analyses. When s is equal to Km, the velocity is 'half-m axim al', ie. v = O.SVmax- At 

very high values of s, v is approxim ately equal to Vmax, and the reaction is 

apparently zero order in s.

Inhib itor effects on kinetic parameters

Inhibitors, when they interact with their target enzym es, cause the enzym e to have 

different catalytic properties compared to its uninhibited form . The inhibited 

enzym e may have an increased Km value (com petitive inhibition), a reduced Vmax 

(pure non-com petitive inhibition), Vmax and Km reduced in a constant ratio 

(uncom petitive inhibition), or some combination of these effects (m ixed inhibition). 

A general scheme proposed by Botts and Morales ® is often used to rationalise 

binding by reversible inhibitors and to provide a basis for discussion of their effects.

106



Chapter 3: Isosorbide D i-ester Compounds and their Interactions with

Cholinesterase Enzymes

S

ES

EIS

P

Scheme 3.3. The scheme of Botts and Morales for explaining the various types of 

enzyme inhibition by reversible inhibitors.

In Scheme 3 .3 , there are four species, E, ES, El and EIS, with six reactions 

between them . All of the simple cases of enzym e inhibition can be obtained by 

omitting some of the reactions and/or species. Competitive inhibition arises if EIS 

and the reactions involving it are missing while, if El is missing, one observes 

uncompetitive inhibition. Mixed inhibition, meanwhile, arises as a consequence of 

both El and EIS form ing, but not being interconvertible.

Distinguishing the various types of inhibition
The different inhibition types are normally identified through the changes in the 

various Michaelis-Menten constants that are observed upon addition of inhibitors to 

enzymatic solutions. These constants themselves are often obtained graphically. 

The most obvious graphical presentation of assay data is a plot of v against s, 

generating a rectangular hyperbola as in Figure 3 .3 . At least when using manual 

graphing, this method is rather unsatisfactory, as it is difficult to draw rectangular 

hyperbolas accurately; the increasing use of computational methods in enzyme  

kinetics, especially non-linear regression analysis, has rendered this approach 

viable, however. Most workers have preferred to re-w rite the Michaelis-Menten
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equation in a form that permits the results to be plotted as a straight line. This can 

be achieved in three ways;

s s

V K ,a x

(Equation 3.11)

v  =  V  -max

K v
(Equation 3.12)

1
- +  ■ (Equation 3.13)

By far the most widely used is equation 3.13, known as the Lineweaver-Buri< 

equation and for which a plot of 1/v against 1/s yields a straight line. However, 

there is inherent statistical bias in such a linear transformation, and in Lineweaver- 

Burk plots, the line often appears incorrect on account of the large deviations of 

some of the points at low substrate concentrations. There are of course inherent 

difficulties in all linear transformations. On balance, as described by Wilkinson,^ the 

plot of s/v against s, which arises from equation 3.11, is the most satisfactory of 

the three. In the ensuing discussion, this plot is used for illustrative purposes to 

indicate the effects of di-ester binding to AChE. Definitive work was carried out 

using computational tools to match the data to the Michaelis-I^enten equation itself.

Results with di-esters

Tests were carried out examining reaction rates in the presence of various 

concentrations of substrate and inhibitor for a series of the di-ester compounds in 

electric eel AChE. A number of plots and replots of the data were then prepared 

using the data obtained and the results were as follows.

Plots of s/v against s, as described in equation 3.11, are useful in highlighting how 

values of K „  and Vmax change as inhibitor concentrations change. In such plots, the 

slope of the straight lines obtained is equivalent to 1/l/max and the intercepts on the 

s/v and s axes are KmlVmax and -Km respectively. It  is evident in Figure 3.4 below, 

showing the inhibition of AChE by isosorbide di-(3-chlorobenzoate) (2 ) that both 

Vmax and Km Vary with inhibitor concentration.
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0.0050
S(M)

-0.002J 0.0025

Figure 3.4. Plot o f s /v  against s for the inhibition o f Electric eel AChE by compound 

2. Inhib itor concentrations were lOOnM (yellow ), lO^jM (blue) and BOjjM (red).

This is indicative of mixed inhibition, with elements of competitive and 

uncompetitive inhibition present. The values of Km and l/max could be obtained from  

such a graph, or more accurately, by fitting the data to the Michaelis-Menten  

equation as described previously. Similar results were observed for all compounds 

tested.

For such mixed inhibition, the following equations typically apply:

y  —  (Equation 3 .14 )
1 + / / A : ' ,

app 1 + / / /C/)
= i+z/K 'f (Equation 3 .15 )

1 /  a p p  /  app  ̂ ^ ,
% a x  '  (Equation 3 .16 )

This type of inhibition can be accommodated in Scheme 3.3 if EIS does not break 

down to products and if all binding reactions can be treated as equilibria. Ki is the 

dissociation constant of El, K'i is the inhibitor dissociation constant of EIS and Km is 

the dissociation constant of ES. Intuitively, a compound that interferes with the 

breakdown of ES to products may be expected to be a mixed inhibitor. Interference  

may arise through binding to one of the interm ediates to form a dead-end complex, 

or by reversing one of the steps by the law of mass action; in either case, Vmax is 

reduced. These effects will normally reduce the relative amounts of free enzyme
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and ES complex, however, and will therefore also alter From a structural

viewpoint, the suggestion is that the inhibitor molecule may bind at a site that is 

distinct from the active site a t least, and in this position it interferes with substrate 

turnover; it m ay also bind at or near the active site such that it interferes with the  

formation of ES.

The values of K| and K'i were estim ated using the methods of D i x o n . T h e  full 

equation for mixed inhibition is as follows:

V 5
v = --------------------222i-------------------  (Equation 3 .1 7 )

K , n { \  +  i /  K . )  +  s { \  +  i /  K \ )

This can be inverted to form the following:

1 K, n  +  s ( K n , / K i  +  s l  K ' i ) i  
-   +  —

V max

(Equation 3 .1 8 )

Thus, a plot of 1 /v  against I is a straight line. If  two such lines are drawn at 

different values of s, the point of intersection can be calculated by equating the two 

expressions for 1 /v . I t  is found that the lines intersect at a point where i=-K j.

0.2-

0.1-

0.00005
[I] (M)

- 0 . 1-1

Figure 3 .5 . A plot o f 1 /v  against i for the inhibition o f AChE by compound 2. 

Substrate concentrations were lOOpM (red ), 2 5 0 ij M (green) and 5 0 0 p M  (blue).

The value of K'i meanwhile could be estim ated by plotting s /v  against [ I]  at several 

[ I ]  values. In this case, a different set of straight lines is obtained that intersect at 

[ I]  =  -K'i. (Figure 3 .6 )

110



C hapter 3: Isosorbide D i-es te r C om pounds and th e ir  In teractio n s  with

C holinesterase Enzym es

>

inooo 1 o I

0.000025 0.000025 0.000075

Figure 3 .6 .  Plot o f  s /v  aga inst I  for inhibition o fA C h E  by com pound 2.

Concentrations o f substrate were IOO ijM (b lue), 250 ijM  (red) and SOOijM (yellow).

I t  is well known th a t IC 5 0  is not an inhibition constant except in special 

circum stances, but it is in teresting  to note th a t th e re  is a sim ple relationship  

betw een IC50 and th e  corresponding inhibition constants K, and K ' j .  In d eed  th e  plots 

described above can be used to estim ate  IC 5 0  values -  often of m ost in terest to  

pharm acologists - as well as values of k inetic  con stan ts .“  This result can be 

obtained from  equation 3 .1 7  sim ply by rearrang ing  to obtain an expression in s /v  

and allowing s /v  to equal zero. I t  is c lear th a t IC 5 0  values thus obtained increase as 

substrate  concentrations increase -  an o th er hallm ark  of m ixed inhibition w ith  a 

predom inantly  com petitive  com ponent.

A d iffe rent m ethod was used for obtain ing defin itive  values of Ki and K"„. T h ere  is 

obvious difficulty in distinguishing defin itive points on a graph for w h ere  lines 

in tersect -  each line has associated errors, and th e re fo re , th e  point a t which the  

lines in tersect can be som ew hat indistinct. Also, since 1 /v  is plotted on the  o rd inate  

in the  Dixon plot (F igure  3 ,5 ) , th e re  is a large associated e rro r in the  values th a t  

will be predicted from  it, ju s t as th e  double-reciprocal plot has a large associated  

erro r in its datapoints. In s te ad , values for K/ and K", w ere  calculated by plotting  

Km/Vmax and l/Vmax against [ I ] ,  w h ere  Km and Vmax w ere  calculated by fitting  data  to  

the  M ichaelis-M enten equation using n o n -linear regression. In  each case, a s tra igh t 

line was obtained, and the  in tercep t on the  [ I J  axis gave - K ,  when K m lV m ax  was  

plotted , and - K ' i  when l lV m a x  was p l o t t e d . A n  exam p le  of the  M ichaelis-M enten  

curves from  which th e  values of th e  constants w ere  obta ined is shown in Figure 3 .7  

below , w hile sam ple plots of Km/Vmax against [ I ]  and 1/Vmax against [ I ]  are  shown in
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Figures 3.8 and 3.9. Values of /</and K'i for all di-ester inhibitors studied are shown 

in Table 3.4.

70n

60-

50-

40->
30-

20-

10-

0.000 0.001 0.002 0.003 0.004 0.005 0.006
S(M)

Figure 3.7. A plot o f v (reaction rate) against s (substrate concentration) for AChE 

in the presence of various concentrations of isosorbide di-(3-chlorobenzoate) (2). 

Inhibitor concentrations were BOijM (black), lOpM (red), Ip M  (yellow) and lOOnM

(blue).

-10
[I] (micromolar)

Figure 3.8. A plot o f Km/V^ax against [ I ]  for the inhibition of AChE by compound 2, 

from which a value of Ki was obtained as the intercept on the [ I ]  axis.
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-75 ^-50 -25 25
[I] (micromolar)

Figure 3.9. A p lo t o f l/V^ax against [ I ]  fo r the inhibition o f AChE by compound 2, 

from which a value o f K'i was obtained as the intercept on the [ I ]  axis.

Compound Name Ki ( mM) K'i ( mM)

Isosorbide di-(4- 

chlorobenzoate) (1) 

Isosorbide di-(3- 

chlorobenzoate) (2) 

Isosorbide di-(2- 

chlorobenzoate) (3 ) 

Isosorbide di-(4- 

bromobenzoate) (4 )

6.60 (1.3 -  16.2) 

7.79 (0.3 -  21.1) 

43.31 (29.8 -  66.5) 

104.90 (59.2 -  227.0)

92.6 (77.6 -  111.9) 

50.4 (32.1 -  87.5) 

1286 (986 -  2232) 

4361 (3014 -  6013)

Table 3.4. K, and K'i values for selected isosorbide di-esters, calculated as described 

in the text. The 95% confidence intervals o f the calculated values are given in

brackets.

I t  is noteworthy that the lines intersected ju s t above the i-axis in Figure 3.5 and 

jus t below it in Figure 3.6 -  this is typical of mixed in h ib it io n .T h e  fact that K'i 

values are much larger than /<■,■ values for all inhibitors tested suggests that the El 

complex is much more stable than EIS. Structurally, one m ight imagine that 

binding of the inhibitor in such a position that the ternary complex can form is 

possible but not favourable. In the next section, studies are described that sought 

the basis of this binding.
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3.3. Structural examination of di-ester binding to AChE

The availability of accurate three-dim ensional structures of cholinesterases and 

their complexes with several ligands has made it possible to utilise computational 

approaches to exam ine the binding of novel ligands to the enzymes. Computational 

methodologies have become a crucial component of many drug discovery programs, 

being used at all stages from hit identification to lead o p t i m i s a t i o n . F r o m  our 

point of view, however, where ligand binding has already been established, it Is the 

use of in silico modelling as a tool to rationalise ligand-receptor interactions that is 

of most interest. A key method used in all steps of drug discovery and drug 

developm ent is small molecule docking to protein binding sites. Such methods were 

pioneered in the early 1 9 8 0 s , a n d  have been used to screen databases of ligands 

against target binding sites in high-throughput screening, to place ligands into the 

binding sites for lead optimisation and to analyse drug metabolism by various 

enzym es, (e.g . A description of the various docking techniques available for use 

ensues.

3.3.1. Docking methods

The docking process involves the prediction of the bound ligand conformation and 

its appropriate binding site within its receptor. In  general, the aims are two-fold -  

to accurately predict the binding mode of the ligand and to give some indication as 

to the likely affinity of the ligand for the enzym e. These aims are typically achieved 

by making use of multiple steps. Firstly, algorithms are implemented that place the  

ligand in the active site in suitable conformations; this is not an elem entary task as 

even simple organic molecules have m any conformational degrees of freedom . The 

goal is to ensure that the best bound conformation is achieved in a reasonable 

am ount of tim e. The conformational search is then augmented by a scoring function 

which seeks to predict biological activity by evaluating the interactions between 

ligand and potential target sites in the receptor. The algorithm also ranks the 

achieved conformations with the expectation that the highest scoring pose will be 

the most energetically favourable one, and therefore the most likely to occur in 

reality.

3.3.1.1. Theoretical aspects of docking

For an enzym e and inhibitor, docking aims at correct prediction of the structure of 

the complex [£'] +  [ /]< -> [£ '/]  under equilibrium conditions. (Scheme 3 .1 )
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K i

[ £ ' / ] < -> [ £ ' ]  +  [ / ]  (Schem e  3.1)

The free ene rgy of binding (AG) is related to binding affinity by equa t ions  3.19 and  

3.20:

AG = -R T \n K a  (Equation 3.19)

where

  i ^ . - i  [ El ]
— J\i -  jfjijqTy (Equation 3.20)

The first s tep  in any  docking procedure  is the  generat ion of  poses  t h a t  should 

include all possible conformations in which a ligand can bind to a receptor.

Prediction of these  poses  does  not  require  information abou t  Kg or  but  such

information is required for ranking the  docked poses  th a t  are  obtained. The m ea ns  

by which poses  can be ranked will be descr ibed shortly,  but  a short  enumerat ion  of 

the  various algori thms tha t  have been used to g e n e ra te  potential docking poses  

should precede this  discussion.

The examinat ion of ligand flexibility is akin to the  conformational analysis  of ligands 

descr ibed in Chapter  2, and similar m e thods  a re  used in docking programs -  

namely s tochastic  search  procedures ,  sys tem at ic  conformational  ana lyses  and 

simulat ion m ethods  such as  molecular  dynamics.  The principles of these  m ethods  

a re  as  descr ibed earlier,  but  their  implementa t ions  a re  different.

Stochast ic  search  methods ,  as  before,  involve random searching of the

conformational space  of the ligand; however ,  an additionally s tep  is included in its 

application in docking, with the  newly obtained  ligand being eva lua ted on the  basis 

of a pre-defined probability function tha t  will e s t im a te  its likely fit to the  receptor.  

Programs which m ake  use of s tochast ic  search  procedures  for pose genera t ion 

include GOLD (Cambridge Crystal lographic Data Centre,  Cambridge,  UK) and 

AUTODOCK (Scripps Research Inst i tute,  La Jolla, USA).^^

Sys tematic  search procedures  used in docking typically involve incremental growing 

of the  ligand into the  active site. The ligand molecule  is typically divided into rigid 

and flexible portions;  the  rigid cores  are  docked before the flexible portions are
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incrementally  added  according to s o m e  pre-def ined rules. DOCK 4.0  and FlexX 

both use  these  principles in preparing docked poses  for the  ligand in a receptor .  

Another  method of sys temat ic  search  is the  use of libraries of p re -genera ted  

conformations,  which reduce the  problem to one of rigid screening aga ins t  the  

receptor .  Such an approach  may  be unde r taken  with the  implementat ion of docking 

within MOE.

Molecular dynamics is current ly the  m os t  popular  s imulat ion approach.  However,  

molecular  dynamics is of ten unable  to cross  h igh-energy  barriers within reasonable  

s imulat ion t imes,  and therefore  might  only a c com m oda te  ligands at  local ene rgy 

minima of the  energy  surface.  In order  to overcome this, dynamics has  been used 

a t  higher  t em p e ra t u re s  or  in combinat ion with o the r  m ethods  to s ta r t  the 

s imulat ions with the  ligand in different  positions.

W ha te ve r  the  method  of conformer genera t ion ,  arguab ly the  m os t  crucial part  of a 

docking procedure is the  appropriate  ranking of docked poses  such th a t  it is clear 

wha t  resul ts  a re  m os t  favourable  and realistic. There is little point in generat ing 

num erous  poses  if the  es t imat ion of their  validity is inaccurate  or  inappropriate .  The 

scoring function th a t  is used for ranking the  gene ra ted  poses  is therefore  of crucial 

importance.  Deve lopment  of scoring funct ions is a complicated and difficult task.  

When consider ing the  te rm  [El] in S c he m e  3.1,  one  should,  a t  least  theoretically, 

calculate l igand-receptor  binding arising from both electrostat ic  and Lennard-Jones 

type  interactions,  enzym e  strain and inhibitor strain.  It  is also impor tan t  to note  

th a t  binding is driven by enthalpic and entropic  effects,  and th a t  e i ther  en tha lpy or 

en tropy  can domina te  specific interactions. This often p resen t s  a conceptual  

problem for con tem pora ry  scoring funct ions,  as  such effects  are  difficult to model .

The ideal scoring function should e s t im a te  the  free ene rgy  of binding depicted in 

equat ion 3.19.  Free-ene rgy s imulat ion techn iques  have  been developed for 

quant i ta t ive  model ing of protein- l igand interact ions and the  prediction of binding 

a f f i n i t y . H o w e v e r ,  the  calculat ions a re  computat ional ly  demanding  and  take  too 

much t ime for practical docking of any  large n u m b er  of l igands to a protein. In 

addi tion,  they  are  not  a lways accura te .  Docking p rogram s  therefore  make  various 

a s sum pt ions  and simplifications and do not  typically accoun t  for all of the  e lements  

t h a t  can potentially contr ibute  to ligand binding -  a s  an  example,  entropic  effects 

a re  typically ignored.
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The var ious m ea ns  by which ge ne ra te d  poses  can be scored have been reviewed 

well recently by Glen and Allen.

A num ber  of programs make  use of force-field based scoring funct ions to eva lua te  

l igand-enzyme binding. Normally, the  energy  of l igand-receptor  binding is 

eva lua ted  along with the  strain energy  of the  ligand in order  to produce a score tha t  

indicates  the  likelihood of the  eva lua ted  pose being favourable .  Most often,  

interact ion energ ies  are  character ized using van de r  Waals and electrostat ic  energy  

te rm s .  The van de r  Waals energy  te rm  is typically given by a Lennard-Jones  

potent ial  function and the  electrostat ic  interactions descr ibed using a Coulombic 

type equat ion,  with a d i s t ance-dependen t  dielectric tha t  d a m p e n s  the  effects  of 

e lectrostat ic  interactions at  longer  dis tances .  The p a ra m e te r s  used can be based  on 

any  available forcefield -  Autodock is based  on the  AMBER forcefield while G- 

Score uses  the  Tripos forcefield.^® The residues of the  enzym e  a re  typically held 

rigid, and while this m e a n s  th a t  the  induced fit tha t  is impor tan t  in s o m e  instances 

of ligand binding is ignored, it simplifies the  calculation great ly as  the  internal 

ene rgy  of the  protein can be ignored. In the  m os t  recent  vers ion of Autodock 

(version 4.0) ,  som e  residues of the  protein can be rendered  flexible.

The use  of forcefield-based scoring funct ions is hardly ideal. These  funct ions do not 

include entropic  or solvation te rms.  They also require the  introduction of cut-off 

d i s tances  for the t r e a tm e n t  of non-bonded  interactions,  which can resul t  in 

inaccurate  rep resen ta t ion of long-range  effects  t h a t  may  be impor tan t  in binding. 

To add res s  these  issues , modifications have been m ade  in s o m e  programs.  For 

example,  G-Score m akes  use of a ' tors ional  ent ropy '  t erm ,  while explicit hydrogen-  

bonding t e rm s  for protein-l igand binding a re  included in Autodock and  GOLD. Such 

m e a s u r e s  help to t ake  accoun t  of more of the  factors  influencing ligand binding.

An alternat ive approach is the  use of empirical scoring functions.  These  a re  fit to 

reproduce  experimental  data ,  such as  binding energ ies ,  based  on the  idea t h a t  such 

da ta  can be approx imated by the  sum of uncorrelated te rms.  The idea w as  first 

p roposed by Bohm.^^ A num ber  of t e rm s  a re  included in the  function, and they  are  

of ten simple to calculate,  thus  giving perfo rmance  benefi ts  compared  to forcefield- 

based  functions.  As examples ,  LUDI includes t e rm s  for neutral  hydrogen  bonds 

and ionic hydrogen bonds in its scoring funct ion,  while hydrophobic contr ibutions 

a re  calculated on the  basis of a rep resen ta t ion  of molecular  surface a rea .  The 

coefficients for each te rm were obtained using regression analysis with 

experimental  da ta .  The final function predicted binding cons ta n ts  for a s e t  of t e s t  

complexes  with a s tandard  deviat ion equivalent  to abou t  a factor  of 25 in binding 

cons tan t :  more than  sufficient to rank inhibitors with millimolar to nanomola r
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binding constants. The term s used m ight also account for entropic contributions to 

binding, again trying to address the shortcomings of scoring functions in this 

regard. As an exam ple, ChemScore implements a term  for ligand rotational 

entropy.

Knowledge-based scoring functions are a third type of function, which attem pt to 

reproduce bound structures as opposed to binding energies. Protein-ligand adducts 

are described with simple atomic interaction-pair potentials; the goal is to take  

account of binding effects and interactions that are difficult to consider explicitly. 

Such an approach is used in DrugScore.^° The approach is relatively undemanding 

of modern computational tools, but can be biased towards the training sets used, as 

is the case for empirical scoring functions.

A recent trend has been the use of consensus scoring functions which combine 

information from several different sources in order to address some of the  

drawbacks of using the individual methods described in the preceding sections, 

balance the benefits of each and ultim ately arrive at a function that has the best 

possibility of identifying the best ligands in their appropriate binding modes. The 

term s that are included from the different functions must be diverse in nature; 

otherwise the calculation errors for similar term s may be amplified rather than 

reduced. X-CSCORE makes use of a consensus scoring function.

3.3.2. Docking of di-esters to AChE

The foregoing discussion has highlighted the diversity of docking methods available 

to researchers. The choice of docking program and methods used to tackle a 

particular problem is often arbitrary. Some scoring functions are trained with 

particular types of enzymes, and therefore may give improved results with that 

type of protein e.g. kinases or proteases. Force-field based scoring functions are 

more generic in nature, but m ay not be ideal if a more suitable function is available, 

such as a knowledge-based function based on the enzym e of interest or a number 

of sim ilar enzym es. Often, one must exam ine the available literature to see which 

programs and methods tend to give the best results with the enzymes of interest.

The AUTODOCK program has been used with some success in modeling ligand 

binding to cholinesterase enzym es. For exam ple, Bartolucci et al have docked the 

tertiary alkaloid galantam ine to AChE using this program and found that it predicts 

the binding mode observed in the crystal structure very re lia b ly .S im ila r ly , it has
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been shown to ret r ieve the  experimental ly -de te rmined complexes of AChE with 

huperzine,  tacr ine,  edrophon ium and decamethonium.^^ AUTODOCK has also been 

used to model  ligand interactions in BChE, producing bound s t ruc tu res  in wild-type 

and m u ta n t  BChE e n z y m e s  tha t  explain experimental  resul ts  with var ious oxo- and 

thio-esters .^“' It  was decided tha t  the  use  of AUTODOCK was  most  appropriate  for 

model ing isosorbide d i-e s te r  binding to AChE, and later BChE.

3 .3 .2 .1 . The AUTODOCK program

AUTODOCK is used to perform computat ional  molecular docking of small molecules 

to  proteins,  DNA, RNA and other  macromolecules .  The most  recent  re lease of the 

program is AUTODOCK 4, which offers improvemen ts  to the  search  algori thms and 

the  molecular  rep resen ta t ion  of the  problem compared  to previous versions of the 

program, and  allows for flexibility in s o m e  residues of the  protein as  well as  the  

ligand itself. AUTODOCK 4 was  used in the  docking s tudies  descr ibed in this chapter ,  

and  therefore  a more  in-depth examinat ion of the  program is warranted .

A num ber  of m e thods  of conformer genera t ion  are  available in AUTODOCK, but  the 

bes t  performing a re  those  based on a genet ic  algorithm search ,  available in 

vers ions 3 and  4 of the  program and used in the s tudies  descr ibed below. Genet ic 

a lgori thms a re  a class of computat ional  problem-solving approaches  t h a t  a da p t  the 

principles of biological compet it ion and populat ion d y n a m i c s . M o d e l  pa ra m e te r s  

a re  encoded  in a ' c h rom osom e '  and s tochast ical ly varied.  These  ch rom osom es  yield 

possible solut ions to the  defined problem and are  evaluated by a f itness  function -  

in this case  the  interact ion energy  with the  protein -  calculated as  descr ibed in the 

next  paragraph .  A full examinat ion  of the  chemical  space  is m ade  possible fur ther  

by c rossover  and mutat ion opera t ions  carr ied out  on the ch rom osom es  that  

correspond to the  bes t  inte rmediate  solut ions.  Thus,  the  solut ions to the  problem 

'evolve '  towards  a be t t e r  solution. The resul t  is a plethora of possible ligand 

conformations.  In AUTODOCK 4, used here ,  the  best  option is normally to use the 

Lamarckian Genetic Algorithm; in this instance,  each string (which codes for an 

individual in the  populat ion)  p as ses  on s o m e  of the  character is t ics  it has  acquired 

during its lifetime to its offspring. Another  available option for conformer genera t ion 

is the  use of a s imulated anneal ing protocol.  Simulated anneal ing m ethods  have 

both global and local search  aspec ts ,  performing a more  global search  early in the  

run, when  higher  t em p e ra t u re s  allow transi t ions over  energy  barr iers separat ing 

energe t ic  valleys, but  then  searching more  locally a t  lower t e m p e ra tu re s  in order  to 

opt imize the  fit in the  curren t  energy  t rough.  However,  it has  been sugges ted  tha t
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simulated anneal ing search  m e th o d s  perform well only in ligands with less than 

eight  rotatable  bonds, and they  run into problems with more  d e g re e s  of f reedom 

being available in a molecule.^® Genetic a lgorithm based  techn iques  can handle  

ligands with more  d e g re e s  of f reedom, while the  Lamarckian genet ic  algorithm is 

the  most  efficient of all of the  afo re-m entioned  m e t h o d s , a n d  there fore  it was 

used th roughou t  in all s tudies  involving AUTODOCK.

The scoring function th a t  is used both as  a f itness  function during conformational  

searching as  well a s  to rank resul ts  in order  a t  the  end  of a sequence  of runs is 

based on the  AMBER forcefield.^®' It is an empirical relationship tha t  relates 

molecular  s t ruc ture  to binding free energy ,  tailored to reproduce observed  binding 

constant s .  Binding ene rgy  is defined as  follows:

AG bind — AG vdw + AG hbond “[“ ^ ^ C je l e c  conform “I” tor +  AG sol

(Equation 3.21)

The first four t e r m s  a re  typical molecular  mechanics  t e rm s  for dispers ion/repulsion,  

hydrogen bonding, e lectrostat ics  and deviat ions from covalent  geomet ry,  

respectively.  AGtor models  the  restriction of internal rotors and global rotation and 

t ranslat ion in the  sys tem  while AGsoi models  desolvation upon binding and the 

solvent effect -  the se  lat ter t e r m s  a t t e m p t  to include entropic  effects tha t  are  

impor tan t  in binding. This lat ter  t e rm  is the  most  difficult to calculate,  and has  been 

altered th roughou t  all autodock vers ions -  improvemen ts  in the  equation to 

calculate AGsoi in AUTODOCK 4 is one  big change  compared  to previous versions.
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A more descriptive elaboration of equation 3.21 can be given as follows:

AG = A G ,*^
^ A, B,i ̂

12 6 r.. r..\  ij u y
+

A G h b o n d  ̂  E  ( /■)

q q j

' '  G  ^
12 10 

r .  r .V y y /

+

+

^  £{rij)rij

AGtorNtor +

AG„,^(5,V j + SM)e

(Equation 3 .22 )

The five AG term s on the right hand side of the equation are coefficients that are 

determined empirically using linear regression analysis from a set of 188 protein- 

ligand complexes with known binding constants (in the case of AUTODOCK 4 ). To 

clarify the above equation, van der Waals interactions are characterized with a 

Lennard-Jones 12-6  dispersion/repulsion term , hydrogen bonds with a directional 

12-10  term , where E(t) is the directional weight based on the angle, t, between the 

probe and the target atom , and electrostatic interactions are determined using a 

Coulombic type equation. The fourth term , included to take account of the 

unfavorable entropy of ligand binding due to the restriction of conformational 

degrees of freedom , is proportional to the num ber of sp^ bonds in the ligand, Ntor-

The binding free energy calculation is actually performed for a set of grids defining

the target protein, each grid defining the favorability of interaction between the

protein and every atom of the ligand a t each gridpoint, as this reduces the

computational complexity while still, apparently, producing reliable results. This,

however, complicated the inclusion of the desolvation free energy term . Most

published solvation methods are based on surface area calculations (e.g . ^®).

AUTODOCK makes use of the methods first introduced by Stouten et al.^^ For each
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atom in the ligand, fragmental volumes of surrounding protein atoms are weighted 

by an exponential function and then summed, evaluating the percentage of volume 

around the ligand atom that is occupied by protein atoms. This percentage is then 

weighted by the atomic solvation parameter of the ligand atom to give the 

desolvation energy.

The final model produced for AUTODOCK predicts the free energy change upon 

ligand-protein binding to within about 2.1 kcal.mol'^^®

3.3.2.2. Docking results

Isosorbide di-(4-chlorobenzoate) (1) was chosen as a representative di-ester 

molecule for docking studies. I t  was the most potent AChE inhibitor in the class, 

and was also shown to be a substrate for BChE. Later, we would model this ligand 

in BChE, and it made sense to model the same ligand in both enzymes in order to 

allow for valid and appropriate comparisons.

The ligand was docked to electric eel AChE as described in the materials and 

methods section at the end of this chapter. In the highest scoring pose, the di-ester 

sits high within the gorge as shown in Figure 3.10. The more stable 5-ester group is 

bound to Trp86 and closest to the catalytic triad residues, notwithstanding the fact 

that it is poorly placed for hydrolysis. The carbonyl carbon of the labile 2-benzoate 

is 10.7 A from 0-y  of S erl98 , and is bound in an aromatic pocket formed by 

residues Phe297, Phe338, Tyr337, Try341 and Trp286. Thus the docking is well 

stabilized, but further descent w ithin the gorge in order to engage the catalytic 

machinery is not possible, and hence this molecule acts as an inhibitor of AChE.

Isosorbide di-(4-bromobenzoate) (4) was also docked within the active site of E. 

electricus AChE, as it was the least potent di-ester inhibitor tested. I t  was hoped 

that a model m ight be built that could explain this finding. The inhibitor docked 

precisely as described for the chlorobenzoate (Figure 3.10), and with an almost 

identical docking score. I t  was thus puzzling that it was a significantly less potent 

inhibitor in the in vitro  tests. We suggest that reduced binding might arise because 

of the reduced electron density redistribution that occurs in the presence of 

bromine compared to chlorine substituents -  this has been used to explain the 

improved binding of chlorotacrine to AChE compared to tacrine its e lf.O th e rw is e , 

the increased steric bulk of bromine substituents may mean that the optimal
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binding pose descr ibed above is not  as  readily achieved. This could be probed 

fur ther  with molecular  dynamics s imulat ions.

A num ber  of res idues were left out  of Figure 3.10 for clarity, but  are  shown in 

Figure 3.11. It is clear  th a t  the re  are  num erous  aromatic  res idues in the  AChE 

gorge, particularly in the  mid-gorge  area .  These facilitate binding of the  ligand in 

the  a rea  shown in these  models.  These  contribute to the  reasonably poten t  binding 

of the  ligands, but  also m ean  th a t  they a re  retained in the upper  regions of the  

gorge,  where  they are more avidly bound,  than  the  lower regions where they  may 

interact with the  enzym e 's  catalytic machinery.
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Figure 3.10. A view down the gorge o f the highest-scoring pose for the docl<ing o f isosorbide di-(4-chlorobenzoate) (1) to E. electricus

AChE.
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3 .3 .3 . D ynam ic analysis o f ligand binding to  AChE

The above analysis indicates the putative best fit of the test compound to AChE. 

However, it indicates binding to be a static event, whereas molecules obviously 

move continually and binding interactions may change over time. Ligand molecules 

may move within the active site and even exit the active site, and with these 

movements, intermolecular interactions with the various macromolecular residues 

may vary, becoming more or less fa'O'Ourable at any particular time. In order to 

quantify the 'best' results, we have to be aware that ligands typically bind in 

m ultiple modes and the solution found using docking may only be one of those 

modes. Analysis of molecular fluctuations is typically achieved using molecular 

dynamics simulations. These simulations model ligand binding over time and can 

improve the understanding of ligand binding events obtained from more 

straightforward molecular docking experiments. I t  was decided therefore to analyse 

the binding of compound 1 to AChE using molecular dynamics simulation.

3.3.3.1. Why use molecular dynamics?

To obtain results that better reflect the real physical situation, a representation that 

has a completely flexible ligand and a completely flexible protein is required. This 

gives an extremely large and complicated search space, and cannot obviously be 

achieved using molecular docking approaches; the most recent version of 

AUTODOCK, AUTODOCK 4, does allow some flexibility of the protein, but only for a 

number of defined residue sidechains, and this only addressed issues of induced fit 

in a rather minimal way. Currently, techniques using molecular dynamics (MD) 

simulations come closest to the ideal. With a good choice of starting position for the 

ligand and suitable use of constraints and other parameters, docking events can be 

observed clearly and reliably, while some measure of docking affinity can also be 

observed. Molecular dynamics (MD) propagates the positions of atoms in the model 

over the energy surface by following Newton's equations of motion. This involves 

calculating the force (firs t derivative of the energy with respect to position) on each 

atom and then updating the atom position by this force applied over a small time 

step, usually in the femtosecond range. A variety of constraints (for example bond 

lengths and angles) are applied within a molecular mechanics description of the 

forces on the atoms after each step to ensure molecules remain in a realistic and 

physically relevant geometry. As the force on each atom from all the energy terms 

needs to be calculated and water molecules are usually included, MD simulations
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can be very computationally expensive. This makes simulation of systems for long 

periods rather prohibitive, and there can thus be some discrepancy between the 

calculated timescale and the timescale of the event that is being sim ulated. 

However, if the ligand is pre-positioned, a suitable docking event m ay be observed 

-  this can be facilitated in this instance by placing the molecule in its best docked 

position at the very beginning of the molecular dynamics run.

MD is also useful as it provides a wealth of information that is not obtained from  

docking, or indeed, many other molecular modeling techniques. W ater molecules 

are typically included in the simulations, and since w ater networks and bonding to 

w ater molecules may be im portant in ligand docking, this can often be an 

advantage. Free energies of binding may also be calculated with further analysis of 

MD trajectories. Docking and dynamics have been used together already in the 

study of acetylcholine binding to AChE, along with that of some a n a lo g s .D o c k in g  

experim ents were performed using AUTODOCK and then followed with molecular 

dynamics simulations. The MD showed that induced fit of the ligand-receptor 

complex added about 0 .7  kcal.mol'^ to the stabilization energy of the complex. The 

calculated and observed binding constants (/C /S) were well correlated, showing that 

this approach is useful in identifying selective ligands for this enzyme.

3.3.3.2. Molecular dynamics theory

MD simulations solve Newton's equations of motion for a system of N interacting  

atoms:

The forces on each atom are the negative derivatives of a potential function V (r i,

r2,....,rM):

(Equation 3 .23 )

(Equation 3 .24 )
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These  equa t ions  a re  solved s imultaneously in small t ime s teps ,  typically of the  

order  of s o m e  1-2 fem toseconds .  The sys tem  is followed for s o m e  t ime, th rough 

many  such t ime s teps ,  taking care  t h a t  the t em p e ra tu re  and p ressure  remain 

reasonably  cons tan t ,  and  the  coordina tes  are  written to an ou tpu t  file a t  regular  

intervals.  The coord ina tes  as  a function of t ime rep re sen t  a t ra jec tory of the  sys tem.

Molecular dynamics a t  is s implest  level is therefore  an implementat ion  of the  

relatively s imple equa t ions  laid out  above .  At the  outse t ,  one inputs  the  initial 

condit ions,  namely  the  positions of all a to m s  in the  sys tem ,  and possibly the  

velocities of t h e s e  a to m s .  The program c om pu tes  the  forces  on each  a to m  -  both 

non-bonded  forces  and  those  due  to bonded interactions,  as  well as  any restraining 

or  ex ternal  forces; thus,  the  potent ial  and kinetic energ ies  a re  computed.  The 

configurat ion of the  sys tem  is then upda ted ,  with the  m o v e m e n t  of a to m s  being 

numerical ly solved by implementing Newton's  equat ions .  Lastly, a tom positions, 

velocities, ene rgies ,  t em p e ra tu re s ,  p ressures  e tc  m ay  be ou tpu t  as  defined by the 

user .  However , the re  a re  limitations to the  above  t r e a tm e n t  of molecular  dynamics. 

These  m us t  a lways be borne in mind, and  a num ber  of approximations a re  m ade  

and  extra  p a r a m e t e r s  included in any s imulat ion in order  to m ake  render  the  above 

t r e a tm e n t  of the  s y s te m  accu ra te  and  also allow the  s imulat ion of the  sys tem  to be 

feasible in an appropr ia te  t ime  space.

Of course,  the  use of Newton's  equa t ions  implies t h a t  the  motion of a to m s  is being 

t rea ted  classically, using forcef ie ld-based m ethods  th a t  have the  typical drawbacks  

descr ibed previously. While their  use is normally accep tab le ,  the re  a re  problems in 

som e  cases ,  m os t  of ten -  a t  least  in s imulat ions of biological macromolecules  -  in 

s imulat ing the  m o v e m e n ts  of hydrogen a to m s .  They are  light, and  their  m o vem e n t  

is so m e t im e s  essent ia l ly  of q u a n tu m  mechanical  characte r .  For example ,  a proton 

may  tunnel  th rough  a potent ial  barr ier  in the  course of a t rans fe r  over  a hydrogen 

bond,  and such p rocesses  cannot  be properly t rea ted  by classical dynamics.  

Another  problem is the  high frequency vibrat ions of covalent  bonds.  The statistical 

mechanics  of a classical harmonic oscillator differs appreciably from th a t  of  a real 

q u a n tu m  oscillator in s o m e  instances.  Practically all bond and  bond-angle  vibrations 

a re  suspec t ,  and even  hydrogen-bonded  motions a s  t ranslat ional  or  librational H- 

bond varia t ions a re  beyond the  classical limit. In order  to allow dynamics 

s imulat ions to be run using classical equa t ions ,  the  most  comm on  approach  is to 

apply cons tra int s  to bond lengths  and  angles ;  a qu a n tu m  oscillator in its ground
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state resembles a constrained bond more closely than a classical oscillator, thereby  

remedying this problem.

It  must also be remembered that force field provide the forces and there are 

inherent errors in this treatm ent. All non-bonded forces result from the sum of non

bonded pair interactions. Non pair-additive interactions, the most important 

exam ple of which is interaction through atom ic-polarizability, are represented by 

effective pair potentials. Only average non-pair additive contributions are 

incorporated. Additionally, Lennard-Jones interactions, and sometimes Coulombic 

interactions, are typically subject to a cut-off radius. Long range electrostatics 

algorithms can be used to take account of this error, at least approxim ately. The 

most common of these Is the particle-mesh Ewald algorithm for such interactions.
43

Boundary effects can also be a problem. Since system size is relatively small, a 

cluster of particles will have a lot of unwanted boundary with its environm ent. We 

must avoid edge effects if we wish to simulate a bulk system. Periodic boundary 

conditions are used for this purpose, whereby m irror images of the system are 

projected in all directions around the system of interest, allowing molecules towards 

the edge of the system to interact with their m irror image molecules in the adjacent 

system. But liquids are not crystals, so something unnatural remains even with this 

type of treatm ent. For larger systems at least, errors are small and generally 

acceptable.

A final consideration is the fact that conservative force fields are used in MD -  the 

force field is a function of the positions of atoms only, and electronic motions are 

not considered. The Born-Oppenheimer approximation is imposed, and electrons 

are supposed to adjust their dynamics instantly when the atomic positions change, 

and remain in the ground state. Thus electron transfer processes and electronically 

excited states cannot be treated. Additionally, chemical reactions cannot be treated  

properly. For the most part, the errors associated with these approximations are 

minor, and they can be used for modelling biological macromolecules and ligands 

binding to their receptors with good accuracy.

3.3.3.3. Results of dynamics analysis

I t  is im portant in the first instance to analyse the energy components, tem perature  

and volume of the system throughout the dynamics run in order to confirm the
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stability of the trajectory and to confirm that system preparation resulted in a 

properly equilibrated protein. All were found to have reasonable stability throughout 

the 1 ns simulation. The graph of potential energy against tim e is shown below.

Potential Energy

-le+06

■1.002e+06 -

-1.004e+06o
G

I— I 

jx;
■1.006e+06

-1.008e+06 -

-1.Ole+06 1000500 
Time (ps)

Figure 3.12. A plot o f potential energy of the system against time for the 1 ns 

simulation of compound 1 bound to AChE.

After an initial phase of equilibration and a decrease in overall potential energy -  

attributable mainly to protein and solvent rearrangem ents -  perhaps to 

accommodate the ligand within its active site gorge. This is clear from Figures 3 .13  

to 3 .15  below; the Lennard-Jones interactions between solute and solvent, as well 

as within the solvent itself, remain relatively flat over the course of the simulation, 

but the protein itself increases in stability, particularly in the initial stages of the 

simulation.
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Figure 3.13. Short range Lennard-Jones interactions between protein and solvent 

throughout the 1 ns simulation in AChE.
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Figure 3.14. Short range Lennard-Jones potentia l between solvent molecules.
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Intra-protein Lennard-Jones interactions
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Figure 3.15. The all-atom Lennard-Jones interactions within the AChE protein over 

the course of the 1 ns simulation with compound 1.

The RMSD of the protein structures from the starting structure as a function of time 

for both the heavy atoms of the protein and the Co atoms is shown below. The 

values were obtained by fitting each snapshot from the simulation to the starting  

structure. In both instances, the RMSD increased dram atically in the early stages of 

the simulation, but subsequent to the first 2 0 0 -3 0 0  ps, the system had apparently  

converged. The overall RMSD at about 0 .25  nm is relatively small, indicating that 

our system was appropriately set up to start.

RMSD
Protein-H after Isq fit to Protein-H
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Figure 3.16. The RMSD of the protein heavy atoms from their starting position for 

the 1 ns simulation of compound 1 in AChE.
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Figure 3.17. The RMSD of the alpha-carbon atoms of AChE from their starting 

positions throughout the simulation.

A similar plot was prepared highlighting the m ovem ent of the drug within the active 

site gorge over the course of the simulation. This is shown below in Figure 3.18. 

The drug moves little overall and is retained in the active site gorge in a similar 

region of space to that in which it was placed in the beginning. Thus, the indications 

are that it is well stabilised at this location, explaining its ability to act as a good 

inhibitor of the enzyme.
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Drug RMSD from starting position
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Figure 3.18. The RMSD of the Hgand atoms with reference to their starting positions, 

shown for each timestep of the 1 ns simulation.

In  order to exam ine the binding further and to exam ine what role w ater molecules 

might play in binding the ligand at its optimal location, an average structure was 

determined from the simulation. The first 300 ps of the simulation were excluded 

for the calculation of this structure in order to ignore structures formed during the 

equilibration phase. The average structure is shown in Figure 3 .19  below.
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Figure 3.19. The average structure o f obtained from the molecular dynamics simulation o f compound 1 bound within the active site o f

AChE. The system is viewed looking down the gorge.
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The a ve rage  s t ruc tu re  is strikingly similar to th a t  obtained due  to the  more 

s t ra ightforward docking procedure (Figure 3.11) ,  with the  ligand once again bound 

within the  gorge such tha t  it in teracts  with both the  peripheral  site res idues and the  

cation -  n site. This highlights the  fact  t h a t  the  s t ruc ture  deviated little from th a t  

prepared at  the  ou tse t ,  a s  sugges ted  from the  plots in the  previous figures. The 

ligand is stabilised ext remely  well within the  active site gorge,  with a num ber  of 

interactions with a romatic  res idues especially notable,  including Trp286 and Tyr72 

a t  the  peripheral site and Trp86, the  normal binding site of positively charged  

groups. It is notable  th a t  Trp85 has  moved substant ia lly from its position in the  

unl iganded s t ruc tu re  in o rder  to improve contacts  with the  ligand -  such 

m o v em e n ts  can be critical for binding and can be realised th rough molecular 

dynamics simulat ions,  highlighting the  power of such techniques.

It is interesting th a t  the re  is no m o v e m e n t  of the  ligand towards  the  base  of the  

gorge.  Residues Phe295 and Phe297,  located around the  acyl pocket  region, are  

large and a p p e a r  to p revent  ligand m o v em e n ts  toward Ser205 and the  catalytic 

triad. The binding interact ions with Trp85,  T y r l3 3  and Tyr341 increase this effect, 

and  it is of little surpr ise  therefo re  t h a t  the  ligand tu rns  out  to be an inhibitor of the  

enz yme,  r a the r  t han a s u bs t r a te  for it.

A n u m b er  of w a te r  molecules  a re  shown in Figure 3.19  th a t  were  located close to 

the  ligand th ro ughou t  the  s imulat ion. In general ,  wa te r  a p p e a r s  to play little role in 

binding, however ,  and  the  desolvation of the  active site gorge upon binding may be 

an impor tan t  contr ibu tor  to the  general  affinity of t he  ligand for the  enzyme.  There 

is an a ve rage  of j u s t  1.1 hydrogen bonds be tween  the  w a te r  sys tem  and  the  drug 

th roughout  the  simulat ion, and  as  shown in Figure 3.20, rarely more  than  two 

hydrogen bonds  a t  any s tage .  One of the  w a te r  molecules  participating in these  

hydrogen bonds  interacts  with the  isosorbide ring oxygens  and is located between  

the  catalytic t riad res idues and the  ligand itself; this indicates the  space  tha t  is 

available in this  region, again emphas is ing the  lack of descen t  of ligand within the  

gorge and  explaining the  behaviour  of the  ligand as  an inhibitor.
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Hydrogen Bonds between the ligand and water
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Figure 3.20. The number o f hydrogen bonds formed between the ligand and water 

throughout the simulation of compound 1 in AChE.

The principal influence on avid binding would appear to be short-range van der 

Waal interactions with the protein. As shown in Figure 3 .21 , these are consistently 

strong after the initial phase of equilibration. This highlights once again that the 

ligand in the pose shown above is stable and moves little during the simulation.
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Short-range Lennard Jones interaction energies
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Figure 3.21. The short-range Lennard-Jones interaction energy between the ligand 

and AChE for the 1 ns simulation o f compound 1 in the E. electricus enzyme.
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3 .4 . W h a t a b o u t b ind in g  to  BCliE?

As noted previously, the di-esters ligands discussed herein are all substrates for 

BChE, with their hydrolysis having been monitored by RP-HPLC and described by Dr. 

Joanne Gaynor in her PhD thesis / Hydrolysis was rapid, with 4.96 x 10'^ jjmoles of 

substrate being hydrolysed per minute in 1ml of a 3.4 mg.ml'^ solution of purified 

human BChE when the concentration of substrate was 0.68 |jM. The calculated 

value for isosorbide di-benzoate (5) was 27.7 |jM, compared to 23 pM for the 

prototypical substrate butyrylthiocholine;'^'' thus, the binding of this novel substrate 

was as avid as that of the normal substrate, and this warranted further study. 

Isosorbide di-(4-chlorobenzoate) (1) was docked to BChE using AUTODOCK as 

already described for AChE, in order to examine the basis of ligand affinity and also 

the structural basis for substrate turnover.

Before describing the docking of the di-ester ligand to BChE, it should be noted that 

the docking of ligands to enzymes may not always be appropriate in instances 

where such ligands are substrates for that protein. As described in Scheme 3.1, 

docking aims at predicting the binding mode of a ligand in complex with its receptor 

under equilibrium conditions. The binding of a substrate is complicated by the fact 

that there is turnover of substrate to product following the initial binding phase of 

the reaction. Thus, absolute values such as K,, predicted by programs such as 

AUTODOCK for ligand binding, cannot be used appropriately when describing 

substrate interactions with enzymes. However, in this section, docking was used 

solely to examine the likely binding mode of the substrates in BChE; this would 

indicate how the ligand might bind near the catalytic site and the residues that 

were important in facilitating such binding. As described in Chapter 4, the initial 

phase of substrate hydrolysis is reversible, non-covalent binding; in order for 

hydrolysis to subsequently occur, this initial binding must be in an appropriate 

conformation for ligand interactions with the catalytic triad, and docking would 

allow us to probe if this was the case. In all discussions of substrate docking to 

BChE, there is no attempt to relate substrate affinity to docking score or any such 

quantitative parameter, as this would not be appropriate.

3 .4 .1 . Docking of d i-esters to BChE

The model of compound 1 binding to BChE provided a good explanation for its 

behaviour as a substrate. Numerous docked poses scored highly, indicating that 

there are many stable structures formed upon binding, and between which the
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docked molecule could cycle within the active site gorge of the enzyme. The highest 

scoring pose, however, sees the di-benzoate lining the base of the gorge, as in 

Figure 3.22. The ester group at the 5- position occupies the acyl pocket between 

residues Leu286 and Val288, while the 2-ester function is orientated in the direction 

of Trp82, which normally binds the cationic head of the choline substrate through 

cation - n interactions. It  could mimic the quaternary ammonium headgroup and 

form anion -  n interactions as suggested based on the superpositions described in 

Chapter 2. The carbonyl carbon at the 2-position is 4.6 A from the nucleophilic 0-y  

of S erl98 . More importantly, the carbonyl oxygen is directed away from the 

catalytic serine and towards the oxyanion hole residues G ly ll6 , G ly ll7  and A la l99. 

The residue is placed almost optimally for nucleophilic attack of S erl9 8  at the 

carbonyl carbon of the 2-ester, which will result in substrate hydrolysis at this 

position. The ester at the 5-position was not hydrolysed appreciably when tested, 

and this can also be explained using this same model. The carbonyl group is 

inappropriately placed for attack. Furthermore, this ester group is endo to the V- 

shaped isosorbide ring, meaning that the approach of the catalytic serine is 

sterically hindered.
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Figure 3.22. The binding o f isosorbide di-(4-chlorobenzoate) (1) to huBChE.
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3 .4 .2 . Dynamic analysis of d i-ester binding to BChE

In order to examine allow for ligand and residue flexibility in the model building 

process, and to ensure that potentially im portant solvation effects were considered, 

the model of compound 5 docked to BChE was subjected to a molecular dynamics 

simulation of 1 ns duration, in a manner identical to that for the compound docked 

in AChE described above.

As before, the overall energy, temperature and volume of the system was analysed 

over the course of the entire tra jectory in order to confirm that the simulation was 

stable. I t  was confirmed that these remained relatively constant throughout, 

confirming the reliability of the analysis and allowing us to draw suitable 

conclusions from it. The graph of potential energy against time is shown below.

Potential energy

-8 . 7 5e->-0 5|----------- -̂---------- 1----------- 1-----------

- 8  . 7 6e + 0 ^ .

Time (ps)

Figure 3.23. A plot o f potential energy o f the molecular dynamics system over time 

for the 1 ns molecular dynamics simulation.
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The total potential energy levels off after approxim ately the first 100 ps of the 

simulation, and as was the case in AChE, this initial drop can be attributed largely 

to protein rearrangem ents to accommodate the ligand in the active site. (Figure 

3 .24 )

Intra-protein Lennard-Jones interactions
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Figure 3.24. The all-atom Lennard-Jones potentials throughout the protein over the 

course of the 1 ns simulation are shown in the plot.

The RMSD of the protein structures from the starting structure as a function of tim e  

for the Co atoms is shown in Figure 3 .25 . As for AChE, there was little m ovem ent of 

protein overall. This was also true for the ligand (Figure 3 .2 6 ), and this indicates 

that the system was set up well to begin with. The fact that the drug equilibrated  

within the first 50 ps compared to the protein, which took some 300 ps to reach a 

more stable conformation, is indicative of the fact that the drug moved little within 

the protein and was extrem ely stable within the gorge, binding to it extrem ely well. 

The suggestion was that throughout the simulation, there was little deviation from  

the starting pose; this was confirmed by analysing the trajectory, and is best 

highlighted by examining the average structure from the whole simulation, shown 

in Figure 3 .27 . Trajectory snapshots prior to the 300 ps tim epoint were discounted 

in the construction of this average model.
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Figure 3.25. The all-atom RMSD o f the alpha-carbon atoms o f the protein  

throughout the simulation, compared to the ir starting positions.
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Figure 3.26. The RI^SD o f the ligand atoms compared to the ir starting positions, 

shown for each timestep o f the 1 ns simulation.
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Figure 3.27. The average structure obtained from the molecular dynamics simulation o f compound 1 bound to huBChE
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The similarities be tw een  the  docked pose (Figure 3 .22)  and th a t  obtained a s  an 

a ve rage  from the  molecular  dynamics s imulat ion a re  very striking, and  it is c lear  

tha t  the  s t ruc ture  deviated little from th a t  which was  prepared  a t  the  outset .  The 

ligand is stabilised ext remely  well within the  active s ite gorge.

Impor tan t  interactions with such residues as  Trp82,  Leu286, Val288 and  Tyr332 a re  

maintained.  The directionality of the  labile carbonyl  group is also maintained 

th roughout  the  s imulat ion, a s  indicated in the  av e ra g e  s t ruc ture .  The carbonyl  

oxygen is or ien tated  towards  -  and in m any  s n a p sh o t s  hydrogen bonded  to -  the 

oxyanion hole res idues G l y l l 6 ,  G l y l l 7  and Ala l99.  It  is c lear  t h a t  this  interaction 

p redom inates ,  indicating why hydrolysis is observed  a t  the  2- r a the r  than  the  5- 

position of isosorbide.

The main difference be tween  the  docked s t ruc ture  and  th a t  typically observed  over  

the course of the  dynamics  t ra jectory is the  or ientation of the  isosorbide moiety 

itself. During the  equilibration phase  of the  dynamics run, it rota ted  such th a t  it 

lines the base  of the  gorge,  and this or ientat ion was  preserved  throughou t .  This 

m akes  sense ,  allowing for increased con tac ts  with the  protein and enhancing ligand 

binding.

As for ligand binding to AChE, w a te r  a ppear s  to play little role in binding. There is 

an a ve rage  of j u s t  0 .485  hydrogen bonds  be tw een  the  water  sys tem  and the drug 

th roughout  the  simulat ion, slightly less than for AChE. Because the  ligand binds the  

base of the  gorge,  it is more  enclosed within the  protein,  being less accessible to 

water  molecules  in the  sys tem. There are  a m ax im um  of two hydrogen bonds 

be tween the  solvent  and drug th roughout  the  simulat ion,  and th e s e  a re  typically 

associated with the  carbonyl  group  a t  position 5 of the  isosorbide ring. There  are  no 

direct br idges to the  protein a t  this point, however .  A second hydrogen bond 

interaction occurs in som e  snap sh o t s  a t  one of the  isosorbide oxygen a tom s ;  

however ,  these  s e e m  to be of little importance and occur  only rarely. The enzyme 

enve lopes  the  ligand in the  gorge  and thus  s e q u e s t e r s  it from solvent .  This effect 

has been noted before for ligand binding to chol ines te rases  (eg. and  in general  

it is though t  th a t  the  solvent  should not  play a role in the  interaction of m any  

ligands with chol ines terases  -  hence  the  location of the  active s ite a t  the  base  of a 

deep and narrow gorge.  Inst ead ,  as  for AChE, short  range  dispers ion-type  

interactions a re  m os t  impor tan t  for binding, as  shown in Figure 3.28.
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Figure 3.28. The short-range Lennard-Jones interactions between the ligand and 

protein for the 1 ns simulation of compound 1 in BChE are shown in this plot.

The different docking pose adopted in AChE compared to BChE could be attributed  

to the fact that the active site of AChE is more cramped, and therefore less able to 

accommodate the relatively bulky ligand molecule. The acyl pocket of BChE was an 

im portant site in accommodating the 5-sidechain of isosorbide d i-(4 -  

chlorobenzoate). However, in AChE, this site is smaller, being occluded by two 

bulky arom atic residues. The ligand cannot bind in the same orientation as in BChE, 

and cannot line the base of the gorge close to the catalytic serine. I t  therefore  

docks higher up the gorge and acts as an inhibitor compound.
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3.5. Kinetic analysis of ligand binding to BChE -  ternary  

complex formation with two substrates?

The above description of di-ester binding to AChE highlights that the ligand binds 

preferentially at a site that is distinct from the enzyme's active site. Inhibition is not 

purely competitive, with elements of non-com petitive binding also observed. The 

inhibitor can bind such that it disrupts substrate binding, but also so that the  

ternary EIS complex is formed although turnover to product is prevented in this 

situation. Studies were designed at this stage to examine w hether the di-ester 

substrates bind BChE in such different manners.

When speaking about dual binding sites, it makes sense to mention the peripheral 

site of the cholinesterases, referred to in Chapter 1. Dual-binding site inhibitors 

clearly interact at this site, but it has been shown that active site directed inhibitors 

and substrates also interact with it,"̂ ®' and interaction at this site helps to 

orientate such ligands for productive binding lower in the gorge. The binding of 

isosorbide di-salicylate (6 ) to BChE in the presence of butyrylthoicholine, a 

derivative of the prototypical substrate for the enzym e, was exam ined. Obviously, 

both can bind at the active site, but kinetic studies could suggest whether each may 

bind to an alternative site in the gorge. This could be the peripheral site of the 

enzyme, formed by residues Asp70 and Tyr332 , or indeed some other site. The 

results are discussed below and the implications of the findings described.

3.5 .1 . Examining tw o-substrate binding to BChE

In this section, I examined the forward reaction of BChE with butyrylthiocholine in 

the presence of the alternative substrate isosorbide di-salicylate (6). I examined  

whether the isosorbide compound could inhibit normal substrate hydrolysis.

Butyrylthiocholine was added to the enzym e which had already been incubated with 

various concentrations of the isosorbide compound and the hydrolysis of the typical 

substrate monitored. The presence of compound 6 clearly retarded substrate 

hydrolysis in a concentration dependent m anner. Normal Michaelis-Menten curves 

and linearization equations can be used to analyse such reactions with two 

substrates (eg. plots of s /v  against s (a Hanes plot), v against v /s  and 1/v

against 1/s (a Lineweaver Burk plot) are shown in the ensuing figures.
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Figure 3.29. Hanes p lo t for the hydrolysis o f BTCI by BChE over a range o f BTCI 

and fixed concentrations o f compound 6. (lOOnl^: black; lpM :b lue ; lOpM: red,

lOOpM: yellow)
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Figure 3.30. Plot o f \/ against v/s for the hydrolysis o f BTCI by BChE in the presence 

a ffix e d  concentrations o f compound 6. Colouring is as per figure 3.29.
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Figure 3 .31 . Lineweaver-Burk plot for the hydrolysis o f BTCI by BChE in the 

presence o f fixed concentrations o f compound 6. Colouring is as p er Figure 3.29.

The variation in K^IVmax suggests that there is a competitive component in the 

inhibition while the variation in Vmax itself is indicative of uncompetitive inhibition. 

Once again, as observed for isosorbide compounds in AChE, these compounds 

inhibit substrate hydrolysis in a mixed m anner, and therefore may bind not only at 

the active site -  as anticipated -  but at a site distinct from it such that the ternary  

complex may form.

Plots of 1/v against [ I]  and s /v  against [ I]  were prepared, allowing us to estim ate  

values for Ki and K', for the inhibitor as described previously. (Figures 3 .32  and 3 .33  

shown below)
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Figure 3 .32 . A plot o f 1 /v  against [ I ]  for the inhibition o f butyrylthiocholine 

hydrolysis by compound 6, here acting as an inhibitor. The colour scheme is as 

follows: black: 0.1 m M butyrylthiocholine; red: 0 .2 5  mM; yellow: 0 .5  mM; blue: 1

m M ; purple, 2 .5  mM.
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Figure 3.33. A plot o f s/v against [ I ]  for the infiibition of butyrylthiocholine 

hydrolysis by compound 6, here acting as an inhibitor. Colouring is as per the

previous graph.

The constant Ki, obtained from the plot of 1/v against [ I ] ,  is less than K'i, which we 

can estimate from the plot of s/v against [ I ] .  This indicates that inhibition is 

predominantly competitive, as one would expect.

Reiner and Simeon have carried out similar analyses on the competition between 

substrates for acetylcholinesterase and butyrylcholinesterase.^° In their work, they 

made use of a plot first described by Hunter and D o w n s . I f  we call the uninhibited 

reaction rate at a given substrate concentration as Vo, and the inhibited velocity at 

the same concentration as v, we can write the following equation:

In competitive inhibition, K'i approaches infinity, so that the equation simplifies to 

the following:

(Equation 3.25)
v - v o  K , J K . + s / K ' .

IV
= K^{\ + s I (Equation 3.26)

V o - V
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This is the equation for a straight line with an intercept Ki on the ordinate. Since the 

competition in our assay was predominantly com petitive, such a straight line plot 

could be constructed, as shown in Figure 3 .34  below (predom inantly uncompetitive 

inhibition would result in a rectangular hyperbolic plot, thus allowing us to 

distinguish between the modes of inhibition):
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Figure 3.34. A plot o f v [ I ] / ( V o - v )  against s for the butyrylthiocholine hydrolysis by 

BChE in the presence of isosorbide di-salicylate (6).

In the above equation, the mechanism of competition between substrates and 

inhibitors can be identified from the numerical values of the intercepts on the 

abscissa and the ordinate, if the results are plotted as in Figure 3 .17 . When the 

intercept of the line with the abscissa, K(s) equals the Michaelis constant, substrate  

and inhibitor compete in the catalytic site, but when it equals Kss, the substrate  

inhibition constant, the competition takes place at the substrate inhibition site (la ter  

shown to be the peripheral site, see The value of Km for butyrylthiocholine 

hydrolysis by human BChE is of the order of 20 |jM ”  whereas values of Kss are 

typically in the millimolar r a n g e . B a s e d  on Figure 3 .28 , we may suggest with even 

more certainty than before that the competitive elements of inhibition are due to 

interactions at the catalytic site. The peripheral site does not show up in the 

competition between these two substrates. However, this does not preclude the 

possibility of interaction with the peripheral site being responsible for the 

uncompetitive elements of inhibition that were observed.
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3.6. Discussion

In this chapter, a number of kinetic and computational analyses of di-ester ligand 

binding to cholinesterase enzymes are described. At the outset, it was known that 

such ligands were substrates for BChE but inhibitors of the homologous AChE, and 

the results of tests described herein provide good explanations for this. The findings 

demonstrate the usefulness of such techniques in rationalising the results of in vitro 

tests, and provide much material of interest for research going forward.

Kinetic studies, while perhaps not revealing the basis of enzyme-ligand interactions 

in atomic detail, provided a good basis for understanding what enzyme subsites 

were bound by the various ligands. The fact that the di-ester compounds were 

mixed inhibitors of AChE, for example, suggested that binding was not in all 

instances competitive with substrate. The ternary enzyme-inhibitor-substrate 

complex formed. This was explained by molecular modelling which highlighted the 

favourable binding of such ligands in the upper gorge of the enzyme, interacting 

with a number of large aromatic residues. The results were easily contrasted with 

those obtained in BChE, where ligand binding at the base of the gorge was most 

significant -  immediately clarifying why they were substrates for this enzyme.

Molecular dynamics simulations provided a thorough evaluation of the proposed 

binding sites predicted by docking, allowing for full bond flexibility and all atom- 

movements. It  was reassuring that the ligands remained bound at the same sites in 

which they were initially docked in both cholinesterases -  this suggested that the 

use of AUTODOCK was appropriate for predicting the binding mode of our ligands in 

cholinesterase enzymes subsequently. The simulations also highlighted important 

residue motions that gave rise to improved ligand binding. It  was especially 

interesting that residue Trp-86 of AChE moved substantially in the simulation with 

compound 1. This is the 'gating' residue of the putative back door of the enzyme, 

described more fully in Chapter 4. The suggestion was that the binding of 

isosorbide-based inhibitors to AChE might hold this back door in a permanently 

'open' state. I t  would be interesting to examine whether small molecules could 

access the base of the gorge via this side entrance when these inhibitors were 

bound.

The description of isosorbide di-ester binding to cholinesterase enzymes in this 

chapter is most significant because it highlights that these compounds can interact

154



Chapte r  3: Isosorbide Di-ester Compounds  and their  Inte rac t ions  with

Cholinesterase Enzymes

qui te  differently with BChE and  AChE. Based on the  findings descr ibed above ,  one 

would ant ic ipate  th a t  isosorbide 2 -ca rba m a te  compounds  would interact with the  

catalyt ic machinery of BChE and thus  be good inhibitors of the  enzyme,  w he re as  

s imilar binding to AChE would be less likely. Sub s e q u e n t  work, descr ibed in the 

next  chapter ,  indicated tha t  this was  indeed the  case.  The isosorbide t em p la te  is a 

good basis for novel chol ines terase  ligands, and is especially useful for designing 

ligands selective for one or  the  o the r  of t h e s e  enzym es  -  an obvious aim based  on 

the  differential physiological effects  of both e nzym es  descr ibed in Chapte r  1.

The research descr ibed in this c hap te r  has  been descr ibed in a recent ly-publ ished 

a r t i c l e . A  copy of this article is included in Appendix 2 of this thesis.
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3.7. Materials and Methods 

3.7.1. Docking studies

Docking calculations were carried out using AutoDock version 4 .0 , with the  

Lamarckian genetic algorithm (LGA), running on a single processor on Linux Fedora 

Core 6. The inhibitor was built using the builder function of MOE (Chemical 

Computing Group, Montreal, Canada) and minimized with MOPAC 7 (PM3 m ethod) 

interfaced to MOE.

For docking into BChE, the crystal structure of human BChE complexed with a 

choline molecule was used (PDB Code IPOM).^® All non-protein atoms were 

removed from the model prior to its use. The missing sidechain of residue Gln486  

was added in Swiss-PDB Viewer version 3 .7 , and the missing residues 1-3 , 378 -379  

and 455 added using the 'Add residue' command in the same program. These 

added residues were minimized within MOE, with the rest of the macromolecule 

held fixed. Of the two conformations of the catalytic serine observed in the crystal 

structure noted above, the one where it makes the anticipated hydrogen bond with 

His438 was used. His438 was protonated at the 5 position. The substrates and the 

enzyme were further prepared for the docking calculation using AutoDockTools 

1 .4 .5 . Rotation was allowed for all usual bonds in the ligand, but the macromolecule 

was held rigid. The 3D affinity grid box was designed to include the full active site 

gorge of human BChE. The num ber of grid points in the x -, y -, z-axes was 64, 64, 

40 with grid points separated by 0 .375  A .  A distance dependent di-electric was 

used for the modelling of electrostatic interactions.

For the docking procedure itself, a population of 300 individuals was randomly 

selected in the beginning. During population evolution, a maximum of 25000000  

energy evaluations were permitted per generation, and 27000  generations were 

allowed. Just one individual results survived from each generation. Crossover rates 

and mutation rates were set a t 0 .8  and 0 .02  respectively.

In  all, 100 docking runs were perform ed, and the highest scoring pose was taken as 

being indicative of the correctly docked pose.

An identical approach was undertaken to dock the di-ester ligand to AChE. Since 

high-resolution crystal structures of Electrophorus. electricus AChE were not 

available, the 1.8 A resolution structure of the homologous Torpedo californica 

AChE was used for modelling p u rp o s e s .(P D B  Code 1EA5) The catalytic domains of 

the two proteins present 6 8%  identity,^® while the residues of the active site gorge 

are even more closely m atched. However, residue Phe330 in the active site gorge
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of Torpedo AChE is replaced by a Tyrosine residue, while Ile439  - also close to the 

gorge - is replaced by a proline in the protein from the electric eel. In order to take  

into account these and other differences, a homology model was built for E. 

electricus AChE using the T. californica structure as a tem plate.

The homology-model application of MOE was used for this purpose. In building the 

initial geom etry, all coordinates were copied for residues whose identity was 

conserved in both proteins, while backbone coordinates were copied for others. 

Loops and missing sidechains were added from generic libraries within MOE to 

prepare 10 different models. After addition of hydrogen atoms and coarse 

minimization, the highest scoring protein based on electrostatic solvation energy, 

calculated using a Generalized Born/Volume Integral (G B /V I) methodology, was 

taken forward for final model building. I t  was minimised to a root mean square 

gradient of 0 .01 . This final model was checked for appropriate geom etry before use. 

The di-benzoate compounds were docked within the active site of the modeled 

protein. The number of grid points in the x-, y - and z-axes was 54, 58 and 56 in 

this case, but all other steps were as described for BChE modelling.

3 .7 .2 . M olecular dynam ics studies

The highest scoring docking pose for the binding of isosorbide di-(4-chlorobenzoate) 

(1) to BChE was used as the starting point for the molecular dynamics simulation, 

which was run using Gromacs 3 .3 .2  running on a single processor in Fedora Core 

6 Linux.

The ligand topology file was prepared using the Dundee PRODRG s e r v e r . D u r i n g  

preparation, chirality was preserved but no energy minimization was carried out. 

PM3 charges were applied to the various atoms of the ligand, calculated using the 

MOPAC interface to MOE.

The protein itself was prepared for the dynamics run using pdb2gmx. The Gromos 

96 (4 3 a l)  force field was used.®^ I t  was enclosed in an octahedral-shaped box of 

SPC w ater molecules with an edge approxim ately 1.0 nm from the molecule in all 

dimensions. One chlorine ion was added to neutralize the excess positive charge on 

the protein. In total, the simulation system was comprised of 5495 solute atoms 

and 19650 solvent molecules. Periodic boundary conditions were used for the 

simulation.

The system was energy minimized initially using 1000 steps of steepest descent 

m inimization. The w ater and drug were 'soaked' into the protein using a 30ps run in
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which the atom positions of the protein were restrained. Finally, the whole system 

was subjected to a 1 ns molecular dynamics simulation.

For all of the above steps, the NPT ensemble was used. Particle-Mesh Ewald 

summation with a 1.4A cut-off was used to treat long-range electrostatics. A 

grid-based method was used for neighbor searching and the neighbor list was 

updated every 5 steps. The Linear Constraint algorithm (LINCS) was used to 

constrain bond lengths between heavy atoms and hydrogens. The simulation was 

performed using a 2 fs time step. Solute and solvent were separately coupled to 

300K reservoirs with coupling times of 0.1 ps. The system pressure was restrained 

to 1 atmosphere with a coupling time of 0.5 ps. Coordinates were saved every 0.5 

ps.

Simulation trajectories were analysed using the in-built tools of Gromacs as well as 

with the VMD program.®^

3.7.3. Enzymatic assays

All assays described within this chapter were carried out using the basic methods of 

Ellman et al,®'' modified for use with 96-well plates. In all cases, the BChE used was 

human BChE, obtained as a lyophilized powder from Sigma-Aldrich Ireland and 

weighed out for use in advance of each test. AChE was of Type V-S from 

Electrophorus electricus (electric eel), purchased as a lyophilised powder. It  was 

solubilized in 0.02M phosphate buffer pH7.0, stabilised by addition of Im g/m l 

bovine serum albumin (BSA), and refrigerated until use. Acetylthiocholine iodide 

(ATCI), butyrylthiocholines iodide (BTCI) and 5,5'-Dithiobis-(2-nitrobenzoic acid) 

(DTNB) were also purchased from Sigma-Aldrich Ireland.

3 .7 .3 .1 . IC 5 0  determ inations

IC50 values, i.e., the concentration of inhibitor that causes 50%  inhibition of the 

enzyme at a given concentration, were found for di-ester binding to electric eel 

AChE. The enzyme was used at a final concentration of 0 .05U /m l, while DTNB and 

ATCI were used at final concentrations of 0.3 mM and 0.5 mM respectively. All 

solutions were prepared in phosphate buffer pH 8.0. The final assay volume in each 

well of the 96-well plate was 250 |jL.

The enzyme was incubated for 30 minutes at 37°C in the presence of various 

concentrations of inhibitor, typically in the range 100 pM to 10 |jM. Acetonitrile was 

used to aid in the dissolution of drugs, but its concentration in final solution was 

never more than 2% , a concentration that was shown to have no effect on the final 

results of the assay. After the 30 minutes incubation, the reaction was initiated by
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the addition of ATCI. Hydrolysis of substrate was monitored by examining the 

changes in absorbance in each well at 405 nm over the following 240 s. Negative 

controls were run alongside the test solutions to take account of non-enzymatic 

hydrolysis, while positive controls gauged the rate of the uninhibited reaction. At 

least 8  replicate wells were run for each concentration of inhibitor, while IC 50 values 

were determined as an average from at least 3 individual plates. The values 

themselves were obtained using GraphPad Prism 4.03. (GraphPad software)

3 .7 .3.2. Examining how di-esters inhibit AChE

Tests to determine the nature of the inhibition of AChE effected by the various di

esters were carried out as follows:

E. electricus AChE and 5,5'-Dithiobis-(2-nitrobenzoic acid), (DTNB) were incubated 

in phosphate buffer solution pH 8.0 at 37°C at final concentrations of 0.05U/m l and 

0.3mM respectively. Inhibitors were incubated in this enzymatic solution for 30 

minutes at concentrations between 100 nM and 100 pM, prior to addition of the 

substrate acetylthiocholine iodide (ATCI); concentrations of ATCI ranged between 

100 pM and 5 mM in the final solution. The absorbance of the resulting solutions 

was monitored at 405nm. In each resulting plot, data points were obtained on the 

basis of readings from at least four replicate wells.

Plots of s/v against s, v against v/s and 1/v against 1/s were examined to 

determine the types of inhibition observed, while plots 1 /v  against [ I ]  and s/v  

against [ I ]  were prepared to estimate values of Ki and KV {v = reaction rate, s 

=substrate concentration and [ I ]  = inhibitor concentration). Definitive values for K, 

and K'i, as reported herein, were calculated by plotting ATm/'/max and V'/max against 

[ I ] ,  where Km and Vmax were calculated by fitting data to the Michaelis-Menten 

equation using non-linear regression. In each case, a straight line was obtained, 

and the intercept on the [ I ]  axis gave -K, when K^/Vmax was plotted, and -AT', when 

l/'/max was plotted. All data manipulations and graphing calculations were carried 

out using GraphPad Prism version 4.03.

3 .7 .3 .3 . Dual substrate binding to BChE

Isosorbide di-salicylate (6) was a good substrate for BChE, but was tested in this 

section as an inhibitor of BTCI hydrolysis. Similar methods were used as already 

described for AChE. The enzyme (0.25U /m l) was incubated for 5 minutes at 37°C 

with DTNB (0.3 mIM) and with concentrations of the isosorbide compound in the 

range 100 nM too 100 pM. The reaction was initiated by the addition of various
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concentrations of BTCI in the range 100 |jM to 5 mM. The hydrolysis of BTCI was 

monitored by examining the changes in absorbance in each well at 405  nm as 

before. At least 4 replicate wells were analysed for each combination of BTCI and 

isosorbide di-salicylate (6) concentrations. Graphs were constructed using 

GraphPad Prism as before.
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Chapter 4

Interaction of Isosorbide-based Carbamates with 

Cholinesterase Enzymes

The discovery that BChE hydrolysed isosorbide di-esters selectively at the 2- 

position of the fused ring system prompted the preparation of a number of 

isosorbide 2-carbam ate compounds, in the hope that such ligands might similarly 

interact covalently with the catalytic machinery of the enzyme but in this case act 

as enzyme inhibitors. I t  transpired that such compounds, some of which are 

enum erated in Appendix 1, were indeed potent and selective inhibitors of BChE. 

Tests were designed to deconvolute the carbamylation process and characterise 

llgand-receptor interactions for isosorbide-based carbamates. These tests and their 

findings are described and discussed in this chapter.

In order to allow full characterisation of ligand binding, the initial studies described 

confirmed covalent interactions between ligands and substrate. This permitted the 

preparation of appropriate schemes to describe the interactions as being composed 

of multiple successive steps, and kinetic and structural studies were designed to 

characterise each of these steps. The results explained how the carbam ate ligands 

of interest interacted with BChE, but many findings could be applied to the study of 

carbam ate interactions with esterases in general.

The structure-activity relationships for cholinesterase inhibition by isosorbide-based 

carbam ates are described first, as an understanding of these is a pre-requisite for 

exploring ligand-receptor interactions further and explaining both general binding of 

isosorbide ligands and differential binding of ligands of variable potencies.
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4.1. Structure-activity relationships for isosorbide 2- 
carbamate compounds

Appendix 1 lists the isosorbide 2-carbam ate compounds relevant to this study, 

along with their IC 50 values for BChE and AChE. Some of the inhibitors are more 

potent than all BChE inhibitors described previously, while some are also highly 

selective for BChE. The SAR can be summarised as follows.

Figure 4.1. The general structure of the 0-linked isosorbide-based carbamates, 

showing the 2 - and 5- positions of the isosorbide ring.

Firstly, at least in term s of BChE inhibition, the most potent inhibitors are 2-benzyl 

carbamates compounds (e.g . 7, 9 ). 2-Alkyl carbam ates (e.g 11, 16) are also 

potent, but 2-phenyl carbamates (e.g . 15) tend to be weak BChE inhibitors; in 

some instances, 2-phenyl carbam ate compounds are AChE-selective. The most 

potent AChE inhibitor prepared thus far is isosorbide 2-(3,4-dichlorophenyl 

carbam ate) 5-benzoate (15), with an IC 50 of 9 .89  pM in electric eel enzyme.^

At the 5- position, the presence of an ester group generally increases potency (7, 

11). While 5-ester compounds, and specifically 5-benzoate and 5-salicylate 

compounds, appear most potent, 5-n itrate  derivatives (17, 25) are still more 

potent than the parent 5-OH compounds (18). There appears to be reasonable 

scope for increasing the size of side chains at this position -  the bi-phenyl (12), 

naphthoyl (19) and coumarin (20) esters are reasonably potent inhibitors, although 

the 5-heptoxy benzoate compound (21) is a relatively poor inhibitor.

H

OR'
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The isosorbide block itself is also important. Isomannide and isoidide are identical 

to isosorbide except for their stereochemistry. (Figure 4.2) Derivatives based on 

such templates lack any appreciable activity. (2 3 )

Figure 4.2. The general structures o f the isomannide (le ft) and isoidide (right)

compounds tha t were tested.

Armed with the knowledge of what inhibitors best inhibit the cholinesterases, it is 

now sensible to proceed with a more thorough analysis of how they effect this 

inhibition. As carbamate compounds, do they interact covalently with the enzyme, 

or are they reversible inhibitors similar to those described in Chapter 3 of this thesis? 

Kinetic analyses were used to study the interactions between carbamate ligand and 

substrate further, and are described in the following section.

H H
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4.2. How do these compounds inhibit BChE?

An understanding of how the ligands inhibit BChE is required pro forma to prepare 

kinetic schemes describing their interactions and to use structural models to explain 

binding. The suggestion is that as carbamates, the study compounds inhibit the 

esterase enzymes by interacting covalently with the catalytic triad, forming stable 

carbamyl enzymes that break down slowly -  thus rendering the enzym e inactive for 

long periods of tim e, as described in the Chapter 1. Initial studies were focussed on 

proving such interactions as the mode of inhibition.

Radio-labelling techniques and crystallographic studies can be used to definitively 

prove that inhibition of an enzym e by carbam ate compounds arises as a result of 

active site directed, pseudo substrate binding. However, such investigations are 

time-consuming and very difficult. Instead, relatively simple kinetic experiments 

can give reasonably assurance that an inhibitor is acting in a pseudo-substrate 

manner. These tests were formally described by Abeles and Maycock.^ The criteria 

that they laid down were as follows:

• Loss of enzym e activity in the presence of inhibitor must be a tim e- 

dependent and first-order process

• The rate of inactivation should be proportional to the inhibitor concentration 

at low concentrations but independent of it at high concentrations

• Enzyme activity should be substantially irreversible over reasonable periods 

of tim e

• The rate of inactivation at a given inhibitor concentration should diminish as 

substrate concentrations increase

The interactions of BChE and the isosorbide-based carbam ates were examined 

with regard to each of these requirements in turn. In all experim ents, the 

inhibitors, dissolved in the minimum amount of acetonitrile, were added to 

human BChE and the retardation of substrate hydrolysis at various tim e points 

subsequent to inhibitor addition monitored using a colourimetric assay. All 

assays were carried out in phosphate buffer pH 8 .0  at 37°C . Assays were run in 

96-w ell plates, as described more fully in the methodology section at the end of 

this chapter, in order to speed up the data acquisition process.

169



Chapter 4: Interaction of Isosorbide-based Carbamates with Choiinesterase

Enzymes

With regard to the first criterion, BChE inhibition was clearly time-dependent in 

the presence of our carbamate compounds, and the data for inhibition over time 

could be fit to a first-order decay curve. The inhibition of BChE over time by 

various concentrations of isosorbide 2-butyl carbamate 5-benzoate (16), fit to 

firs t order decay curves, is shown in Figure 4.3.
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Figure 4.3. The time-dependent inhibition o f BChE a t d ifferent concentrations o f 

compound 16. (yeliow=62.5 nM; red= 125 nM; blue = 250 nM; purple = 500 nM; 

black = 1 pM). The data are f it  to firs t order decay curves.

Time dependence provides good, but not definitive evidence that covalent 

modification has taken place. Demonstration that the loss of enzyme activity at 

constant inhibitor concentration is first order provides evidence that inhibition 

occurs before the compound is released from the enzyme, a fundamental aspect of 

pseudo-substrate inhibition. This distinguished the inactivation process from cases 

in which the enzyme converts a substrate to a reactive species which is released 

and then later reacts with the enzyme from solution.

I t  is clear from Figure 4.4 below that the second requirement of Abeles and 

Maycock was also satisfied when describing inhibition of BChE by the isosorbide 2- 

carbamate compounds -  the rate of inactivation, as represented by the first-order 

decay constant kots, was proportional to the concentration of inhibitor at lower 

inhib itor concentrations but independent of it at higher concentrations. Saturation 

kinetics is a necessary consequence of the involvement of the enzyme's active site 

in the inactivation process.
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Figure 4.4. A plot o f kobs against concentration for the inhibition o f BChE by 

isosorbide 2-butyl carbamate 5-benzoate (16).

In order to further confirm that inactivation takes place at the active site, inhibitors 

were screened to confirm that the rate of inhibition in their presence decreased with 

increasing concentrations of substrate. I t  was found that if the substrate 

concentration was increased from 100 pM to 500 pM and the substrate was added 

to the human BChE enzyme in the 96-well plate at the same tim e as the inhibitors 

(with all solutions pre-heated to 37°C), the rate of inhibition by compound 9 

decreased substantially. Once again, the data obtained conformed to the 

requirements. In a similar vein, the inactivation of enzyme by the inhibitor should 

be retarded by the presence of an active site-directed reversible inhibitor of the 

enzyme. Edrophonium is such an agent,'’ and it was shown that when it was added 

to BChE prior to the carbamate compound (to a final concentration of 5 mM), its 

presence in the reaction solution did indeed slow the rate of inhibition of BChE by 

isosorbide-based carbamates. The associated data for the inhibition of BChE by 

isosorbide 2-benzyl carbamate 5-benzoate (9) is shown in Figure 4.5.
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Figure 4.5 The inhibition o f BChE by compound 9 in the absence o f (black line) and 

presence o f (blue line) the active-site directed, reversible inhibitor edrophonium. 

Edrophonium was added to a final concentration o f 5 mM, and the carbamate a t a

final concentration o f 50 nM.

Lastly, it was im portan t to show th a t the enzyme was inactivated fo r long periods of 

tim e -  carbam ates in teracting w ith  an enzyme in a covalent m anner typ ica lly  

render it inactive fo r several hours. When the inhibited complex produced by 

incubation o f BChE w ith isosorbide 2-butylcarbam ate  5-m onon itra te  (1 7 ) was 

subjected to prolonged dialysis, it was seen tha t recovery of enzyme activ ity  was 

slow even a fte r 30 hours, and there was still substantial inh ib ition o f the enzyme 

compared to  a control sample. (Figure 4 .6 )

100-1

2hr 9hr 24hr 30hr
Time (hr)

Figure 4.6. Recovery o f BChE activity during dialysis at 37°C after incubation of 

enzyme with isosorbide-2-butyl carbamate 5-mononitrate (17).
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These findings were good assurance that the inhibitors described in this chapter are 

pseudo-substrate inhibitors of BChE, inhibiting the enzymes by forming covalent 

adducts with the catalytic machinery of the enzym e that break down slowly. In  

other words, the scheme below (Scheme 4 .1 ) could be applied to inhibition of BChE 

by isosorbide-based carbamates with reasonable confidence. Subsequent studies 

were designed with these findings in mind.

E +
''s  «5

El --------------E\* + P, ------- E + P.
I<-1

Scheme 4.1. The typical scheme for the inhibition of esterase enzymes by 

carbamate compounds, first introduced in Chapter 1, is depicted here, and was now 

applied to the inhibition of BChE by isosorbide 2-carbamates.

In Chapter 3, it was noted that isosorbide di-esters interacted with BChE and AChE 

differently, despite the fact that the enzymes are homologous. Having established a 

general mode of inhibition for BChE, it was decided to elucidate the mode of 

inhibition of AChE.
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4.3. Can the same scheme be applied to AChE inhibition?

The data contained within Appendix 1 indicates that several of the study 

compounds are reasonably good inhibitors of AChE, with isosorbide 2 -(3 ,4 -  

dichlorophenylcarbam ate) 5-benzoate (15) being the most potent in the series. The 

fact that the di-esters were not hydrolysed by AChE suggested that covalent 

interactions need not take place. The mode of interaction was examined by 

studying the tim e-course of inhibition of AChE by compound 15. (Figure 4 .7 )
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Figure 4.7. Inhibition o f electric eel AChE by various concentrations of isosorbide 2- 

(3,4-dichlorophenyl carbamate) 5-benzoate (15 ) over time, (ye llow -10  fjM; red = 

25  ijM; blue -  50 jjM ; purple = 100 pM; black = 250 pM)

At low micromolar concentrations, the extent of inhibition over tim e is reasonably 

constant, with small fluctuations up and down being accounted for mainly by 

experim ental error. At 2 5 0 |jM, there is some suggestion of tim e dependence, but 

none of the data fits a first-order decay curve well - r̂  values for goodness of fit to 

the first-order decay curve are below 0.5  for all datasets. I t  was clear from the data 

shown in figure 4 .7 , and from data associated with inhibition of AChE by other 

isosorbide-based carbam ates, that inhibition was rapid and remained at a relatively 

constant level, within experim ental error, over tim e. It  seems that the isosorbide- 

based carbam ates are reversible inhibitors of AChE, with the extent of covalent 

interaction with the catalytic machinery m inimal, and only evident at higher 

concentrations. Based on the previous results with di-esters, the implication is that 

these compounds cannot bind very well at the base of the gorge, and their
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C h a p t e r  4:  In te r ac t io n  of I s o s o r b i d e - b a s e d  C a r b a m a t e s  wi th C h o l in e s te r a s e

E n zy m e s

inhibit ion a r i s e s  primari ly o u t  of t h e i r  o b s t ru c t io n  of t h e  ac t i v e  s i te  r a t h e r  t h a n  

t h r o u g h  co v a le n t  modifica tion of t h a t  si te.

I t  is c l ea r  t h e r e f o r e  t h a t  i sosorbide  2 - c a r b a m a t e s  a r e  p s e u d o - s u b s t r a t e  inhibi tors  of 

BChE b u t  no t  AChE; t h e y  can  a lso be  called suic ide  inhibi tors  of BChE, a s  the i r  

in t erac t ion  with t h e  e n z y m e  re su l t s  in t h e i r  de s t ru c t i o n .  T h e r e  is little r e a s o n  to 

ex t en s iv e ly  e x a m i n e  in ter act io ns  wi th AChE f u r th e r  -  t h e y  a r e  s imply  rever s ib le  

inhibi tors of AChE s imi lar  to  w h a t  h a s  b e e n  d e sc r ib ed  in C h a p t e r  2. S tu d i e s  w e re  

u n d e r t a k e n  to  e x a m i n e  binding of s u ch  c o m p o u n d s  to  BChE, a n d  t h e s e  a r e  

d e s c r ib ed  in th is  c h a p te r .  T he  goal  w a s  to  d e c o n v o lu t e  t h e  IC5 0  v a l u e s  for BChE 

inhibit ion r e p o r t ed  previously   ̂ an d  n o ted  in A ppe ndix  1, an d  to d e t e r m i n e  t h e  

bas i s  of  po tency ,  w h e t h e r  it be  d u e  to  inhibitor  b inding or  c a r b a m y l a t i o n  ef ficiency
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4.4. Characterising tlie  covalent interactions between

isosorbide 2-carbamates and BChE using kinetic studies

Whereas inhibition of AChE appeared to be a simple reversible process, and could 

be characterised using the methods described in the third chapter, inhibition of 

BChE was a multi-step process as depicted in Scheme 4.1 . The various stages of 

interaction between enzyme and inhibitor are described by several kinetic constants, 

and the elucidation of these is a much more involved process than anything 

described previously. However, these constants describe each step of the process in 

fine detail, and knowledge of such kinetic values should lead to a much deeper 

understanding of the inhibition process and the basis of the potent inhibition of 

BChE that is a hallmark of many of our isosorbide carbamate compounds. 

Calculation of such constants was therefore a valuable exercise, and the means by 

which this was done is now described.

At first, it is important to summarise the physical meanings of each constant 

enumerated in Scheme 4 .1 , rather than merely noting their mathematical 

relationships. Studies on the inhibition of choiinesterase by covalent inhibitors such 

as organophosphates or carbamates in the 1950s first led to the identification of a 

reversible enzyme-inhibitor complex, represented by El in Scheme 4.1.® The 

constant Kc '\s the dissociation constant for this species, and can be represented as 

the ratio of the reverse and forward rate constants for reversible binding, ie. Kc = 

k2/k i .  The reversibly bound inhibitor can react covalently with the catalytic serine of 

the cholinesterases to form the inhibitory adduct - either a carbamayl enzyme or a 

phosphonyl enzyme depending on the reacting species -  and the constant for this 

stage of the reaction is /cj. The parameters Kc and /c^are related to overall inhibitory 

potency by the expression k, = ks/Kc where k, may conveniently be described as a 

'bimolecular rate constant' since it is a combination of an equilibrium and a rate 

parameter. It  doesn't however, have the same meaning as the dissociation constant 

for competitive binding, k, which has been described previously and been used to 

characterise the associations of reversible inhibitors with cholinesterases. Over long 

periods of time, the enzyme -  inhibitor adduct breaks down (at least if we ignore 

the possibility of an ageing reaction for organophosphate inhibitors, introduced in 

chapter 1) to release free enzyme. The reaction is a simple first order reaction and 

can be represented by the first order rate constant ks.
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Calculation of all such constants required careful analyse of substrate hydrolysis in 

the presence of various concentrations of substrate and inhibitor over tim e, and the  

application of various equations to describe such interactions. I t  is im portant to 

understand how such equations are derived, as only then can one fully understand 

what constants are being calculated, w hether any assumptions are made in their 

calculation, and w hether any specific experim ental conditions are required if the 

constants that are calculated are going to be accurate. The derivation of an 

equation to calculate both Kc and ks -  both constants associated with the 

carbamylation phase of the reaction -  is now described.

4 .4 .1 . Deriving equations to calculate K c  and k s

The evaluation of kinetic constants to describe the interactions of various 

carbam ate and organophosphate inhibitors with different esterase enzym es has 

been described on several occasions. A brief derivation of the equations used to 

calculate the various kinetic constants, first derived by Hart and O 'Brien,“  and 

updated by Hosie et al to make use of more modern techniques,^ is therefore given. 

In experim ental studies examining the inhibition of substrate hydrolysis by covalent 

inhibitors -  in this particular case, carbam ate inhibitors, the following system may 

be described

EP + XECX

E + CX + S

ES E + products

Scheme 4 .2 . The kinetic system for an assay where substrate (S ) hydrolysis by an 

enzym e, E, is inhibited by a carbam ate compound, CX.

Experimental conditions are chosen so that concentrations of inhibitor and 

substrate are much greater than that of enzym e active sites; thus, both the 

enzym e-substrate and enzym e-inhibitor reactions are pseudo first order, and the 

rate of reaction along either pathway in scheme 4 .2  is proportional to the 

concentration of nonirreversibly inhibited enzym e. The rate of generation of the
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chromophore is therefore directly related to the rate of carbamylation of the 

enzyme.

O'Brien showed that in the case of the reaction between carbamates and 

cholinesterases, the only event reflected in the zero-time velocity of substrate 

hydrolysis is the formation of the reversible enzyme-inhibitor complex. Therefore, 

the initial rate may be expressed using the typical equation for mixed inhibitors, 

given earlier as equation 3.23 and modified here to use the appropriate constants 

described in Scheme 4.1:

V S
---------------  (Equation 4.1)

/ ^ r i  + ( [C X ] / / ^ J ]  + S

where Vq is the zero-time velocity at a given concentration of inhibitor, ATj is the 

dissociation constant of the ES complex, and Vmax is the maximum velocity for the 

enzyme-substrate reaction in the absence of any inhibitor. Using the Michaelis 

constant. Km as the nearest approximation of Ks allows the determination of Kc. 

Since V^ax -  v [ l  + (/<'m/S)] , we may write:

K^+S
V /^ J 1 + ([C X  ] / /< : ,) ]+ 5

which may be rearranged to give:

(Equation 4.2)

 K„[ CX]   (Equation 4.3)
( A : „ + S ) ( v / V o - 1 )

In order to take account of ks, the carbamylation rate constant, the treatm ent must 

be extended. Main showed that under conditions where the reaction between 

enzyme and inhibitor is first order, the ratio [ECX]/[Et] is constant, where [Et] is the 

concentration of free enzyme. Hence, the reversible step in scheme 4.2  

approximates an equilibrium at any instant and we can say that:

k, [E, ] [CX]^k^^[ECX]  (Equation 4 .4)

We must account for the effect of substrate in the system, however. Since
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[ E , ] - - [ E \ - [ E C } - [ E C X ] - { E S ]  (Equation 4.5)

we get:

( [ £ ] o - [ £ C ] - [ £ 5 ] ) [ C X ]
[ E C X \ -   ---------------------------- (Equation 4.6)

K + [ C X ]

which if we let [CX ]/(K c+[C X ]) = (3, can be simplified to:

[ECX] = p { [ E \ - [ E C ^ - [ E S ] )  (Equation 4.7)

In scheme 4.2, the rate of irreversible inhibition at any time, t, is given by

d[EC] l  d t - k^[ ECX]  (Equation 4.8)

Combining equations 4.7 and 4.8, we get

d [ EC] l d t  = k ^ p { [ E \ - [ E C ] - [ E S ] )  (Equation 4.9)

In a similar manner, the reaction between enzyme and substrate may be 

rationalised using the following equation

[£5] = « r ( [ £ ] o - [ £ C ] - [£ C X ] )  (Equation 4.10)

where a  = S /( /C n + S ) .  Alternating substitution of equations 4.10 and 4.7 into 

equation 4.9 followed by rearrangement gives

d [ EC] l d t  = k ^ P i [ E \ - [ E C ] ) { \ - a  + a /3 - a - l3  + a"P^...) (Equation 4.11)

with either [ECX] or [ES] appearing only in the nth term. This is a power series

which simplifies to

d[EC^I dt = k J { [ E \ - [ E C ] W - c c )  I (X-a/3)] (Equation 4.12)
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which upon in tegration  betw een  th e  lim its t i  and t2 and [ E ] o - [ E C i ]  and [ E ] q- [ E C 2 ]  

gives

\ n { [ E \ - { E C \ \ ) l { [ E \ - [ E C 2 \ ) ^ k ^ p [ { \ - a ) l { \ - a / 3 ) ] M  (Equation 4 .1 3 )

M om en tarily , w e re tu rn  to equation  4 .5 ,  and since [Et] is proportional to the  

velocity  o f the  reaction a t any  tim e  during the firs t o rd er phase, w e can w rite

V2 ~ { E \ - { E C i ] - [ E C X i \ - [ES2\
(Equation 4 .1 4 )

M eanw hile  equations 4 .7  and 4 .1 0  m ay be rearranged to give

[ECX]-¥ /3[ES}^ / 3{ [E \ - [EC] )  (Equation 4 .1 5 )

and

[ECX] + { \ / a ) [ E S ] ^ [ E \ - [ E C ]  (Equation 4 .1 6 )

Subtracting  equation 4 .1 6  from  4 .1 5  and rearrang ing , we obtain

[ES] = [ ( / 3 - l ) / { / 3 - [ l / a ] m E ] o - [ E C ]  (Equation 4 .1 7 )

Substitu ting  equation  4 .1 7  into equation  4 .1 6  and rearrang ing  gives

[ECX] = { \ - [ { / 5 - \ ) l { a / 5 - \ ) ] ) { [ E \ - [ E C ] )  (Equation 4 .1 8 )

Equations 4 .1 7  and 4 .1 8  m ay now be substitu ted  into equation  4 .1 4  to produce

v J v ^ ^ { { E \ - [ E C \ \ ) l { [ E \ - [ E C i \ )  (Equation 4 .1 9 )

Subsituting equation  4 .1 9  into equation  4 .1 3  and designating In (V 1/V 2 ) as A In v 

gives
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A In V =  k^p[{\ -  ar) /  (1 -  Ar (Equation 4.20)

Finally, replacing p, we ge t

Ar 1 , 1
A l n v  [ C X ] ( l - a )

(Equation 4.21)

which expressed  in t e rm s  of ks gives

Alnv
Af

- +  1 (Equation 4.22)

Equation 4 .22  has  been used in a num ber  of pa pers  a s  a method  of calculating Kc 

and ks. Plots of In ( reaction rate)  aga ins t  t ime a re  typically linear and  can be used 

to derive the  cons tan t s  of interest,  a s  carried out  by Rampa e t  al and  Kitz and 

Wilson.^'* However , the  widespread  availability of non-linear  regressions techn iques 

has  allowed the  fitting of data  to non-linear equat ions;  by avoiding the  use of linear 

t ransformations  th a t  distort  experimental  error , one should obtain more  accura te  

results.  The activity of chol ines terase  enzym es  in the p resence  of covalent  

inhibitors typically declines  in a first order  m anner ,  as  a l ready noted in this sect ion.  

Thus, a first orde r  decay  cons tan t ,  kobs can be calculated directly by fitting the  data  

to a first order  decay  curve using non-linear regression.  Since the  first o rder  decay 

curve is given by:

R = + R (Equation 4 .23)

where  R, Rq and R ^a re  the  ra t es  a t  t ime point t, t ime 0 and t ime infinity 

respectively,  it is c lear  tha t

Kbs =
Alnv

At
(Equation 4.24)

Inser ting equat ion  4 .24  into equat ion  4.22,  e laborat ing the  cons ta n t  a  and 

rearranging,  we obtain
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k . = ---------------------   (Equation 4.25)
K ( \  + S I K J  + [CX]

This final equation 4.25 was used in the present work to calculate the values for the 

kinetic constants associated with the carbamylation phase of the reaction. It  is 

noticeable that this equation similar in form to the Michaelis-Menten equation, and 

thus non-linear regression fitting of data to this equation should result in a 

rectangular hyperbolic plot. However, the constants ks and Kc are not identical in 

meaning to the Vmax and K^. In equation 4.6, Kc is introduced simply as a 

dissociation constant for the reversible part of the equation, and is defined as k. 

i /k+i.  I t  is therefore not the same as the constant Km which for substrate hydrolysis 

is not strictly a dissociation constant but rather gives an indication of the affinity of 

the enzyme for the ligand; it is given by Km = (k.i+k+ 2 )/k+i  and therefore includes 

contributions from the irreversible stage of substrate hydrolysis. The constant ks 

meanwhile is a straightforward rate constant describing turnover from reversible 

complex to the carbamyl-enzyme adduct or, in another way, the rate of 

disappearance of the El complex. In terms of the actual methodologies for the 

assay, it is important to ensure that molar concentrations of inhibitor and substrate 

are much higher than the enzyme concentration -  only then will the reaction be 

first order with respect to both ligands, and the assumptions made throughout the 

derivation be valid.

Having derived the equation, one could design an assay in which the required data 

is calculated and the kinetic constants that are desirable can be calculated by fitting 

this data to equation 4.25 using non-linear regression techniques. Because the 

carbamylation phase of the reaction is considerably more rapid than the 

decarbamylation phase {k3 >>ks),  the successive phases can be characterised 

s e p a r a t e l y . I n  order to determine constants for the carbamylation phase, the 

rate of inactivation of BChE in the presence of various concentrations of inhibitor 

was monitored for up to one hour, as described in the methodology section later, in 

order to calculate values for /Cods at each concentration. An example of such a plot 

was shown in Figure 4.3 . The values for kobs that were thus obtained were plotted 

against inhibitor concentration and fit to equation 4.25, producing a plot similar to 

that shown in Figure 4.8 below in every case. Values for Kc and ks were found for a 

number of inhibitors of interest.
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Figure 4.8. In  order to obtain values for Kc and ks, kobs values obtained from first- 

order decay curves were plotted against inhibitor concentration and the data fit to 

equation 4 .2 5  using non-linear regression, producing rectangular hyperbolic plots 

such as this. This particular p lo t was constructed using the data for human BChE 

inhibition by isosorbide 2 -e th y l carbam ate 5-salicylate (1 1 ).

4.4.2. Values of kinetic constants for carbamylation of BChE by 

isosorbide 2-carbamates

The values of Kc and ks calculated are shown in Table 4 .1  below, along with the 

calculated values of k, = kj/Kc which gives a good value for the overall rate of 

carbamylation. Data was also obtained for the prototypical carbam ate inhibitors 

physostigmine (eserine) and rivastigmine. Values for the inhibition of BChE by 

rivastigmine had previously been reported,^® and the results were similar, 

confirming the accuracy of our analyses. The binding of physostigmine to BChE had 

apparently not been examined in this m anner previously.
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Compound Afc(nM) ks (min'^) ki =  ka/Kc

Physostigmine (Figure 1.12) 408.7 ± 86.81 2.76 ± 0.17 6.8

Rivastigmine (Figure 1.12) 15240 ± 1252 2.621 ± 0.05 0.2

Isosorbide 2-benzyl 

carbamate 5-bi-phenyl ester 

(12)

404.7 ± 97.5 0.623 ± 0.051 1.5

Isosorbide 2-benzyl 

carbamate (18)

18780 ± 11560 0.144 ± 0.038 0.008

Isosorbide 2-benzyl 

carbamate 5-mononitrate 

(10)

770.6 ± 178.9 0.5878 ± 0.05 0.8

Isosorbide 2-butyl 

carbamate 5-benzoate (16)

2576 ± 404 2.621 ± 0.16 1.0

Isosorbide 2-ethyl 

carbamate 5-salicylate (11)

75.23 ± 13.4 1.839 ± 0.073 24.4

Isosorbide 2-benzyl 

carbamate 5-nicotinate (22)

1904 ± 200.6 2.693 ± 0.156 1.4

Isosorbide 2-N-phenyl 

carbamate 5-benzoate (24)

35980 ± 27140 1.042 ± 0.53 0.02

Isosorbide 2-benzyl 

carbamate 5-(l-naphthoyl 

ester) (19)

1044 ±817.2 0.2387 ± 0.1255 0.2

Isosorbide 2-benzyl 

carbamate 5-toluate (14)

247.7 ± 59.6 1.844 ± 0.1 7.4

Isosorbide 2-methyl 

carbamate 5-benzoate (13)

12370 ± 5530 1.256 ± 0.174 0.1

Isosorbide 2-benzyl 

carbamate 5-benzoate (9)

904.4 ± 465.8 3.009 ± 0.4523 3.3

Isosorbide 2-benzyl 

carbamate 5-salicylate (7)

19.75 ± 8.15 3.527 ± 0.2705 178.6

Table 4.1. Values of Kc and ks ±  standard errors, calculated for various carbamate 

inhibitors o f BChE. Values were obtained by fitting the data for the inhibition of 

human BChE to equation 4.25 using non-linear regression.

184



Chapter 4; Interaction of Isosorbide-based Carbam ates with Cholinesterase

Enzymes

The variation in the values of constants throughout the series is pronounced. For 

exam ple, the bi-phenyl ester compound (12), a reasonably potent inhibitor of BChE, 

binds the enzyme well -  as indicated by the low value of Kc -  but turns over to the 

carbam yl-enzym e adduct relatively slowly (i.e . ks is low). Conversely, the 5- 

nicotinate compound (2 2 ) -  which in normal kinetic tests measuring IC 50  values is 

shown to be an inhibitor of almost identical potency to the bi-phenyl ester 

derivative -  demonstrates substantially less avid binding, but turns over to the 

covalent adduct much more rapidly -  the result is that both have almost identical /c, 

values, indicating that the rates of carbamylation for both compounds are similar. 

The most potent compound in the series is isosorbide 2-benzyl carbam ate 5- 

salicylate (7). I t  has the lowest Kc and the highest ks values measured; clearly, it is 

optimal in the series both for binding and subsequent processing by the enzyme's 

catalytic machinery.

The standard errors associated with each result are also indicated in Table 4 .1 . In  

some instances, the errors are quite large, particularly for poor inhibitors. The 

constant /cj obtained from hyperbolic plots, an exam ple of which is shown in Figure 

4 .8 , is the maximal rate of carbam ylation, occurring when the active site is 

saturated with reversibly-bound inhibitor. The value of Kc m eanwhile, as for Km in 

the Michaelis-Menten equation, is the concentration at which kobs 's half of k j. In  

order to obtain accurate values for both, it is im portant that the plateau in the 

hyperbolic plot is well characterised, and this requires testing at high inhibitor 

concentrations. This was particularly difficult for poor inhibitors where the plateau 

occurred at concentrations close to, or in some instances, exceeding the lim it of 

drug solubility. In these cases, it was very difficult to obtain accurate values for 

kinetic constants, and the results given in Table 4.1 were as accurate as was 

possible using the methods described.

The values of kinetic constants describing the carbamylation of different enzymes 

by various carbam ate compounds have been reported in the literature, and

it is a worthwhile exercise to briefly compare their results with those obtained with 

the isosorbide-based carbam ates. In  all papers, the dissociation constants for the 

reversible complexes are in the micromolar range -  including the data for BChE 

inhibition. A typical example is the data reported by Groner et al for the inhibition 

of BChE by various aminoindan and phenylethylamine compounds, with values of /Q 

varying from 1 pM to 120 pM in the s e r ie s .C le a r ly  the isosorbide inhibitors bind 

more avidly than inhibitors previously analysed in this m anner. Values of ks are of a
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similar order to those reported for inhibition of cholinesterases -  for example, 

Rampa et a! characterised a number of alkyl carbamate derivatives of 

xanthostigmine as AChE inhibitors, with k j for the most potent of these being 

calculated as 2.3 min'^;^° amongst the aminoindans, the highest reported value in 

BChE was 2.6 m in '\ Throughout the literature, values of/c^are normally less than 3 

min'S though much higher values have been reported for carbamate inhibition of 

cholesterol e s t e r a s e . I t  would be interesting to probe the basis of these higher 

values in order to examine whether more rapid inhibition of BChE could be obtained.

Examination of the data reported in Table 4.1 reveals that in many instances, the 

value of ks is high while that same inhibitor might bind relatively poorly to the 

enzyme. Scheme 4.1 described the carbamylation of enzymes to arise from two 

sequential steps, with reversible binding being followed by a slower covalent step. 

However, for some of our inhibitors, it is clear that the formation of El is kinetically 

insignificant compared to the rate of inactivation. Kitz and Wilson reported that in 

a plot of 1/kobs against 1 /[ I ] ,  the line will intersect the y-axis at the origin if the 

reversible complex formation, represented by Kc, is the rate-determining step of the 

overall carbamylation reaction. This is the case for several of our inhibitors, 

particularly those with higher ks values. An example of such a plot is shown in 

Figure 4 .9  for isosorbide 2-benzyl carbamate 5-benzoate.

I7.5n
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0 0.009

1/[l] (nWI' )̂

Figure 4.9. A plot o f 1/kobs against 1 /[ I ]  for the carbamyiation of BChE by isosorbide

2-benzyi carbamate 5-benzoate (9).
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In these cases, carbamylation is essentially a single-step process,with reversible 

binding, modelled by the constant Kc, being the rate-limiting and crucial step. 

(Scheme 4.3)

E + I —^ E I *

Scheme 4.3. When the rate o f inactivation is sufficiently high compared to that for 

reversible complex formation, the constant Kc becomes the rate-determining step 

for the reaction and the overall carbamylation process can be represented as a

single-step reaction.

Having fully characterised the carbamylation phase of the reaction, it made sense 

to proceed with the analysis of the decarbamylation phase, since the apparent 

inhibition observed for any given inhibitor depended not only on the association 

constants described but also the constant ks which describes dissociation of the 

ligand -  or more accurately the carbamyl leaving group that was covalently bound 

to the active site serine -  from the catalytic serine of the enzyme. Values of !<s 

could be calculated using various methods, which are described in the next section.

4 .4 .3 . Equations to  ca lculate  ks

The constant ks describes the rate of renewal of free enzyme subsequent to 

carbamylation and is an important determinant of overall inhibitory potency; ks 

values are typically small for carbamate compounds, hence their inhibitory action. 

I t  was therefore important to calculate such constants for our inhibitors and to 

incorporate the results into our overall understanding of how isosorbide-based 

carbamates inhibit BChE.

The overall process of decarbamylation is shown in Scheme 4 .4  below.
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ksE I ^ + H i O —^ E  + Pi

O Hi $438

■"325 ------^
0 “ — H N ^

O /  RHN
H

Glu
Ser

0 H - -  N ^ N H

RHN

198

G IU 3 2 5  f
b - — H N ^ N  +  RN(H)COOH

Scheme 4.4. The decarbamylation process in BChE.

Decarbamylation of the inhibited enzym e is usually term ed spontaneous 

reactivation, but the structure of the catalytic site and the residues within the site 

can play a role in the process. A w ater molecule is activated for nucleophilic attack  

at the carbonyl centre of the interm ediate by H is-438. The attacl< that ensues
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results in the re lease of the carboxylic acid leaving group P2 and the  regeneration  of 

free  enzym e.

D ecarbam ylation  can be characterised kinetically  using th e  residual velocities  

observed in carbam ylation  exp erim ents , as described by Feaster and Quinn. 

Residual velocity in tim e  courses fo r inhibition of BChE by carbam ates  is given by 

R ^  'm  equation 4 .2 3 . This residual velocity  consists of tw o  com ponents:

(1 )  th e  ra te  of n o n -en zym atic , buffer catalysed hydrolysis of the  

substrate, which can be m easured in b lank reactions th a t contain  

substrate  and inh ib itor but no enzym e; and

(2 )  th e  ra te  of s te ad y -s ta te  tu rn o ver o f the  c arb am ate , th a t is k3 .[E I]  =  

k s .[E I* ]  in Schem e 4 .1 .

Since the  rate  of non -en zym atic  hydrolysis of substrate  can be characterised using 

blank reactions, th e  level of substrate  hydrolysis th a t can be a ttrib u ted  to fresh ly- 

released BChE can be easily d eterm in ed  and used as a m eans of estim ating  ks. The  

M ichaelis-M enten equation indicates th a t the  s te ad y -s ta te  tu rn o ver rate  of an 

inhibition assay is re lated to the  concentration of free  enzym e th a t is continually  

replenished by decarbam ylation  according to equation 4 .2 6 .

The rate  v„ is the  m easured b lank-corrected  s te ad y -s ta te  ra te , and th e  least- 

squares ad justab le  param eters  v„, and respectively , the  rate

extrapo la ted  to zero inhib itor concentration , the asym pto tic  ra te  a t in fin ite  inhibitor 

concentration and the  Michaelis constant for BChE-catalysed hydrolysis o f the

carb am ate  com pound. The value of ^ 'm e a n w h ile  is given by

ss
(Equation 4 .2 6 )

(Equation 4 .2 7 )
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allowing us to calculate a value for ks using the values of Kc and ks that were 

determined as described in the preceding section.

The constant ks is a first order rate constant which describes the break down of a 

single species, E l* - although w ater is involved in the reaction, it is present in such 

amounts that there is no appreciable reduction in concentration and first-order 

kinetics are observed. I f  we saturate the enzyme with inhibitor, practically all of the 

enzym e active sites present exist at any one tim e in the E P  state. I f  excess 

inhibitor is then removed, and the regeneration of free enzym e subsequently 

monitored, one obtains data which can be fit to a typical first order association 

curve in order to calculate a ks value for that inhibitor directly.

Values for ks were calculated using both methods. Equation 4 .2 6  and 4 .27  were 

used to obtain ks values from the carbamylation data described earlier. For the 

second m ethod, sufficient inhibitor was added to completely inhibit at least 8 5%  of 

enzym e activity after 1 hour of incubation. Subsequent binding of the enzyme by 

excess inhibitor was prevented by a 1 in 1000 dilution with phosphate buffer pH 8.0  

and the recovery of enzyme activity monitored at various tim e points using a 

colourimetric assay. The data could be fit to a first order association curve in order 

to obtain ks for each inhibitor. An exam ple of such a curve is shown in Figure 4 .10 .
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Figure 4 .10 . First-order association curves for the recovery o f enzym e activity  

subsequent to carbamylation by isosorbide based-carbam ates; red = isosorbide 2 -  

benzyl carbam ate 5-b i-p fienyl ester (1 2 ), blue = isosorbide 2 -e th y l carbam ate 5- 

salicylate (1 1 ), black = isosorbide 2-benzyl carbam ate 5-salicylate (7 ).
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The results obtained both by both the residual velocity method and direct 

monitoring of the decarbamylation reaction are now compared.

4.4.4. Values of kinetic constants for decarbamylation of BChE after 

inhibition by isosorbide 2-carbamates

The constant ks was evaluated for a number of compounds of interest and the 

results are shown in Table 4 .2  below. The first results column provides values 

calculated using direct monitoring of the decarbamylation process and subsequent 

data fitting to a first order association curve, while the second column of results 

provides values of ks obtained using the residual velocity method described in the 

previous section.
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C om pound ks  (hr-^ ) A fs (h r-" )

Physostigmine (Figure 1.12) 13.26 ± 1.8 9.18

Rivastigmine (Figure 1.12) 2.76 ± 1.8 -

Isosorbide 2-benzyl carbamate 5- 0.30 ± 0.03 2.22

mononitrate (10)

Isosorbide 2-benzyl carbamate 5- 0.15 ± 0.03 2.52

nicotinate (22)

Isosorbide 2-benzyl carbamate (18) - 1.44

Isosorbide 2-N-phenyl carbamate 5- - 0.0096

benzoate (24)

Isosorbide 2-ethyl carbamate 5- 0.58 ± 0.08 4.14

salicylate (11)

Isosorbide 2-butyl carbamate 5- 0.15 ± 0.04 2.22

benzoate (16)

Isosorbide 2-benzyl carbamate 5- 0.09 ± 0.01 0.54

biphenyl ester (12)

Isosorbide 2-benzyl carbamate 5- 0.32 ± 0.04 2.88

salicylate (7)

Isosorbide 2-methyl carbamate 5- 0.772 ± 0.14 8.88

benzoate (13)

Table 4.2. The values of the decarbamylation constant, ks, for a number of 

isosorbide 2-carbamate compounds. The results in the first column were obtained 

using direct monitoring of enzyme decarbamylation, while those in the second were 

obtained using the residual velocity method, where residual enzyme velocities were 

obtained a t steady state in carbamylation assays.

Values of /cj obtained using the residual velocity method were consistently higher 

than those obtained using direct measurement. However, the same trend was 

observed for values calculated using both methods. Thus, it was clear that the 

adduct formed from isosorbide 2-benzyl carbamate 5-bi-phenyl ester (12) was 

most resistant to spontaneous regeneration. Similarly, isosorbide 2-methyl 

carbamate 5-benzoate (13) produced an adduct that was significantly less stable, 

and release of free enzyme was much more rapid in its case. The calculation of

192



Chapter 4: Interaction of Isosorbide-based Carbamates with Choiinesterase

Enzymes

constants  using the residual velocity method involved the use of several different 

constants  each of which has its own associated error. Results obtained using direct 

monitoring of the reaction are less prone to error.

The adducts formed by the isosorbide 2-carbamates were more stable than most  

adducts reported previously. The kinetic constants  obtained are much lower than 

those noted for BChE by Groner et al/® for example,  while amongst  the compounds 

examined in this thesis, ks values are much smaller for isosorbide ligands than the 

prototypical carbamate  inhibitors rivastigmine and physostigmine. Physostigmine is 

a methyl carbamate  and should form the same adduct  as  isosorbide 2 -methyl 

carbamate 5-benzoate (12); although the latter appears to form a less stable 

adduct  than any other  of our novel ligands, this adduct  is still apparently more 

stable than tha t  formed by physostigmine. Clearly, breakdown of the El* 

intermediate is influenced by more than the nature of the adduct itself. The logical 

conclusion is tha t  the leaving group affects decarbamylation in some way. This 

conclusion is probed later in the structural studies described in this chapter.

Within our series of compounds,  the benzyl carbamates appear to form more stable 

adducts than other  carbamate  derivatives such as the methyl or ethyl carbamates  

tested, although the butyl carbamate  adduct  was also reasonably stable. This kind 

of behaviour has never been reported, and is an interesting finding tha t  

immediately allows for improved design of BChE inhibitors. Amongst the benzyl 

carbamate compounds tested,  however, there is a reasonable spread of results -  

again the implication is tha t  the leaving group must  affect decarbamylation rates.

At this s tage,  the values of kinetic constants  tha t  fully describe both inhibition and 

reactivation of BChE in the presence of carbamate inhibitors have been described. 

It is important to briefly discuss how useful these  values are in describing how such 

compounds interact with the enzyme, and most  specifically, how well they 

represent  inhibitor potencies compared to IC5 0  values or other  similar constants  

typically used in scientific papers to describe inhibitor potency.

4 .4 .5 .  How d o e s  th e  u se  o f  IC5 0  v a lu e s  co m p are  to  th e  u se  o f k inetic  

c o n s ta n ts  to  d escr ib e  BChE inhibition by carb am ates?

The majority of studies on structure function relationships for enzyme inhibition by 

carbamates report their measure of activity in terms of IC50 values, i.e., the 

concentration of drug required to inhibit the enzyme by 50% after a given time of
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contact.  In Appendix 1, IC5 0  va lues  a re  reported t h a t  were obtained su b s eq u e n t  to 

a 30 minu te  incubat ion of t he  t e s t  compounds  with BChE.^ However,  the  discussion 

in this sect ion has  highlighted the  fact  th a t  the  a ppa ren t  inhibition level th a t  is 

observed a t  30 minutes  d e p e n d s  on the  cons tan t s  Kc, ks and ks. No single m easu re  

can explain the  effects  of c hanges  in s t ruc ture  on inhibitory potency adequate ly  -  

t he  comparison be tw een  Kc, ks and I C 5 0  values  for isosorbide 2 -benzyl ca rba m a te  5- 

biphenyl e s t e r  ( 12) and isosorbide 2-benzyl  c a rb a m a te  5-nicot inate  ( 22 ) in section 

4 .4 .3  is ju s t  a single example  t h a t  highlights this.

In order  to examine  w he the r  a single p a ra m e t e r  contr ibuted mainly to I C 5 0  values 

dete rmined  at  30 minutes  or  otherwise w h e th e r  such values  were d e p e n d e n t  on all 

t h ree  different cons ta n ts  de te rmined  above ,  the  correlat ions be tween  I C 5 0 ,  K c ,  k s  

and ki the  b imoiecular  ra te  cons tan t ,  were examined ;  the  decarbamyla t ion phase  of 

the  reaction should have little effect on inhibition observed  at  30 minu tes ,  and 

there fore  correlat ion with ks would not  be ant ic ipated. The correlat ion plots are 

shown in Figure 4.11.
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(b)
Correlation Plot

R=-0.1300 R2=0.0169 (IC50 (nM)) = -3.30534 (k3 (1/min)) + 36.4184

IC50 (nM)

( C )

Con elation Plot
R=-0.4902 R2*0.2403 (IC50 (nM» « -217.«?9 (Ki=k3 Kc [1 (min.nM)]) + 35.9631

IC50(nM»

-10
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Figure 4.11. A series o f plots showing the extent o f correlation between IC 5 0  values 

and kinetic constants describing association between BChE and isosorbide 2- 

carbamates. The correlation plots are as follows: (a) with Kc, (b) with /cj, and (c)

with kj.
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The correlat ions a re  all in the  appropr ia te  direction -  ie. there  is positive correlation 

with Kc and negat ive  correlations with k, and k j  a s  would be anticipated.  The 

correlations with ks  and  /c, a re  r a the r  poor  a l though the re  is a reasonably good 

correlat ion be tw een  IC50 and Kc On balance,  the  indication is t h a t  IC50 is a poor  

m e a s u r e  of inhibitory potency,  and the  contribut ions each s ta ge  of the  inhibition 

process  should be considered if one  is to appropriately examine  the  effects  of 

c hanges  on s t ruc tu re  to the  ex ten t  of inhibition observed overall.

At this s tage ,  it is c lear  how each s ta ge  of the  interact ion of isosorbide-based 

c a rb a m a te s  is affected by s tructural  variation. It is now appropriate  to examine  how 

these  com pounds  interact  with BChE a t  the  molecular  level, and to s tudy how 

structural  variat ions give rise to the  differential binding or  tu rnover  of c a rb a m a te  by 

BChE th a t  has  been noted above.
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4.5. Structural studies examining the interactions of 
isosorbide 2-carbamates with BChE

The variable potencies of isosorbide 2-carbam ates as BChE inhibitors are dependent 

on the favourability of each step of the carbamylation process, and no single model 

will explain the factors influencing each different step. The species that arise from  

each step of the reaction are different, and it is im portant that each species is 

modelled separately if the factors influencing that step are to be understood at the 

molecular level. Different models were constructed to explain how structural 

variations influence each step, and these are described in this section.

The most common computational technique used to exam ine small molecule 

binding to biological macromolecules is molecular docking, described in Chapter 3. 

At that stage it was noted that docking procedures are developed based on the 

prediction of the free energy of reversible binding of ligand to receptor. Docking 

procedures were used therein to model substrate binding to BChE, with the caveat 

that such studies were only used to exam ine the geom etry of ligand binding; the 

scoring functions may not be calibrated for ligand binding when that ligand is 

subsequently turned over to product, or in any way correlatory to the rate of 

hydrolysis -  it being complicated by the fact that binding is followed by substrate 

turnover, and initial binding is not strictly an equilibrium. A similar situation 

presents itself here, and the carbam ate inhibitors after initial binding interact 

covalently with the catalytic machinery of the enzym e. In a similar vein, however, 

docking could be used to exam ine the structural basis of initial binding. Docking 

studies were therefore undertaken as an initial means of studying ligand receptor 

interactions.

In the above kinetic analysis, however, it has been noted that an initial reversible 

binding can be described that is characterised by the kinetic constant Kc. Docking 

can of course be used to model this step, and it might be expected that docking 

scores should correlate reasonably well with the values for Kc provided that the 

ligand docks in the appropriate pose to form the El complex represented in Scheme 

4.1 . This, however, cannot be assumed. The El complex in scheme 4.1  is a 

Michaelis complex that places the ligand in the appropriate orientation to interact 

with the catalytic S e r l9 8  of BChE. I t  would be anticipated that the best inhibitors 

might dock in a m anner where the modelled pose can be cited as the pose for the 

El complex, but other, less potent inhibitors may interact at other sites where
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binding is more favourable. Docking of the most potent inhibitors was undertaken  

as a means to begin to understand how the El complex is formed initially, and the  

results are described in the next section.

4.5.1. Docking of isosorbide 2-carbamates to BChE

The AUTODOCK program was used to dock a number of our most interesting 

inhibitors to BChE using methods very sim ilar to those described in the previous 

chapter. In each case, the docked poses were clustered in order to determine  

w hether the docking procedure was rigorous. In  particular, the aim was to note the 

orientation of the docked molecules with regard to the catalytic triad of BChE, and 

by considering docking scores and predicted binding constants as well as by visually 

inspecting the docked poses, to explain the relative binding of the different 

inhibitors, as given by the constant Kc. A num ber of docked poses are shown in the 

following figures.

At this stage, a flexible docking procedure was undertaken using the new features 

of AUTODOCK 4 that allow rotation of specific side chains of the protein. Residues 

Phe329, Asp70, Trp82 and Phe398 were allowed to rotate as these all show a 

certain am ount of flexibility in crystal structures obtained with different ligands, and 

also because they demonstrated reasonable rotation in modelling studies on the  

covalently-bound ligand which had been carried out prior to initiating the use of 

AUTODOCK -  these studies are described later in the chapter. Essentially, the side 

chains of the selected ligands were treated as rotatable bonds in an identical 

m anner to the ligand itself; however, while the ligand could undergo translations in 

space, the sidechains were always anchored to their residues at the alpha-carbon. 

This procedure allowed for a certain am ount of induced fit for the ligand.

The first docking run analysed the reversible binding of isosorbide 2-benzyl 

carbam ate 5-salicylate (7), the species that bound the enzym e most avidly 

am ongst the compounds in our series. The largest cluster of 8 compounds also 

contained the highest scoring conformation, with a predicted binding constant of 

2.83  pM and a binding energy of -1 5 .7  kcal.m ol'^ Its  bound conformation is shown 

in Figure 4 .1 2 . The compound binds at the base of the gorge in a m anner conducive 

to subsequent interaction with S e r l9 8 . The carbonyl group is orientated towards 

the oxyanion hole residues G ly l l6 ,  G ly l l?  and A la l9 9 , and a small flex in the  

molecule will allow it to be placed adjacent to the catalytic serine. The salicylate
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ester is aligned with Trp82, while the salicylate hydroxyl group binds to Tyr440 via 

hydrogen bonds, or alternatively, via a rotation of the aromatic ring, with residues 

Asp70 and Tyr332 at the peripheral site of the enzyme. The carbamate function 

meanwhile extends towards the acyl pocket, formed by residues Leu286 and Val288, 

running parallel to the base of the gorge formed by Trp231. The ligand fully 

occupies the gorge forming positive interactions which explain its strong binding as 

indicated by the kinetic analyses and the high predicted binding score from 

AUTODOCK.

At this point, it is wise to examine the meaning of the predicted kinetic constants 

enumerated in the previous paragraph. I t  is suggested above that compound 7 

should bind reversibly to BChE with a binding constant of 2.83 pM. At first glance, 

this would appear to be a poor prediction for a compound with an IC 5 0  value of 180 

pM. On reflection, however, the differences are not surprising or indeed a cause for 

concern. In the first instance, the /C, constant is a measure of the reversible binding 

affin ity of the inhibitor for the enzyme; however, the carbamates being studied 

here are irreversible BChE inhibitors, and therefore the /C, constant has no actual 

physical meaning in this case. Values of K, predicted by the docking software and 

quoted above were only used to rank different docked conformations output by the 

program. Thus, they helped to identify the most likely docked pose of ligand in the 

enzyme, but their absolute values are meaningless. In addition, IC 5 0  values are 

fundamentally different from K, constants as a measure of inhibitor binding to an 

enzyme. IC5 0  values are a measure of the effectiveness of any compound in 

inhibiting biological or biochemical function, whereas the /C/constant is the binding 

affin ity of the inhibitor compound in the enzyme -  IC 5 0  values vary with substrate 

concentrations whereas /C, is an absolute value, equivalent to the inhibitor 

concentration that would occupy 50% of the receptors if no substrate were present. 

In order to calculate K, from an IC 5 0 measurement, one must know both the 

substrate concentration used in the experiment and the Km value for substrate 

binding to the enzyme. Such calculations were not carried out in this section of the 

project as, for the reasons noted above, K, constants were meaningless in this case. 

Lastly, it must always be borne in mind that docking programs output mere 

predictions of binding affin ity and ligand binding energy -  the ir accuracy in any 

case is dependent on the size of the enzyme set used to train the scoring function, 

the extent to which those enzymes are related to that being used in testing and the 

robustness of the scoring function among other things. In any case, it is by 

necessity subject to error. While it is always hoped that the scoring function is
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capable of differentiating between compounds tha t  bind well and those that  bind 

poorly, any expectat ions tha t  the absolute binding energies output will be 

completely accurate are normally unfounded.

Isosorbide 2-ethyl carbamate  5-salicylate ( 11) also appeared to bind extremely 

well to BChE, with a very low dissociation constant  for initial reversible binding. 

Already in the analysis of this compound,  there were indications tha t  docking 

studies may not allow study of the El complexes of all ligands. The largest cluster 

formed when results were clustered with an RMSD of 2.0 A indicated binding to be 

in a similar orientation to that for the benzyl carbamate compound.  Within the 

cluster, the highest scoring conformation had a binding energy of -15.4 kcal.mol'^ 

and a predicted ki of 5.55 pM. Clearly the predicted binding was still extremely good. 

However, this cluster was not the highest scoring cluster of all docking results, and 

there were several other  clusters with improved binding energy.  Within these 

clusters, however, the ligand was not bound in a manner  tha t  was conducive to 

interactions with the catalytic serine. These conformations were not indicative of 

the El complex, and such conformations were to be ignored in subsequent  analyses 

of other ligands binding to BChE.

In the case of the ligand bound in an appropriate conformation for processing, the 

salicylate es ter  group once again interacts via n-n bonding with Trp82, and the 

hydroxyl group in this instance interacts with Tyr332 and Asp70 via hydrogen 

bonding interactions. The ethyl carbamate  group extends into the hydrophobic acyl 

pocket and the carbonyl group is directed towards the oxyanion hole residues -  

once again, the ligand is set-up ideally for subsequent  carbamylation. The docked 

conformation is shown in Figure 4.13.

Isosorbide 2-benzyl carbamate  5-bi-phenyl es te r  (12) was also shown to bind BChE 

extremely well in the first reversible phase of the reaction, and the results of its 

docking to the enzyme's  active site are interesting. One distinct cluster of results is 

formed, and within this cluster, the highest scoring pose has a binding energy of - 

17.76 kcal.mol'^ and a predicted ki of 96 fM. Its poorer binding relative to the 

salicylate compound,  indicated by the experimental Kc values, could be explained 

somewhat  by the fact tha t  lower energy docked poses could be formed; these 

however, did not place the carbamate group in juxtaposition to Ser-198,  and 

therefore were not representat ive of the El complex. These higher energy poses 

had a negative effect on the formation of the El complex, and therefore caused
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increases  in the  value of Kc obtained. The most  interesting a spec t  of this docking is 

t h a t  the  ligand is rotated 180° compared  to the  bound conformations sugges ted  for 

the  salicylate compounds  above.  The c a rb a m a te  side-chain is directed towards 

Trp82 while the  bi-phenyl e s te r  subs t i tuen t  is accom m oda ted  by the  acyl pocket.  

This is more similar to the  binding of the  d i-e s te r  com pounds  descr ibed in chap te r  3 

-  the  e s te r  th a t  interacted with the  catalytic machinery  of the  enzyme interacted 

with the  typical cation-n site of BChE rather  than  the  acyl pocket res idues.  This 

resul t s ugge s t s  tha t  binding of isosorbide com pounds  to BChE at  the  base  of the  

gorge might be accom m oda ted  in different or ientat ions,  but  tha t  they  all allow 

interact ion with the  catalytic ser ine. In teract ions a p p e a r  to occur  a t  the  2-position 

in every case  be cause  the  group at  this position always lies nea r  the  base  of the 

gorge,  while the  endo  group  at  the  5-position points upwards and towards the 

gorge en tr ance  in every instance.  The m ea ns  by which compound 12 occupies  the  

BChE gorge is shown in Figure 4.14.

Isosorbide 2-benzyl  c a rb a m a te  5-benzoa te  (9 ) is the  second most  po tent  

compound  in the  series if potency is m easu red  by IC5 0  values.  However , its Kc value 

is relatively high, indicating tha t  the  initial s tep  of reversible binding is not  as  

favourable as  for the  compounds  descr ibed in the  previous paragraphs.  This is 

explained by the  fact t h a t  the  principal resul ts  f rom in silico docking (ei ther the  

lowest energy  resul t or  the conformation obtained most  f requently  in the  docking 

run) is probably not  represen ta t ive  of the  conformation in the  El complex.  The 

c a rba m a te  group is di s tant  from S e r l 9 8  and or ientated inappropriately for 

interact ion with it, as  shown in Figure 4.15.  Smaller  c lusters  of resul ts  do place the  

ligand in an  appropr iate  position for su b s eq u e n t  carbamylat ion.  However,  they  are 

not  the  most  favoured binding poses ,  and it is unsurprising based  on this t h a t  Kc is 

relatively high for this compound .

Lastly, isosorbide 2-benzyl  c a rb a m a te  ( 18) was  docked to BChE to invest igate  its 

poor affinity for the  enzyme.  One cluster p redom inated,  and  it contained the 

conformations with the  lowest  ene rg ies  from all runs.  It bound tightly within the 

gorge,  with a binding ene rgy of -16 .4  kca l .m o l ' \  The 5-hydroxy group itself was  

hydrogen bonded to Tyr440,  Trp82 and Trp430.  However , this conformation,  as  

shown in Figure 4.16 ,  gave  little possibility of s u b s e q u e n t  carbamylation,  and 

there fore  was not  represen ta t ive  of the  conformation of ligand in the  El complex.  

Clearly, binding in a position lower within the gorge was  unlikely, and this explains  

the  high value of Kc obtained for this inhibitor.
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The docking of isosorbide-based c a rb a m a te  inhibitors to BChE goes  s o m e  way to 

explaining th e  variation in Kc cons tan t s  in the  series,  and good quali tat ive 

explanat ions can be given to explain binding affinity in each  case  based  on the 

resul ts  descr ibed.  In order  for Kc to be small,  as  would generally  be desirable  if a 

pot en t  inhibitor is sought ,  the  inhibitor m us t  be able to adop t  a realistic 

conformation within the  active site gorge and form close and  favourable  contacts  

with a n u m b er  of the  residues at  this site.  In addition, when bound a s  such,  the 

carbonyl  group  of the  c a rb a m a te  functionality m us t  be close to the  catalyt ic triad 

residues and  appropriately or ien tated  such tha t  s u b s e q u e n t  carbamyla t ion proceeds 

in a logical m a n n e r  and  without  any  need for reor ientat ion of the ligand in the 

active site. The isosorbide t em p la te  allows for the  deve lopm en t  of avidly binding 

ligands because  it itself lines the  base  of the  gorge while the  s idechains  a t  the  2- 

and 5-posit ions a re  directed towards  the  available binding pockets  of BChE. With 

addition of sui table  side chains  to t ake  ad v a n ta g e  of the  specific binding sites 

available, po ten t  inhibitors can be designed.
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Figure 4.12. Isosorbide 2-benzyl carbamate 5-salicylate (7) docked to huBChE.
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Figure 4.13. Isosorbide 2-ethyl carbamate 5-salicylate (15) docked to huBChE.
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Figure 4.14. Isosorbide 2-benzyl carbamate 5-bi-phenyl ester (12) docked to huBChE.



Figure 4.15. Isosorbide 2-benzyl carbamate 5-benzoate (9) docked to huBChE.



t{  Tyr-332

Figure 4.16. Isosorbide 2-benzyl carbamate (18) docked to huBChE.
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One of the goals of computational studies is to obtain some m anner of quantitative  

measure of ligand binding. I f  some type of docking score can be obtained that 

correlates well with activity values obtained experim entally, it can be used not only 

to explain the activity of tested compounds but also to predict activities of potential 

inhibitors in order to guide synthetic efforts. However, the data obtained in the  

studies above is not ideal for such purposes. In many cases, docking did not place 

the ligand in the enzyme such that the complex formed was representative of the  

El complex in Scheme 4 .1 . Instead, complexes were formed that placed the ligand 

at a point distant from the catalytic machinery of the enzym e, or otherwise in an 

orientation inappropriate for subsequent carbamylation. Formation of these  

complexes competed with formation of the El complex. While such observations 

were useful in discussing ligand binding qualitatively, they made the extraction of 

quantitative data complicated. In order to obtain reliable scores for ligand binding, 

the docked ligands have to be in close proximity to S e r l9 8  and suitably orientated  

for covalent reaction when such scores are obtained. In the next section, efforts to 

achieve this goal are described.

4 .5 .2 . Can models be used to predict the constant Kc?

In order to consistently obtain models of compounds docked within the active site 

gorge of BChE in a pose that could be assumed to be at least close to that of the El 

complex, a num ber of factors had to be considered. Firstly, the carbonyl group of 

the carbam ate functionality had to be reasonably close to 0 -y  of S e r l9 8 . In  

addition, the carbonyl oxygen had to be orientated towards the oxyanion hole 

residues, as they accommodate the negative charge that develops on the carbonyl 

oxygen, and this is generally necessary if the carbamylation reaction is to proceed. 

Meanwhile all other groups should be orientated optimally such that the most likely 

orientation of the ligand is scored that satisfies all of the other criteria.

Subsequent to formation of the El complex, the ligand interacts covalently with 

S e r l9 8  to form a tetrahedral interm ediate that breaks down to form the carbam yl- 

enzyme adduct -  formation of this tetrahedral interm ediate has been shown 

definitively for binding of acetylcholine to AChE,^® acetylthiocholine turnover by 

BChE and even BChE-catalysed hydrolysis of cocaine,^® and it may be assumed to 

form in turnover of all substrates and pseudosubstrates by BChE. Interestingly, 

when the crystal structure of BChE was first d e s c r ib e d ,th e  supposedly unliganded 

structure had electron density proximal to the nucleophilic oxygen of S e r l9 8  that 

was interpreted as bound butyrate, present in an orientation very similar to that of
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a tetrahedral interm ediate. This finding, along with the work of Tormos et al with 

isotope effects suggest that an im portant e lem ent in the catalytic power of 

cholinesterases is their ability to stabilise such tetrahedral interm ediates. This 

suggests that such interm ediates should be distinct and possible to model. One 

should note that the interm ediate is an energy minimum on the overall energy 

surface for the reaction, with peaks in all directions about this minimum that 

represent the transition states for the reaction moving from reversible El complex 

to the interm ediate and from the interm ediate to the carbam yl-enzym e adduct 

respectively. As this interm ediate is an energy m inim um , it can be modelled using 

classical molecular mechanics te c h n iq u e s .F u rth e rm o re , it would be anticipated 

that this interm ediate would be structurally similar to the El complex. In modelling 

the tetrahedral interm ediate, the ligand was bound covalently to S e r l9 8 , and thus 

the position of the ligand within the gorge was restrained. I t  was anticipated that 

by modelling the ligands as such tetrahedral interm ediates, we would obtain better 

models that m ight approxim ate the El complex for each ligand. In  subsequent 

analysis of these models, it might be possible to obtain a scoring function that could 

be used to explain the variable affinities of the ligands and also to predict the 

binding of compounds that have not been synthesised to date.

In order to prepare models that would highlight distortion of the enzym e's active 

site by inappropriately-sized ligands, it was felt necessary to include receptor 

flexibility in the active site. While AUTODOCK can model receptor flexibility. It is 

rather limited in the regard. In the first instance, only sidechain flexibility is 

modelled, and thus cases where movements of the backbone of the protein are 

im portant can be problematic. Also, only nominated residues are modelled as 

flexible; sometimes in docking, the m ovem ent of a number of residues might be 

im portant, and as this number increases, the use of AUTODOCK becomes 

intractable. Therefore, an energy minimisation procedure was to be used for 

modelling the transition state in a similar vein to the work done by Luo et al in 

AChE. However, a number of decisions had to be made prior to using energy 

minimisation techniques to model ligand binding. Foremost amongst these was the 

fact that such techniques require the judicial placem ent of the ligand in the binding 

site prior to minimisation, but it was not im m ediately obvious how to place the  

ligand at this stage. In the docking studies above, the orientation of the bi-phenyl 

ester in BChE was opposite to that of other ligands. Which orientation was best, 

and most mimicked the likely tetrahedral state?
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In order to address this problem, a covalent docking procedure was carried out in 

AUTODOCK to check which orientation of ligand was most likely when that ligand 

was bound to BChE as a tetrahedral intermediate. The use of these procedures is 

now described.

4 .5 .2 .1 . Covalent docking in AUTODOCK

Docking of ligands in AUTODOCK in order to mimic a covalently bound product is 

not straightforward. However, it can be achieved by preparing an extra covalent 

affin ity map for the program as described in the methodology section later in this 

chapter. The covalent atom type in the ligand -  in this instance set as the 

covalently binding oxygen of the ligand -  seeks out a defined point In the enzyme, 

which was defined as 0 -y  of S e rl98 , effectively binding the ligand to the enzyme as 

desired. The goal now was to use this procedure to probe the covalent binding of 

our ligands to BChE and to uncover the most suitable orientation of our ligands 

upon covalent binding that could be used as a template for modelling other 

inhibitors in a sim ilar pose prior to energy minimisation.

For the sake of clarity, Scheme 4.5 below highlights the tetrahedral intermediate 

species that was being modelled. When the inhibitor was bound in its tetrahedral 

conformation, its carbonyl carbon had become a negatively charged oxygen atom 

attached to a tetrahedral centre by a single bond, with the tetrahedral centre now 

present at the position of the term inal hydrogen of the serine sidechain. The 

inhibitor had to be built in this state and orientation prior to docking. Thus, a model 

of the inhibitor was built with an sp3 carbon at its centre, and the appropriate 

sidechains all present, i.e., the carbamate side chain at one position, the isosorbide 

ester moiety at the second, a negatively charged oxygen at the third and an OH 

group at the fourth; the oxygen atom of this OH group was defined as the covalent 

atom type for subsequent docking.

Isosorbide 2-benzyl carbamate 5-salicylate (7) was covalently docked to BChE as a 

tetrahedral intermediate. I t  was the most potent inhibitor in the series, and had the 

lowest Kc value, indicating that it bound the enzyme best amongst all of our novel 

compounds. Based on this, it was anticipated that the binding mode of this inhibitor 

was optimal amongst our compounds, and its binding could be used as a template 

to compare others with.

210



Chapter 4: Interaction of Isosorbide-based Carbamates with Cholinesterase

Enzymes

.0 His438

Glu325
Ser^98

O OR'

r ^ O

R

His438

Glu325

o

OH------ NH-

R'O-

0

R

Ser̂
Iy

98

-o

Scheme 4.5. The steps involved in converting the reversible E l complex into the 

tetrahedral intermediate that was modelled and described in Section 4 .5.2.1.

I t  should be noted that in preparing the ligand as described, one creates a new 

chiral compound with a stereocenter at the tetrahedral carbon. The purpose of 

building these models was to exam ine the orientation of the two main sidechains 

when the ligand was bound covalently to BChE -  did the ester group align with 

Trp82 and the carbam ate group occupy the acyl pocket as suggested by docking of
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the salicylate compound to BChE, or did the ester moiety occupy the acyl pocket as 

suggested by the docking of the bi-phenyl compound, while the carbam ate  

compound could orientate itself towards the cation-n site? In order to answer this 

question, it was necessary to dock two different stereoisomers to BChE and 

compare the results of each docking. I t  was necessary that the negatively charged 

oxygen point towards the oxyanion hole for all docking studies. I t  was only then by 

docking both stereoisomers, then, that both possible orientations of the ligand in 

the active site gorge could be prepared and then compared.

Figure 4 .1 7  shows the result of the first docking. The ligand in this instance is 

covalently bound to BChE, mimicking the tetrahedral interm ediate structure in 

Scheme 4 .5 , while the sidechains occupy the binding sites as predicted by the non- 

covalent docking of this same compound to BChE. (section 4 .5 .1 ) The result shown 

is the lowest energy conformation, and almost half of the 100 docking runs 

examined resulted in conformations that were so similar to that shown that they  

were contained in the same cluster when clustering was carried out with an RMSD 

tolerance of 2.0 A, providing good reassurance that the result is reliable. A 

predicted binding energy of -1 0 .6 5  kcal.mol'^ is anticipated, principally due to the  

excellent interactions between ligand and receptor -  the intermolecular energy for 

the system is -1 3 .1 4  kc a l.m o l'\

When the ligand, as the stereoisom er of that in Figure 4 .1 7 , was docked covalently 

to BChE, in order to allow for alternative binding to the active site gorge, all 100 

results were in a single cluster when an RMSD of 3 .0  A was applied for clustering. 

The pose adopted by the ligand was highly unfavourable, as represented by the  

positive binding energies associated with it. The ester group, as shown in Figure 

4 .18 , was twisted back towards S e r l9 8  as it clearly could not be accommodated in 

the acyl pocket. The internal energy of the ligand alone was 23 .22  k c a l.m o l'\ while 

the interm olecular energy was + 8 1 .2 8  kcal.mol'S indicating significant repulsive 

interactions between ligand and receptor. Binding in this pose could clearly not be 

favoured, and the pose represented in Figure 4 .1 7  was more valid. I t  made sense, 

therefore to assume that it was the appropriate pose for the isosorbide ligands in 

BChE.

Crystal structures of ligands bound to cholinesterases as tetrahedral intermediates 

are not available on account of the fact that such interm ediates exist for too short a 

duration for data collection to be possible. However, the orientation of ligands in
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the tetrahedral state has been studied by analysing the binding of high affinity 

transition state analogues to the enzymes -  an example of such a complex being 

that between TcAChE and m -(N,N,N-trim ethylamm onio)-2,2,2- 

trifluoroacetophenone (TMTFA).^^ This structure was shown in Figure 1.14, and it is 

reassuring that the general orientation of the tetrahedral carbon is maintained in 

our covalently bonded ligands. Investigation of the crystal structure of TcAChE with 

the physostigmine analogue MF268 (Figure 1.16), meanwhile, demonstrated that 

the N-substituted side chain of the carbamoyl moiety is located inside the acyl 

binding pocket. The same pattern is seen in Figure 4.17, which we may now safely 

assume to be the most reliable indicator of the tetrahedral intermediate structure 

for our isosorbide-based ligands -  based both on the docking data available as well 

as the weight of evidence obtained from structural studies with AChE.

Harel et a! have suggested, based on comparisons between the tetrahedral 

intermediates formed during the acylation stage of the AChE-catalysed hydrolysis of 

acetylcholine and the complex with TMTFA, that the more favourable binding of 

TMTFA is due to the fact that it is a constrained analogue of ACh, mimicking the 

structure of the ligand when it is bound to AChE as the tetrahedral intermediate. In 

the acylation transition state, the substrate is in an extended conformation, 

which requires N'^-C-C-0 bond to be in an anti configuration. ACh in solution, 

however, is primarily in the gauche conformation,^®' and thus, AChE must select a 

rare conformation for hydrolysis to proceed. In the extended conformation, ACh can 

interact with Trp84 of the enzyme, and the enhanced binding that results overrides 

the entropic cost of selecting a rare conformation of the substrate. TMTFA can 

interact with similar residues in the enzyme, to the same extent as for ACh, but 

being conformationally restrained, there is less entropic penalty associated with 

selection of an appropriate conformation for binding.

In Figure 4.19, the isosorbide ligand, extracted from the model of it bound in the 

tetrahedral configuration, is rigidly aligned with both TMTFA and ACh, themselves 

extracted from models in AChE.^^' I t  suggests that the isosorbide moiety may be 

a rigid and conformationally restricted mimic of the substrate. The isosorbide 

moiety differs from the other ligands in the fact that extra groups are present at 

the 2- and 5- positions, and these offer possibilities for molecule elaboration in 

order to take advantage of extra binding sites. Of course, the ligand shown is BChE 

selective, and therefore the carbamate sidechain is longer, explained by the fact 

that the acyl pocket is larger in BChE compared to AChE.
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Figure 4.17. The result o f docking isosorbide 2-benzyl carbamate 5-salicylate (7) to BChE using a covalent docking procedure in 

AUTODOCK. The result shown is that obtained with the firs t stereoisomer described in the text.
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Figure 4.18. The result o f docking the second stereoisomer o f the salicylate compound to BChE using a covalent docking procedure in

AUTODOCK 3.
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Figure 4.19. A rigid overlay o f compound 7 (blue), TMTFA (magenta) and 

acetylcholine (green). A ll structures were extracted from models o f the tetrahedral

intermediate stage o f the reaction.

As the salicylate (7) is the most active compound in our series, and the most 

optimal binding ligand both in terms of the constants Kc and ks, its binding should 

be the standard by which others are measured and compared. Models were now 

built comparing the other ligands to the salicylate, in order to examine how well 

they bind when occupying the gorge in a sim ilar manner to the salicylate 

compound.

4 .5 .2 .2 . Covalent binding models of isosorbide ligands

Models were built depicting a number of the isosorbide ligands covalently bound to 

BChE in a tetrahedral orientation. Models in this instance were prepared using a 

simple tethered minimisation process that was much more straightforward and 

rapid than the procedure described fo r covalent docking in AUTODOCK. This

216



Chapter  4: Interaction of Isosorbide-based Carbamates with Cholinesterase

Enzymes

method also allowed us to ensure tha t  the models were directly comparable to the 

model of the salicylate prepared above,  while also taking into account receptor 

flexibility -  it was thought tha t  some inhibitors may be less potent on account of 

their distortion of the receptor  upon binding, and therefore this aspect  of the 

methodology was important. The tethered minimisation procedure is described in 

the final part of this section, and is similar to the methods used by Luo et al 

Essentially, after the models were built using the crystal s tructure of TMTFA bound 

to AChE (PDB code lAMN) as a template,  ensuring tha t  the orientation of 

sidechaines was as in Figure 4.17 as far as  possible, the system was minimised 

with tethers implemented to maintain the appropriate distances and directionality 

between the hydrogen-bonding atoms of the catalytic triad as well as  between the 

carbonyl oxygen and the oxyanion hole residues. The models tha t  resulted are now 

described.

Isosorbide 2-benzyl carbamate  5-benzoate (9 ) differs from the optimal salicylate 

compound only by virtue of its lacking the hydroxyl group at tached to the benzene 

ring of the salicylate ester. It is no surprise therefore tha t  its docked pose is very 

similar to tha t  for the salicylate compound in Figure 4.17.  Occupation of the acyl 

pocket is, as anticipated, almost identical. The benzoate es ter  would appear to 

interact less with the nearby residues compared to the salicylate group, however. 

In the model, the hydroxyl group interacts with residues including Tyr440, Tyr332, 

Asp70 and Trp430, and these interactions, as  well as  being important contributors 

to binding, also help to keep the benzene ring close to Trp82 and planar with it's 

aromatic system, thereby facilitating optimal n-n interactions. Planarity could also 

be maintained by an intermolecular interaction with the carbonyl oxygen of the 

es ter  functionality. All such factors could contribute to the less avid interactions 

shown in Figure 4.20,  and highlighted by the fact tha t  the per-atom van der Waal 

interactions between ligand and receptor are less favourable for the benzoate 

compound compared to the salicylate ligand (interaction energies of -61.409 and - 

62.885 kcal.mol'^ respectively)

Interestingly, substitution of the OH group of the salicylate compound with a 

methyl group -  forming the toluate compound ( 14) shown in Figure 4.21 -  re

established more avid binding -  this was reflected in the /Ccvalues reported in Table 

4.1,  but also in the model shown. The interactions between the ester  sidechain and 

the receptor, especially Trp82, are increased and the aromatic cycles are almost co- 

planar. Hunter has described how this planar offset orientation is optimal for
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formation o f non-bonded interactions between two aromatic s y s t e m s . I t  is 

unsurprising therefore, that the van der Waals contacts between ligand and 

receptor in this instance are almost on a par with those observed for the salicylate 

ligand (-62.739 kcal.mol'^), although the electronic interactions are reduced 

somewhat.

I t  was previously observed that the bi-phenyl ester compound ( 12 ) in our series 

docked in an alternative conformation in the active site of BChE. In Figure 4.22, it 

is shown that the larger di-ester group can be accommodated well in the gorge, 

even in the supposed preferred orientation for isosorbide ligands. As the ester 

group tends to point upwards towards the gorge entrance, the second aromatic 

cycle is accommodated w ithout significant deformation of the gorge. Indeed, it 

would appear to interact well with Trp430, and such extra interactions at least 

somewhat compensate for the extra atom rearrangements that are required for 

binding of such a large inhibitor.

Smaller substituents at the 2- and 5-positions result in substantially reduced 

binding, and this can be explained using the model in Figure 4.23. The binding of 

isosorbide 2-methyl carbamate 5-mononitrate (2 5 ) is shown. At the carbamate 

position, the methyl group extends poorly into the acyl pocket. The only binding 

interaction observed in this instance is a low-energy a-n interaction with Trp231. 

The mononitrate group meanwhile, has little potential for interacting with Trp82, 

and it is instead orientated towards Asp70 and Tyr332. In order to facilitate these 

interactions, the isosorbide moiety itself must shift upwards in the gorge, and it no 

longer lines the base of the active site. Thus, interactions are reduced at this 

position, and its lower potency is consistent with this.

A notable aspect of the SAR introduced early on in this thesis was the fact that N- 

linked carbamates -  the so-called 'reverse' carbamates -  were, as a general group, 

poor inhibitors of BChE. An example of such a poorly-binding inhibitor was 

isosorbide N-phenyl carbamate 5-benzoate (24 ), and the best model of its binding 

is shown in Figure 4.24. Apparently, it binds in a significantly altered position, and 

many of the interactions that typify isosorbide ligand binding to BChE are lost. The 

phenyl head of the carbamate functional group points towards Phe398. The 

isosorbide ester portion is directed towards Trp82 but doesn't interact extensively 

with it -  the isosorbide group is inappropriately positioned to line the gorge base 

and therefore the ester group sits higher up in the gorge and most of the
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favourable  interactions at  this position are  lost. The main reason for this is the  

orientat ion abou t  the  te t rahedra l  carbon -  the  differing bond angles  and  bond 

lengths  associated  with the  groups  extending from the  carbon m e a n s  tha t  the  usual 

orientat ion of the  ligand cannot  be facilitated, and binding is poor  as  a result.
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Tyr-332
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Trp-430
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Figure 4.20. Isosorbide 2-benzyl carbamate 5-benzoate (9) bound to BChE as the tetrahedral intermediate.
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Figure 4.21. Isosorbide 2-benzyl carbamate 5-toluate (14) bound to BChE as the tetrahedral intermediate.
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Figure 4.22. The binding o f isosorbide 2-benzyl carbamate 5-biphenyl ester (12) to BChE as the tetrahedral intermediate.
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Figure 4.23. Isosorbide 2-m ethyl carbamate 5-mononitrate (25) covalently bound to BChE as the tetrahedral intermediate.
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Figure 4.24. Isosorbide 2-N-phenyl carbamate 5-benzoate (24) bound to BChE as a tetrahedral intermediate.
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A number of models were prepared of a similar vein to those described and shown 

in the associated figures. These explain at least in qualitative term s how the ligands 

bind and what structural features facilitate optimal binding. However, the goal in 

preparing models of many different inhibitors was to develop a quantitative tool for 

predicting binding, and to obtain some manner of correlation between the ligand 

binding observed in vitro and a score which could be obtained using models 

prepared in silico. Preparation of such a scoring function is now described.

4.5.2.3. Developing a scoring function using tliese models

In Chapter 3, the various types of scoring functions and their implementations in 

various docking programs were described. The functions discussed included 

physics-based forcefields reliant on calculation of interaction energies using 

forcefield-based term s, empirical functions designed to reproduce experimental 

data by accounting for various unrelated term s affecting ligand binding, and 

knowledge-based functions that attem pted to reproduce experim ental structures by 

making use of simple atomic interaction-pair potentials. No m atter what the terms  

used to describe ligand-receptor interactions, however, the bulk of these methods 

are regression-based functions. In other words, correlation between experim ental 

data and scoring is obtained by training the function to the models using non-linear 

regression. The general applicability of such functions tends to depend largely on 

the training set, and most often, a particular function works best for use with 

enzymes that have been used to train the data. Since a reasonable number of 

similar inhibitors have been modelled herein in BChE, it made sense to develop a 

scoring function to describe the binding of these inhibitors, as such a function 

should described binding in a much more reasonably m anner than a function 

trained using other ligands or enzymes.

In terms of deciding on what descriptors to use to describe binding, it appeared to 

make most sense to develop a physics-based function. The training set in this 

instance was too small to develop empirical knowledge-based functions in any 

reliable manner, while physics-based functions also allow for interpretation of which 

factors are most im portant in binding for the particular system being studied. 

Normally, as noted previously, such functions evaluate the energy of ligand- 

receptor binding by including terms for van der Waals and electrostatic energies, 

while sometimes also including term s for ligand strain or, in cases where the 

receptor is flexible, distortion of the receptor. In  the previous section, van der
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Waals interaction energies were noted that were generally in keeping with the trend 

of inhibitor potency observed in laboratory tests. This indicated that the 

development of a scoring function based on such parameters might be feasible, 

Formulae used to calculate van der Waals and electrostatic interaction energies are 

described now.

The potential energy functions of the MOE program were used to model ligand- 

receptor interactions and calculate the interaction energies between the ligands anc 

the receptor. The AMBER 99 forcefield was used to calculate partial charges anc 

interaction energies;^^ Gasteiger charges were used for non-library ligand atoms.

A typical Lennard-Jones potential function was used to describe van der Waal 

contacts, as given by equation 4.28.

^ v d w  ~  ^
‘ < J

■(1 +  a )/? ,/
n ij

Hij i l  +  b)R;^' m .j+ n ,j

_ r y + a R ,  _ m ^ r p + b R ; ^  m,
v d w (Equation 4.28)

The energy models used in I^OE are empirical models used to ensure that the 

calculated data fits experimental results well, ande.j, R-., my and nij are empirically

determined constants. The a and b constants prevent division by 0, and are called 

buffering constants. The function s is a smoothing function that dampens the long 

range non-bonded forces to zero over a prescribed range -  in this instance between 

12A and IsA .

Electrostatic interactions were calculated using the following Coulombic equation 

implemented in MOE.

^ e le  ~
AttEqcI  j rij+Kle R]

=  — ^  (Equation 4 .29)
 ̂ " d + 2d^

where d is the dielectric constant in the interior of the solute (set as 10 in this 

instance), dx is the dielectric constant of the solvent (set as 80 in these studies), s 

is as for equation 4.28, qi and qj are the partial charges on atoms i and j 

respectively and beie is a buffering constant to prevent zero denominators. I®'®, like 

is an interaction scale factor, defined to be 0 for 1-2 and 1-3 interactions, a
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param eter set-dependent scale value for 1 -4  interactions, and 1 for other 

interactions.

In  order to exam ine correlations between experim ental data and predicted binding 

from computational models, data is most often split so that models are either part 

of a training set or test set. The training set contains the bulk of the models and 

should include samples that are diverse and explore all of the chemistry space. The 

scoring function is built using this set, typically by using non-linear regression to 

match experim ental and in silico data. The function th a t is built is then applied to 

the test set in order to exam ine w hether that function has any predictive ability.

In all carbamylation data was available for 12 isosorbide-based compounds for 

which models had been built. The dataset was split such that there were 10 

compounds in the training set, representing a wide variation in ligand type. The test 

set thus comprised two models. The training set was initially analysed in order to 

build a formula that might correlate experim ental /Cc with some function including 

the binding interactions, calculated using equations 4 .2 8  and 4 .29 ; partial least 

squares non-linear regression techniques implemented in MOE were used for these 

purposes. The model thus prepared is given as equation 4 .3 0 , and gave reasonable 

correlation between predicted and experim ental /<cvalues, (r = 0 .8083 , r^=0 .6534)

(pred) ~ 0 .653  ( /^ c (e x p ) )  2539 .7

Kc(̂ exp) = 1 1 3 4 6 0 .2  + 2566 .9  Eeie +  1463.3  Evdw (Equation 4 .30 )

The correlation for all datapoints in the training set is shown in Figure 4 .25 .

Obviously, it would be preferable to obtain a better correlation, and in order to 

achieve this, more variables were included in the equation. As noted earlier, 

physics-based scoring functions typically factor in term s for the unfavourable 

torsions of the ligand in its bound conformation. In  addition, because these studies 

were carried out using a flexible ligand, it made sense to include a term  for 

unfavourable torsions in the protein.

The torsional energy of the ligands in the various models was calculated using 

equation 4 .31 .
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n=0

(Equation 4 .3 1 )

where the sum extends over all sets of four consecutive bonded atoms i-j-k -l; kn;ijki 

are force constants, Pn;ijki are phase angle param eters and

T  -■ijkJ

{ X  x „ )j i  ■ j k >  V-  jk  

\x.^.x., \ \ X j , . X „  I

X ^ = X j - X , (Equation 4 .3 2 )

where x is the Wilson angle ( x ,  is the angle between the bond il and the plane ijk ).

Correlation Plot R=0.8083 R2=0.6534 ($PRED) = 0.653355 (Experimental Kc) + 2539.68
$PRED

Experimental Kc

Figure 4 .25 . The correlation between experim ental and predicted Kc constants using 

equation 4 .3 0  for the compounds in the training set.

When the torsion energy was included in the non-linear regressions analysis, the  

correlation was improved greatly. The correlation equation in this instance was as 

follows:
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(p re d ) ~ 0 .817  ( e x p ) )  + 1339.9  

^ c ( e x p )  = 51691 .6  +  2691 .4  Eeie+ 1 4 2 0 .2  E v d w  + 2 0 1 8 .8  E to r( iig a n d ) (Equation 4 .3 3 )

The improved correlation is shown in Figure 4 .26 .

Correlation Plot c:/documents and settings/carolanc.collegey|<c_trainlng_set.mdb 
R=0.9039 R2=0.8171 ($PRED) = 0.817113 (Experimental Kc) + 1339.91

$PRED

Experimental Kc

Figure 4 .26 . The correlation between experim ental and predicted Kc constants using 

equation 4 .3 3  for the compounds in the training set.

Lastly, the torsional energy of the protein in the models was included as a 

param eter when constructing the correlation equations. This energy was calculated 

using equation 4 .31 . The equation using the four parameters outlined above 

performed extrem ely well in correlating experimental and predicted Kc values, with 

an r̂  value of 0 .99  for all of the compounds in the training set. This final equation is 

given as equation 4 .3 4  below, while a correlation plot for the data is shown in 

Figure 4 .27 .

(p re d ) ~ 0 .99  ( /^ c  ( e x p ) )  +  38.51  

/ < c ( e x p ) =  -1 4 5 6 9 3 8 .9  + 391.1 E t o r ( p r o t e i n )  "1245.7  E to r( lig a n d ) + 1 0 4 9 ./ E g i g + 1 1 0 8 .1  E y d w

(Equation 4 .34 )
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In this equation, the torsional energy of the protein is the most important 

contributor to the final outcome, validating the minimization approach to analysis 

undertaken that allowed for receptor flexibility. The suggestion is that BChE may 

not be very tolerant of bond distortion upon interaction with ligands. The van der 

Waals interactions between ligand and protein are also apparently important in

Correlation Plot
R=0.9974 R2=0.9947 ($PRED) = 0.994743 (Experimental Kc) + 38.5128

$PRED

Experimental Kc

Figure 4.27. The correlation between experimental and predicted Kc constants using 

equation 4.34 for the compounds in the training set.

determining Kc. This might be anticipated when analyzing the models, as the 

ligands occupy the active site gorge extensively, and most of the interactions 

formed are of the Lennard-Jones type.

The model thus built was now applied to the test set in order to examine whether it 

had any predictive capabilities. The test set only contained two compounds, and as 

such any conclusions drawn from its analysis could only be tentative. However, 

such a study might indicate whether a scoring function of the type described could 

be useful in describing ligand interaction with BChE going forward, and whether
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more ligands should be studied in this manner  to build a comprehensive function 

that  might be based on many more cholinesterase ligands.

For the two isosorbide compounds included in the test  set  (isosorbide 2-benzyl 

carbamate 5-mononitrate ( 10) and isosorbide 2-benzyl carbamate  5-morpholino 

ester  ( 2 6 ), the scoring function was at  least able to indicate the relative activities 

of the two compounds.  The morpholino compound binds BChE much more avidly 

than the mononitrate,  and this was predicted by the scoring function. There was a 

significant difference between the predicted and experimental values themselves, 

however, suggesting tha t  the function should be trained further if more accurate 

predictions might be made for the kinetic constants.

The prototypical cholinesterase inhibitor rivastigmine was analysed in the same 

manner  in order to determine whether the function that  had been prepared might 

be useful in analyzing non isosorbide-based ligands. It was included in the test  set, 

and when the test  set  was analysed in the manner described, the correlation 

between predicted and experimental activities was maintained. (Figure 4.28) Once 

again, the predicted values were rather  different from those determined in the 

laboratory, however. Based on this small datase t  of compounds comprising the test  

set,  it can be suggested tha t  the models prepared herein are reasonable 

representat ions of the reversible complex tha t  is formed during cholinesterase- 

carbamate interactions and tha t  is described by the constant Kc, and tha t  the 

scoring function tha t  has been developed to describe these models can discriminate 

well between variably binding inhibitors, even if the absolute values of the 

constants  tha t  are predicted may not be very accurate.
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Correlation Plot 
R=0.9890 R2=0.9781 (Kc) = 0.246622 ($PRED) - 657.228

Experimental Kc

Predicted Kc

Figure 4.28. The correlation between experimental and predicted Kc constants when 

equation 4.34 was applied to the test set.
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4 .5 .3 . W hat about predicting the constant ks?

The constant ks describes the  ra te  a t which the  reversib le  c a rb a m ate -e n zy m e  

com plex turns o ver to  form  the  c arb a m yl-e n zym e  covalent adduct. Having  

described an equation  to predict th e  constant Kc, it was in teresting  to exam in e  

w h e th e r som e p a ra m e te r m ight be used to predict th e  values of ks for various  

inhibitors. In  o rd er to do so, the  precise m echanism s of carb am ate  in teraction  with  

esterases should be revisited and th e  nature  of th e  steps described by this constant 

should be exam ined  in m ore detail.

The initial reversib le binding phase of th e  in teraction , as noted previously, places  

th e  ligand in a suitable o rientation  fo r nucleophilic a ttac k  on the  carbonyl carbon of 

th e  carbam ate  m o ie ty  by S e r l9 8  of BChE. As per schem e 4 .5 , subsequent to this  

attack , the  reaction proceeds via a h igh -energy  transition  s ta te  to form  a 

te trah ed ra l in term ed ia te  containing a negative ly-charg ed  oxygen associated w ith  

the  oxyanion hole residues by hydrogen-bonding interactions. C harge  

rearran g em en t results in loss of the isosorb ide-ester m o ie ty  as a leaving group and  

the  form ation  of the  carbam yl in term ed ia te  -  this step betw een te trah ed ra l 

in term ed ia te  and carb a m yl-e n zym e  adduct has its own transition  s ta te . The  

constant k j  thus describes tw o discrete reactions and as a result, it is h arder to  

obtain correlations betw een ks and d iffe ren t in silico p aram eters . In d ee d , to  the  

best of our know ledge, th e re  have been no reports o f such param eters  being used 

to predict /c jto  date .

I t  is notable th a t both steps described in the previous paragraph  involve charge  

rearran g em en t w ith in  the  m olecule. In  the  first, nucleophilic a ttack  causes th e  

m o vem en t of electrons through th e  carbonyl bond and th e  accom m odation of a full 

negative charge on the  carbonyl oxygen. In  the subsequent step, these e lectrons  

shuttle  back to the  te trah ed ra l carbon, allowing breaking of th e  C -0  bond betw een  

th e  carbonyl group and carb am ate  oxygen a to m , so th a t th e  carbonyl carbon  

regains its sp2 m akeup and th e  carb am yl-en zym e  adduct is form ed . I t  would  

a pp ear to be im p o rtan t th a t the  ligand m olecule can accom m odate  these electron  

m otions. In d eed , it can be envisaged th a t if the m olecule has large varia tions in 

charge distribution in genera l, this could a ffect its ab ility  to accom m odate  charge  

m ovem ents  as required w hen this m olecule acts as a covalen t ligand in BChE.
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The dipole moment of a molecule is a measure of the polarity of the molecule. The 

electrons in a molecule and the associated charges are normally distributed 

unevenly on account of the variable electronegativities of the atoms of that 

molecule. This means that a single vector can be described that indicates the 

direction and magnitude of the overall electron movement in the molecule. This 

vector is the dipole moment of that molecule. Intuition suggests that uneven 

charge distributions in molecules may disrupt ligand-receptor covalent interactions, 

and since the dipole moment is a good measure of charge distribution, it makes 

sense to seek a correlation between ks for the interaction of isosorbide ligands with 

BChE and the dipole moments of those ligands.

The extent of correlation between ks and the dipole moment of the isosorbide 

ligands, calculated in their energy minimum conformation, is shown in Figure 4.29. 

The correlation is reasonably good (r= -0 .6 78 5 , r^=0.4504) with a good spread of 

points on either side of the correlation line. It  was never anticipated that a single 

parameter might predict ks perfectly, but this correlation suggests that uneven 

electron distribution might affect ligand turnover adversely. If  drug development 

scientists wish to prepare ligands that rapidly carbamylate enzymes, then it would 

appear to make sense to prepare ligands with low dipole moments.

Correlation Plot 
R=-0.678S R2=0.4604 (MHDO_dipole) < -0.881372 (k3) 4.07814

MHDO_dipole

0 0.2 0.4 0 6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8

k3

Figure 4.29. The correlation between dipole moment and experimental ks constants 

for isosorbide carbamates interacting with BChE.
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A t this s tage, com putational studies had been used to d e te rm in e  som e of the  

factors th a t are im p o rtan t in the  associative reactions betw een isosorbide ligands  

and BChE. By determ ing  such factors, it is possible to m ake use of them  to guide  

synthetic  efforts  and to m ake predictions regarding the  expected potencies of 

hypothetical inhibitors. The conclusion m ade would also be expected to have wide  

applications, and could be applied to  the  in teractions of carb am ate  inhibitors w ith  

o th e r esterase enzym es. In  the  early  stages o f this ch ap ter, how ever, it w as noted  

th a t the overall level of inhibition th a t is observed w hen a carb am ate  com pound  

in teracts  w ith  BChE -  w h a t is typ ically  given by the  IC 5 0  constant -  is determ ined  

not only by the  association o f ligand and e n zym e , but also by the  rate  of 

d ecarbam yla tion  of the  enzym e . Breakdow n of the  c arb am yl-en zym e  adduct is 

typ ically  slow for carb am ate  com pounds; this is the  reason w hy such com pounds  

are  inhibitors in the  firs t instance. H ow ever, it was shown in section 4 .4 .4  th a t  

th e re  are significant differences in the  rates o f decarbam yla tion  for various ligands. 

I t  would obviously be helpful to be able to expla in  these d ifferences. C om putational 

studies to exam in e  the  basis o f such varia tions  are  described in the  next section.
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4 .5 .4 . Computational analysis of ks constants

The calculation of un im olecu iar ra te  constants to  describe the d ecarbam yla tion  of 

BChE subsequent to in teraction  w ith  isosorbide-based carb am ates  was described in 

section 4 .4 .3 .  These constants have been described as k s .  A t the  tim e  of th e ir  

calculation , a num ber o f com m ents  w ere  m ade regarding the  d ata . The initial 

finding was th a t benzyl c arb am ate  com pounds tended  to form  m ore stable  

c a rb a m y l-e n zym e  adducts than a liphatic  carbam ates  such as the  m ethyl or ethyl 

c arb a m ate . (Tab le  4 .2 )  The bu ty lcarbam yl adduct was also reasonably stab le. The  

reasons for these findings are  probed in the  next section. S ubsequently , it was 

noted th a t am ongst several benzyl carb am ate  com pounds, all o f which form  the  

sam e covalen t adduct, th e re  was significant d isparity  in k s  constants, suggesting  

th a t th e  isosorbide es te r leaving group m ight a ffect the  d ecarbam yla tion  process. 

This was particu larly  noticeable fo r th e  b i-phenyl es te r d eriva tive , for exam p le . 

Descriptions o f studies to exam in e  th e  basis o f these findings also ensue.

4.5 .4 .1 . Why are benzyl-carbamyl adducts more stable?

The firs t issue to  be addressed w as to uncover w hy the benzyl carb am ates , and to a 

lesser ex ten t the  b u ty lcarb am ate  com pound, form ed m ore stable carb am yl-en zym e  

adducts than sm aller m ethy l o r e thy l carb am ates . Benzyl carb am ates , have, to the  

best o f our know ledge, not been reported previously as inhibitors of BChE. The  

research described in this chap ter, how ever, would ap p ear to suggest th a t benzyl 

c arb am ate  com pounds m ight be g en era lly  used to develop potent inhibitors of BChE 

th a t ren der th e  enzym e inactive fo r long periods of tim e . T h ere  are few  analyses in 

the  lite ra tu re  in which a series o f com pounds based on the  sam e tem p la te  have  

been analysed in this m an ner and th e ir SAR described for each aspect of the  

in teraction .

The carbam yl adduct form ed during th e  in teraction  betw een carb am ate  com pounds  

and esterase  enzym es was shown in Schem e 4 .4 . The decarbam yla tion  reaction  

required  initial activation  o f a w a te r m olecule, typ ically  by in teraction  w ith  H is -4 38 , 

as show n, and subsequently , th e  g en erated  hydroxyl group can a ttack  the  carbonyl 

carbon of th e  adduct inducing hydrolysis, breakdow n o f the  carbam oyl m o ie ty  and 

reg en eratio n  o f un inhibited serine . Models o f the  adducts form ed w ith benzyl, butyl 

and m eth y l carb am ate  adducts w e re  built from  the  X -R ay  crystal s tructure  o f BChE, 

and energy  m in im ized in o rd er to rem ove bad contacts w ith the  e n zym e , as 

described m ore fully in the  final section o f this chapter. These m odels w ere  

analysed  and exam ined  for any  factors th a t m ight retard  hydrolysis.
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The model built to describe the adduct formed from benzyl carbamates is shown in 

Figure 4.30. I t  was immediately evident that the benzyl group places the aromatic 

ring optimally to interact with the sidechains of residues Trp82 and Phe329. Based 

on this, one would expect that the adduct should be relatively stable.

Another possible explanation was that by interacting with these residues, the 

benzyl group obstructs the entry of water into the gorge at one of its narrowest 

points. The aromatic cycle of the ligand is jus t 2.5 A and 5 A from the Trp82 and 

Phe329 respectively, and considering that the diameter of the water molecule is 

about 2.75 A, it is clear that hydrolysis might be impeded by the presence of the 

ligand in the orientation indicated; because it is stabilized, there should be little 

flexibility in the benzyl sidechain of the ligand, and this would contribute to the 

effect that is seen.

In order to probe the effect that the ligand might have on available water, the 

FLOOD program, an add-on to the VOIDOO program available from the Uppsala 

Software Factory,^"* was used to determine the likely positions of water molecules in 

the active site gorge of the model in Figure 4.30. The water molecules that were 

placed within the gorge were energy minimized within MOE and the resulting 

positions are shown in Figure 4.31. The nearest water molecule is more than 4 A 
from Hls438, and water is occluded from much of the active site, especially around 

Trp82. This can be compared to the positions of water molecules in the crystal 

structure of BChE with bound butyrate where two water molecules are modeled 

within 4 A of His438, and another 2 within 4 A of Trp82.

237



Trp-82

His-438

Ser-198

Figure 4.30. A model showing the carbamoyl adduct formed by the benzyl carbamate compounds.
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Glu-325

His-438

Phe-329

Ser-198

Figure 4.31. The predicted positions o f water molecules in the gorge o f BChE when the serine exists as the benzyl carbamoyl 

intermediate; water positions were predicted using the FLOOD program, and m inimised using MOE.
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Models of the butyl- and m ethyl-carbam oyl adducts are shown in Figures 4 .32  and 

4 .33  respectively. Unsurprisingly, the butyl carbam ate extends into a sim ilar region 

of space as the benzyl carbam ate, and a-n interactions can be noted with residues 

Trp82 and Phe329. For the same reasons as described in the preceding paragraphs, 

one would expect the butyl carbam ate adduct to be stable.

The methyl group attached to S e r l9 8  in the adduct formed by the methyl

carbam ate compound is small. The sidechain cannot extend up the gorge in the  

same m anner as observed for other compounds, and interactions with the residues 

of the cation-n site are impossible. There is little to stabilize the adduct. Thus, the  

methyl group may rotate freely, and as a result, water molecules can access the  

base of the gorge with little obstruction. Of course, the methyl group itself, being 

smaller then the benzyl group, provides less steric bulk to obstruct w ater access 

compared to the benzyl group, for exam ple, whether it is stabilized or not. 

Physostigmine is a methyl carbam ate, and rivastigmine a methyl, ethyl- carbam ate. 

I t  seems that by increasing the length or bulk of the side chain, more stable 

adducts may be formed and the decarbamylation process may be retarded. There  

may be a penalty for this extra stability, however -  adding larger sidechains to 

carbam ate inhibitor molecules may slow the carbamylation process in some cases, 

leading to a reduction in potency; the observed potency is dependent on both 

association and dissociation phases of the reaction. For our isosorbide-based 

inhibitors, however, benzyl carbamates associate with BChE rapidly, and the

enzym e adduct dissociates very slowly, suggesting that for BChE at least, it may be 

useful to prepare and test benzyl-carbam ate derivatives of current inhibitors in 

order to exam ine w hether slower decarbam ylation, and therefore increased 

inhibitor potency, m ight result.

A final consideration is the electronic makeup of the adduct when the various 

groups are attached to S e r l9 8 . An arom atic ring, is electron-withdrawing in nature 

compared to aliphatic chains. Thus, in a phenyl carbam ate, the carbonyl carbon

atom  will be more positively-charged than in the methyl, ethyl or butyl carbam ate

for exam ple, meaning that it is more susceptible to nucleophilic attack by activated 

w ater molecules. When the partial charges on the carbonyl carbons were calculated 

for carbam ate sidechains using the PM3 sem i-em piric method, the carbonyl carbon 

of the methyl carbam ate had a charge of 0 .235  compared to a charge of 0 .246  on 

the same atom in the phenyl carbam ate - a  small but possibly significant difference. 

The benzyl carbam ate sidechain includes a benzene ring, but crucially it is
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s epara ted  from the  ni trogen of the  c a r b a m a te  functionality by a methyl  group. 

Thus, the  electron-withdrawing effect of the  aromatic  group is d a m p e n e d ,  and  as  a 

resul t,  the  carbonyl carbon was predicted to have a charge  of 0 .238 .  The benzyl 

group provides for optimal n-n interactions with the  aromatic  groups  of t h e  active 

site gorge,  while impacting little on the  electronic na tu re  of the  adduc t  and  the 

positive partial charge  on the carbonyl group.  It is the  combinat ion of such factors  

th a t  may contr ibute  to the  stability of the  benzyl adducts .

It was  noted earl ier tha t  a l though benzyl c a rb a m a te s  form stable  adduc ts ,  there  

was  significant variation in /cs a m ongs t  the  benzyl c a rb a m a te  compounds .  Stud ies  to 

explain this variation are  now descr ibed.
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, Phe-329

Glu-325

His-438

Ser-198

Trp-82

Figure 4.32. The structure o f the butyl-carbamoyl adduct formed in BChE.
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Phe-329

Glu-325

Figure 4.33. The structure o f the m ethyl carbamoyl adduct formed In BChE.
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4 .5 .4 .2 . W hy do decarbam ylation rates vary amongst d ifferent benzyl 

carbam ate compounds?

The values of the decarbamylation rate constant presented in Table 4.2 varied for 

inhibition of BChE by various benzyl carbamate ligands, despite the fact that all of 

these form the same covalent adduct. For example, the adduct formed by the bi

phenyl ester of isosorbide (12) persisted much longer (ks == 0.09 hr'^) than that 

formed by the salicylate ester (7 ) {ks -  0.32 h r '\ ) .  The suggestion was that the 

isosorbide ester group that is released during formation of the carbamoyl adduct 

m ight interfere with the decarbamoylation process in some manner. One 

explanation for such an effect would be prolonged occlusion of the active site gorge 

by the leaving group -  essentially, the leaving group could become an inhibitor of 

the decarbamylation reaction, preventing access of water to the base of the gorge 

or distorting the gorge in such a way that the reaction was less favourable. Such an 

effect has been observed before for the reaction of AChE with rivastigmine.^^ In the 

crystal structure of TcAChE with rivastigmine, obtained at 2.2A resolution, the 

carbamoyl moiety is attached to Ser200 while the leaving group, 3 - [ l -  

(dim ethylam ino)ethyl] phenol, remained within the active site gorge of the protein, 

interacting with the 'anionic' subsite. Comparison with the native structure of the 

enzyme revealed a substantial change in the position of the imidazole ring of 

His440, away from its normal hydrogen-bond partner Glu327, which the authors 

suggested may account for the slow reactivation of the enzyme. Interestingly, the 

leaving group when introduced to the active site separately did not induce this 

conformational change. The release of the group in situ was apparently required for 

such effects to become evident.

Similar effects had not been observed with BChE previously. Because the active site 

gorge of BChE is wider and less restrictive, it is anticipated that leaving groups 

formed during carbamylation reactions m ight exit the gorge more easily. However, 

leaving group binding remained the most likely reason for the differential rates of 

reactivation seen between the different benzyl carbamates.

According to the data in Table 4.2, the adduct formed from the bi-phenyl ester (12) 

underwent slowest reactivation. The nicotinate (22) and salicylate (7) ester 

compounds formed adducts that were slightly less stable. The possible binding of all 

three leaving groups within the gorge was examined.
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Docking of leaving groups to tlie carbamoyl enzyme
The research just described highlights a number of difficulties inherent in modelling 

potential interactions between BChE and leaving groups. In the first instance, in 

order to exam ine the potential for disruption of the catalytic site, flexibility of the 

receptor must be considered. Furthermore, the catalytic serine must be 

carbam ylated, as the studies with rivastigmine show that this can affect both the 

m eans by which the leaving group can bind and the effects that it can have on the  

enzym e's s t r u c t u r e . I n  order to include full protein flexibility, and also to consider 

the motions of w ater molecules in the active site gorge, a full molecular dynamics 

simulation was used. This is described later. In the initial stages of the analysis, a 

good understanding of the system was garnered from docking studies. As described 

in the previous chapter, AUTODOCK was used to dock ligands to receptors with 

flexible residues. A similar approach would allow the docking of the leaving groups 

to the enzyme while permitting examination of single residue movem ents of 

interest, such as m ovem ent of His438 of the catalytic triad. Docking was used to 

predict the optimal binding sites of the leaving group and also to estim ate binding 

energies for these fragments in the receptor -  obviously, binding energies would 

have to be significant if the leaving groups were realistically going to remain in the 

active site gorge once produced by the carbamylation reaction; the more favourable 

the interactions, the more likely it was that the leaving groups m ight remain in situ 

and interfere with enzyme reactivation.

AUTODOCK was also suitable for our purposes in this section because its param eter 

database is accessible and modifiable. The carbamylated serine that was desirable 

for modelling is essentially a modified protein residue, but param eters for such a 

residue are not present in the param eter databases of many docking programs. 

AUTODOCK uses a database (A D 4_param eters.dat) which includes atomic solvation 

volumes and param eters, as well as van der Waals and hydrogen bond well depths 

for a variety of atom  types. The atom types are specified in the PDBQT file that 

AUTODOCK 4 processes as part of its docking runs. In order to include the modified 

S e r l9 8  in calculations, the appropriate PDB coordinates, charges and atom types 

could be manually added to the PDBQT file for the enzym e and the residue was 

then considered appropriately in subsequent processing. The partial atomic charges 

for the modified residue were calculated using the AMBER99 forcefield in MOE;^^ 

non-dictionary charges were set to Gasteiger charges.

245



Chapter 4: Interaction of Isosorbide-based Carbam ates with Cholinesterase

Enzymes

The bi-phenyl ester, nicotinate ester and salicylate ester leaving groups (Figure 

4 .3 4 ) were docked to the benzyl-carbam ylated BChE enzym e as outlined above and 

described in full later. The results were as follows.

(a ) (b)

HO

O

HO

O

(c)

HO H

OH

Figure 4.34. The bi-phenyl (a ), nicotinate (b) and salicylate (c) leaving groups that 

were docked to the carbamylated BChE structure in order to examine their effects

on enzyme decarbamylation.

The bi-phenyl ester provided the most stable adduct, and encouragingly, the 

leaving group could bind within the active site gorge of the carbamylated enzyme 

and form a num ber of good contacts. The predicted binding energy of the ligand in 

its most favourable orientation was -1 8 .6 1  kcal.m ol'S indicating its ability to bind 

well within the active site gorge of the carbam ylated enzym e. The nicotinate ester 

leaving group, also docked well. In  accordance with its reduced capacity to inhibit 

decarbam ylation, it had a slightly lower binding energy -  the predicted value was 

-1 6 .0 7  kcal.m ol'^ The salicylate leaving group, lastly, had a binding energy of 

-1 7 .5 2  kcal.mol ^

The docked positions of the leaving groups in the optimal binding poses, along with 

the associated residue sidechains are shown in Figure 4 .3 5 . Residues S e r l9 8 , Trp82, 

Tyr332, Tyr440 , His438 and T y r l2 8  were allowed to be flexible in the docking runs.
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The models are shown in overlay to highlight the variation in sidechain positions of 

some of these residues in the presence of the different ligands. The native structure 

of BChE with bound butyrate (PDB accession code IPO I) is shown in addition in 

order to illustrate the native positions of these residues. The position of the bi

phenyl ester leaving group is shown in cyan. The sidechains of both Trp82 and 

significantly, H is438, are shifted from their normal positions (shown in salmon). In 

the salicylate ester model, the imidazole ring of His438 is similarly shifted, and this 

can be used to explain slow regeneration of active enzym e as described earlier for 

the model of rivastigmine binding. The histidine residue of the nicotinate model, 

shown in yellow, is shifted little by the binding ligand, although there is some 

displacement of the indole ring of Trp82 as observed for the bi-phenyl ester ligand. 

I t  is noticeable that the carbonyl oxygen is directed towards the oxyanion hole 

residues (not shown) while the benzyl moiety is directed into the acyl pocket in all 

models -  this is identical to the structure adopted by the carbamyl moiety of 

rivastigmine in TcAChE, but differs from the pose shown in Figures 4 .3 1 -4 .3 3 , 

mainly because of the presence of the leaving group.
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Asp-70

Val-288
is-438

Figure 4.35. An overlay o f the models o f the isosorbide ester leaving groups created using AUTODOCK. Model colouring is as follows: b i

phenyl ester (cyan); ^aiicyiatc (purple :; ; native enzyme (salmon).
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While the docking studies indicated that the leaving groups affected 

decarbamylation as initially suggested, molecular dynamics simulations were used 

to support the proposal, and to help to explain the variation in effects noted for the 

different groups. Simulations were used to examine whether the leaving groups 

were trapped in the gorge or released from it over time. Furthermore, because 

explicit water molecules were included in the simulations, it was possible to 

examine the access of water molecules to the base of the gorge and water fluxes 

within the gorge over the course of the simulation. The activation of water is of 

course pre-requisite for enzyme regeneration, and any element of the system that 

reduced the presence of water retarded decarbamylation.

Molecular dynamics simulation of the leaving groups in the active site of 
carbamylated BChE
Molecular dynamics simulations were carried out using the models of leaving groups 

bound to carbamylated BChE (Figure 4.35) as starting points. Amongst the ks 

constants in Table 4.2, the greatest disparity amongst benzyl carbamate 

compounds was between the bi-phenyl ester and the salicylate compounds. Any 

differences that m ight help us to explain the reasons for the reported disparities 

were expected to be most prominent between these compounds, and therefore, 1 

ns simulations of each system were carried out. The simulation of benzyl 

carbamylated BChE containing isosorbide 5-bi-phenyl ester in its gorge is described 

first.

The first step in analysis was to ensure that the trajectory was stable for the 

duration of the simulation. As presented in Figure 4.36, the potential energy of the 

system decreased slightly over the course of the first 200-300 ps due to bond 

rearrangements and rapid equilibration of the system. Subsequently, the system 

was stable for the remainder of the 1 ns simulation.
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Figure 4.36. A plot of potential energy of the molecular dynamics system over time 

for the 1 ns simulation of the bi-phenyl ester.

The tem perature, pressure and volume of the system were also stable throughout 

the simulation, confirming the equilibration of the system and indicating that 

reliable conclusions might be drawn from its exam ination.

Initial interest was focussed on w hether the leaving group was trapped in the gorge 

whereby it could affect subsequent decarbamylation of the enzym e, or otherwise 

w hether it m ight exit the gorge. The 1 ns simulation was rather short for large 

molecule m ovem ent to be realistically observed, but in this tim e, indications should 

at least be given as to w hether the complex was stable. A plot of the RMSD of the  

ester ligand over tim e highlighted that it was held within the gorge with little shift 

from its original position. Over the entire duration of the simulation, the maxim um  

shift was just 0.1 nm! (Figure 4 .3 7 ) This principally involved a small shift in the 

biphenyl moiety upwards within the gorge where it interacted with Tyr332 and the  

residues of the acyl pocket, and a small downward m ovem ent of the isosorbide core 

towards the catalytic triad, as highlighted in the average structure later. This allows
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the isosorbide group to interact better with His438 and it may be an important 

contributing factor to the retardation of enzym e reactivation, as discussed later.

Ligaiid RMSD

0 . 2

0 . 15

6c

Q
C /J

§
0 . 05

0 . 1 -

0 200  400 600 800 1000
T im e  ( p s )

Figure 4.37. The RMSD of isosorbide 5-biphenyl ester from its starting position for

the 1 ns simulation.

The retention of the ligand within the active site gorge is principally due to short 

range Lennard-Jones type interactions as shown in Figure 4 .3 8 . Coulombic 

interactions apparently play little or no role. (Figure 4 .3 8 )

Having shown that the leaving group remained present in the gorge for the 1 ns 

duration of the simulation, one should consider how the ligand affects the protein 

and how it may slow the decarbamylation process. Of particular interest were the 

m ovem ents of His438 and the interactions between this residue and the ligand, 

solvent and other elements of the protein. For this reason, His438 was specified as 

an energy group for the course of the simulation and its interactions with other 

groups monitored.
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Figure 4.38. Short-range Lennard-Jones interactions are the main reason for the bi- 

phenyi ester leaving group to be held in the gorge. They remain constant 

throughout the simulation as shown.

Visual exam ination of the dynamics trajectory highlighted that His438 is moved 

from its starting position and that it continues to move throughout. In a molecular 

dynamics simulation of BChE alone, such m ovem ent was not apparent and the  

hydrogen bonds between the catalytic triad residues were maintained. As shown 

in Figures 4 .3 9  and 4 .4 0 , this was principally due to the interactions between the 

residue and the leaving group. The leaving group interacted with His438, and the 

favourable interactions caused it to be attracted in the direction of the bound ligand 

throughout the simulation. Thus, in the beginning, the distance from the imidazole 

ring of His438 and the closest oxygen atom  of the isosorbide moiety was 6 .5  A, 

whereas on average, the distance was just 5 .5  A throughout the simulation. An 

exam ple of the positive interactions causing such movements was the positive 

hydrogen-bonding interaction between the 2-OH group of the isosorbide moiety and 

the carbonyl oxygen of His438, which contributed to the distortion of the protein in 

this region. This is evident in the plot of RMSD of the histidine residue through the
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simulation (Figure 4 .4 1 ), where the initial m ovem ent towards the ligand is 

m aintained throughout the 1 ns run.

I t  was im portant to consider the Coulombic interactions between the leaving group 

and the imidazole ring of His438, as electronic interactions may draw electron 

density away from the ring aromatic ring of the histidine residue, rendering it less 

capable of activating w ater molecules. The bulk of the electrostatic interactions 

shown in Figure 4 .40  were between the leaving group and the backbone carbonyl 

group of His438 rather than the sidechain atoms of the residue, however. On this 

basis, electrostatic interactions between the leaving group and His438 may be less 

im portant than initially suggested by this plot.

Leiinard-Jones interactions
between leaving group and His-438

0 500 1000
T i me (p s)

Figure 4.39. The Lennard-Jones interaction energies between the bi-phenyl ester

leaving group and His-438 of BChE.
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Figure 4.40. Coulombic interaction energies between the bi-phenyi ieaving group 

and His438 o f BChE during the simulation.
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Figure 4.41. The RMSD o f His438 from its starting position in the 1 ns dynamics 

simulation with the bi-phenyl leaving group.
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As well as reducing decarbamylation rates by distorting the catalytic triad, the 

leaving group might also prevent access of w ater to the base of the gorge. In order 

to study this possibility further, the interactions between His438 and the water 

molecules present in the simulation were analysed.

In  Figure 4 .42 , it is shown that there were favourable interactions between the 

w ater molecules and His438 throughout the simulation, generally of the order of 

about 30 kJ.moi'^ (around 7 kcal.mol"^). This is approxim ately the strength of a 

strong hydrogen bond, and when the hydrogen bonds between w ater and His438 

were analysed, there was an average of 1.0 hydrogen bonds per tim efram e during 

the simulation. This hydrogen bond involved the nitrogen group in the backbone of 

His-438 rather than the sidechain. I t  seemed that water is excluded from the base 

of the gorge by the presence of the bi-phenyl ester leaving group, and water did 

not interact with the sidechain of His438 as a result (as it does in simulations of 

apo-BChE),^® explaining why decarbamylation is slow in this complex.
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Figure 4.42. The Coulombic interaction energies between His438 and solvent 

molecules for the duration of the simulation.

Gromacs Energies
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The average structure that em erges from the dynamics simulation is shown in 

Figure 4 .4 3 , superposed on the native structure of BChE with bound butyrate (PDB 

code IP O I) to highlight the molecular m ovem ents observed during the simulation. 

Most aspects of the simulation that have been described above can be observed, 

especially the m ovem ent of H is-438 away from its normal resting position in 

response to the steric effects of the leaving group in the gorge. Whereas the 

distance between the interacting heavy atoms of His438 and S e r l9 8  is 2 .79  A in 

the native structure, it is increased to 3 .98  A in the average structure from the 

dynamics simulation, and this can clearly hinder its ability to effect decarbamylation, 

just as described by Bar-on et al for rivastigmine.^^ The exclusion of w ater 

molecules from the base of the gorge near the imidazole ring of His438 is also 

noted, with the only w ater molecule within 5 A of the imidazole ring of His-438  

shown -  it is at a distance of 3 .34  A from N6 of H is-438, and clearly not sufficiently 

close for the most part to interact strongly with it. These features m ay collectively 

contribute to the slow decarbamylation observed in the in vitro tests described at 

the beginning of the chapter.
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Figure 4.43. The average structure from the dynamics simulation, shown in yellow, with the ligand in magenta, is superposed on the 

native crystal structure o f BChE, shown in cyan. A single water molecule present in the simulation is shown, being the only molecule that

comes close to His-438 a t any stage.
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An identical simulation was carried out in which the leaving group was isosorbide 5- 

salicylate (Figure 4 .3 4 ), with all other param eters and methodologies being the 

same. The hope was to identify some differences between the two simulations that 

might offer an explanation for the fact that hydrolysis of the carbam yl-enzym e  

adduct in this system proceeded faster than in that with the biphenyl ester. Similar 

analyses were carried out and some interesting results emerge.

The trajectory was stable throughout the simulation, as shown in Figure 4 .4 4  below 

where the system's potential energy is plotted against tim e. This implied that 

reliable conclusions might be drawn from the results.

Potential Energy

-le+06

-1.005e+0€

oe -1 . Ole-t-06
a ;

-1 . 015e + C6

— 1 . 02e-(-05 0 5 00 1000
Time (ps)

Figure 4.44. The potential energy of the system remained relatively constant for the 

1 ns duration of the simulation, indicating that the system was properly equilibrated

and the trajectory was stable.

Firstly, the m ovem ent of the leaving group in the active site gorge was examined. 

Im m ediate ly , a noticeable difference was observed, with the salicylate moving more 

than the biphenyl ester. Over the first 100 ps or thereabouts of the simulation, 

there was m ovem ent of the ligand up to 0 .2  nm from its starting position, (Figure
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4 .4 5 ) at this stage, it remained bound at that location, moving little further. The 

direction of this m ovem ent was exam ined. In the beginning, the ligand was in an 

extended conformation vertically within the gorge. The salicylate group was aligned 

with Trp82, while the isosorbide moiety extended to the lip of the gorge, interacting 

with Tyr332 and the backbone of Asp70. The m ovem ent that occured early in the 

simulation was rather slight, and the interactions with the cited residues were for 

the most part maintained or enhanced. The m ovem ent of the ligand can be 

observed well in the average structure shown later. (Figure 4 .5 0 )
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Figure 4.45. The RMSD of the leaving group from its starting position in the 

simulation o f the salicylate ester in BChE.

The enhanced binding of ligand to protein caused by the rearrangem ent of atoms at 

the beginning of the simulation is shown in Figure 4 .4 6 . Once the ligand was in its 

stable orientation, the interactions were strong, very similar in strength to those 

seen for the biphenyl ester leaving group. This tem pered any anticipation that the 

ligand might exit the gorge. However, the fact that the ligand fitted differently 

within the gorge compared to the bi-phenyl leaving group may mean that it has
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less capacity to interfere with the decarbamylation process taking place in and 

around the catalytic triad at the base. I t  made sense to continue the analysis and 

exam ine specific interactions occurring in this region.

Short-range LJ interactions
Ester-protein interactions

- 1 0 0  

- 1 2 0  

- 1 4 0  

- 1 5 0  
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o e

- 2 0 0  

- 2 2 0  
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- 2 8 0  

- 3 0 0
0 500 1000
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Figure 4.46. Short range Lennard-Jones interactions between the leaving group and 

the protein are strong throughout the simulation.

As before, interactions between the leaving group and His438 were of interest. 

Figures 4 .47  and 4 .4 8  can be compared to Figures 4 .3 9  and 4 .4 0  above for the bi

phenyl ester leaving group. I t  was apparent that the Lennard-Jones interaction 

energies between the salicylate leaving group and His438 of BChE were less 

significant than those for the bi-phenyl ester group, generally fluctuating around -5  

kJ.mor^ as opposed to -10  kJ.m ol'^ Coulombic interaction energies were minimal 

for the first 400 ps of the simulation, but increased dramatically at this tim e. This 

was apparently due to interactions between the backbone carbonyl group of His438
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Lennard-Jones interactions
between leaving group and His-438
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Figure 4.47. The Lennard-Jones interaction energies between the salicylate leaving

group and His438 o f BChE.

Coulombic interaction energies
between leaving group and His-438
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Figure 4.48. Coulombic interaction energies between the salicylate leaving group 

and His438 o f BChE during the simulation.
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and the hydroxyl group of the salicylate; the average distance between both groups 

for the whole simulation was 2 .46  A whereas for the final 500 ps of the simulation, 

it was just 1 .84 A. Such m ovem ents in the backbone of this im portant residue may 

be significant, but it was also noticeable that the interactions between the sidechain 

of His438 and the leaving group were m inimal. This hinted that the leaving group 

may affect the overall position of the imidazole ring of His438 less significantly than 

the bi-phenyl ester leaving group, and this may be one reason why the rate of 

enzym e regeneration in its presence is more rapid. The m ovem ent of His438 was 

exam ined further to investigate this possibility.

As suspected based on the exam ination of interaction energies, His438 moved less 

significantly in the case of the salicylate leaving group, a fact that is clear when 

Figures 4 .41  and 4 .4 9  are compared.
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His-438
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P  0 . 1  
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Figure 4.49. The RMSD o f His438 from its starting position for the duration of the

simulation.

The differences are small, but probably significant. They are best represented, in 

the average structure shown below in Figure 4 .50 .
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Tyr-332

Trp-82
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His-438

Figure 4.50. The average structure from the dynamics simulation with the salicylate leaving group superposed on the native crystal

structure o f BChE. Colouring is as per Figure 4.43.
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His-438 and G lu-325 of the catalytic triad moved from their normal resting 

positions, but not as significantly as in the presence of the bi-phenyl ester leaving 

group -  especially in the case of the glutam ate residue. Thus, while the leaving 

group should still remain present in the gorge as depicted and slow the rate of 

decarbam ylation, its effects were less potent than for the biphenyl ester group. A 

num ber of other differences are apparent between Figures 4 .43  and 4 .50  in 

addition.

In the first instance, the orientations of the leaving groups in the gorge were quite 

different. In the case of the bi-phenyl ester group, the isosorbide moiety was at the 

base of the gorge, interacting with Trp82, His438 and other residues in this area. 

The salicylate itself was at the base of the gorge in its case, with the isosorbide 

portion of the molecule pointing towards the gorge entrance, interacting with 

residues Asp70 and Tyr332. The hydroxyl group of the salicylate moiety may 

attract w ater molecules to this area and thus hasten hydrolysis of the carbamyl- 

enzym e. Another point to note is that the salicylate leaving group caused a 

significant deformation of the enzym e around Trp82 and Tyr440. Studies in AChE 

have suggested that there is a back door in the region behind the tryptophan  

residue that allows for product efflux subsequent to the reaction, and quite 

possibly, the influx of w ater into the gorge when required for hydrolysis. 

Molecular dynamics simulation of unliganded, w ild-type BChE suggested that this 

passageway opens little more than shown in the crystal structure when the protein 

is in solution -  other passageways such as that proposed at the acyl loop were 

more significant. However, in the simulation with the salicylate leaving group, the 

passageway was held open because of the interactions between the indole ring of 

Trp82 and the arom atic ring of the ligand. W ater could thus enter and exit the 

gorge through this passageway, which exits the protein at G lu443, and this may 

play some role in hastening the hydrolysis of the carbamyl enzym e adduct.

Solvent dynamics within the active site gorge are therefore of interest, and to 

complete the comparisons between structures, the locations and movements of 

w ater molecules at the base of the gorge were analysed for the simulation with the 

salicylate leaving group. In non-liganded BChE, w ater molecules penetrated  

significantly into the active site gorge, whereas this was not the case with the bi

phenyl ester leaving group. W hat was of most concern in our models was the  

extent of solvation at the base of the gorge and interactions between His438 and 

the solvent molecules that could be indicative of activation of water for enzyme.
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regeneration. Throughout the simulation, it was found that there was an average of 

1.2 hydrogen bonds between His438 and solvent across all snapshots of the 

simulation. This was slightly higher than that observed in the simulation with the 

bi-phenyl ester leaving group, and was indicative of the fact that the base of the 

gorge was more accessible to water molecules in this trajectory, consistent with the 

discussion above. The Coulombic interactions between His438 and solvent are more 

significant in this instance, as can be observed in Figure 4.51 below. A 1 ns 

simulation is relatively short, and even though the differences between the 

simulations are small, these differences would be magnified if the simulation was to 

be examined across several time courses that would be more correlatory to the 

timescales that exist in experimental studies in vitro. Also, the differences between 

the ks values calculated experimentally are quite small, and the leaving group 

would appear to effect slow decarbamylation in every case. The capacities of the 

different groups to do so vary only by relatively small amounts, and therefore one 

would expect that the differences between simulations would be minor.

Gromacs Energies

0 500 1000
T i me (p s)

Figure 4.51. The Coulombic interaction energies between l-iis438 of BChE and 

solvent molecules in the simulation with the salicylate leaving group.

The modelling results discussed in the previous sections provide sound 

rationalisations for the kinetic constants obtained experimentally, indicating the 

basis of inhitor potencies and the residues that are important in binding the
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different moieties of the ligand at each stage of the carbamylation and 

decarbamylation reactions. Studies involving enzymes with carefully selected 

mutations are often used to further rationalise ligand binding and provide proof of 

models like those developed above. Thus, various butyrylcholinesterase mutants 

have been prepared and the ir interactions with different ligands examined, since 

differential interactions in the mutant enzymes compared to the wild type can 

provide insight into the significance of the individual sidechains of the residues that 

have been modified. BChE ligands studied in this manner include bambuterol,"*® 

c o c a i n e , b e n z o y l c h o l i n e  and the organophosphate echothiophate."^ As such 

studies can improve confidence in modelling studies and the results obtained from 

them, kinetic analyses were carried out examining the binding of our own ligands to 

mutant BChE enzymes. D70G and Y332A mutant enzymes were obtained from Dr. 

Oksana Lockridge in the University of Nebraska for such tests. The binding of 

isosorbide 2-benzyl carbamate 5-salicylate (7) to these mutant enzymes was 

examined; it is the most potent inhibitor in the class, and therefore one would 

expect it to demonstrate the strongest and most diverse interactions, making 

differences in binding between different mutants and the wild type enzyme most 

noticeable. Furthermore, it was especially interesting to examine why the salicylate 

was so much more potent than the benzoate, which differed only in the presence of 

the hydroxyl group attached to the aromatic ring. Kinetic studies with m utant 

enzymes are described in the next section.
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4.6. Studying the interactions of isosorbide based carbamates 

with BChE using mutant enzymes

In  Figures 4 .1 2  and 4 .1 3 , specific interactions between the hydroxyl group of 

isosorbide 5-salicylate compounds with the sidechains of residues Tyr440, Asp70 

and Tyr332 were noted, and it was suggested that these interactions were the 

principal reason for the improved binding of salicylate compounds compared to 

benzoates, highlighted in Table 4 .1 . I t  made sense to exam ine the binding of 5- 

salicylate compounds and 5-benzoate compounds to enzymes in which these 

residues are mutated as variable effects on the binding of each ligand would 

indicate that the cited interactions occur. Because residues Asp70 and Tyr332 were 

of most interest, and also for reasons of availability, the following m utant enzymes 

were examined:

• The D70G m utant in which Asp-70 is replaced by a glycine residue

• The Y332A m utant in which T yr-332  is replaced by an alanine residue

• The D70G /Y332A  m utant in which both substitutions are made

A brief description of these mutations and the reasons for being interested in them , 

aside from the specific interactions th a t are postulated, is now given.

4.6.1. Why are the D70G and Y332A mutants interesting?

In the first instance, ligand binding to D70G and Y332A mutants was examined to 

assess the validity of the models contracted earlier. Based on the models, one 

would anticipate that salicylate ligands would have reduced affinity for m utant 

enzymes compared to w ild-type enzymes, and this could be investigated. However, 

enzymes with mutations at Asp70 and Tyr332 are interesting for a number of other 

reasons.

The residues Asp70 and Tyr332 are generally cited as being the two components of 

the peripheral site of BChE, playing roles in initial substrate binding, orienting 

ligands for interactions within the active site gorge and in the substrate activation  

of BChE that is classical for this enzym e compared to AChE.'* '̂"'® Both residues were 

noted at the top of the active site gorge when structures of BChE were first 

determined but their importance in enzym e function was not initially appreciated. 

The importance of Asp70 in enzym e function was first noted by Masson et al who
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noted that amongst enzymes mutated at several residues near the lip of the gorge, 

only those with mutations at Asp70 had reduced affinity for positively-charged 

substrates and inhibitors. In addition, the D70G m utant enzym e was devoid of 

substrate activation. There were some suggestions that the m utant may have a 

different global conformation compared to the wild type enzym e, however, and thus 

it is im portant to note that any effects observed in experim entation may not simply 

be due to the presence or absence of specific interactions, but rather due to 

conformational changes affecting the binding of ligands at other sites. Later studies 

suggested that Asp70 plays a role in the reactivation of enzyme inhibited by 

organophosphates and in the ageing reaction observed in organophosphate- 

inhibited BChE.^° Volume change differences between w ild-type and D70G enzymes 

also suggest that Asp-70 controls hydration of the active site gorge and the 

dynamics of the w ater network during catalysis.

The identification of Tyr332 as an im portant component of the peripheral site of the 

enzym e stemmed from work with bis-quaternary am m onium  compounds.''^ In BChE, 

such ligands interacted at one end with Trp82 and at the other with Tyr332. Later, 

Tyr332 was also identified as being im portant in substrate activation effects. In  

addition, it is im portant to note that Tyr332 is hydrogen bonded to Asp70 in wild 

type enzym e, and therefore it makes sense to study mutants of Tyr332 when 

considering the effects of Asp70. Double m utant cycle analysis provided evidence 

for im portant interactions between the two residues and in double m utants, it is 

clear that there are conformational changes in the enzym e that can a lter both 

substrate binding and enzym e acylation or carbam ylation.

An im portant feature of the peripheral site of BChE, comprising Asp70 and Tyr332, 

is its potential ability to catalyse the aggregation of p-amyloid protein. In Chapter 1, 

it was noted that AChE catalyses the aggregation of amyloid protein to form the 

plaques and tangles that are pathological in AD and may contribute to disease 

symptoms and progression. This aggregation is catalysed by the peripheral site 

residues of AChE. Recently, it has been shown that BChE also catalyses amyloid 

aggregation and that BChE inhibitors have the capacity to slow this undesirable 

e f f e c t . B y  extension, it would be anticipated th a t the catalytic effects of BChE in 

this regard are related to the peripheral site residues, and that inhibitors that 

interact with the peripheral site would be interesting because of their potential 

disease modifying effects.
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Lastly, it is interesting to examine the binding of our ligands to the D70G mutant as 

this is the most common BChE mutation observed in the general population, known 

as the 'atypical' BChE variant and found in 5.8% of people in an Israeli 

population as one e x a m p l e . T h i s  variant was first noted because of the unusually 

high sensitivity of patients with this mutation to the neuromuscular blocker 

succinylcholine; administration of the drug to such patients results in prolonged 

apnoea since it is not broken down by BChE as is typically the case in patients 

presenting with the wild type enzyme. A significant proportion of many populations 

present with this mutation and if agents are to be used as drugs, one should be 

sure of what outcomes m ight be effected by drug administration, including the 

outcomes arising from administration to individuals with the atypical enzyme. I t  

was thus im portant to examine binding of our inhibitors to the D70G mutant not 

only to validate the structural models described earlier but also to examine how the 

isosorbide-based carbamates might be tolerated by patients with the common 

D70G mutation.

So do the isosorbide-based carbamates, particularly the 5-salicylate compounds 

that we suggest interact with Asp-70 and Tyr-332, interact differently in the wild 

type and m utant enzymes?

4 .6 .2 . Carbam ylation constants for inhibitor binding to BChE 

m utants

The kinetic constants Kc and ks described the overall kinetics of wild type BChE 

carbamylation well. The constant Kc expresses the initial binding affin ity prior to 

covalent interaction, and was therefore of most interest. Interactions between 

ligand and the peripheral site residues in the Michaelis complex were expected to 

be highlighted by variations in Kc values between wild type and mutant enzymes. 

The values of Kc for the interaction of some inhibitors of interest with mutant BChE 

enzymes were measured using identical methods to those used to calculate kinetic 

constants for the inhibition of wild type enzymes earlier. The results are given in 

Table 4.3; the values for inhibition of wild type enzyme from Table 4.1 are included 

for comparison. The table also includes the values measured in each case.
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Isosorbide 2- 

benzyl 

carbamate 5- 

salicylate (7)

Isosorbide 2- 

benzyl 

carbamate 5- 

benzoate (9)

Isosorbide 2- 

ethyl 

carbamate 5- 

salicylate ( 11)

Kc ka C m in "^ )

WT D70G Y332A D 70G /Y 332A  WT D70G Y332A

19.75 ± 66.48 ± 50.16 ± 444.6 ± 3.5 ± 0.3 2.7 ± 0.2 2.7 ± 0 . 1

8.15 nM 21.36 nM 6.21 nl  ̂ 106.9 nM

(0.30) (0.39) (0.04)

904.4 ± 2.36 ± 1.49 ± 6.421 ± 3.0 ± 0.4 3.6 ± 0.9 1.3 ± 0.2

465.8 nM 1.30 0.73 |jM 3.06 |jM

(0 .38) (0.61) (0.14)

75.23 ± 316.8 ± 417.6 ± 2.26 ± 1.8 ± 0 . 1  2.5 ± 0 . 1  2.9 ± 0.2

13.4 nM
36.61 nM 60.84 nM 0.40 (jM

(0 .24) (0 .18) (0.03)
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D 70G /Y 332A

3.1 ± 0.2

2.0 ± 0.4



Isosorbide 2- 

butyl 

carbamate 5- 

benzoate (16)

2.57 ± 

0.404

2.72 ± 

0.57 mM 

(0.95)

1.28 ± 

1.14 |jM 

(2 .01 )

5.3 ± 

0.9 mM 

(0.48)

2.6 ± 0.2 2.4 ± 0.2 1.3 ± 0.6 1.7 ± 0.1

Table 4.3. The values o f the Inhibitor binding constant Kcfor various Inhibitors fo r the ir binding to wild-type and m utant BChE enzymes. 

Values are given ±  the standard error values for the ir estimation. Figures In brackets are the ratios o f the Kc values fo r m utant and wlld-

type enzymes. Values o f ks are also given in the Table fo r reference.
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I t  is clear th a t m utations in the peripheral site residues generally led to decreased 

a ffin ity  fo r the inh ib itors, indicating th a t the peripheral site was im portan t fo r 

in teractions between ligand and enzym e in every case, and not ju s t fo r the 

salicylate compounds where the specific in teractions were apparent. In order to 

exam ine w hether specific in teractions m igh t be responsible fo r some o f the 

im provem ent in inh ib ito r binding observed when the salicylate inh ib itors in te ract 

w ith  wild type compared to m u tan t enzym es, one m ust exam ine the free energies 

o f binding fo r each ligand.

The change in free energy o f in itia l binding caused by m utations, AAGmut-wt could be 

calculated according to the fo llow ing equation.

AAGmut-wt ~ -RT In iKc(mut)/Kc(„t)) (Equation 4.35)

where Kc(mut) and Kc(mt) are the dissociation constants fo r Michaelis com plex 

form ation  in the m utan t and w ild -type  enzymes respectively. R is 1 .9 9 .x l0 '^  

kca l.m o l'^K '^  and T was taken as 310 K. AG of wild type BChE was taken as a 

reference value. A negative value indicated less favourable binding compared to  the 

wild type enzyme.

This equation was used to analyse the binding of isosorbide 2-benzyl carbam ate 5- 

salicylate (7) to each o f the BChE variants. The values o f AAG for binding to  the 

D70G and Y332A m utants were -0 .75  kcal.m ol'^ and -0 .57  kcal.mol'^ respectively. 

In the double m utant, the calculated value was -1 .92 kcal.m ol ^  The values are not 

en tire ly  additive, suggesting tha t conform ationa l changes associated w ith the 

double m utation contribute  to  reduced a ffin ity  fo r the ligand. For the e thyl 

carbam ate 5-salicylate compound (11), the values o f AAG fo r binding to the D70G 

and Y332A m utants were calculated as -0 .89  and -1 .06  kcal.m ol'^ respectively, and 

in the double m utant, -2 .10  kcal.m ol ^  In th is instance, the values are 

approxim ate ly additive, supporting the contention tha t specific interactions between 

the salicylate OH group and the sidechains o f both residues were im portan t in 

fac ilita ting  binding. In te resting ly , when one compares Figures 4.12 and 4.13, the 

hypothesised in teractions are only shown fo r the ethyl carbam ate compound and 

not the benzyl carbam ate com pound; fo r the la tte r, the in teractions were 

hypothesised based on supposed ro ta tion  o f the sidechain attached to the 5- 

position o f isosorbide. I t  m ight be suggested tha t in the benzyl carbam ate, the
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indicated interactions with Trp82 and Tyr440 are as important if not more 

important than those with the peripheral site residues.

Comparisons with isosorbide 2-benzyl carbamate  5-benzoate (9 ) were interesting 

as this inhibitor lacked the hydroxyl group tha t  was at tached to the aromatic ring of 

the ester . Thus, the supposed interactions with the two residues being mutated in 

this section are impossible, and it would be anticipated tha t  the effects of mutation 

would be reduced compared to the salicylate compounds.  The values of AAG in the 

D70G, Y332A and double mutant  enzymes were calculated as -0.60,  -0.31 and - 

1.21. Clearly, the 5-benzoate was affected by the mutation, complicating our 

interpretation of results. The value of AAG for isosorbide 2-butyl carbamate 5- 

benzoate ( 16) was -0.45 kca l .m or \  indicating that  it too was affected by the 

mutation, though in a much less significant manner. Interpretation of results is 

complicated overall. The free energy change difference for the mutants  is most 

significant for the two salicylate compounds,  and this suggests  tha t  in this enzyme, 

extra contacts  are made with the salicylates compared to the benzoate compounds.  

The differences are most significant for isosorbide 2-ethyl carbamate 5-salicylate 

( 11) and we can say with good assurance that  specific interactions with Asp70 and 

Tyr332 occur. Of course, as  noted earlier, it was only in the model of the ethyl 

carbamate salicylate (Figure 4.13) that  the cited interactions were actually seen.  

Interactions were speculated for isosorbide 2-benzyl carbamate  5-salicylate (7 ) on 

the basis of rotation of the sidechain at the 5-position (Figure 4.12).  The results 

suggest tha t  for this ligand, there are extra interactions with the two mutated 

residues, but these interactions are not as  significant as for compound 11 . In this 

way, the studies with mutant  enzymes provided good support  for the models shown 

in Figures 4.12 and 4.13,  and hence validation for the methodologies used to create 

this model.

In the introduction to this section, it was noted that Asp70 controls hydration of the 

active site gorge. It can be envisaged,  therefore, tha t  decarbamylation rates for 

BChE subsequent  to interaction with carbamate inhibitors might be different in wild 

type and D70G enzymes,  since the presence of water in the active site gorge is an 

important contributor to enzyme regeneration. Interestingly, decarbamylation rates 

in the D70G enzyme compared to the wild type have not been reported.  Having 

examined variations in carbamylation rates in mutant  enzymes,  at tention was now 

focussed on decarbamylation rates in the same enzymes.
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4 .6 .3 . Decarbam ylation rates in the D70G enzym e

The decarbamylation rate constant, ks, was estimated for D70G mutant BChE 

inhibited by several different isosorbide-based inhibitors by directly monitoring 

enzyme regeneration after dilution of the system to avoid re-inhibition of enzyme, 

as described in the methodology section. The constants obtained are presented in 

Table 4.4 below, alongside constants for regeneration of wild type enzyme for 

comparison.

Compound k5  (W T) ks (D 70G ) Ratio D 70G /W T  

(x  10’^)

Isosorbide 2-benzyl 

carbamate 5- 

salicylate (1)

0.32 hr'^ 0.01 hr'^ 30

Isosorbide 2-ethyl 

carbamate 5- 

salicylate (15)

0.58 hr'^ 0.04 hr'^ 0.6

Isosorbide 2-butyl 

carbamate 5- 

benzoate (20)

0.15 hr'^ 0.063hr'^ 420

Isosorbide 2-methyl 

carbamate 5- 

benzoate (17)

0.77 hr'^ 2.15 hr'^ 2792

Physostigmine (Figure 

1.12)

0.22 hr'^ 0.58 hr'^ 2636

Rivastigmine (Figure 

1.12)

0.05 hr'^ 0.11 hr'^ 2200

Table 4.4. The values o f the decarbamylation rate constant, ks, for regeneration o f 

wild type and D70G BChE after inhibition by various carbamate inhibitors.
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Clearly, there is marked disparity in the results in the different enzym es, and the 

D70G mutation would appear to play an im portant role in the decarbamylation  

process. However, the effects of the mutation appear to be different depending on 

the ligand involved and the carbamyl enzym e structure form ed. For the isosorbide 

ligands tested, except for the methyl carbam ate, the rate of regeneration of D70G  

enzym e is much slower than that of the w ild-type enzym e. For the methyl 

carbam ate compound, as well as for rivastigmine and physostigmine -  which 

interestingly is a methyl carbam ate itself -  the rate of decarbam ylation is more 

rapid in the D70G m utant.

The slower rates of hydrolysis in the D70G m utant can be explained by the lower 

hydration of the active site gorge in these mutants, first discussed by Masson et al 

during their examinations of the ageing process subsequent to inhibition of wild 

type and D70G BChE enzymes by DFP. Hydrostatic pressure increased considerably 

the rate of ageing of wild type BChE but produced almost no effect on the rate of 

ageing in the m utant enzym e. The pressure acceleration factor of the ageing 

process is due to a highly negative activation volume for the dealkylation of the 

adduct. The authors suggested that several w ater molecules are involved in the 

stabilization of the carbocationic dealkylation transition state of w ild-type di

isopropyl phosphorylated wild type BChE and this provided the dom inant 

contribution to the large negative activation volume for ageing in the wild type 

enzyme. In contrast, the small negative activation volume for dealkylation of the 

D70G m utant, suggested little stabilisation of the same transition state by water 

molecules.

The m utant enzym e, meanwhile, was more sensitive to osmotic stress than the wild 

type enzym e, supporting the hypothesis that the w ater network in the gorge of 

mutant enzymes is less structured than in w ild-type BChE. W ater molecules were 

released from the phosphorylated m utant much more extensively and rapidly than 

the wild type enzym e, so in addition, one could suggest th a t Asp70 was im portant 

for the conformational stability of the enzym e.

The presence of w ater molecules is also critical if decarbam ylation is to occur, as 

discussed previously. In the m utant enzym e, the w ater network appears to be slack 

and water can be easily released from the gorge. One must suppose that for the 

isosorbide carbam ates (excluding the methyl carbam ate compound tested), w ater 

is excluded from the base of the gorge, and as a result, decarbam ylation is
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especially slow. For the methyl carbam ates, as well as for rivastigmine, different 

adducts are form ed, and the structures within the active site gorge are different. It  

can be suggested that the w ater network in the gorge of the D70G m utant, differing 

as it does from that in the w ild-type m utant, allows for more rapid hydrolysis of the 

sm aller carbam ate adducts but noticeably slower hydrolysis of longer chain 

carbam ate adducts including those of the butyl and benzyl carbamates.
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4.7. Discussion

The work described in this chapter revealed  m any details  about the  interactions o f 

isosorbide 2 -c a rb a m ate  com pounds w ith  BChE a t the m o lecu lar level. The inhibitors  

w ere  shown to in teract covalently  w ith  the  e n zym e  in a m u lti-s tep  m an ner, form ing  

carbam yl adducts th a t break down slowly to reg en era te  fresh enzym e , as is typical 

of m any carbam ates  th a t are  active as inhibitors of esterases . The clarification o f 

this m ode of action allowed us to proceed to m ore deta iled  kinetic  exam in atio n  of 

the  interactions betw een ligand and receptor. R elative ly  s tra igh tfo rw ard  kinetic  

tests  have been shown to furnish constants th a t describe each stage of the  covalent 

in teraction  in deta il. These kinetic constants dem on stra ted  the  basis of the high 

potency of isosorbide 2 -b enzy l carb am ate  5 -sa licy la te  (7 ) as an inh ib itor of BChE, 

for exam p le , in a much m ore sophisticated w ay than sim ple IC 5 0  m easurem ents  

e ve r could.

As in previous chapters, structura l studies w ere  used to explain  and fu rth e r explore  

the  exp erim enta l data  introduced in the  beginning. I t  was necessary to break down  

the  interaction betw een ligand and protein into several stages because each stage  

involves d iffe ren t m oieties in teracting  w ith the  p ro te in , and no m odel could ever  

explain  overall potency in a valid m an ner -  instead, m odels could be built to  

analyse the  basis o f the  kinetic constants for each stage of th e  reaction. Only by 

building ligands th a t are optim al for each stage of th e  reaction could the  m ost 

potent ligands be realised. The initial n o n-cova len t binding o f the  ligands was  

analysed a t first using stra igh tfo rw ard  docking procedures which revealed  much  

about w hy som e o f our com pounds bound the  en zym e  m ore avid ly  than o thers . In  

order to g e t a q u an tita tive  m easure o f the  in teractions th a t m ight correlate  with  

exp erim en ta lly -d e tec ted  binding a ffin ity  and be used to predict binding o f novel 

com pounds, the ligands had to be bound in s im ilar o rien ta tions  th a t allowed d irect 

com parisons. This was achieved by m odelling the  ligand as a te trah e d ra l 

in term ed ia te  covalently  bound to the  catalytic  m ach inery  o f the  enzym e. I t  was  

found th a t a scoring function could be prepared th a t provided good in silico - in  vitro  

correlations, and th a t m ay be useful as a predictive tool going forw ard . The rates of 

tu rno ver to carbam yl enzym e adduct, m ean w h ile , characterised herein as the  

constant /c ,̂ w ere  found to be re lated  to the  dipole m o m e n t of the ligands, and  

interesting and stra igh tfo rw ard  correlation th a t has not been reported for any  

ligands previously.
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Studies on the decarbamylation rates of the carbamyl adducts provided interesting 

insights into how proteins function and how subtle changes in structure can affect 

overall interactions between a protein and its ligands. It  was noted that 

decarbamylation rates subsequent to inhibition by isosorbide 2-carbamates were 

typically low. Molecular dynamics simulations demonstrated that the leaving groups 

stayed bound within the gorge affecting the rate of enzyme reactivation, and this 

was probably responsible for the generally low values of the constants ks. The 

effects of the leaving groups were slightly variable however. Interesting possibilities 

to explain these differences included variable hydration at the base of the gorge in 

the presence of the leaving groups, and back door opening movements that might 

accelerate enzyme regeneration.

Studies on BChE mutant enzymes concluded the chapter. Mutations at Asp70 and 

Tyr332 were interesting because these residues constitute the enzyme's peripheral 

site, responsible for hydration of the gorge, substrate activation effects and amyloid 

aggregation amongst other things. In addition, the D70G mutation is a common 

variant seen in the general population. The peripheral site residues were found to 

affect binding of all ligands, and there are some suggestions that the residues may 

be involved in orienting the ligands appropriately for descent into the gorge. 

However, the mutations affected the binding of the 5-salicylate compounds most 

significantly, indicating that specific interactions between the hydroxyl group of the 

salicylate and the sidechains of these residues may contribute to binding, as 

suggested by the models built earlier. The mutant studies provided validation for 

the models built in this manner. The D70G mutant enzyme also exhibited 

significantly different decarbamylation rates. The reduction in decarbamylation 

rates for the bulk of our potent isosorbide ligands was particularly noticeable, and 

could be attributed to the rearrangement in water networks in the active site gorge 

when Asp70 is mutated, a feature of the mutant noted in previous studies. More 

work might be required to fully explain this interesting finding.
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4.8. Materials and Methods

4 .8 .1 . In  vitro  assays

All assays described within this chapter were carried out using the basic methods of 

Ellman et a l/^  modified for use with 96-w ell plates. In all cases except for 

decarbamylation assays, the wild type BChE used was human BChE, obtained as a 

lyophilized powder from Sigma-Aldrich Ireland and weighed out for use in advance 

of each test. W ild-type human BChE, obtained from pooled human plasma by HPLC, 

was used for the decarbamylation assays; it was a kind gift from Oksana Lockridge 

(University of Nebraska, USA). Mutant D70G, Y332A and D70G /Y332A  enzymes 

were also obtained as gifts from Oksana Lockridge. AChE was of Type V-S from  

Electrophorus electricus (electric eel), purchased as a lyophilised powder. I t  was 

solubilized in 0.02M  phosphate buffer pH7.0, stabilised by addition of Im g /m l 

bovine serum albumin (BSA), and refrigerated until use. Acetylthiocholine iodide 

(ATCI), butyrylthiocholine iodide (BTCI) and 5,5'-D ith iobis-(2-nitrobenzoic acid) 

(DTNB) were purchased from Sigma-Aldrich Ireland.

4 .8 .1 .1 . Tim e course of carbam ylation

The inhibition of enzym e over tim e was monitored in several different tests as 

described above. Firstly, the tim e dependence of inhibition was used as one test to 

prove covalent interaction. For this test, the enzyme was used at a final 

concentration of 0 .05U /m l, while DTNB and BTCI were used at final concentrations 

of 0.3 mM and 0 .5  mM respectively. All solutions were prepared in phosphate buffer 

pH 8.0 . The final assay volume in each well of the 96-w ell plate was 250 pL.

At time 0, various concentrations of inhibitor were added to the enzym e -  150 tJL 

samples of each were mixed. Thereafter, at successive timepoints, 50 pL aliquots 

were removed from these wells and added to wells containing 200 pL DTNB and 

BTCI in phosphate buffer pH 8 .0 . (ATCI was used as substrate for tests with AChE) 

Hydrolysis of substrate was monitored by examining changes in absorbance in each 

well at 405  nm over the following 30 s. Negative controls were run alongside the  

test solutions to take account of non-enzym atic hydrolysis, while positive controls 

gauged the rate of the uninhibited reaction. At least 2 replicate wells were run for 

each concentration of inhibitor. Inhibition was indicated when the rate of change of 

absorbance in a well was lower than those of the control solutions, with the 

decrease in rate proportional to the extent of enzym e inhibition. Plots of percentage 

inhibition over tim e were prepared using GraphPad Prism 4 .03 . (GraphPad software)
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W hen the  sam e tes t was carried out in the  presence of edrophonium , it was added  

to the  en zym e  solution prior to addition  o f the carb am ate  inhibitor. The final 

concentration  of edrophonium  in solution was 5 m M.

In  o rd er to obtain  the  carbam ylation  constants K c  and the  sam e procedures  

w ere  used. The data  thus obta ined  was fit to equation 4 .2 5  using n o n -linear  

regression analysis , and the  constants obtained d irectly.

4.8 .1 .2 . Decarbamylation studies

The rate  constants of d ecarbam yla tion  ( k s )  w ere  determ in ed  by following d irectly  

th e  recovery  o f the  inhibited enzym es subsequent to th e ir inhibition by various  

isosorbide 2 -c a rb a m ate  agents . The enzym es w ere  incubated w ith each carb am ate  

fo r a t least 1 hour a t a concentration  th a t produced m ore than 8 5 %  inhib ition. A 

1 00 0 -fo ld  d ilution was m ade a t f  =  0 w ith phosphate buffer pH 8 in o rd er to  

m inim ise reinhib ition by excess inhibitor. The enzym e was then m ain ta ined  a t a 

te m p e ra tu re  of 3 7 °C  for the  rem aind er of the  analysis. Sam ples w ere  w ith d raw n  a t 

successive tim e  points, and enzym e activ ity  was m easured to d e te rm in e  its 

recovery . Uninhibited e n zym e , trea ted  in exactly  the sam e w ay, was tes ted  a t each  

tim e  point in o rd er to take  account of any enzym e degradation  over tim e . Because  

d ecarbam yla tion  is a firs t-o rd er reaction , k s  was com puted from  the fit  o f th e  data  

points to a single exponentia l first o rder association curve using the  control as a 

m easure o f the fully  reactiva ted  enzym e .

4.8.2 . Structural studies 

4.8 .2 .1 . Docking studies

Docking o f th e  carb am ate  com pounds was carried out using AUTODOCK 4  in a 

s im ilar m an n er to the  procedures described in chapter 3. H ow ever, in this case, the  

program  w as run on W indow s XP using the Cygwin eng ine, and the  sidechains of 

residues P h e329 , A sp70, T rp 8 2  and Phe398 w ere  allow ed to be flexib le  during the  

docking runs. The crystal s tructure  of BChE com plexed w ith  a choline m olecule was  

again  used and prepared in an identical m an ner using Autodock Tools, the  

g raph ica l-u ser in tera face  to AUTO DO CK. The 4  residues specified above w ere  

included in a flexib le  residues file th a t w as fed to the  program  so th a t all norm ally  

ro ta tab le  bonds in th e ir side chains w ere  flex ib le . The rem aind er o f the  pro te in  was  

held rigid. All o th e r settings w ere  as for th e  previous w ork described in C h ap ter 3.
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As before, 100 docking runs were carried out for each ligand, and in each case, the 

results were clustered at 2.0 A for analysis.

Covalent docking of isosorbide 2-benzyl carbam ate 5-salicylate to BChE was carried 

out using AUTODOCK 3. The tetrahedral ligand was prepared and setup for docking 

as a first step. I t  was initially minimised using the PM3 forcefield, and then 

rehybridized to sp^ at the carbonyl carbon. The carbonyl oxygen was assigned a 

form al charge of - 1 .  Eight rotatable bonds were set in the ligand for docking. The 

oxygen atom of the ligand that was the attachm ent point to S e r l9 8  was changed to 

a covalently-binding atom type.

The protein, meanwhile, was modified by deleting the sidechain oxygen from Ser- 

198. Atomic affinity maps, an electrostatic potential map and a covalent affinity 

map were computed using AutoGrid 3. The covalent affinity map was calculated 

using a spherically symmetric inverted Gaussian-shaped potential energy with a 

half-w idth of 5.0 A and an energy penalty of 1000 .0  kcal.mol'S with the minimum  

energy value centred on the coordinates of the y-oxygen atom of S e r l9 8 . In 

subsequent dockings, the covalently-binding atom type in the adduct sought out 

this position, effectively binding the ligand to the protein. Autodock 3 was used to 

perform 50 independent dockings using the Lamarckian Genetic Algorithm, each 

starting from random initial positions. A population size of 300 was used for the  

search, with a maxim um  of 2 .5  million energy evaluations. The results of these 

dockings were clustered using an RMSD tolerance of 3.0 X. The highest scoring 

results were taken as indicative of the most appropriate binding mode for the ligand.

4.8 .2 .2 . Preparing models of the tetrahedral intermediate

The atomic coordinates of the crystal structure of BChE with bound butyrate (PDB 

code IPO I) were used for the transition state studies. All molecules of w ater were 

removed, along with other heteroatom s to leave only the bound butyrate and the 

enzym e itself. All missing sidechains and residues were repaired as described above. 

Each compound to be modelled was modified at its carbonyl carbon into a 

tetrahedral conformation; the ester, isosorbide and benzyl fragm ents distal to the 

carbam ate were energy minimised using the MMFF94s forcefield while retaining the 

tetrahedral structure of the carbonyl fragm ent. The carbonyl oxygen was assigned a 

formal charge of - 1 ,  and the double bond of the carbonyl group remodelled as a 

single bond. The inhibitors thus modelled were then manually superimposed onto 

the butyrate fragm ent in the orientation described, as carried out by Luo et al in
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AChE. The butyrate fragment was deleted and the inhibitor fragment joined to 

the active site serine at the 0% oxygen to form the tetrahedral intermediate 

structure desired.

The charges for all atoms of the system were calculated using the methods of Gao 

et a! in their preparation of their 'INT 1' structure for MD simulation. The partial 

atomic charges for the non-standard residue atoms (ie. those of S erl98  and the 

inhibitor atoms themselves) were calculated using MOPAC 7 (AMl-BCC method 

interfaced to MOE in a simplified system with the oxyanion hole residues removed. 

Since the total charge calculated for the inhibitor atoms was not an integer due to 

charge transfer between the inhibitor and S erl98  during the reaction, the charge 

was altered on the 0 -y  atom of S erl98  to give an overall charge of -1  on the 

inhibitor and S erl98  atoms. The presence of this single negative charge in the 

system was a consequence of the nucleophilic attack of the catalytic serine at the 

carbonyl carbon of the ligand. This negative charge resides principally around the 

carbonyl oxygen of the ligand, as shown in Scheme 1.2. The remaining protein 

residues were modelled using AI^BER 99 charges. Glu325 was protonated, while 

His438 was protonated at N -6to  maintain the important hydrogen-bonding network 

of the catalytic triad. The whole system was energy minimised in MOE using 

sequential SD (100 steps), and TN (1000 steps or to an RMS gradient of < 

0.01kcal/(m ol*A )) algorithms. The distances between the negatively charged 

carbonyl oxygen and the backbone nitrogens of the oxyanion hole residues were 

constrained, along with the hydrogen-bonding atoms of the catalytic triad. 

Generalised Born solvation was used with an interior dielectric constant of 20 ard 

an exterior dielectric of 80. A non-bonded cut-off was put in place with a smoothirg 

function used between 12 and 15 A.
A second iteration of charge calculation and energy minimisation was 

performed in an identical manner to arrive at the final models of the protein- 

carbamate adducts shown above.

4.8.2.3. Docking of leaving groups to carbamylated BChE

The model of BChE carbamylated at S erl98 , into which the leaving groups we'e 

docked, was prepared using MOE. The sidechain of S erl98  was manually modified 

in the model of BChE prepared above, in which all missing residues and sidechains 

had been repaired. The new structure was built using the program's builder function, 

and the bonds joined and rotated in order to create apparently optimal contacts 

with the surrounding residues. The whole system was minimised using sequental
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SD and TN algorithms as before to an RMS gradient < 0.01kcal/(m ol*A). 

Generalised Born solvation was used with an interior dielectric constant of 10 and 

an exterior dielectric of 80. A non-bonded cut-o ff was put in place with a smoothing 

function used between 12 and 15 X.

The leaving groups that were to be treated as ligands were built in MOE and 

minimised using MOPAC 7 (PM3 method). They were prepared as PDBQT files for 

AUTODOCK using Autodock Tools. All normal bond rotations were allowed within 

these ligands. A flexible residues file was also built for the runs that allowed for 

sidechain rotations of Trp82, Tyr332, Tyr440, His438, T y rl2 8  and the modified 

Serl98 residue. The grid for each docking run measured 56 x 70 x 70 grid points in 

the X-, Y- and Z-directions respectively, separated by 0.375 A. In all, 100 runs 

were carried out for each leaving group. Other settings were identical to those 

noted in Section 3.6.1.

4 .8 .2 .4 . Placing w ate r molecules into models using the FLOOD program

All models that were solvated using the FLOOD program were initially submitted to 

the ancillary VOIDOO program as PDB files. VOIDOO was used to calculate a probe- 

accessible cavity. The probe radius was set as 1.4 A, as is typically used for water. 

Default values were used otherwise to calculate a solvent accessible volume within 

the active site gorge. The file produced by VOIDOO was submitted to the FLOOD 

program for the placement of water molecules. The program made 6 attempts at 

packing as many as possible solvent molecules as tightly as possible into the cavity 

by trying various combinations of water molecules in the x-, y- and z-directions. 

The results shown are those that resulted in the highest number of placed solvent 

molecules.

4 .8 .2 .5 . Molecular dynamics sim ulations

The highest scoring models of the leaving groups docked to the carbamyl enzyme 

adduct were used as starting points for the molecular dynamics simulations 

described. The simulations were run using Gromacs 3.3.2 running on a single 

processor in Fedora Core 6 Linux.

The ligand topology files were prepared using the Dundee PRODRG server using 

identical parameters to those noted in Chapter 3. Once again, PM3 charges were 

used for the atoms of the ligand.
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The protein was prepared using pdb2gmx, applying the Gromos 96 (4 3 a l)  force 

field. The PDB file was modified in order to include the appropriate atom types for 

the modified serine residue as specified within the program's atom topology file. 

The residue topology file for this forcefield was altered, meanwhile, to include all 

necessary param eters for the same residues. The necessary param eters were 

calculated within MOE; Gasteiger charges were used for the atoms of this residue, 

while bonds, angle and dihedral param eters were set by manually inspecting of 

the structure of the adduct. The hydrogen database was also updated to reflect the 

protonation state of the modified residue, so that it could be used by the pdb2gmx 

program in an accurate manner.

The protein was enclosed in an octahedral-shaped box of SPC w ater molecules with 

an edge approxim ately 1.0 nm from the molecule in all dimensions. The appropriate  

number of counter-ions were included in order to ensure that the system was 

neutralized (for the simulation with the salicylate, a single chlorine ion was added, 

whereas for the simulation of the bi-phenyl ester, the addition of counter-ions was 

unnecessary. The difference was a consequence of the different ionization states 

predicted for the peripheral site residues in the presence of both leaving groups -  

the presence of the salicylate hydroxyl group retarded ionization in this region, 

resulting in an extra positive charge in the system that required addition of a Cl' ion 

to maintain neutrality). Periodic boundary conditions were used in each simulation.

Prior to each dynamics run, the systems were energy minimized initially using 1000  

steps of steepest descent m inim ization, and subsequently 500 steps of conjugate- 

gradient minimisation. Solvent and drug were 'soaked' into the protein using a 30ps 

run in which the atom positions of the protein were restrained. Finally, the whole 

system was subjected to a 1 ns molecular dynamics simulation.

For all of the above steps, the NPT ensemble was used. Particle-Mesh Ewald 

summation with a 1.4X cut-off was used to trea t long-range electrostatics. A 

grid-based method was used for neighbor searching and the neighbor list was 

updated every 5 steps. The Linear Constraint algorithm (LINCS) was used to 

constrain bond lengths between heavy atoms and hydrogens. The simulation was 

performed using a 2 fs tim e step. Solute and solvent were separately coupled to 

300K reservoirs with coupling times of 0 .1  ps. The system pressure was restrained 

to 1 atm osphere with a coupling tim e of 0 .5  ps. Coordinates were saved every 0.5  

ps.
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Chapter 5 

The Carboxylesterase Enzymes

structural studies described in this thesis to date have focussed on the  

cholinesterases and principally, the constituents of their active sites. However, it 

was noted upon solution of the three-dim ensional structure of Torpedo californica 

acetylcholinesterase in 1991,^ that its tertiary structure (ie. the overall structure  

and arrangem ent of loops, helices and sheets within the whole structure) was very  

similar to several other enzymes whose 3D structures were solved at about the  

same time.^ These enzymes share a common protein fold, the a/p-hydrolase fold, 

which consists of eight beta-sheets connected by alpha-helices. The enzym es, it 

was suggested, diverged from a common ancestor ( i.e ., divergent evolution) so as 

to preserve the arrangem ent of the catalytic residues, though not necessarily the 

binding site. Yet the precise functions of such enzymes vary greatly, as do the 

natures of their binding sites, and the group of enzymes includes serine proteases, 

cysteine proteases and subtilisins among others.

Having studied the interactions of various ligands with both cholinesterases, it 

would appear to make sense to seek potential interactions with other similar 

enzymes. I t  made sense to exam ine w hether any enzymes of the c/p-hydrolase  

fold fam ily were particularly similar. In this chapter, some of the other m em bers of 

this family are described. Could isosorbide 2-carbam ates, or indeed any other 

typical cholinesterase ligand, interact with other members of this family? And if so, 

what would the therapeutic implications be? Such questions are examined in the 

ensuing paragraphs.
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5.1. Enzymes of the a/|3-hydrolase fold family

Amongst the family of proteins with an a/p-hydrolase fold, the cholinesterases 

share sequence homology with some members of the family but not others.^'  ̂ In 

divergent evolution, structural similarity tends to be preserved much longer than 

sequence similarity, and hence, sequence data alone cannot be used to determine 

the evolutionary relationships between enzymes that have different functions, even 

though it has been used to determine relationships between proteins of the same 

function. Instead, one should examine both structure and function in order to 

determine whether similarities are present and what these similarities are.

Enzymes bind a substrate but also catalyse a reaction of that substrate, and similar 

enzymes might not always act in both manners -  thus some groups of enzymes 

might have similar binding subsites but different catalytic subsites, while others 

might have different binding subsites but similar catalytic sites. The group of 

proteins described herein demonstrate structural conservation of a catalytic subsite 

framework. Thus, these proteins possess catalytic triads, although the only 

conserved residue of the triad in all cases is the catalytic histidine. In each case, 

the triad residues occur at the same topological location despite the lack of 

sequence homology. In addition, the nucleophile is always located at the strand 

crossover point of the parallel (3-sheet. There is also a candidate for an oxyanion 

hole in a similar place in all of these enzymes, located in a turn between strand 

three and helix A.

The o/p-hydrolase fold was first identified by comparing the structures of five 

hydrolytic enzymes of widely different catalytic function: dienelactone hydrolase, 

haloalkane dehalogenase, wheat serine carboxypeptidase I I ,  acetylcholinesterase 

and the lipase from Geotrichum candidum.^ Since then, the number of enzymes 

that have been shown to belong to the family has grown steadily.'* The family 

includes proteases, lipases, esterases, dehalogenases, peroxidases and epoxide 

hydrolases, making it one of the most widespread and versatile protein folds known. 

The variety of enzymes making up the family, as well as their structures and 

functions, has been reviewed recently.^ While AChE and BChE are carboxylic acid 

ester hydrolases, dienelactone hydrolase is an enzyme used by bacteria and fungi 

to degrade aromatic compounds such as dienelactone to maleylacetate,® with 

cysteine acting as the nucleophilic residue of the triad. Triacylglycerol lipases 

meanwhile are ubiquitous enzymes that catalyse the hydrolytic degradation of 

neutral lipids into fatty acids and alcohols, and generally accept a broad repertoire
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of natural and artific ia l es te r s u b s tra te s /' ® The fam ily  also includes serine  

carboxypeptidases, which have peptide hydrolase activ ity , catalysing the  rem oval o f  

th e  C -te rm in a l residue on th e ir peptide substrates , achieving this via th e ir  S e r-H is -  

Asp cata ly tic  triads.®' H aloperoxidase enzym es catalyse the  halogenation o f  

organic com pounds in th e  presence of peroxidases such as H2 O 2 and halide ions; it 

is n o tew orthy  th a t in these enzym es, th e  active s ite , like in the choiinesterases, is 

a t the base of a deep g o r g e . E p o x i d e  hydrolases are detoxify ing enzym es, 

catalysing th e  hydrolysis of an epoxide substrate  to its corresponding vicinal diol, 

principally as a m eans o f rendering th e  substrate  w a te r soluble for m ore facile  

elim ination  from  th e  o r g a n i s m . E v e n  am ongst such a brie f selection o f enzym es  

from  the  w hole fam ily , the  d ivers ity  of functions is evident.

W hen seeking enzym es th a t m ay in teract w ith cholinesterase ligands such as our 

ow n, the  substrate  binding sites o f th e  enzym es m ust be s im ilar. A m ongst, the  

fam ily  of enzym es containing the  a /p -h y d ro las e  fold, any enzym es w ith a s im ilar  

binding site to the  choiinesterases would be expected to process cholinesterase  

substrates  or inhibitors in a s im ilar m an ner -  the  catalytic  sites by necessity have  

v ery  s im ilar constituents. One set of enzym es th a t appeared w orthy of a tten tion  in 

this regard w ere  th e  carboxy lesterase  enzym es. M am m alian  carboxylesterases (CEs) 

(E .C . 3 .1 .1 .1 )  are m em bers  of the  a lp h a ,b e ta -h yd ro lase -fo ld  fam ily  and are found  

in various m am m als . In  add ition , according to the  esterase classifications of 

Aldridge,^'*, CEs fall into the  sam e category  o f enzym e as AChE and BChE, nam ely  

th e  B -esterase. The fact th a t som e known cholinesterase ligands, such as tacrine  

and cocaine, bind carboxylesterase e n z y m e s , p r o v i d e d  enco u rag em en t th a t the  

binding sites of the  enzym es w ere  s im ilar, and th a t dual binding o f ligands to  

cholinesterase and carboxylesterase enzym es could be sought (a lthough  it should 

be noted th a t w hile cocaine is hydrolysed by BChE a t th e  benzoyl es te r linkage, 

h C E l hydrolyses th e  sam e drug a t the  m ethy l es ter lin kag e). CEs can be classified 

into 5 m a jo r groups, d enom inated  C E l -  CES, according to the hom ology of the  

am ino acid sequences; th e  m a jo rity  are  in the  C E l or CE2 fam ily . In  hum ans, C E l 

is principally found in the  liver w hile  CE2 is concentrated  in the  intestinal ep ithe lium . 

A ttention  was focussed on the  carboxylesterases because som e of our ligands, 

w hen adm in istered  to an im als , appeared  to be hydrolysed by enzym es th a t w ere  

not choiinesterases. I t  w as hypothesised th a t carboxylesterase enzym es, being the  

principal esterase enzym es in the  an im als  being studied, m ight in teract w ith  our 

ligands. I t  appeared prudent th e re fo re  to exam in e  the  carboxylesterases for 

sim ilarities w ith choiinesterases. In  the  next section, the  structures and functions o f

292



Chapter 5: The Carboxylesterase Enzymes

the carboxylesterases are described, before the enzymes are compared with 

cholinesterases.
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5.2. Carboxylesterase structures and functions -  human 

carboxylesterase 1

The carboxylesterase enzymes as a class catalyse the hydrolysis of a variety of 

ester- and amide-containing chemicals to free fa tty  acids. Such actions may be 

im portant in detoxifying environmental toxins, endogenous substrates or 

xenobiotics/^' but also in the metabolic activation of various prodrugs/^'^^ 

including angiotensin converting enzyme inhibitors (e.g., quinapril, captopril or 

temocapril),^^' and anti-tum our drugs (CPT-11 or capecitabine).^'*'^®

Carboxylesterases vary greatly in structure, and there are significant inter-species 

differences among the enzymes.

The crystal structure of human carboxylesterase 1, most commonly found in the 

liver, has been solved to 2.4 A r e s o l u t i o n . L i k e  the cholinesterases, hCEl has a 

Ser-His-Glu catalytic triad (Ser221, Glu354 and His468) at the base of its active 

site gorge. Otherwise, it shares 30% sequence identity and 1.2 A deviation over Ca 

positions with human AChE. The substrate binding gorge contains a large, flexible 

pocket on one side of Ser221 and a small, rigid pocket on the other. The rigid 

pocket, adjacent to the oxyanion hole defined by G ly l42  and G ly l43, is lined by 

Leu96, Leu97, LeulOO, Leu358 and PhelO l. The flexible pocket, meanwhile, is lined 

by Leu255, Leu304, Leu318, Leu363, Leu388, Thr252, Met364, Met425 and 

Phe426. Examination of the co-crystallised structure with homatropine highlighted 

the basis of hydrolysis of the methyl ester linkage of cocaine, with the methyl group 

accommodated in the small pocket, the benzoyl group in the larger pocket and the 

methyl ester linkage adjacent to Ser221 and optimally placed for nucleophilic 

attack. (Figure 5.1)

Based on initial studies on hCEl substrates and structural examinations of ligand 

binding such as that described, hCEl was proposed as being selective for ligands 

with large acyl moieties and small alcohol groups. However, the fact that the 

enzyme catalyses the breakdown of heroin in vivo contradicts these assumptions. 

Heroin can be broken down to 6-monoacetylmorphine by the enzyme, and when 

the ligand is bound in order for this transformation to occur, the acyl group is the 

small acetyl linkage and the alcohol group is the large 6-monoacetylmorphine 

moiety. (Figure 5.2) Clearly, interactions can occur with chemically divergent 

substrates. The small, rigid pocket can accommodate smaller methyl ester or acetyl 

linkages while the larger pocket can accommodate many different chemical 

structures -  ligand selectivity is thus based mainly on the size of the small pocket.
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Gly-143

Leu-25

Met-425

Met-364

Leu-363

Leu-96

Leu-304

Leu-318

Leu-388

His-468

Glu-354

Leu-97

i Leu-100

iPhe-101

Gly-142

Ser-221

Figure 5.1. The binding o f the cocaine analogue homatropine to h C E l. The structure

was elucidated by Bencharit e t al.^^

The promiscuity of hC E l in term s of its binding many varied substrates in different 

manners was highlighted further when the complex of tacrine with hCEl was 

analysed by X-Ray crystallography/^ Tacrine binds in multiple orientations , some 

of which are shown in the snapshot of just one protein monom er in Figure 5.3. 

Either the primary am ine or secondary ring amine can interact with Ser221, while 

the polar nitrogen group can move by up to 3 A between binding modes. The 

nonpolar rings of the ligand interact well with various hydrophobic residues shown, 

both in the small and large pockets on either side of the catalytic triad, but the 

interactions are rather loose, meaning that the many binding orientations shown 

are all practical and all form.
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Leu-388

Thr-252

Met-364

D,Leu-255

H
-100

Phe-101

Phe-426
His468

Glu-354
Ser-221

Figure 5.2. The binding o f the heroin analogue naloxone methiodide to hCEl,

obtained from reference

Leu-363

Leu-388

Leu-255

Leu-358Leu-318

Leu-97

Phe-101

Phe-426* Ser-221

Figure 5.3. The m ultip le binding orientations o f tacrine in the 4̂  ̂monomer o f hCE

described by Bencharit e t al
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It is useful to compare CEl with the cholinesterase enzymes in order to fully 

explore the sim ilarities and differences between the two, enabling us to make more 

informed decisions regarding what ligands may interact with one, other or both of 

the enzymes. The sim ilarities between CEl and AChE were noted by Bencharit et 

al,^^ and these are noted again now; I also compare CEl to BChE below.

5.2.1. Comparing human carboxylesterase 1 to cholinesterases

The crystal structure of hCEl bound to tacrine can be compared to that of TcAChE 

by superposing both enzymes. An example of such an overlay is shown in Figure 

5.4. As would be expected from two members of the o/p-hydrolase fold fam ily of 

enzymes, there is much structural homology around the catalytic subsite.

Overall the enzymes share 38% sequence identity. The catalytic triad residues are 

identical, as are the residues of the putative oxyanion hole, and the residues 

associated with these sites are in almost identical positions relative to the rest of 

the enzymes. Based on these matching structures, it seems likely that the enzymes 

process ester, and indeed carbamate ligands similarly. However, there are 

significant differences in the ligand binding subsites. hCEl generally creates a 

larger substrate binding gorge than AChE. Its active site is made up principally of 

hydrophobic, and in some cases, mobile amino acid residues, some of which are 

shown in Figure 5.4 and were discussed in the previous section. AChE, in contrast, 

has a gorge composed principally of aromatic amino acid residues. These protrude 

into the gorge, making it smaller than in CEl. Whereas tacrine can bind in multiple 

orientations in CEl on account of the general flexibility of the receptor and its 

overall larger capacity for ligands, tacrine largely fills the available space in the 

AChE binding pocket. In fact, such are the differences between the binding sites 

that the binding site in AChE is 6 A from that in CEl; thus, tacrine binds AChE with 

nanomolar binding affinity, whereas inhibition of CEl is only seen at concentrations 

in excess of 100 pM.

A second difference between enzymes is apparent at the cation-n site of AChE. 

Whereas Trp-84 lines the side of the gorge of AChE in this position, Phe-101 of CEl 

protrudes into the gorge in the same area, being placed perpendicularly to the 

plane of the imidazole ring of the histidine. Clearly, there is less capacity
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Figure 5.4. An overlay ofTcAChE (magenta) and hCEl (cyan), highlighting active site sim ilarities and differences.
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Figure 5.5. An overlay o f BChE (magenta) and hCEl (cyan), highlighting active site similarities and differences.
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for CEl to interact with quaternary ligands such as ACh. It  should also be 

considered that Trp84 in AChE is the 'gating' residue for the putative 'back door' of 

AChE. The back door has been put forward as a secondary product exit site for 

AChE, and may be important in ligand processing. Residue PhelO l of hCEl 

effectively blocks this passageway.

The active sites of BChE and AChE were compared in the first chapter, and it was 

noted that the gorge of BChE was larger, especially around the acyl pocket regions 

of both enzymes. This arises from the fact that several aromatic residues of AChE 

were replaced by aliphatic residues in BChE. Having observed similar differences 

between AChE and C E l, there was some expectation that CEl and BChE may be 

even more closely matched than CEl and AChE. In Figure 5.5, the enzyme active 

sites are compared. As might be anticipated, the residues of the catalytic triad and 

oxyanion hole of BChE line up well with their counterparts in CEl. In addition, the 

same occlusion of the 'back door' passage by PhelO l is observed. Throughout the 

active sites of both enzymes, the residues may not be identical but they are 

generally of a similar size and oriented similarly -  thus, the pockets are matched 

reasonably well. This can be observed, for example, at the acyl pocket of BChE, 

where the positions of Leu286, Ser287 and Val288 are closely aligned with Leu318 

and Leu388. There would be some expectation based on this that BChE and hCEl 

might share more similar ligand profiles than CEl and AChE.
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5.3. And what about carboxylesterase 2?
There is little detailed structural information in the public domain regarding hCE2, 

and it is difficult to draw conclusions regarding the origins of its activity or substrate 

binding, and specific residues that may be important for function. However, ligand 

binding studies,^®' protein sequence comparisons and mutation analyses -  

with residues for mutation being selected based on sequence alignments with 

related enzymes -  have allowed several conclusions to be drawn regarding general 

structural elements of the enzyme. Cocaine, heroin and CPT-11 are all hydrolysed 

more rapidly by CE2 than CEl;^^ based on such patterns, it has been suggested 

that CE2 prefers as ligands compounds esterified by relatively large alcohols, in 

apparent contrast to hCBl.  CE2 does not hydrolyse the methyl ester of cocaine or 

the ethyl esters of temocapril or m e p erid in e .S im ila rly , human liver microsomes, 

rich tn hCEl,  hydrolyse oseltamivir, but no hydrolysis is detected in intestinal 

microsomes in which CE2 is mainly p resen t.C o m p ariso n s  with other esterase 

sequences have allowed researchers to suggest the importance of several residues 

-  Ser228 is in the same G-X-S-X-G motif, which is common to the active site of the 

serine esterase family, and it is therefore believed to be part of the active site of 

CE2.^^'^^ Similarly, His457 would appear to be part of a catalytic triad, while other 

important signal peptides and disulfide-bonding cysteines are conserved across 

multiple enzymes and must therefore be of importance.

In the absence of more definitive structural information, typically arising from 

studies using X-Ray Crystallography or NIMR analysis, homology models of proteins 

often provide the best means of characterizing a protein. Prior to the description of 

the crystal structure of C E l, a homology model based on sequence homology with 

AChE was used in several studies to good e f f e c t . I t  transpired later that the model 

was very similar to that described by crystallography. A model of CE2, it might be 

hoped, would be similarly accurate and useful. A homology model of CE2 was built 

as part of this project so that structural differences between CEl and CE2 might be 

explored, and differential ligand binding might be explained.

Two separate homology modeling procedures were carried out, using either BChE 

or CEl as a template. The use of CEl as a template is logical, as the protein 

sequences share 65%  h o m o l o g y . T h e  CE2 sequence from Schwer et al was 

aligned to that of BChE using MOE's sequence alignment tools with the default 

settings. Twenty-five models were built using i^OE's homology modeling tools, as 

described in the methodology section at the end of this chapter. The final model
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was chosen based on electrostatic solvation energy, calculated using a Generalized  

Born/Volum e Integral (G B /V I) methodology and refined as described. I t  was 

inspected in order to analyse w hether its structure was sensible and viable.

The model thus built appeared to be reliable based on the studies carried out. There  

were no notable atom clashes, and no backbone bond outliers with Z-scores greater 

than five (i.e ., inappropriate, based on a set of probability factors obtained from a 

reference dataset).^® However, there were 10 angle outliers, 22 torsion outliers and 

two rotam er outliers, which were analysed further. Amongst the angle outliers, the  

angle about the alpha-carbon of Ile474  is rather distorted (Z = 8 .9 1 7 ), but it is on 

the edge of the protein and therefore can be safely ignored. Amongst other 

residues whose angles were unusual amongst protein structures, most involved 

residues that were on the protein surface and distinct from the catalytic gorge of 

the protein. Residues Glu345 and Phe307 at the lip of the gorge were exceptions to 

this generalization. When analyzing dihedral angles, Gly69 was massively distorted 

(Z  = 111 .02 ) but once more, it was found on the protein surface and one might still 

suggest that the active site was modeled appropriately on this basis. Otherwise, it 

was noted that the Ser228, the putative serine of the catalytic triad, was also 

som ewhat strained. However, this was not unexpected and not by any means a 

problem. Amongst the enzymes of the a/(3-hydrolase fold fam ily, the active site 

serine is always located in a sharp turn between strand five and helix C, dubbed the 

'nucleophile elbow'.^ I t  is the most conserved feature of the fam ily, and is im portant 

for activity.

In  order to exam ine the stereochemical quality of the protein, a Ramachandran plot 

was built; the plot is reproduced in Figure 5.6.
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Figure 5.6. Ramachandran plot showing the quality o f the m odel o f hCE2 built using

hCEl as a tem plate.

Those residues with datapoints close to boundaries can normally be safely ignored, 

while the configuration of Ser228 is an exception to normal rules as already 

described. However, Phe307 and Ile350  are both found at the gorge entrance. The 

fact that apparently poorly configured residues are found so close to the active site 

is a concern.

A total of ten models of hCE2 were built using BChE as a tem plate, and once more 

the highest scoring model amongst there was selected for further refinem ent and 

analysis. In this case, there were eight backbone angle outliers and 31 torsion 

outliers. The most significant angular distortions were around Arg430 and Asn447, 

both of which were on the protein surface and far from the active site. Amongst the  

other backbone angle distortions, only one involved a residue near the active site -  

the angle at the backbone nitrogen of Val256 was slightly distorted. However, the  

deviation from normality was quite small and can be safely ignored. The cited
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dihedral distortions also involve residues on the protein surface in the main. Only 

Ala257 is within the protein interior; however, the deviation from normal dihedrals 

is small, and the residue doesn't line the active site gorge. Comparing the 

Ramachandran plot for this protein (Figure 5.7) to that for the homology model 

based on CEl (Figure 5.6), it can be observed that the general stereochemistry of 

the model based on BChE tends to be better. The outliers are typically just on the 

edges of the allowed zones. In addition, all of the noted residues are on the surface 

of the protein. The indications are that the active site and the surrounding residues, 

which are of most interest for our purposes, are modeled well. Based on these 

findings, the decision was made to use this model -  based originally on the 

structure of BChE -  for further studies examining ligand binding to CE2. The fact 

that the model originating from BChE was the best model also lends some credence 

to the hypothesis that BChE and CE2 might have similar structures around the 

active sites of the enzymes.

The model of CE2 itself is shown in Figure 5.8, rendered with a Connolly surface so 

that the general enzyme topology is clearest. The enzyme is shown from two angles 

-  in the first, the enzyme is viewed down the gorge -  the putative catalytic serine, 

Ser228 is shown in blue in order to highlight its location. The gorge in which the 

active site is located is wide and accessible, similar to the BChE enzyme on which it 

is modeled, and this could impact on the nature of ligand that can access it. The 

second view of CE2 shows the enzyme rotated approximately 90° anti-clockwise 

about the Y-axis. It  highlights the side door through which compounds may access 

the active site, and through which reaction products may exit the enzyme. A similar 

side-door is apparent in the structure of hCEl.^^
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Figure 5.7. Ramachandran p lo t showing the quality o f the model o f hCE2 bu ilt using

BChE as a template.

The active site of the enzyme is compared to BChE in Figure 5.9. The catalytic triad 

residues overlay well as would be anticipated, as do the residues of the oxyanion 

hole, so that the catalytic subsite is ideally set up for ester hydrolysis. Otherwise, 

the ligand binding site regions are of sim ilar sizes, although the residues that line 

the gorges in each case do differ.
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Figure 5.8. Two views o f the CE2 homology model used in further studies. The first 

shows the view looking down the active site gorge. The active site serine is shown 

in blue. In the second, the enzyme is rotated 90° around the Y-axis, and the side

door to the active site is clear.
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At the cation-n site of BChE, Trp82 extends into the gorge to a similar extent to 

M e tll2  and T h r l l3 ,  and at the peripheral site, Asp70 and Tyr332 are placed in the 

same regions of space as Leu99, ThrlOO, G ln l09 and Met354. The acyl pocket 

regions differ in size however. Leu286 and Val288 of BChE occlude the gorge more 

substantially than the residues of CE2, principally Met415, Phe416, Leu259, Pro260, 

Gly261 and Leu262. This might explain the interactions of this enzyme with ligands 

esterified with large alcoholic groups noted earlier.

325
345

260

Leu-262
Figure 5.9. An overlay o f BChE (magenta) with the CE2 model (cyan) built using

BChE as a template.

Having developed reliable models of both human carboxylesterases, it should be 

possible to study ligand interactions with the enzymes and put forward structural 

models that would help to interpret the results of ligand binding experiments. The 

binding of various ligands to both CE enzymes was examined using in vitro assays.
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5.4. Ligand binding to CE enzymes

In  o rder to assess w h e th e r any of th e  isosorbide com pounds of in terest w ere  

inhibitors of h C E l  or hCE2,  or w h e th e r the  CEs w ere  inhibited by o th e r typical 

cholinesterase inhibitors, a colourim etric  assay was carried out using the  

chrom ogenic substrate  p ara -n itro p h en y l ace ta te  (p -N P A ), as described by Jewell e t  

al, for e x a m p l e . T h e  m ethodology was m odified so th a t th e  assay could be run in 

a m ore rational and rapid m an n er using 9 6 -w e ll p lates; th e  procedure is described  

in detail in the  final section o f this chap ter. In  brief, the  enzym e and inh ib itor w ere  

dissolved in b u ffer (pH  7 .4 ) .  For m easu rem en t of IC 5 0  values, th e  m ix tu re  was  

incubated fo r 30  m inutes prior to addition of substrate , w hereas fo r tim e  course  

m easu rem en ts , aliquots o f th e  m ix tu re  w ere  rem oved a t in tervals  for testing . The  

hydrolysis of p-NPA w as m onitored a t 4 0 5  nm ; the  hydrolysis product was  

chrom ogenic a t this w ave leng th , and th e  ex ten t of its liberation o ver tim e  was  

dependent on the  potency of the  inh ib itor. By m onitoring reactions a t various  

inh ib itor concentrations, and com paring the  rates of hydrolysis w ith positive and 

negative  control reactions run alongside each tes t, values fo r the  IC50 of the  

inhibitors could be calculated.

C atalytically  active  CE enzym es w ere  not available  to us in pure form s fo r assay. 

In s te ad , hum an m icrosom es w ere  used as the  enzym atic  source. Tissue specific 

expression of C E l and CE2 have been exam ined  by northern  blots, RT-PCR and real 

tim e  PCR analysis;^^ liver m icrosom es contain C E l p redom inantly , a lthough th e re  is 

som e CE2 activ ity , while th e  esterase activ ity  in intestinal m icrosom es is solely due  

to CE2. M icrosom al preparations  have been used as sources of CE enzym es for 

assay in several instances w ith good success. For exam p le , Shi e t al used liver 

m icrosom es to  exam in e  th e  hydrolysis of ose ltam iv ir by h C E l ,  and noted th a t the  

m icrosom al preparation  gave s im ilar k inetic  results to  recom binant /7 C E I; no 

hydrolysis of drug was observed w ith  intestinal m icrosom es or in recom binant 

hCE2.

5.4.1. Inhibition of CEs by isosorbide-based carbamates

In itia l studies exam ined  th e  in teractions o f th e  CE enzym es w ith th e  isosorbide- 

based carb am ates  described in th e  previous chapter. A n u m b er of isosorbide-based  

com pounds of in terest w ere  screened fo r inhibition of CE2 by incubating th em  with  

th e  m icrosom al solutions a t 10 pM final concentration . The  %  inhibition of the  

enzym e a t this concentration  is shown in Tab le  5 .1 . In  genera l, the  SAR am ongst
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the compounds was quite s im ila r to th a t observed fo r inh ib ition  o f BChE observed 

earlie r, h ighlighting the fact tha t the ligand binding sites o f these enzymes are 

sim ilar. The inh ib ition o f the esterase activ ity  o f in testina l m icrosomes was 

m onitored over tim e fo r the two m ost potent BChE inh ib ito rs tested from  the class 

-  isosorbide 2-benzyl carbam ate 5-salicylate (7 ) and isosorbide 2-benzyl carbam ate 

5-benzoate (9 ). I t  was found tha t both compounds inh ib ited intestinal m icrosome 

esterase activ ity , a ttribu tab le  to CE2, in a tim e dependent m anner, as shown in 

Figures 5.10 and 5.11. The inhib ition was firs t order and the rate o f inh ib ition 

increased w ith increasing enzyme concentration, indicating tha t covalent 

in teractions probably take place. Based on the results, values o f Kc and /cj were 

found fo r ligand binding as described in Chapter 4; values o f Kc were calculated as 

80.0 ± 29.6 |jM and 5.8 ± 4.6 pM for compounds 7 and 9 respectively, while values 

o f k3 were 5.6 ± 0.9 m in'^ and 2.4 ± 0.4 m in '^
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( 8.6  -  

18 .5 )

13

Table 5.1. The percentage inhibition o f the esterase activ ity in human intestinal

microsomes (principally due to hCE2) by various isosorbide 2-carbamate 

compounds a t 10 pM final concentration; values in brackets are the lowest and 

highest values for inhibition observed in all replicates analysed.
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Figure 5.10. Inhib ition o f the esterase activity in intestinal microsomes by 

isosorbide 2-benzyl carbamate 5-salicylate (7). (red = 500 nM; yellow -  1 pM; blue 

= 5 pM; green = 25 pM; pink = 50 pM; purple = 100 pM; black = 200 pM)
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Figure 5.11. Inhib ition o f the CE2 in human intestinal microsomes by isosorbide 2- 

benzyl carbamate 5-benzoate (9 ); colouring is as per Figure 5.10.
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As in BChE, the salicylate was the more potent inhibitor in terms of overall 

inhibitory potency. It  was found to have an IC 5 0  of 3.42 pM + / -  1.18 pM.

A similar test was carried out to examine the inhibition of liver microsomes esterase 

activity -  mainly dependent on CEl enzyme -  by the salicylate compounds over 

time. As shown in Figure 5.12, there is little time dependent inhibition of esterase 

activity by the test compounds, and this suggests that covalent modification of the 

enzyme may not take place. At concentrations up to 100 pM, little inhibition of 

esterase activity is observed at all. It  should be remembered that the liver 

microsomes contain some CE2 activity, and the inhibition of esterase activity that is 

apparent may be due to inhibition of CE2. This indicates that the compounds may 

be selective for CE2 over CEl.
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Figure 5.12. Inhibition of the esterase activity o f human liver microsomes by 

compound 7; colouring is as per Figure 5.10.

5.4.2. Inhibition of CEs by conventional cholinesterase inhibitors

Assays were also carried out in the presence of eserine and rivastigmine in order to 

examine whether these typical cholinesterase inhibitors may also interact with 

carboxylesterases. There are no reports in the literature of CE inhibition by agents 

such as rivastigmine which are used therapeutically in the treatment of AD. As CEs 

are responsible for metabolising and activating many drugs in vivo, there is 

potential for important drug interactions if these agents were to interact with CE 

enzymes.
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Eserine, it tran sp ired , was a good inh ib itor of CE2 in intestinal m icrosom es, w ith  an 

IC 5 0  o f 4 4 2  nM ± 6  nM being calculated. The  e x te n t of inhibition o ver tim e  is shown 

in Figure 5 .1 3 . Based on these results, Kc was calculated as 9 .2  ± 5 .8  jjM while ks 

was estim ated  to be 0 .6 7  ± 0 .1  m in '^  T h ere  was no inhibition o f the  esterases in 

liver m icrosom es a t concentrations up to  1 mM -  thus, th e  inhibition of CE2 was  

rem arkab ly  selective.

Time (mins)

Figure 5 .1 3 . The tim e  course o f inh ib ition  o f esterase  activ ity  o f  h um an  in testina l 

m icrosom es by eserine. (re d  =  5 0 0  nM ; =  2 0 0  ijM; blue =  10  fjM; green =

5 0  ijM)

Rivastigm ine on the  o th er hand was a selective inh ib itor of the  principal esterase in 

liver m icrosom es, h C E l .  An IC50 of 24  |jM + / -  1 .1 pM was calculated for this 

in teraction . R ivastigm ine inhibited intestinal m icrosom e esterase to  a much sm aller 

e x te n t -  only 3 9 .3 %  inhibition of the  enzym e was observed a t 2 0 0  pM final 

concentration of inh ib itor -  the m axim um  concentration th a t could be tested  

because of solubility constraints.

The sequence of tests  described reveals m uch of current in terest while also 

providing several findings th a t m ay benefit fu tu re  w ork. In  th e  firs t instance, the  

fac t th a t the  established anti-cho linesterase  inh ib itor rivastigm ine  inhibits C E l 

m ight be im portan t w hen considering th e  fact th a t concurrent adm in istration  of 

m ultip le  therapies  is com m onplace in m odern society. Because C E l is responsible  

fo r processing so m any xenobiotics, th e re  is som e potential for rivastigm ine  to a lte r  

th e  m etabolic rates o f som e o th er agents , for exam p le  ACE inhibitors.
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Secondly,  exam ples  of selective CEl and  CE2 inhibitors have been noted in the 

previous pa ragraphs.  There is much interest  in the  design of po ten t  and selective 

CEl or CE2 inhibitors. For example,  the  activation of several  ant i -cancer  prodrugs 

by liver ca rboxyles te rase  is vital for their  effectiveness,  but  thei r  co-activation by 

intestinal CE leads to unpleasant  side effects;  co-adminis tra t ion of these  agen ts  

with select ive CE2 inhibitors would reduce side-effects without affecting their 

therapeu t ic  efficacy. Isosorbide, for example,  might  be used as  a t em pla te  for the 

design of more  poten t  and selective CE2 inhibitors going forward.

Lastly, the  examples  above  de m ons t ra te  conclusively t h a t  the  ligand binding sites 

of the  chol ines terases  and carboxyles te rases  possess  m any  similarities. Similarities 

be tween  BChE and CE2 were proposed based on overlays be tw een  the  BChE crystal 

s t ruc ture  and  the  CE2 homology model , and th es e  similarities were reinforced by 

the  resul ts  of ligand binding studies.

To comple te  s tudies  on ligand binding to carboxy leste rase  enzymes ,  it m akes  sense  

to examine  the  binding of the  ligands of interest  to their  CE receptors.  If the  CEs 

are  so similar to the  cholinesterases ,  then the  ligands should dock in similar 

or ientat ions. Such s tudies should also highlight specific interact ions tha t  may occur 

in CEs th a t  might  be lacking in chol inesterases  or  vice versa ,  enabling the  design of 

ligands t h a t  may not interact with both se ts  of enzymes .  The docking of various 

ligands of interest  to the  CE models a re  descr ibed in the  next section.
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5.5. Docking of ligands to CE enzymes

The interaction of C E l with various compounds of interest was exam ined initially. 

Amongst the compounds tested, rivastigmine was the most potent inhibitor of the  

enzym e, and thus, its binding to the active site of the enzym e was exam ined. 

AUTODOCK 4 was used to dock the inhibitor to the enzym e's active site 100 times; 

the highest scoring fragm ent had a docking score of -9 .3 9  kcal.mol'^ and was taken  

as being representative of the most likely bound conformation of the ligand -  90%  

of all docking results were within 3 X of this result upon clustering, indicating that 

the docking study was rigorous and thorough, and that the results were valid. The 

sidechains of residues Leu304, Leu318 and Leu363 were allowed to move in all 

docking experim ents.

In  Chapter 1, the interactions of protonated ligands such as physostigmine, 

rivastigmine and TMTFA with AChE were described and a num ber of models of 

binding depicted. (Figures 1.14 and 1 .15 ) In all instances, the quaternary nitrogen 

of the ligands interacted with Trp84 of the enzym e. In Figure 5 .4 , the tryptophan  

residue is overlain with residues P h e lO l and Leu97 of C E l. In docking studies of 

rivastigmine binding to C E l, the amine nitrogen interacts with both residues. 

(Figure 5 .14 ) The ligand binds at the base of the gorge in a m anner that is similar 

to its interaction with the cholinesterases. The ethyl carbam ate extends towards 

Leu255 and Thr252, which we may describe as the 'acyl pocket' of C E l. The 

catalytic serine, Ser221 is placed well for nucleophilic attack at the carbonyl carbon 

of the ligand. Based on the model, it is hardly surprising that rivastigmine inhibits 

C E l.

Eserine also binds reasonably well to C E l, and AUTODOCK suggests a docking 

score of -1 0 .6 5  kcal.mol'^ for the most favorable pose; once again, the results of all 

100 docking results cluster well, with more than half of all docking results clustering 

within 3 A of the optimal pose. While interactions between ligand and enzym e are 

strong in this optimal pose (Figure 5 .1 5 ), the carbonyl carbon is more distant from  

the catalytic serine and carbamylation would appear to be less favorable as a result 

-  leading to reduced inhibition of the enzym e overall. Some of the favorable  

interactions prevent the ligand's descent to the base of the gorge -  P h e lO l 

protrudes into the gorge and the tricyclic ring of the ligand cannot move further 

towards the gorge wall because of the steric clashed that would result. At the other 

side of the molecule, the methyl carbam ate is small and cannot protrude into the
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acyl pocket.  In s tead ,  it points downw ards  blocking fur ther  descen t  of the  carbamate  

funct ion of the  molecule in the  gorge towards Ser221 .

There  is a second significant c luster  of resul ts  in the  docking of  eser ine to CEl  that  

places  the  ligand in an  a l t e rna te  pose not  observed  for rivastigmine. The ligand s 

placed slightly higher  up the  gorge  and is rotated 180° from its position in Figure 

5.15,  with the  c a r b a m a te  moiety interact ing with Leu97 and  Leu363,  and the 

tricyclic s t ruc tu re  extending towards  Leu255. This is ano the r  example  of the 

variable  binding of l igands to CEl ,  a l ready observed  for cocaine 's interactions the 

enzym e .  This second docking pose is of similar docking energy  to tha t  shown here, 

but  would not  allow for covalent  interactions with the  enzym e 's  catalytic machinery.

In CE2, eser ine  was  shown to be the  more po ten t  inhibitor, while little inhibiticn 

was  observed  when  r ivastigmine was  added  to intestinal microsomes  rich in CE2 

activity. Models were also built to explain t h es e  interact ions. The highest  scorirg 

model  for eser ine binding had a predicted ene rgy  of ju s t  -6 .74  kcal.mol ^  a rd  

based  on this, one  wouldn ' t  predict good activity. In addition,  the  ligand bound high 

within the  gorge (Figure 5.16) ,  away  from the  catalytic Se r228 ,  and in this position, 

t he  carbamylat ion react ion sugges ted  by Figure 5.13 would not  occur. However,  if 

one  examines  the  docking runs in full, it is a p p a re n t  t h a t  the  ligand binds in tv/o 

dist inct  positions, with ail docking resul ts in one  of two clusters . Binding of ligands 

in the  position rep re sen ted  by the  second cluster  is similarly favorable (binding 

ene rgy  = -61.9 kcal.mol"^) but  m os t  importantly,  a s  shown in Figure 5.17, in this 

pose the  ligand is placed opt imal ly for carbamylat ion.  The carbonyl  carbon of t i e  

c a rb a m a te  functionality interacts  with Ser228 while the  oxygen atom is directed 

towards  the  oxyanion hole res idues -  principally Ala l50  -  a s  is required if 

hydrolysis is to proceed.  Binding in this m ode  could lead to the t im e-dependen t  

inhibition of CE2 by eser ine.

It is not iceable t h a t  eser ine binds within the  active site gorge of CE2 q u t e  

differently than obse rved  in the  chol ines terases ,  and indeed a s  predicted in CEl.  In 

this  instance,  the  ligand lies vertically within the  gorge, a s  opposed  to being 

reasonably horizontal in the  o the r  enzym es ,  lining the  base  of the gorge.  This ,  

while CE2 s e e m s  to bind similar l igands to the  chol inesterases ,  there  were 

indications t h a t  the  binding m odes  of t h es e  l igands in the  enzym es  may often differ.
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Figure 5.14. The binding o f rivastigmine to the active site o f hCEl.
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Figure 5.15. The highest scoring pose for the docl<ing o f physostigmine to hCEl.
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Pro-306

Met-309 Lys-305

Pro-311

VAla-150

Ser-228

Figure 5.16. The most favourable binding mode for eserine binding to hCE2, as 

suggested by docking with AUTODOCK 4.

Leu-262

Ala-150

Gly-261

Met-415

n
Ser-228

His-457

Gly-149

Glu-227

Figure 5.17. The suggested binding mode o f eserine in hCE2. This pose indicates 

that covalent interactions will take place, as indicated by in vitro testing.
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Rivastigmine was a relatively poor inhibitor of CE2, and this is explained by the 

model in Figure 5.18. The highest scoring pose has a binding energy of jus t -6.84 

kcai.mol'S and when bound, the ligand is inappropriately placed for interaction with 

Ser228. AlalSO binds the carbonyl oxygen through strong hydrogen bonds, 

meaning that the ligand is held quite rigidly in the position shown, and cannot re

orientate itself for interaction with the enzyme's catalytic machinery.

Lastly, a model was sought to explain the binding of isosorbide ligands to hCE2. At 

the outset, structural sim ilarities between CE2 and BChE were noted and provided 

the initial basis for suppositions that the ligands being studied in this thesis might 

interact with both enzymes. Docking of isosorbide 2-benzyl carbamate 5-salicylate 

(7 ) suggested, however, that our ligands bound quite differently within the active 

site gorge of CE2, despite the fact that sim ilar SAR was apparent, at least within 

the limited range of compounds that were tested in this section. The highest 

scoring model indicated tha t the ligand bound at a distance from Ser228, and quite 

high up within the gorge. (Figure 5.19) However, as for eserine, there is a second 

cluster of compounds tha t bind with a very sim ilar energy, and once again place the 

carbonyl group optimally for interaction with the catalytic triad of the enzyme. The 

binding mode shown in Figure 5.20 shares few sim ilarities with that for the same

Figure 5.18. The binding o f rivastigm ine to hCE2.
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ligand's binding to BChE described in previous chapters. The salicylate portion of 

the molecule extends into the pocket that aligns with the acyl pocket residues of 

BChE. Interestingly, the salicylate OH group does interact with Gly261 at this 

position, and this may provide the reason why, in this instance, the salicylate is 

more potent than the benzoate compound. Based on the kinetic results above, 

however, it would appear that the higher potency of the salicylate compound 

relative to the benzoate compound is due to more rapid carbamylation (given by 

the constant /cj) rather than more avid binding (as indicated by the Kc values).

Leu-378

Arg-355

Leu-379

et-411Met-354< Pro-351

Met-415
lle-350

Phe-41&
Ala-1

Ser-228

Figure 5 .19 . The highest scoring pose for isosorbide 2-benzyl carbam ate 5-

salicylate (7 )  binding to hCE2.

As described for cholinesterases earlier,"*® our ligands may bind hCE2 at a position 

towards the top of the gorge initially -  as shown in Figure 5 .19  -  and subsequently 

descend within the gorge to interact with the catalytic triad residues. Thus, various 

residues in the active site gorge of the carboxylesterases may play a role in 

orientating ligands for subsequent interactions at other locations. Such cooperation
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between different sub-sites is an intriguing feature of such enzymes, and the 

possibility of such control of ligand binding in CEs warrants further study.

Phe-416

Figure 5.20. The docking o f isosorbide 2-benzyl carbamate 5-salicylate (7) allows 

fo r covalent interactions between ligand and receptor.

322



Chapter 5: The Carboxylesterase Enzymes

5.6 . M aterials and Methods 

5.6.1. Ligand binding assays

Human microsomal samples were used as enzym e sources for all assays. Pooled 

human liver microsomes from male donors were obtained from BD Biosciences 

(O.SmIs of a 20mg.ml'^ solution, LOT num ber 3 6170 ). The sample obtained was 

diluted in phosphate buffer pH 7 .4  producing a stock solution of 2m g.m T^ In  order 

to minim ize repeated freezing and thawing, the sample was stored in 500 |jL 

aliquots at -8 0 °C  until use. Pooled human intestinal microsomes (LOT number 

84 9 2 1 ) were obtained as a 20m g.m r^ solution and diluted with phosphate buffer pH 

7 .4  to a stock concentration of 80 jjg .m l'^  They were stored in 500 pL aliquots at - 

80°C  until use. The substrate, para-nitrophenyl acetate was obtained from Sigma 

Ireland.

All assays were carried out in 96-w ell plates, with the hydrolysis of substrate being 

monitored by the liberation of chromogenic p-nitrophenol at 405  nm with an Anthos 

Lit-2 absorbance plate reader. The final concentration in each well was always 250  

|j L. I t  comprised the substrate, dissolved in methanol or acetone to a final assay 

concentration of 3 mM, 10 |j L of the stock microsomal solution, and where 

necessary, inhibitors. The rem ainder of the solution in the wells was 50 mM Tris- 

HCI buffer pH 7 .4 . For all assays, the samples to be run included blank reactions in 

which the substrate alone was dissolved in buffer, as well as positive controls -  

enzym e and substrate acting in the absence of any inhibitor. The average values for 

the blank reactions were always substracted from the test results, in order to 

account for spontaneous hydrolysis of substrate.

For screening of all inhibitors for inhibition, inhibitors were added to each well at a 

final concentration of 10 pM. Inhibitors were incubated with enzym e a t 37°C  for 30 

minutes prior to addition of substrate. The results given are the average of 4 

different measurem ents.

For ICso m easurem ents, each 500 pL aliquot of microsomes was diluted to 3 ml 

prior to use; 25 pL of this diluted solution were added to each well for testing. 

Inhibitors at various concentrations between 50 nM and 200 pM were incubated 

with the enzym e in Tris-HCI buffer pH 7 .4  for 30 minutes prior to addition of 

substrate and subsequent analysis. For each concentration of inhibitor, 4 

independent m easurem ents of enzym e inhibition were taken. As always, the rates
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of spontaneous substrate hydrolysis, given by blank reactions run alongside each 

assay were taken into account in calculations. IC50 values were obtained directly 

from sigmoidal dose response curves to which the data was fit by non-linear 

regression. GraphPad Prism was used for all such data processing.

For tim e course experim ents, samples of enzym e from the stock solution were 

mixed with solutions of inhibitor of varying concentrations at t==0. At successive 

tim e points, aliquots were removed from the inhibited enzyme solutions and added 

to wells containing substrate in Tris-HCI buffer; the final volume in these wells was 

250 pL. Duplicate readings were taken for each inhibitor concentration at every 

tim e point. The plotted data could be fitted to a first order decay curve, again using 

Graph Pad Prism 4.

5.6.2. Computational methods

5 .6 .2 .1 . Building the /iCE2 homology model

The homology modeling tools of MOE (Chemical Computing Group, Montreal, 

Canada) were used for building the CE2 homology models based on both BChE and 

C E l. The amino acid sequence of CE2 was obtained from Schwer et al.^^ The C E l 

tem plate used was from the 2 .4  A resolution crystal structure of tacrine bound to 

C El (PDB code IM X l )  while the BChE model was that with bound butyrate.'*^ 

(PDB code IP O I)

The initial step was the alignm ent of the CE2 sequence with those of the tem plates. 

A modified version of the alignm ent methodology of Needleman and Wunsch was 

used for this im portant step. Alignments were computed by optimizing a function 

based on residue sim ilarity scores and gap penalties. Penalties were imposed for 

introducing and extending gaps in one sequence with respect to another. The 

biosum 62 amino acid substitution scores library within MOE was used for the  

alignm ent, with relative penalties of 7 and 1 for the creation of a gap in the 

sequence and extension of a gap in a sequence at all steps of processing. After 

initial calculation of the alignm ent as was, a round robin series of re-alignments  

was implemented to optimise the alignm ent -  an iteration lim it of 100 was 

implem ented at this stage, with a failure lim it of 10. The result of this alignm ent 

stage was taken as the final alignm ent between sequence and tem plate.

Homology modelling was initiated by copying the coordinates of the tem plate for 

residues th a t were conserved in the test sequence. For non-conserved residues.
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only backbone atoms were copied. An ensemble of independent models of the  

ta rget protein structure was then built using a Boltzm ann-weighted randomized 

modeling procedure as described by Lev itt/^  combined with specialized logic for the  

proper handling of insertions and deletions/"^ These allowed interm ediate models to 

be built with various backbone fragm ents spanning insertions in the target 

sequence (obtained by searching the Protein Data Bank for segments which 

superpose well onto the anchor residues on either side of the insertion area), and 

sidechains for residues with initially unmodelled sidechains (using an extensive  

rotam er library implemented in MOE) C-term inal and N-term inal outgap modelling 

w ere disabled in both cases described herein. After all backbone and sidechain 

conformations were chosen in the interm ediate models, hydrogen atoms were 

added where appropriate and the system minimised to an RMS gradient of 0 .1 . For 

this, and subsequent minimisation runs, the AMBER 99 forcefield was used to model 

the protein,"'^ with electrostatics being modelled using a Reaction Field method. For 

modelling based on C E l, 25 interm ediate models were built whereas for modelling 

based on BChE, 10 such models were prepared.

The final model was selected as the highest scoring interm ediate, according to a 

G B /V I methodology. I t  was minimised to an RMS gradient of 0 .01 with the residues 

of the catalytic triad tethered in order to ensure that the established orientations of 

these residues were m aintained. The final models were inspected using the protein 

geom etry tools of MOE as described already.

5 .6 .2 .2 . Docking of ligands to CE enzymes

Docking calculations were carried out using AutoDock version 4 .0 , Lamarckian 

genetic algorithm (LGA), and running on a single processor on Linux Fedora Core 6, 

in a m anner identical to that described in previous chapters. In brief, the inhibitors, 

minimized using the PM3 method of MOPAC 7 were converted to AutoDock PDBQT 

files using Michel Sanner's AutoDock Tools, the graphical-user interface to 

AUTODOCK. All normally rotatable bonds of each ligand were allowed to be flexible 

during the docking procedures. The C E l model used was that obtained from the 

crystal structure of its complex with tacrine, with all non-protein atoms removed, 

while the CE2 model was that obtained using the homology modeling procedure 

described above. When docking to C E l, residues Leu304, Leu318 and Leu363 were 

included in a separate flexible residues file submitted to the system for each 

docking run -  thus, their sidechains were allowed to be flexible. The ligands were 

docked within a grid with 0 .375  X spacing of grid points, encompassing the whole
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active site gorge and the surrounding residues. A distance-dependent dielectric was 

used to model electrostatic interactions.

Docking parameters were as described in section 3.6.1. 100 separate docking 

procedures were carried out for each ligand tested, each one beginning from 

random positions of the ligand in the grid. As before, the highest scoring poses 

were taken as being indicative o f the correct binding mode.
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active site gorge and the surrounding residues. A distance-dependent dielectric was 

used to model electrostatic interactions.

Docking parameters were as described in section 3.6.1. 100 separate docking 

procedures were carried out for each ligand tested, each one beginning from 

random positions of the ligand in the grid. As before, the highest scoring poses 

were taken as being indicative of the correct binding mode.
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Chapter 6

Cholinesterase-activated Aspirin Prodrugs

The design of an aspirin-ester prodrug capable of enzym e-m ediated activation in 

the body has been a target for many years. Aspirin is a cyclo-oxygenase enzyme 

inhibitor used both for pain relief and as an inhibitor of platelet aggregation in 

cardiovascular medicine.^'  ̂ I t  is one of the most widely used medications in the 

world, with an estimated 4 0 ,0 0 0  metric tons being consumed each year.^ However, 

its use can lead to gastrointestinal upset and the developm ent of ulceration of the 

gastrointestinal tract (G IT ). Aspirin derivatives such as esters and amides are 

expected to be less toxic to the G IT following oral a d m in is tra tio n .F u rth e rm o re , 

they tend to have better aqueous stability than aspirin making them  potentially 

more suitable for a variety of pharmaceutical presentations.^ However, despite the 

efforts of researchers through the years, there has been little success in 

developm ent of aspirin derivatives that have released aspirin upon oral 

administration, and potential prodrugs have been typically broken down along 

alternative pathways that do not lead to aspirin release. More recently, researchers 

in this group discovered that certain isosorbide aspirinate esters release aspirin 

upon administration. These findings required rationalisation, and thus work was 

carried out as part of this project to explain the findings of previous researchers 

regarding isosorbide-based aspirin prodrugs. In this chapter, this work is described. 

I  begin by describing the difficulties often encountered in the design of aspirin 

prodrugs and the solutions to these problems provided by the researchers in the 

group working on isosorbide-based ligands, before describing my own work.
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6.1 . Aspirin ester prodrug developm ent

6.1.1. Problems in developing aspirin ester prodrugs

A variety of aspirin ester compounds have been prepared through the years as 

researchers sought to prepare reliable aspirin prodrugs that would be broken down 

by various esterases in the body to release the active drug. Efforts have included 

synthesis of straightforward alkyl and aryl e s te rs /'  ̂ acyloxyalkyl esters ® sulfinyl 

and sulfonyl esters,® and amino acid derivatives among others. However, none of 

these compounds released appreciable amounts of aspirin in human blood. The 

apparent obstacle was the fact that all such esters are hydrolysed rapidly by BChE 

in plasma to the corresponding salicylate ester, and then more slowly, to salicylic 

acid. (Figure 6 .1 )

O

o o

0 - R Ideal route 
 ►

Usual route
Fast

OH O

0 - RSalicylate ester

O

Aspirin
Slow

OH

OH

Salicylic acid

Figure 6.1. The usual path of hydrolysis o f aspirin esters involves conversion to the 

salicylate ester rather than aspirin as desired.

While aspirin itself is negatively-charged and resultantly is a poor substrate for 

BChE, neutral esters tend to bind the enzym e well and are hydrolysed rapidly -  

they resemble phenyl acetate, an exceptionally good substrate for BChE. The half- 

life of phenylaspirinate in 10%  human plasma is just 1.3 m inutes, and all of this 

hydrolysis occurs at the acetate group. In  order to successfully prepare an aspirin 

prodrug, a carrier group must be attached to the benzoic ester that is more 

compatible with BChE than the phenyl acetate, and which thus increases the rate of 

hydrolysis at this position while suppressing hydrolysis at the acetate ester.
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6 .1 .2 . Developing prodrugs based on isosorbide

At the beginning of this project, it had already been noted that isosorbide esters 

could release aspirin in wVo.“  Isosoribe diaspirinate (ISDA) (27) (Scheme 6.1) in 

particular produced significant amounts of aspirin when incubated in human plasma 

-  about 60%  aspirin is produced based on the starting ester concentration of the 

d i - e s t e r . I n  a single oral dose study in dogs, ISDA administration caused 

sustained inhibition of ex vivo platelet function and thromboxane B2 production up 

to 24 h.^  ̂ This behaviour was anomalous and potentially very valuable. Therefore, 

the breakdown of ISDA in human plasma was examined in detail in order to explain 

its ability to produce aspirin.

As described in an upcoming publication, the potential metabolites of ISDA were 

synthesized and their evolution and decay monitored using reverse phase High- 

Pressure Liquid Chromatography. At the outset, there were four different routes 

possible for ISDA hydrolysis, and six possible routes for the formation of aspirin, all 

shown in Scheme 6.1.

Isosorbide 
(+ Asp)

Isosorbide
(+ Asp)

Scheme 6.1. Potential hydrolysis routes of ISDA. Processes generating aspirin (asp)

are highlighted in bold.
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Isosorbide 2-aspirinate ( 2 8 ) was not found at any point in the reaction sequence, 

so that the first suggested pathway, represented by the rate constant /cj, as well as 

the proposed pathway via ks could be innmediately ruled out as playing a significant 

role in ISDA breakdown. I t  was noted early also that the principal hydrolysis 

products were the isosorbide 2/5-aspirinate-salicylate isomeric pair (29  and 3 0 , 

then isosorbide disalicylate (3 2 ), the mono-salicylate (3 3 ) and later salicylic acid. 

On examination of the overall progress curves for the reaction -  reproduced in 

Figure 6.2 below, it was clear that aspirin production accelerated as ISDA 

disappeared, with an apparent burst late in the decay profile.

0.08

0 . 0 6 -

- o

0.00^ ^ ^ ^  
0 10 3020

T i me  (min)

Figure 6.2. Progress curve for the disappearance o f ISDA ( • )  in 10% human plasma 

a t 37°C showing the in vitro metabolites: aspirin (m); isosorbide-5-aspirinate (31) 

(x ); isosorbide-2-aspirinate-5-salicylate (30) ( A);isosorbide-5-aspirinate-2- 

salicylate (29) (T );sa licy lic  acid ( o ) ;  isosorbide-5-salicylate (33) (A); isosorbide 

disalicylate (32) (O). The solid line for ISDA disappearance was a fit  to a firs t-order 

decay curve. The data represents the average from three separate experiments 

using plasma from three different donors.

The appearance of aspirin seemed to correlate with the consumption of the 

aspirinate-salicylate pair implying that one or both of these acts as an aspirin 

prodrug. Careful consideration of all curves above suggested that isosorbide 2- 

aspihnate 5-salicylate (3 0 ) (ISAS) was acting as the aspirin prodrug, a fact 

confirmed by incubating it in plasma itself -  its half-life was less than one minute in 

human plasma (50% ), serum (50% ) and whole blood producing 70-90%  aspirin
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based on initial concentration. ISAS is the most successful aspirin prodrug 

discovered to date.

Subsequent studies using esterase-specific inhibitors confirmed that ISAS was 

metabolised by BChE in human plasma producing aspirin as shown in Scheme 5.2. 

The described studies thus highlighted that ISAS acts as an aspirin prodrug because 

its interaction with BChE overrides the enzyme's normal preference for the 

phenylacetate group. The interactions between ligand and enzyme were obviously 

very specific -  similar ligands, including the isomeric 2-salicylate-5-aspirinate ( 29 ), 

isosorbide-2-aspirinate (2 8 ) and the two monoaspirinate compounds failed to 

produce significant amounts o f aspirin upon the ir interaction with BChE. An 

examination of the structural determinants of these interactions was undertaken as 

part of this project.

OAc OAc

Scheme 6.2. The hydrolysis o f ISAS (30) in human plasma; there is approximately 

80% hydrolysis a t the phenyl ester, producing aspirin, and about 20% hydrolysis a t 

the acetyl ester, producing the di-salicylate compound (32).

Aspirin
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6.2. Computational studies of aspirin prodrug binding to BChE
Work described in the previous chapters has highlighted how structural models can 

explain the results of in vitro assays of ligand binding to receptors. At this stage, 

the goal was to explain why ISAS was hydrolysed in a manner such that aspirin was 

released, while salicylic acid was the predominant hydrolysis product from other 

similar esters subsequent to their interactions with BChE. In  previous work, 

modelling of inhibitors and substrates of BChE bound covalently to S e r l9 8  of the 

enzym e in a tetrahedral conformation was useful. In order for the enzym e to 

catalyse the reaction, it must interact favourably with the ligand in its transition  

state. The tetrahedral interm ediate is the closest structural mimic of the transition  

state that can be modelled using classical force-field based methods. By thus 

modelling the binding of the aspirin prodrugs as tetrahedral interm ediates, it was 

hoped that the specific interactions that cause BChE to hydrolyse ISAS at the 

phenyl ester, rather than at the acetyl ester as for most other similar ligands, could 

be recognised.

The binding of ISAS to S e r l9 8  of BChE was investigated using a covalent docking 

procedure implem ented in AUTODOCK 3. The approach was identical to that used 

for examining carbam ate binding to BChE described earlier, and is described in 

detail at the end of this chapter. As before, it was noted that the tetrahedral carbon 

of the ligand being docked is a stereocenter; as a result, d ifferent docking runs 

were performed for both stereoisomers, in order to permit occupation of the active 

site gorge in all orientations. I t  was found that the only realistic poses were those in 

which the isosorbide 5-ester was orientated towards Trp82 and the aspirinate ester 

towards the acyl pocket.

The binding of ISAS to BChE, in a m anner such that hydrolysis occurs at the phenyl 

ester, is shown in Figure 6 .3 . There are numerous favourable interactions between  

ligand and substrate, with the 2-aspirinate ester fitting well within the acyl pocket 

and the arom atic ring of the 5-salicylate moiety interacting with Trp82 via il-n  

attractions. W hat is of special note are the numerous interactions associated with 

the hydroxyl group of the salicylate sidechain -  favorable interactions can be cited 

with Asp70, Tyr332 , Ser79 and Trp82. These stabilise ligand binding in the docked 

pose, making covalent interaction at the designated ester, and as a result, 

liberation of aspirin, more likely.

336



Figure 6.3. Isosorbide 2-aspirinate 5-salicylate (30) bound covalently to huBChE a t the phenyl ester as the tetrahedral intermediate.
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Figure 6.4. Isosorbide 2-aspirinate 5-benzoate (34) bound covalently to BChE at the phenyl ester as the tetrahedral intermediate.
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The comparison with the 5-benzoate derivative (3 4 ), shown bound in its most 

favourable pose in Figure 6.4, is useful. When compound 34 is incubated with 

human plasma, there is approximately 25% hydrolysis to aspirin, and the models 

above provide an explanation for this. The overall conformation of the bound ligand 

is similar, and most of the same interactions are observed to those noted for the 

binding of the salicylate. The exception of course, is for the interactions of the 

salicylate OH group, which is lacking in this ligand. The loss of such contacts means 

that binding in this manner is less favourable for the benzoate than the salicylate -  

AUTODOCK suggests that the difference in binding energy is approximately 2.4 

kcal.mol'^ between the docked poses.

ISAS was covalently docked to BChE such that the binding occurred at the acetate 

ester rather than the phenyl ester. The optimal conformation from 50 docking runs 

is shown in Figure 6.5. While binding is reasonably good, there are no specific 

interactions between the macromolecule and the OH group of the salicylate moiety. 

AUTODOCK predicts that the binding energy of this ligand is sim ilar to that of the 

benzoate in Figure 6.4 as a result. (11.25 kcal.mol'^ compared to 12.15 kcal.mol'^) 

I t  can be concluded that the hydroxyl group of the salicylate ester can form specific 

interactions with the emzyme when it is being hydrolysed at the phenyl ester 

(specifically with the residues of the peripheral site), and that these interactions 

mean that hydrolysis at this position is more favourable than at the acetate ester. 

For all other prodrug compounds tested, which lacked such a hydroxyl group, there 

is little  energy difference in formation of the transition states for hydrolysis at the 

acetyl or the phenyl esters. This explains the more substantial release of aspirin 

observed for the interaction of compound 30 with BChE than for any other prodrugs 

tested.
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Figure 6.5. Isosorbide 2-aspirinate 5-saiicylate (30) bound covalently to BChE at the acetyl ester.
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6.3. Aspirin prodrugs and carboxylesterase enzymes

H um an plasma does not contain carboxylesterase and the re fo re  the  hydrolysis of 

aspririn prodrugs described in the  preceding paragraphs could not be a ttr ib u te d  the  

carboxylesterase en zym es. The fac t th a t the  isosorbide-based carb am ates  in teract 

w ith carboxylesterase enzym es  indicated th a t aspirin prodrugs based on the  sam e  

isosorbide te m p la te  m ig h t in teract w ith such enzym es in a s im ilar m an ner. Because  

carboxylesterases a re  present in o th er hum an tissues and m ay contribute  to  the  

overall hydrolysis o f aspirin prodrugs upon ad m in is tra tion , the  release of aspirin  

from  the isosorbide-based prodrugs upon incubation w ith  liver and intestinal 

m icrosom es was m onitored  using HPLC analysis. This w ork was carried out by our 

group, and it was found th a t IS A S  released s ignificant am ounts  of aspirin when  

binding to hCE2  but not h C E l ,  w hile  o th e r prodrugs broke down m ainly  to salicylic  

acid in both enzym es. In  o th e r w ords, hCE2  acted on the  prodrugs in an identical 

m anner to BChE; in terestin g ly , this was the  case fo r the  carb am ate  inhibitors  

exam ined earlie r, and this finding suggests th a t th e  enzym es share com m on  

substrate specificities, m ay be s im ilarly  evolved and m ay  have sim ilar roles in vivo.

The binding o f aspirin prodrugs to the  carboxy lesterase  enzym es was exam ined  

using a covalent docking approach as for BChE. The crystal s tructure  of/?CE1 bound 

to tacrine was used as a m odel for the  e n zym e , w hile th e  hom ology m odel o f CE2 

described in C hapter 5 w as used for m odelling this enzym e .

In  h C E l ,  the bulky P h e lO l residue occluded the  base o f the  gorge and prevented  

the ligand binding in a m a n n e r appropria te  for covalent interactions. In  C h ap ter 5, 

this residue was shown to  pro trude into th e  gorge in a position analogous to T rp 82  

of BChE, and in a perpend icu lar direction to the indole ring of the tryp tophan  

residue, m eaning th a t th e re  was less space for ligand binding in this position  

com pared to BChE. Because of this, the  ligand cannot line the  base of the gorge  

when interacting w ith  th e  cataly tic  S e r2 2 1 , as shown in Figure 6 .6 . The ligand is 

distorted and fo rm atio n  o f th e  in te rm ed ia te  as shown is qu ite  unfavourable as a 

result -  the internal energ y  o f the ligand is m ore than 1 .5  kcal.m ol'^ g re a te r in this 

structure than for s im ila r structures in which it can bind a t the  base of the  gorge in 

a m ore extended  conform ation  (fo r exam p le , as in CE2, , Figure 6 .7 ) . In  addition , 

the contacts form ed  b etw een  ligand and receptor are not op tim al. For exam p le , the  

pocket in the  region of L eu 304  and Leu363 is poorly occupied by the ligand, as is 

th a t around T h r2 5 2  and L eu 255 . This fu rth e r contributes to the  overall im plication  

th a t the  ligand would not associate w ith C E l in the o rien ta tion  shown. As a result.
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there is little or no liberation of aspirin when isosorbide ligands such as this interact 

with C E l.

In  accordance with experim ental findings, the isosorbide ligands bound CE2 with 

much more affinity in the prepared model, and in a more appropriate and relaxed 

conformation. The 5-benzoate compound was docked to the homology model of 

CE2 in 50 separate simulations beginning at random ligand positions, and the 

results from all runs clustered into a single group of compounds (when a limit of 3.0  

A RMSD was applied). The highest scoring result is shown in Figure 6 .7 . I t  is clear 

that the ligand lines the gorge base and participates in many favourable 

interactions with the receptor. The 5-ester group fits well within a pocket formed by 

residues G ln l0 9 , M e t l l2  and T h r l l3  while the aspirinate functionality can interact 

well with Phe346, Phe416 and Leu262 among other residues. In this orientation, 

the carbonyl oxygen is pointed towards the putative oxyanion hole residues as 

desired, indicating good overall com plem entarity with the enzym e in a position that 

is favourable for subsequent hydrolysis and release of reaction products.

ISAS binds in a similar m anner to the 5-benzoate compound, (Figure 6 .8 ) again 

with the sidechains pointed towards the pockets enum erated in the previous 

paragraph. There are suggestions that the salicylate OH group might form specific 

interactions with the surrounding residues as for BChE, that cause binding of the 

compound in the orientation shown to be more favourable than for other binding 

configurations that would result in hydrolysis at alternative positions. Residues 

G lu227, G lu460, M e t l l2  and T h r l l3  surround the salicylate sidechain and have 

polarised groups in their sidechains that can interact with the hydroxyl group of the  

ligand. The docked model doesn't indicate any specific interactions with these 

residues above others; however, it must be borne in mind that the docking was run 

using a homology model of the protein. Other procedures such as molecular 

dynamics simulations m ight aid in probing the binding of this ligand to CE2 further.
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Figure 6.6. The binding o f isosorbide 2-aspirinate 5-salicylate (30) to hCEl as the tetrahedral intermediate.



Leu-262

Arg-449

Figure 6.7. The binding o f isosorbide 2-aspirinate 5-benzoate (34) to the homology model o f hCE2 as the covalent tetrahedral

intermediate.
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Figure 6.8. The binding o f compound 30 to the hCE2 homology model as the tetrahedral intermediate o f the reaction.
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Figure 6.9. The model highlights the lack o f favourable interactions between ligand and receptor i f  hCE2 interacts with isosorbide 2-

aspirinate 5-salicylate at the acetyl ester o f the aspirin moiety.
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For comparison, a model of ISAS binding to CE2 was constructed in which 

hydrolysis would occur at the acetyl ester. The highest scoring result is shown in 

Figure 6.9. The ligand, binding in this orientation, formed significantly less 

favourable interactions with the protein, as highlighted by the fact th a t binding in 

the orientation shown was less favourable than that shown in Figure 6 .7  by more 

than 3 kcal.m ol'^ This was consistent with the hydrolysis of ISAS to aspirin in CE2.

I t  was clear that the covalent docking approach implemented in AUTODOCK could 

be used to build reliable models of ligand binding to both carboxylesterase and 

cholinesterase enzymes. A feature of my work described in other chapters was the 

validation of the models by studying ligand binding to m utant enzymes. In  the final 

section of this chapter, I  describe studies of prodrug binding and hydrolysis by 

BChE mutants.
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6.4. Hydrolysis of aspirin prodrugs by mutant enzymes

Analysis of aspirin prodrug hydrolysis by m utant BChE enzymes was of great 

interest for two principal reasons -  from a therapeutic point of view, it was 

im portant to note w hether administration of these agents would result in aspirin 

liberation in individuals who possessed enzym e variants, particularly the most 

common D70G m utation; from a structural viewpoint, it was interesting to exam ine  

w hether interactions between the salicylate OH group and the peripheral site 

residues was an im portant factor in the turnover of ISAS to aspirin rather than 

salicylic acid, as suggested by molecular modelling.

In  order to standardise the methodologies used with those used to obtain results 

previously, the hydrolysis of ISAS in w ild-type BChE was analysed initially using 

HPLC. The drug was added to the enzym e (final concentration ca. lu n it/m l) in 

buffer pH 7 .4  at tim e t= 0 ;  aliquots were removed from the mixture at various tim e  

points and diluted in a m ixture of zinc sulfate in acetonitrile in order to quench the 

reaction. Samples were analysed for prodrug, aspirin and salicylic acid using a 

reverse-phase gradient HPLC methodology described below. Subsequently, the 

same analyses were carried out using D70G enzym e, as well as the double m utant 

D 70G /Y332A . The results are shown in the graphs below. (Figure 6 .10 )

Hydrolysis of the prodrug was rapid and proceeded to completion within about 10 

minutes in most cases. In  the w ild-type enzym e, there was about 58%  aspirin 

release (the release of aspirin is expressed as a percentage of the amount of drug 

initially added and therefore available for aspirin release). This was within range of 

the normal values observed in experim ents carried out by other members of the 

group. I t  confirmed that the methods used were appropriate, and provided a 

yardstick by which one could measure aspirin release from the m utant enzymes.

In the D70G and D 70G /Y332A  m utants, the profile of aspirin release was 

apparently similar, and at steady state, there was 58%  and 43%  aspirin release 

from the respective enzymes.
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Figure 6.10. l-lydrolysis o f ISAS by BChE and its variants (ca. 1 un it/m i soiutionsof 

protein) (a) Wild-type enzyme; (b) D70G enzyme; (c) D70G/Y332A enzyme. 

Curves for ISAS are coloured red, for aspirin blue and fo r salicylic acid purple.
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These  resul ts a re  interesting.  The fact  t h a t  the  hydrolysis of the  prodrug by the  

D70G m u ta n t  is so similar to t h a t  by the  wild-type enzym e  is reassuring from a 

drug deve lopm en t  perspective,  as  it s ugge s t s  th a t  the  a g e n t  might  be an 

appropriate  prodrug for use in the  general  populat ion, including those  with the  

common D70G variant  BChE enzyme.  Structural s tudies  and  their  resulting models,  

such as  t h a t  shown in Figure 6.3,  s u gge s t  th a t  Asp70 may  interact with the  ligand 

when bound a t  t he  phenyl e s t e r  and thus  promote  hydrolysis a t  this position; 

however ,  the re  were several  res idues involved in this process ,  and thus  the  

removal of ju s t  one  of t h e s e  residues may not  be expected  to have significant 

implications. It is interesting th a t  in the  double mutan t ,  t h e re  is a reduction in the  

a m o u n t  of aspirin re leased  a s  a resul t  of the  hydrolytic reaction. This indicates  t h a t  

substi tut ion of 2 or  more  of the  impor tant  res idues a round the  peripheral  site may  

affect ligand interact ions and prodrug hydrolysis,  w he reas  single res idue changes  

have much smaller  effects.  The resul ts  a re  cons is tent  with those  observed  with 

som e of the  c a rb a m a te  inhibitors descr ibed earlier,  whereby rep lacement  of both 

residues resul ted in much m ore  substant ia l  d e c reases  in binding affinity com pared  

to the removal of one or o the r  of t h e s e  alone. The resul ts  sugges t  interplay 

be tween  Asp70 and  Tyr332 th a t  may  be impor tan t  in the  overall function of BChE 

and its ability to bind l igands of all types .
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6.5 . Materials and Methods

6.5.1. Molecular modelling studies

Models of ligands bound to the carboxylesterase enzymes were constructed using a 

covalent docking procedure implem ented in AUTODOCK 3, running on Microsoft 

Windows XP using the Cygwin environm ent. Ligands were built in MOE (Chemical 

Computing Group, Montreal, Canada) and optimised using the PM3 method of 

MOPAC interfaced to MOE; they were prepared as PDBQ files using Michel Sanner's 

Autodock Tools, the graphical user interface to AUTODOCK. The /7C E I receptor was 

obtained from the crystal structure of the enzym e bound to t a c r i n e ; a l l  

heteroatom s were removed and the remaining coordinates converted to a PDBQ file 

for docking -  charges in this instance were the Kollman charges with which 

AUTODOCK 3 is param eterised. The hCE2 receptor, m eanwhile, was the homology 

model of the protein prepared in Chapter 5.

For docking, the proteins were modified by deleting the sidechain oxygen of the 

catalytic serine residues. Atomic affinity maps, an electrostatic potential map and a 

covalent affinity map were computed using AutoGrid 3. The covalent affinity map 

was calculated using a spherically symmetric inverted Gaussian-shaped potential 

energy with a half-width of 5 .0  A and an energy penalty of 1000 .0  kcal.m ol'^ with 

the minimum energy value centred on the coordinates of the y-oxygen atom of Ser- 

198. Autodock 3 was used to perform 50 independent dockings using the 

Lamarckian Genetic Algorithm, each starting from random initial positions. A 

population size of 300 was used for the search, with a m axim um  of 2.5 million 

energy evaluations. The results of these dockings were clustered using an RMSD 

tolerance of 3.0 K. The highest scoring results were taken as indicative of the most 

appropriate binding mode for the ligand.

6.5.2. Prodrug hydrolysis studies and HPLC analyses

High performance liquid chromatography was performed using a system consisting 

of a W aters 600E pump and controller, a Waters 717 Autosampler and a Waters 

(2 )9 9 6  PDA all controlled by Millennium. A W aters Spherisorb® (4 fim ) C18 

3 .9x250  mm column was used for the plasma and enzyme study samples. The 

enzym e and plasma study samples were analysed using a gradient method 

employing a mobile phase consisting of pH 3 .19  phosphate buffer:acetonitrile 9 0 :10  

grading to 10:90  over the first ten minutes then back to 6 5 :35  to 12 minutes and 

grading to 9 0 :10  to 17 minutes at which it was held to 30 minutes. The eluent in 

both methods was monitored at 230 nm and peak identity and homogeneity
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confirm ed by PDA analysis. Q u antita tio n  was perform ed by com parison of peak  

areas w ith  extern a l s tandards run under the  sam e conditions a t about the sam e  

concentrations. The flow rate  was 1 m l/m in . The m ethod was validated  for lin earity , 

precision (re p e a ta b ility ), specificity, and sensitiv ity  in accordance w ith ICH  

guidelines on analytica l va lidation  Q 2A and Q2B.

For the  hydrolysis exp erim ents  100  pL o f concentrated  en zym e  solutions (ob tained  

from  Dr. O ksana Lockridge, U n ivers ity  of N ebraska, and described in previous  

chapters) w ere  diluted to 6m l w ith  pH 7 .4  phosphate buffer. The  final concentration  

of enzym e in solution was typ ically  about 1 u n it/m l. IS A S  in aceton itrile  (1 0 0  n.1) 

was incubated in the  preheated  solution (3 7 ± 0 .5 ° C )  a t a concentration  of 3 m g.m l'^  

and 2 50  îl a liquots w ithdraw n  a t app ro p ria te  in tervals. Sam ples w ere  transferred  

to 1 .5  ml Eppendorf tubes containing 500  1̂ of a 2 %  Z n S 0 4 - 7 H20  in M eCN-HaO  

(1 :1 )  solution, vortexed  and then  centrifuged fo r 4  m inutes a t 1 0 ,0 0 0  rpm . A liquots  

(2 0  |o.l) o f the  s u p ern a tan t w ere  analysed by HPLC. Hydrolysis was m onitored until 

consum ption o f the  prodrug was com plete .
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Appendices

Appendix 1:
The structures of the isosorbide 

compounds of interest in this project.

The compound numbers given in this appendix correspond to 
the numbers used to describe the compounds in the text. IC50 

values are given for inhibition of BChE and AChE where 
available. Otherwise, the potency of the compounds is 
expressed as % inhibition of the enzymes at 100 pM

concentration.





1. Isosorbide di-ester compounds

Compound

number
Compound structure 

O

Cl

o
o

Cl

Compound name IC50

BChE AChE

Isosorbide d i-(4 - - 4.3
chiorobenzoate) pM

Isosorbide d i-(3 - - 1.4

chiorobenzoate) pM



Isosorbide d i-(2 -  

chlorobenzoate)

Isosorbide d i-(4 -  

brom obenzoate)
Br

55.7

pM

2.9

mM



o

OH

O

Isosorbide di-benzoate

Isosorbide di-salicylate



2. Isosorbide-based carbamate compounds

Isosorbide 2-benzyl 

carbamate 5-salicylate

Isosorbide 2-N-benzyl 

carbamate 5-benzoate



Isosorbide 2-benzyl 4 .3  nM 272 .5

carbam ate 5-benzoate mM

Isosorbide 2-benzyl 51 nM (3 5 % )

carbam ate 5-m ononitra te



11

OHO

12

N

O

Isosorbide 2-ethyl carbam ate 2 .4  nM (3 2 % )  

5-salicylate

Isosorbide 2-benzyl 12 nM 51.6

carbam ate 5-bi-phenyl ester pM



o

o

Isosorbide 2-methyl 669 nM
carbam ate 5-benzoate

Isosorbide 2-benzyl 1.2 nM
carbam ate 5-toluate

(54% )

(2 4 0 /0 )



15 Cl

Cl

N

0

16

N

0

Isosorbide 2 -(3 ,4 - (3 8 % )

dichlorophenyl) carbamate 

5-benzoate

9.89
pM

Isosorbide 2-butyl carbamate 72 nM (3 1 % )  

5-benzoate



Isosorbide 2-butyl carbam ate 894  nM 1440  

5-m ononitra te  (jM

Isosorbide 2-benzyl 3 .7  (1 5 % )

carbam ate



19

20 O

o

Isosorbide 2-benzyl 28 .2  nM 37 .6

carbam ate 5 -(l-n a p h th o y l |j M

ester)

Isosorbide 2-benzyl 72 .6  nM 60 .4

carbam ate 5- |jM

(coum arincarbonyloxy) ester



Isosorbide 2-benzyl 

carbam ate 5 -(p - 2 .8  |jM

heptyloxyphenylcarbonyloxy) 

ester

(21o/o)

Isosorbide 2-benzyl 57 nM (3 3 % )

carbam ate 5-n icotinate



Isom annide di- 

butylcarbam ate

Isosorbide 2-N-phenyl 

carbam ate 5-benzoate

(3 2 % )

(7 8 .5 % )

(1 8 % )

(0 .4 % )



25
N

ONO,

26

N

O

Isosorbide 2-methyl 5.1 |j M  17.2

carbamate 5-mononitrate pM

Isosorbide 2-benzyl 

carbamate 5-morpholino 12.8 nM 

ester
(1 4 % )



3. Isosorbide-based aspirin prodrugs and the ir breal<down products

27

OAc

AcO

OAc

Isosorbide di-aspirinate

Isosorbide 2-aspirinate



29

OH

O
AcO

30

OAc

O
HO

Isosorbide 2-salicylate 5- 

aspirinate

Isosorbide 2-aspirinate 5- 

salicylate



31

HO H

AcO

32

OH

O
HO

Isosorbide 5-aspirinate

Isosorbide di-salicylate
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Isosorbide 5-salicylate

Isosorbide 2-aspirinate 5- 

benzoate



o

ONO,

Isosorbide 2-aspirinate 5- 
mononitrate
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Pharmacological effects of a novel isosorbide-based 
butyrylcholinesterase inhibitor
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A R T I C L E  I N F O  A B S T R A C T

lsosorbide-2-benzylcarbamate-5-benzoate, a novel butyrylcholinesterase inhibitor, shows 
interspecies variation in its inh ib ito ry activity (IC50 o f 4.3 nM for human plasma butyryl
cholinesterase, but 1.09 |jlM  for mouse plasma butyrylcholinesterase). Stability studies 
revealed that this drug is resistant to hydrolysis by human plasma (no degradation in 1 h). 
However, it was found to undergo rapid degradation when incubated w ith  mouse plasma or 
mouse liver homogenate, yielding benzyl carbamate and benzoic acid. The addition o f the 
carboxylesterase inh ib ito r bis-(4-nitrophenyl) phosphate (BNPP) inhibited the degradation 
o f the novel drug, indicating that it  may be a substrate for both butyrylcholinesterase and 
carboxylesterase. The absence o f carboxylesterase from human plasma explains the drug’s 
stability in this medium. In vivo, pharmacodynamic studies on single doses o f 1 mg/kg to 
naive male C57BL/6 mice revealed maximal plasma butyrylcholinesterase inh ib ition 20 min 
after intraperitoneal administration (-60% inh ib ition) and 1 h after administration by gav- 
agc ('45%  inhib ition). Whi\e this plasma butyrylcholinesterase inh ib ition  was short-lived, 
the drug also penetrated the blood-brain barrier resulting in a slight (10-15%) but persistent 
(>72 h) reduction in brain butyrylcholinesterase activity.

© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Butyrylcholinesterase (EC 3.1.1.8, BuChE) is found in 
neurons and glial cells in the human brain, and periph
erally in serum |1 ]. Although the exact function of BuChE 
remains unclear, it is responsible for the metabolism of 
various drugs including the anaesthetic succinylcholine 
[2], and it efficiently hydrolyses acetylcholine (ACh) at 
high concentrations [3). In Alzheimer’s disease, BuChE 
may be increased 40-90% in the brain and high levels 
of BuChE are found in neuronal plaques [4,5). Novel and 
potent inhibitors displaying exceptionally high selectivity 
for BuChE have been developed in our laboratories, pro
viding a unique pharmacological opportunity to explore 
the physiological and pathological roles of BuChE and the

*  Corresponding author. Tel.: +353 1 896  2786: fax: +353 1 896 2524.
E-m ail address: sryderS’tcd.ie (S.A. Ryder).

0 0 0 9 -2 7 9 7 /$  -  see front m atter ®  2008 Elsevier Ireland Ltd. All rights reserved, 
doi: 10.1016/j.cbi.2008.05.024

potential for BuChE inhibition as a therapeutic strategy in 
Alzheimer’s disease [6]. One such compound, isosorbide-2- 
benzylcarbamate-5-benzoate (compound 51, Fig. 1), which 
displays >60,000-fold selectivity for BuChE over acetyl
cholinesterase (AChE), has been tested in vitro and in vivo. 
This paper describes studies intended to reconcile the 
metabolism o f compound 51 w ith its in vivo activity.

2. Methods

2.7. In vitro butyrylcholinesterase inhibition

BuChE inhibition was measured in vitro using a 
modification of the Ellman assay [7] employing butyrylth- 
iocholine as substrate [8] and a standardized BuChE con
centration (5.88 |xmol min ' ml ’ ). Plasma was removed 
from fresh blood centrifuged at 3000 rpm for 10 min at 
4°C (Sorvall RT6000B). A stock solution o f the drug was 
prepared in a 1:3 solution of acetonitrile:PBS (phosphate
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Fig. 1. Compound 51, isosorbide-2-benzylcarbamate-5-benzoate.

buffered saline) pH 8.0 from which serial dilutions (100 |jlM  
to 1 n M ) were made. The drug and plasma w ere incubated  
in 0.1 M  PBS (pH 8.0) w ith  0.3 m M  DTNB (5-5 '-d ith io b is (2 - 
nitrobenzoic) acid) at 3 7 ‘'C for 30m in . Thereafter 0.5 m M  
of BTCI (butyrylthiocholine iodide) was added and the 
absorbance was measured at 405 nm. IC50  values were  
determ ined from non-linear regression plots using Graph
Pad Prism 4.0.

2.2. In vivo butyrylcholinesterase inhibition

Healthy naive male C57BL/6 mice (Harlan, UK) were  
housed singly w ith  ad libitum  access to food and w ater 
under a 12h light/dark cycle. A single dose of compound 
51 (1 m g/kg) was administered intraperitoneally (ip ) or 
orally (po). At various tim e points (n = 3 per tim epoint) 
submandibular blood samples were collected in lith ium  
heparinized M icrovette tubes and centrifuged at 3000  rpm  
for lO m in  at 4°C . Plasma BuChE activity was deter
mined using the Ellman assay [7] as previously described. 
Absorbance values were plotted using GraphPad Prism 4.0.

At the study endpoints, 24, 48 and 72 h post adm inis
tration of the compound, the level of BuChE inhibition in 
the brain was assessed. The animals w ere euthanized by 
carbon dioxide asphyxiation and the brains w ere carefully 
removed and placed on ice until processed. The brain sam
ples w ere homogenized in physiological saline on ice in 
three 5-s bursts using an U ltra -tu rraxT lO .The homogenate 
was centrifuged at 1 0 ,0 0 0 rpm for lO m in  at 4°C . BuChE 
activity was analysed using the Ellman assay [7).

2.3. Hydrolysis studies

The rate of hydrolysis o f compound 51 was determ ined  
in vitro in human plasma, mouse plasma and mouse liver 
homogenate using a gradient HPLC method.

2.3.1 Preparation of plasma samples
Fresh plasma samples w ere prepared by centrifugation  

of heparinized venous hum an or mouse blood for lO m in  
at 3 000  rpm at 4 ' ’C. One m illilitre  of plasma was added to 
2 ml of PBS pH 7.4 (33% solution).

2.3.2. Preparation of liver samples
Mouse liver was homogenized on ice in 10 volumes of 

PBS pH 7.4 in three 5-s bursts using an U ltra-tu rrax T-10 
(IKA-W erke). The homogenate was then centrifuged for 
lO m in  at 1 0 ,00 0 rpm  and 4°C. Liver homogenate ( 2 0 (jlI) 
was added to 3 ml o f PBS pH 7.4.

2.3.3. Hydrolysis
One hundred microlitres of compound 51 ( 8  |xM ) in ace- 

tonitrile  was added to the plasma/buffer or liver/buffer 
solution and incubated at 37 °C. Aliquots (250  ixl) were  
taken at various tim e points and transferred to Eppen- 
dorfs containing 500 (il of a 2% zinc sulfate solution in 
acetonitrile (1:1 ). The Eppendorfs were then centrifuged  
at 10,000 rpm  for 7 min. A 20-|xl aliquot o f the clear super
natant was analysed by HPLC.

Hydrolysis studies using the carboxylesterase inhibitor, 
bis-(4-n itrophenyl) phosphate (BNPP), were also carried 
out to determ ine if  carboxylesterase played a role in the 
hydrolysis of compound 51. BNPP (100 fxM) was incubated 
at 37 °C w ith  the mouse plasma or liver homogenate for 
1 0  min prior to drug addition.

2.3.4. Chromatography
High-performance liquid chromatography was per

formed using a system consisting of a Waters 600  
pump and controller. Waters 717 autosampler and a 
Waters 2996 photodiode-array (PDA) detector controlled  
by Empower 2 software (Waters). A Hichrom Nucleosil C18 
4.0 mm  X 250 m m  column was used. The plasma and liver 
samples were both analysed using a gradient method con
sisting of a 16 m M  phosphate buffer (pH 2.5): acetonitrile  
80:20 for the first 1 0  min, grading to 20:80 for the next 
5 min, then 60:40 for the next 2 min and finally return
ing to 80:20 for the last 3 min of the 20 min run. The flow  
rate was 1 m l/m in  and the buffer and acetonitrile were 
helium  sparged at a rate of 20 m l/m in. The retention times 
in this system were 9.5 min for benzyl carbamate, 10.0 for 
benzoic acid and 15.2 min for compound 51. Peak areas 
were compared quantitatively w ith  external standards 
of approximately the same concentration. The gradi
ent method was validated for specificity, sensitivity and 
precision.

2.4. Statistical analysis

BuChE activity data were entered into SPSS v .l4  (SPSS 
Inc., Chicago) for analysis. Standard descriptive parameters 
were calculated and significant differences were deter
mined using Student’s t-test where appropriate, taking  
p < 0.05 to be significant.

3. Results and discussion

Compound 51 (isosorbide-2-benzylcarbamate-5- 
benzoate) was synthesised in house as part o f an 
ongoing programme of research into isosorbide-based 
cholinesterase inhibitors, and has proved to be a potent 
inhibitor of human plasma BuChE in vitro. However, 
interspecies differences were apparent, its IC50 o f 4.3 nM  
in hum an plasma contrasting w ith  an IC50 of 1.09 |jiM in 
mouse plasma.

In vivo, a single dose of 1 mg/kg given to male 
C57BL/6 mice displayed m axim al plasma BuChE inh ib i
tion 2 0  m in after ip administration (~60% inhibition), and 
1 h after adm inistration po (~45%  inhibition). However, 
the duration o f action was short-lived by both routes, 
restoration of BuChE activity being substantially complete
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Asterisks indicate a significant difference in BuChE activity relative to 
controls (p < 0.05, f-test),

w ith in  24 h (Fig, 2), There was a subsequent increase in 
plasma BuChE activity 24 h after ip administration w ith 
a concomitant rise in liver production of the enzyme 
to 115%. Combined w ith  the fact that repeated dosing 
(5 mg/kg or 10 mg/kg po daily) over a 1-week period 
showed an increase in plasma BuChE activity, this sug
gests the existence of an efficient BuChE homeostatic 
mechanism.

Single doses of 1 mg/kg of compound 51 by the intraperi
toneal and oral routes also caused reductions of ~ 2 0  and 
15%, respectively in BuChE activity in the brain, indicating 
the ability of the drug to cross the blood-brain barrier. Fur
thermore, these reductions persisted for at least 72 h after 
dosing (Fig. 3). The superior BuChE inhibition achieved by 
this compound in human plasma, compared w ith its effects 
in mice, prompted exploration of the possibility that it is 
subject to more rapid metabolism in mice.
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Hydrolysis studies revealed that compound 51 is sta
ble in human plasma; no decrease in drug concentration 
was seen over a 60-min period. In contrast, rapid hydrolysis 
was observed in mouse plasma and mouse liver. The con
centration of the drug decreased over a period of 2 0  min 
w ith the concomitant formation of the metabolites benzyl 
carbamate and benzoic acid (Fig. 4).

Human plasma contains almost twice the concentration 
of BuChE in mouse plasma: 5 and 2.6 mg/1, respectively |9). 
Accordingly, if  BuChE were responsible for the hydrolysis 
of compound 51, its disappearance would have been more 
rapid in human than mouse plasma samples. The instability 
o f compound 51 in mouse plasma and liver, allied w ith  the 
higher IC50 observed in mouse plasma compared to the IC50 

for human plasma BuChE, suggests that this drug is not a 
substrate of BuChE alone.

Human and mouse plasma differ insofar as mouse 
plasma contains an additional enzyme, carboxylesterase 
|9,10] (EC 3.1.1.1). Despite an abundance of carboxylesterase 
in human liver and small intestine, none is found in 
human plasma [9,11]. The hydrolysis of compound 51 
by carboxylesterase was confirmed by incubation of the
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Fig. 5. Hydrolysis o f compound 51 in a 33% mouse plasma solution incu
bated w ith  100 [X.M BNPP at 37 C (pH 7.4).
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carboxylesterase inhibitor BNPP w ith  mouse plasma and 
liver prior to addition of the drug. The inclusion of BNPP 
decreased the rate o f degradation: in both mouse plasma 
and liver, compound 51 was hydrolysed over a period of 1 h, 
compared w ith  20 m in in the absence of BNPP (Fig. 5). This 
suggests that compound 51 is a substrate for both BuChE 
and carboxylesterase.

4. Conclusions

lsosorbide-2-benzylcarbam ate-5-benzoate (compound  
51) is a potent inhibitor o f human plasma BuChE but dis
plays poorer inhibition of mouse plasma BuChE. This drug 
is stable in human plasma; however, it is rapidly lost 
from mouse plasma, explicable by its hydrolysis to ben
zyl carbamate and benzoic acid under the influence of 
carboxylase.

Pharmacodynamic studies show decreased plasma and 
brain BuChE activity following a single intraperitoneal or 
oral dose of 1 mg/kg. The ability of this novel compound 
to cross the blood-brain  barrier and reduce brain BuChE 
activity w ill prove interesting in cognitive tests in vivo, as 
BuChE has gained recognition as a new therapeutic tar
get in Alzheim er’s disease (AD). In the healthy brain, AChE 
is the predom inant cholinesterase, w ith  BuChE playing a 
supporting role. However, AChE levels show a pronounced 
decline at an early stage of AD whereas BuChE levels 
increase as the disease progresses 112). It has been proposed 
that BuChE may play a key part in compensating for AChE 
loss [13], lim iting the value of selective AChE inhibition as 
a strategy for cholinergic enhancement in AD. W hile  AChE 
inhibitors such as donepezil and galantam ine have gained 
a place in the m anagem ent of AD, the addition of a BuChE 
inhibitor such as compound 51 could enhance clinical 
efficacy.
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We  report herein that a variety  o f isosorbide di-esters, previously reported to be novel 
substrates for butyrylcholinesterase (BuChE, EC 3.1.1.8), are in fact inhibitors o f the ho m o l
ogous enzym e acetylcholinesterase (AChE), w ith  IC5 0  values in the m icrom olar range. In 
vitro studies show  that they are m ixed inhib itors  o f the enzym e, and thus the  ternary  
enzym e-inh ib ito r-subs tra te  com plex can form  in acetylcholinesterase. This is rationalised  
by m olecular m odelling w h ich  shows th a t the com pounds bind in the m id-gorge area. In 
this position, sim ultaneous substrate b inding m ig h t be possible, but the hydrolysis o f this 
substrate is prevented. The di-esters dock w ith in  the butyrylcholinesterase gorge in a very  
different m anner, w ith  the ester sidechain at the  5-position  occupying the acyl pocket at 
residues Leu286 and V a l288, and the 2 -es ter b inding to T rp82. The carbonyl group o f  the 2- 
ester is susceptible to nucleophilic attack by S e rl9 8  o f the catalytic triad. The larger residues 
of the acyl pocket in acetylcholinesterase prevent b inding in this m anner. The results com 
p lem ent each o ther and explain the  d ifferin g  behaviours o f the esters in the cholinesterase  
enzymes. These findings m ay prove very  significant for fu tu re  w ork.
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1. Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is present 
throughout the central and peripheral nervous systems of 
mammals, where it catalyses the hydrolysis of the endoge
nous ester neurotransmitter acetylcholine (ACh), allowing 
the termination of ACh receptor-mediated ion gating at 
nerve-nerve and neuromuscular junctions. ACh is also 
hydrolysed by the enzyme butyrylcholinesterase (BuChE, 
EC 3.1.1.8), which although present in the human body, has 
no known physiological role. The enzymes are very sim
ilar, possessing 53% sequence homology and both having 
their active sites at the base of an enzymatic gorge of depth
20 A.

* Corresponding author. Tel.: +353 1 8962794. 
E-m ail address: carolanc@tcd.ie (C.G. Carolan).

This group previously reported that certain isosorbide 
esters (Fig. 1) are hydrolysed extremely rapidly by BuChE 
|1]. Here we report the results of studies on the interac
tions of these isosorbide esters w ith  AChE, which show 
that these compounds are actually reversible inhibitors 
of AChE, as opposed to substrates for the enzyme as was 
the case in BuChE. It is puzzling in the first instance that 
ester compounds m ight strongly bind the enzyme but not 
be hydrolysed, and this is even truer when the homol
ogous BuChE rapidly hydrolyses these same compounds. 
Through kinetic analyses and in  silico  modelling, we sought 
to explain this unexpected finding.

2. Experimental methods

2.1. Chemicals

Acetylthiocholine iodide (ATCI), 5,5'-Dithiobis-(2- 
nitrobenzoic acid) (DTNB) and acetylcholinesterase were

0 0 0 9 -2 7 9 7 /$  -  see front m atter ©  2008 Elsevier Ireland Ltd. All rights reserved. 
doi:10.1016/j.cbi.2008.05.D13
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Fig. 1. The structure of the di-benzoate compounds tested. X represents 
either a chlorine or bromine substituent on the aromatic rings.

purchased from Sigma-Aldrich, Ireland. The acetyl
cholinesterase used was the Type V-S protein from 
Electrophorus electricus (electric eel), purchased as a 
lyophilised powder. It was solubilized in 0.02 M phosphate 
buffer pH 7.0, stabilised by addition of 1 mg/ml bovine 
serum albumin (BSA), and refrigerated until use.

2.2. Synthesis of isosorbide-based esters

The di-esters were prepared from isosorbide using the 
appropriate acid chloride in the presence of a tertiary base. 
They were obtained as crystalline materials following chro
matography and characterised by both NMR and MS.

2.3. Inhibition assays

Studies using RP-HPLC showed that the di-esters were 
not hydrolysed when they were incubated with E. electricus 
AChE; instead, the esters were inhibitors. Inhibition of the 
£  electricus AChE by the di-esters was assayed using the 
method of Ellman et al. [2], modified to allow the assay to 
be run in 96-well plate format.

E. electricus AChE and 5,5'-Dithiobis-(2-nitrobenzoic 
acid), (DTNB) were incubated in phosphate buffer solu
tion pH 8.0 at 37 “C at final concentrations of 0.05 U/ml 
and 0.3 mM, respectively. Inhibitors were incubated in this 
enzymatic solution for 30 min at concentrations between 
lOOnM and 100 jxM, prior to addition of the substrate 
acetylthiocholine iodide; concentrations of ATCl ranged 
between 100 jxM and 5mM  in the final solution. The 
absorbance of the resulting solutions was monitored at 
405 nm. In each resulting plot, data points were obtained 
on the basis of readings from at least four replicate 
wells.

Plots of 1/v against [/] and s/v  against [/] were pre
pared to examine the nature of the inhibition by each 
test compound, (v : reaction rate, s, substrate concentra
tion and [/], inhibitor concentration). Values for X, and K! 
were calculated by plotting Km/Vmax and I /Vmax against [/], 
where Km and V'max were calculated by fitting data to the 
Michaelis-Menten equation using non-linear regression. In 
each case, a straight line was obtained, and the intercept 
on the [/] axis gave -Kj when Km/Vmax was plotted, and 
-K! when J/Vmax was plotted [3]. All data manipulations 
and graphing calculations were carried out using GraphPad 
Prism version 4.03 (GraphPad Software).

2.4. Molecular modelling

The binding of the di-ester compounds to both BuChE 
and AChE was examined to see w hether differential binding 
to each enzyme could explain the different behaviour of the 
di-esters in the enzymes. Isosorbide di-(4-chlorobenzoate) 
was docked to the active sites of both hBuChE and E. 
electricus AChE. Isosorbide di-(4-bromobenzoate) was also 
docked to AChE.

Docking calculations were carried out using AutoDock 
version 4.0, w ith the Lamarckian genetic algorithm (LGA) 
[4). The inhibitor was built using the builder function of 
MOE (Chemical Computing Group, Montreal, Canada) and 
minimized with MOPAC 7 (PM3 method) interfaced to 
MOE.

The crystal structure of hBuChE in complex with a 
choline molecule [5] (PDB code IPOM) was used as a 
basis for modelling the interaction w ith BuChE. The miss
ing sidechain of residue Gln486 was added in Swiss-PDB 
Viewer version 3.7, and the missing residues 1-3, 378- 
379 and 455 added using the ‘Add residue’ command in 
the same program. These added residues were minimized 
within MOE, with the rest of the macromolecule held fixed. 
Of the two conformations of the catalytic serine observed 

wn the crystal structure noted above, the one where it makes 
the anticipated hydrogen bond with His438 was used. 
His438 was protonated at the 8 position. The substrates 
and the enzyme were further prepared for the docking cal
culation using AutoDockTools 1.4.5. Rotation was allowed 
for all usual bonds in the ligand, but the macromolecule 
was held rigid. The 3D affinity grid box was designed to 
include the full active site gorge of human BChE. The num 
ber of grid points in the x-, y-, z-axes was 64, 64, and 40 
w ith grid points separated by 0.375 A. One hundred docking 
runs were completed, with 25,000,000 energy evaluations 
allowed as a maximum in each run. The lowest energy 
result was taken as the correctly docked pose.

An identical approach was undertaken to dock the same 
ligand to AChE. Since high-resolution crystal structures of 
E. electricus AChE were not available, the 1.8 A resolution 
structure of the homologous Torpedo califomica AChE was 
used for modelling purposes [6]. (PDB Code*lEA5) The cat
alytic domains of the two proteins present 68% identity [7], 
while the residues of the active site gorge are even more 
closely matched. However, residue Phe330 in the active site 
gorge of Torpedo AChE is replaced by a Tyrosine residue, 
while Ile439 -  also close to the gorge -  is replaced by a pro
line in the protein from the electric eel. In order to take into 
account these and other differences, a homology model was 
built for £. electricus AChE using the T. califomica structure 
as a template.

The homology-model application of MOE was used for 
this purpose. In building the initial geometry, all coor
dinates were copied for residues whose identity was 
dbnserved in both proteins, while backbone coordinates 
were copied for others. Loops and missing sidechains were 
added from generic libraries within MOE to prepare 10 dif
ferent models. After addition of hydrogen atoms and coarse 
minimization, the highest scoring protein based on elec
trostatic solvation energy, calculated using a G eneralized  
Born/Volume Integral (GB/VI) methodology, was taken for-
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Table 1
K, and K '  values for selected isosorbide di-esters, calculated as described
' I

in the text.

Compound nam e Ki(|xM) JC;(|xM)

Isosorbide di-(2-chlorobenzoate) 43.31 1286
Isosorbide di-(3-chlorobenzoate) 7.79 50.4
Isosorbide di-(4-chlorobenzoate) 6.60 92.6
Isosorbide d i-(4-brom obenzoate) 104.90 4361

ward for final model building. It was minimised to a root 
mean square gradient of 0.01. This final model was checked 
for appropriate geometry before use.

The di-benzoate compounds were docked w ith in the 
active site of the modeled protein. The number of grid 
points in the x-,y -  and z-axes was 54,58 and 56 in this case, 
but all other steps were as described for BuChE modelling.

3. Results

All isosorbide di-ester compounds tested were 
inhibitors of AChE. w ith K, values in the |xM range, 
as shown in Table 1. The most potent inhibitors were 
isosorbide di-(3-chlorobenzoate) and isosorbide di-(4- 
chlorobenzoate), w ith K, values of 7.79 and 6.60 |j l M ,  

respectively. The di-(4-bromobenzoate) was significantly 
less potent.

We subsequently sought to characterise the inhibition 
of AChE by the isosorbide esters. Plots of 1 / v  against [/] and 
s/v against [/] together were used to investigate the mode 
of linear inhibition, as described by Cornish-Bowden. (3] 
These plots were prepared from data obtained at different 
substrate and inhibitor concentrations in £. electhcus AChE. 
The lines intersected just above the [1] -axis in the Dixon 
plot and just below the axis in the plot of s/v against [/], 
indicating mixed inhibition. This type of inhibition would 
most likely arise in our system if  the ternary EIS complex

Hls-438

L Scr-198

Trp-82 UII.2S6

G ly-llS

Gly-117
Val.288

Asp-70

Fig. 2. Isosorbide d i-(4-chlorobenzoate) doci<ed to hBuCtiE.

can form but cannot break down to products. We could 
characterise the K, value as the dissociation constant of 
El and K: as the inhibitor dissociation constant of the EIS 
complex.

Models of isosorbide di-(4-chlorobenzoate) in BuChE 
and AChE indicated why the isosorbide esters might be sub
strates in BuChE but inhibitors of AChE. In BuChE, numerous 
docked poses scored highly, indicating that there are many 
stable structures formed upon binding, and between which 
the docked molecule could cycle w ith in the active site 
gorge of the enzyme. The highest scoring pose, however, 
sees the di-benzoate lining the base of the gorge, as in 
Fig. 2. The ester group at the 5-position occupies the acyl 
pocket between residues Leu286 and Val288, while the 2- 
ester function is orientated in the direction ofTrp82, which 
normally binds the cationic head of the choline substrate

Tyr-341

. \  Phe338
Tyr-337

Trp-286

Trp-86

e-297Tyr-124

Ser-203

Tyr-133

Fig. 3. Isosorbide di-(4-ch lo  obenzoate) docked to AChE.
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th ro u g h  cation-7T  in te rac tio n s . T he carbonyl carb o n  a t  th e  
2-position  is 4.6 A from the nucleophiiic 0 - y  of Serl98. 
More im portantly , th e  carbonyl oxygen is d irected away 
from the catalytic serine and tow ards the oxyanion hole 
residues G ly ll6 , G ly ll7  and A lal99. The residue is placed 
a lm ost optim ally  for nucleophiiic attack of Serl98 a t the 
carbonyl carbon of the  2-ester, which will result in substrate 
hydrolysis a t this position. The ester a t the 5-position was 
not hydrolysed appreciably w hen  tested, and this can also 
be explained using this sam e model. The carbonyl group is 
inappropriately  placed for attack. Furtherm ore, th is ester 
group is endo to  th e  V-shaped isosorbide ring, m eaning that 
the approach of th e  catalytic serine is sterically hindered.

The active site  gorge in AChE is m ore cram ped, and this 
m eans th a t a w holly different docking pose is adopted. The 
acyl pocket is occluded by th e  presence of residues Phe295 
and Phe297 (equivalent to residues Phe288 and Phe290 in 
T. califomica enzym e), am ong others, so th a t the molecule 
cannot fit w ith in  the gorge in the sam e m anner as in BuChE. 
The d i-ester sits higher up the gorge, as show n in Fig. 3, w ith 
the m ore stable 5 -ester group binding to Trp86 and closest 
to the catalytic triad residues, not w ithstanding  the fact that 
it is poorly placed for hydrolysis. The carbonyl carbon of the 
labile 2-benzoate  is 10.7 A from O-7  o fS erl98 , and is bound 
in an arom atic pocket form ed by residues Phe297, Phe338, 
Tyr337, Try-341 and Trp286. Thus, the docking is well sta
bilized, bu t fu rther descen t w ith in  the gorge in order to 
engage the catalytic m achinery is not possible, and hence 
this molecule acts as an inhibitor of AChE.

Isosorbide d i-(4-brom obenzoate) was also docked 
w ith in  the active site of £. electricus AChE as described 
above. It docked precisely as described for th e  chloroben- 
zoate, and w ith  an alm ost identical docking score. It was 
thus puzzling th a t it w as a significantly less po ten t inhibitor 
in th e  in vitro tests. We suggest th a t reduced binding might 
arise because of the reduced electron density  redistribu
tion th a t occurs in the presence of brom ine com pared to 
chlorine substituen ts—this has been used to explain the 
im proved binding of chlorotacrine to AChE com pared to 
tacrine itself [8 ]. O therw ise, th e  increased steric bulk of 
brom ine substituen ts may m ean th a t the optim al binding 
pose described above is not as readily achieved.

4. Discussion

The results of the in vitro analyses and m olecular m od
elling w ork described com plem ent each o ther and reveal 
much about the nature  of th e  binding of isosorbide di
esters to the cholinesterase enzym es, and the nature of 
th e  cholinesterase enzym es them selves. The in vitro work 
show ed all di-esters to be m ixed inhibitors of m oderate 
potency in AChE, as opposed to extrem ely good substrates 
for BuChE, w ith a sim ilar affinity for the enzym e to the 
prototypical substrate butyrylcholine |9]. Mixed inhibitors 
form complexes w ith  their ta rget enzym es so tha t typically, 
the ternary EIS com plex can be form ed, as well as El and 
ES complexes. This te rnary  com plex does no t break down 
to form catalytic products. Thus, w hile the inhibitor is not 
strictly com petitive w ith the  substrate, and the substrate 
can still bind to the enzym e in the presence of the inhibitor, 
its presence prevents substrate  tu rnover due to interfer

ence w ith  the enzym e’s function or w ith the appropriate 
b inding o f the substrate. The m olecular docking of isosor
bide di-(4-chlorobenzoate) to AChE reveals how this m ight 
be b e tte r understood. The di-ester cannot bind directly at 
the active site—if it could, it w ould be hydrolysed as is the 
case in BuChE. Instead, it binds w ithin the gorge as depicted. 
In this orientation, it can be envisaged tha t the substrate 
should still be able to en ter the active site; however, its 
binding in an appropriate m anner is blocked by the pres
ence o f th e  inhibitor, and hence no substrate turnover is 
observed in this scenario.

The results of these studies have much significance for 
future work. These studies have show n that molecules 
based on th e  isosorbide tem plate can bind bcth AChE and 
BChE, bu t very different outcom es can arise from their 
binding in either case. Subsequent studies have begun to 
exam ine the binding of isosorbide 2-carbam ates to the 
enzym es. Initial results have show n these com pounds to 
be selective for BuChE in most cases, w ith strong pseudo- 
irreversible inhibition observed [10]. In AChE, though 
inhibition is still apparent, it is only moderate. This might 
be anticipated  from these studies of reversible inhibitors, 
since the carbam ylation reaction should take place m ore 
quickly in BuChE if binding occurs in the sam e way as for the 
di-esters. Thus, the isosorbide tem plate provides prom ise 
for fu ture com pounds tha t m ight have differential effects 
in BuChE and AChE.

5. Conclusions

A num ber of in vitro studies have shown th a t isosor
bide d i-esters are mixed inhibitors of AChE as opposed 
to substrates for BuChE as reported previously. Molecu
lar m odelling w ork shows the diffi?rent binding m odes in 
each enzym e th a t give rise to these different results. The 
isosorbide tem plate m ight be useful for subsequent work 
w here com pounds w ith such contrasting activities in the 
cholinesterase enzym es are desirable.
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In this study, w e  report the SA R  and characterization  o f  tw o  groups o f  iso so rb id e-b a sed  ch o lin estera se  
inhibitors. T he first w as based directly  on the c lin ica lly  used  nitrate isosorb id e  m ononitrate (IS M N ) retention  
o f  the 5-nitrate group and introduction o f  a series o f  2-carbam ate fu n ctio n a litie s. T he com p ou n d s proved to 
be potent and se lec tiv e  inh ib itors o f  hum an p lasm a bu tyrylch o lin esterase  (/j/YBuChE). In the secon d  group, 
the nitrate ester w as rem oved  and rep laced w ith a variety  o f  alkyl and aryl esters. T h ese  gen era lly  exh ib ited  
nanom olar potency w ith h igh  se lec tiv ity  for B uC hE  o v er  a cety lch o lin estera se  (A C h E ). T he m ost potent and 
se lec tiv e  com poun d  w as iso so rb id e-2 -b en zy l carb am ate-5-benzoate  w ith  an IC50 o f  4 .3  nM  for B uC hE  and  
> 5 0 0 0 0  fo ld  se lectiv ity  o v er  hum an erythrocyte A C hE . Inhibition w ith  these  com p ou n d s is tim e-d ep en dent, 
co m p etitiv e , and s lo w ly  reversib le, ind icating a ctive  site  carbam ylation .

Introduction

There are tw o types o f  cholinesterase enzym es found in 
vertebrates: acetylcholinesterase (EC .3.1.1.7; AChE") and 
butyrylcholinesterase (EC 3 .1 .1.8; BuChE). These are probably 
the m ost w idely studied enzym es due to their extraordinary 
effic iency  and the classical relationship between AChE and the 
neurotransmitter acetylcholine. AChE has been a drug target 
for the treatment o f  A lzheim er's d isease (A D ) since the 
em ergence o f  the cholinergic hypothesis o f  A D  over 25 years 
ago. This fo llow ed  recognition that the cognitive impairments 
in A D  correlated with cholinergic deficits such as reduced 
synaptic acetylcholine synthesis and choline acetyltransferase 
(ChAT) activity.' " These observations were made just as the 
role o f  the cholinergic system  in memor\' processing and 
learning began to be more widely app reciated .T he introduction 
o f  the cholinesterase inhibitors (CH Is). first tacrine then done- 
pezil. rivastigm ine. and galantamine. has made an important 
contribution to the management and w ell-being o f  early stage 
AD patients, although significant scientific and clinical questions 
about these remain.

In the past few  years. CHI medicinal chemistry has diversified 
from pure AChE inhibitor design into a number o f  related 
strategies: (i) dual binding site inhibitors that bind at the active  
site an d  at the AChE peripheral site, which catalyzes the 
aggregation o f  /3-amyloid in vitro'*'  ̂ (dual binding site occupancy 
has also  led to the com pounds o f fem tom olar potency^); (ii) 
hybrid com pounds that affect both the m etabolism  o f  ACh and 
stim ulate its receptor targets;^ (iii) hybrids that contain CHI 
functionality and a second noncholinergic modality, e.g ., M AO  
inhibitory activity, melatonin surrogates, or nitric oxide releasing 
c a p a b i l i t y . A  fourth recent strategy (iv) has been to develop  
selective  inhibitors for BuChE. In contrast to AChE. no

* To whom correspondence should be addressed. Phone: -H353-1-896 
2795. Fax: +353-1-8%  2793. E-mail: gilmerjf@ tcd.ie.

School of Pharmacy and Pharmaceutical Sciences. Trinity College.
* School of Science. Athlone Institute of Technology. Westmeath. Ireland. 
" Abbreviations: AChE. acetylcholinesterase: ATCI. acetylthiocholine

iodide: BTCI. butyrylthiocholine iodide: BuChE. butyrylcholinesterase: 
DCC. dicyclohexylcarbodiimide: DTNB. 5.5'-dithiobis-(2-nitrobenzoic acid); 
/?«BuCHE. human butyrylcholinesterase: ISMN, isosorbide-5-mononitrate: 
ISMNA. isosorbide mononitrate aspirinate: MAO. monoamino oxidase: 
SAR. .structure activity relationship. TBAF. tetrabutylammonium lluoride: 
TBDMS. tertbutyldimethylsilyl: TMS. tetramethylsilane.

physiological role has been assigned to BuChE, nor has it a 
known endogenous substrate; for the present, it takes its name 
from butyrylcholine, a synthetic substance it hydrolyses exceed
ingly rapidly (BuC hE w as historically referred to as pseudo- 
cholinesterase, perhaps disparagingly). BuChE is found ubiq
uitously throughout the human body but is at high concentrations 
in the lung, liver, and serum. This distribution pattern points to 
a role in primary m etabolism , possibly in protecting the 
organism  from agents that m ight inhibit the pivotal functions 
o f  AChE. Indeed. BuChE has a prominent role in the metabolism  
o f  ester drugs and in the activation o f  ester prodrugs. There are 
also suggestions that it m ay be involved in lipoprotein regula
tion ."  E vidence for the involvem ent o f  BuChE in A D  and 
support for its role as a drug target may be sum m arized as 
follow s: (i) the nu llizygous (AC hE —/ —) m ouse w hile having 
a clear phenotype appears to have normal C N S function, 
indicating at least a com pensatory role for BuChE in the CNS;'" 
(ii) w hile synaptic AChE lev e ls decrease to 10—15% o f normal 
during A D  progression. BuChE activity is maintained or even  
increased;''^ (iii) post mortem tissue analysis on A D  patients 
show s a high level o f  BuChE in the hallmark lesions o f  AD'"* 
(although it m ight w ell have a protective role here); (iv) in rats, 
the se lective  BuChE inhibitor cym.serine causes elevation o f  
acetylcholine and augm ents long-term  potentiation and learn
ing.'"  ̂ A notable feature o f  that study was the absence o f  
peripheral side effects that are associated with AChE inhibitors.

W e reported previously that isosorbide esters tend to undergo 
very rapid hydrolysis in the presence o f mammalian estera.ses."’“ '*̂ 
The aspirin ester o f  isosorbide mononitrate (ISM N A ) is one o f  
the few  com pounds reported that can act as an aspirin prodrug 
(at least in rabbit plasm a) and it is a potent inhibitor o f  platelet 
aggregation.'* This is because, in the case o f  ISM NA, hydrolysis 
at the aspirin ester group proceeds faster than at the neighboring 
acetyl group. W e hypothesized that it m ight be possib le to 
generate potent and selective  inhibitors for the cholinesterases 
by replacing the aspirin group in ISM N A  with a carbamate 
functionality w hile retaining the isosorbide-5-nitrate group as 
illustrated in Figure lb. The 5-nitrate appeared to us to be an 
important recognition feature for esterase com plem entarity. In 
this paper, we report on the pattern o f  enzym e inhibition by 
isosorbide-2-carbam ate-5-nitrates and then isosorbide2-carbam - 
ate-5-alkyl and -aryl esters. Som e o f  the com pounds in the latter

10.1021/jni8()0564y CCC: $40.75 ©  2008 A m erican C hem ical Society
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Figure 1. (la) Carbamate inhibitors of the cholinesterases. (1 b) Design 
strategy behind isosorbide-based carbamates.

group turned out to be among the most selective BuChE 
inhibitors reported. We also report preliminary kinetic and 
modeling data that provides an explanation for how these 
anomalous compounds work.

Chemistry

Isosorbide-2-carbamate-5-nitrates (series 1, Figure lb) were 
obtained by direct carbamylation of ISMN with the appropriate 
isocyanate in DCM in the presence of a triethylamine. The 
2-carbamate-5-ester compounds of series 2 were obtained by 
removal of the nitrate under reductive conditions (H2, Pd/C) 
and esterification with a series of commercially available acid 
chlorides. Where an acid chloride for a desired ester was not 
available, the acid itself was used instead with DCC/DMAP 
coupling (Scheme 1). In a few cases, acylation of the 2-car
bamate nitrogen was found to compete with 5-esterification, and 
it proved difficult to get useful amounts of the target ester. In 
these cases, the order of carbamylation and esterification was 
reversed. ISMN was TBDMS-protected, the 5-nitrate removed, 
and then the 5-position esterified (Scheme 1). The 2-TBDMS 
group was then removed (TBAF) and the carbamate introduced 
as described already.

Enzyme Inhibition—SAR. Candidate inhibitors were evalu
ated using Ellman’s spectrophotometric determination of cho- 
linesterase activity with either human plasma or purified BuChE 
from human plasma.'^ For AChE activity, electric eel enzyme 
was used because this has quite similar active site structure to 
the human enzyme. Initially, the assumption was made that the 
inhibitors would act through carbamylation of the enzymes 
because their design was based on supersubstrates for AwBuChE 
(Figure lb). Carbamate inhibition can be considered a two-step 
process with an initial rapidly established reversible interaction 
being followed by a slower covalent reaction between enzyme 
and inhibitor, forming an enzyme carbamate adduct.^° The 
carbamate adduct hydrolyses slowly, liberating the free enzyme. 
The slow recovery of enzyme activity provides the fundamental 
kinetic distinction between carbamate inhibitors and ester 
substrates. Each stage of the carbamate inhibition and hydrolysis 
process can be influenced by structural features of the inhibitor.^®

IC50 values determined at a single time point are a composite 
value, reflecting the initial equilibrium as well as the rates of 
the carbamylation and decarbamylation steps and they are a 
generally used global measure of carbamate potency: EH 
incubation times of 15—30 min are typical in the literature.^’ 
Inhibitory potency was determined in this study following 
incubation of the enzyme and test compound for 30 min. Several 
of the more potent compounds were also tested at 60 min with 
no significant shift in potency. Inhibition was initially evaluated 
at 100 fiM with IC50 values estimated only for compounds 
showing significant inhibition (Table 1). The 5-nitrate com
pounds (series 1 ) generally exhibited low micromolar potency 
toward BuChE with no significant inhibition of AChE at 100 
^M. Potency increased in the series from methyl, ethyl, propyl, 
to butyl carbamate; the cyclohexyl carbamate had similar 
potency to the ethyl carbamate. The phenyl carbamates 1 g—k 
were moderate inhibitors of both cholinesterases with slight 
preference in some cases for AChE. The most potent compound 
in the nitrate series was the 2-benzylcarbamate If with an IC50 
of 50 nM and >2000 fold selectivity for BuChE. When the 
benzyl group was maintained but the nitrate removed (leaving 
the isosorbide-5-position unsubstituted, 3), there was a 74-fold 
drop in potency as well as selectivity (3.7 /xM) although not 
because of any significant increase in potency toward AChE. 
Clearly, the 5-subsituent has a marked effect on inhibitory 
potency toward BuChE. It was therefore decided to explore 
'5-benzylcarbamates variously substituted at the 5-position with 
aryl and alkyl esters. The acetyl, propionyl, valeryl, and 
cyclopropyl ester compounds (2a—e) were moderately potent 
but selective inhibitors of BuChE. The cyclopentyl ester was 
the most potent of the alkyl ester compounds with an IC50 of 
5.8 nM for BuChE and 975-fold selectivity over AChE. The 
5-benzoate ester (2i) was the most potent compound in this study 
and the most selective BuChE inhibitor reported with an IC50 
ratio of >63000 over electric eel AChE (4.3 nM/272 /iM). When 
purified human erythrocyte AChE was used instead, the IC50 
dropped a little to 2 2 1  f M  and the selectivity ratio to 51000. 
The nicotinate esters 2j—k were prepared as potentially more 
water soluble analogues, but they were around 2 0 -fold less 
potent and selective than the corresponding benzoate. The 
influence of the ionisability of the pyridine ring on BuChE 
affinity or turnover was evaluated by measijring the IC50 at pH 
values in the range 6 —8 , the typical Ellman pH. The potency 
was found to be pH invariant in this range. A number of larger 
esters were prepared in order to test the hypothesis that in the 
case of BuChE, the isosorbide-5-ester group is accommodated 
by a large pocket or possibly back up the main active site 
channel. It was found that the benzoate ester could be replaced 
by 1- or 2 -naphthoyl or biphenyl esters (21—n) with little loss 
in potency. The cinnamate (2o) and coumarin (2q) esters were, 
however, significantly less potent and the heptyloxybenzoate 
ester (2p) quite inactive (IC50 2.8 /<M). Having used the 2 -benzyI 
carbamate to probe for the optimal 5-ester, we now maintained 
the 5-benzoate group but changed the 2-carbamate group. The 
5^benzoate-2-methylcarbamate (2r), -2-(3,4-dichlorophenylcar- 
bamate) (2s), and 2-butylcarbamate (2t) compounds were 
significantly more potent than their nitrate analogues (la, Ij, 
and Id) as expected, but clearly in this panel of possible acyl 
groups, a benzyl carbamate is optimal in the 2-position and a 
benzoate ester at the 5-position.

Enzyme Inhibition—Mode. The relationship between inhibi
tory potency and assay substrate concentration was surveyed 
initially in a classical way in order to determine the mode of 
inhibition. Substrate hydrolysis velocity was proportional to
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Scheme 1 . Showing the Synthesis Routes to Candidate Inhibitors"

R -N

H ONO 3 ^  OH

V.

R -N

TBDMSO

" (i) Isocyanate, pyridine or Et,N/DMAP, DCM. 40 °C. 2 h; (ii) Pd/C. H:, EtOAc. 12 h. RT; ( iii)  R'(CO)CI, DMAP. Et.,N. DCM. RT. 8 h or R 'C(0)0H. 
DCC. DM AP. DCM. RT. 8 h; (iv) TBDMSCI. imidazole. DMAP. DCM. 2 h. RT; (v) TBAF. THF. RT. 15 min.

Table 1. C.arbamate Te.st Compounds along with Inhibition Data and Selectivity for BuChE and AChE"

compd

BuChE AChE

selectivity''IC50 (//M)' IC5 0 (/^M)'

series 1. R =
la  —miethyl 82 5.1 (2.2-11.8) 67 17.2 (6 -31 )
lb  -e th y l 73 3.9 (1.6-9.7) 1
Ic -p ro p y l 93 0.6,39 (0.66-1.2) 1 1520 (1300-1700) 2383
Id  —butyl 92 0.894 (0.65-1.23) 32 1440 (1010-3.300) 1610
le —cyclohexyl 99 2.5 (1.7-3.4) 30 >40
I f  —be:nzyl 96 0.051 (0.4-0.7) 35 >2000
Ig  —(3-trifluormethylphenyl) 10 12
Ih  -phenyl 37 23
l i  —(2-chlorophenyl) 11 24
I j  —(3.,4-dichlorophenyl) 28 78 9.9 (7.9-12.3)
Ik  —(3-chlorophenyl) 11 24
series 2. R=Bn. R '=
2a—acetyl 97 4 1 (3-51 12 >25
2b—propionyl 97 0.98 (0.8-1.21) 5 >100
2c—valieryl 95 0.7 (0.52-0.94) 4 >142
2d—cyclopropyl 97 0.3.34 (0.25-0.44) 55 ~-300
2e—cyclopentyl 99 0.006 (0.(X)I-0.0()12) 88 .56.3 (29-79) 9383
2f—trifi.ate 85 0..3.59 (O.I5-(J.88) 6 >278
2g—me:sylate 9.8 3
2h—tosylate 25 66
2i-ben.zoate 99 0.0043 (0.001-0.007) 21 272.5 (210-3.54) 63,255
2 j—nicotinate 99 0.057 (0.049 -0.068) 33 17.54
2k—iso'nicotinate 97 0.088 (0.074-0.106) 24
21 — ( l-naphtboyi) 99 0.028 (0.025-0.032) 86 37.6 (21-69) 1,342
2m —(2-naphthoyl) 100 0.032 (0.022-0.048) 80 43.4 (26-71) 1367
2n—biphenyl 99 0.012 (0.01-0.015) 89 51.6 (28-75) 4187
2o—cinnamale 96 0.137 (0.103-0.183) 82 55.9 (52-60) ~729
2p—(4-hepyloxy-)benzoate 80 2.8 (2.2-3.2) 21 35
2q—coumarin ester 100 0.073 (0.06-0.08) 81 60.4 (41-81) 821
R'. ben.zoate. R. carbamate
2r-2-methycarbamate— 93 0.669 (0..541-0.768) 54 ~150
2s —3.4-dichlorphenyl 38 70
2 t—2-biutyl 99 0.072 (0.031-0.163) 31 1389
3—2-be:nzylcarbamate-5-OH 95 3.7 (3.3-4.1) 15 >27
eserine 0.028 (0.011-0.041) 0.103 (0.61-0.17) 3.7
iso-OM PA 0.733 (0.555-0.953) 2.5 (0.9-3.7) 3.41
BW284c5l 255 (180-362) 0.063 (0.05-0.09) 2.5e-4

" A ll experiments performed in triplicate. Inhibition 9c was determined at 100 inhibitor concentration. ‘ IC50 values are expressed with the 95% 
confidence interval. ‘'Selectivity was estimated by dividing the IC50 for AChE by the IC50 for BuChE. In cases where there was negligible inhibition of 
AChE at ICWO ^M  and the IC50 was not determined, the selectivity is stated to be greater than the value obtained using l(X) /(M instead of the ICso.

substrate concentration with increasing Vmax values. Hydrolysis 
velocity was inversely proportional to inhibitor concentration 
consistent with a competitive mode o f inhibition. However K m  

values shifted only slightly. Double reciprocal plots yielded 
increasing slopes and intercepts, indicating mixed inhibition. 
Secondary replots o f Lineweaver—Burk and Dixon data further 
indicated a significant amount o f noncompetitive inhibition. This

pattern can be observed when a reversible model is applied to 
pseudoirreversible inhibitors, and the assay is to a large extent 
measuring residual enzyme activity after carbamylation has 
already occurred. Therefore, the time dependence o f inhibition 
was evaluated by sampling enzyme activity at successive time 
points immediately after introducing the inhibitor and then 
substrate. The experiment was performed repeatedly at increas-
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Figure 2. Percentage inhibition of huBaOnE by 2i as a function of 
time at a BTCI concentration of 0.5 nM and inhibitor concentrations 
of 1.25 mM (+), 333 nM (A), 250 nM (□), 125 nM (• ) , 83 nM (x), 
62.5 nM (O), 50 nM (■).

ing inhibitor but fixed substrate concentrations. The disappear
ance of enzyme activity for compounds If, 2i, and 2t was time- 
dependent at low concentration but apparently immediate at high 
concentration. At intermediate—low concentration, the disap
pearance was first order and proportional to inhibitor concentra
tion as shown in Figure 2 for 2i. The IC50 values for 2i 
determined at 60 min (3.6 nM (1.3—9.7)) was similar to the 30 
min value. Further experiments were performed at fixed inhibitor 
concentration but increasing substrate concentration in the range 
0.5—10 mM. The disappearance of enzyme activity was again 
time-dependent and the extent of inhibition at maximal inhibition 
was inversely proportional to substrate concentration, indicating 
competitive inhibition. When the carbamylation experiment was 
repeated for 2i in the presence of edrophonium, a reversible 
active site directed inhibitor, there was a marked reduction in 
the rate and extent of inhibition.^'* Another relevant kinetic 
feature of carbamate inhibition is the slow regeneration of 
enzyme activity as the enzyme—carbamate adduct undergoes 
turnover. /zt/BuChE solutions were treated with compound If, 
2i, or 2t at a concentration giving 100% for two hours. 
Compound 2t was selected because it gives rise to an 
enzyme—butyl carbamate adduct, whereas If and 2i generate 
enzyme—benzyl carbamates, albeit with different potencies. In 
the case of inhibitors 2i and 2t, the recovery of enzyme activity 
was measured following dilution to prevent reinhibition. Activity 
recovered slowly over 24 h but with similar rates (Figure 3). 
The If-E solution was transferred to a dialysis bag and immersed 
in a buffered solution, which was then periodically changed as 
dialysis proceeded. In this case, there was significant residual 
inhibition up to 32 h.

In summary, the evidence for competitive cholinesterase 
carbamylation by the isosorbide-based carbamates is: (i) inhibi
tion is time-dependent at low inhibitor concentration but 
independent of it at high concentration; (ii) the extent and rate 
of enzyme inhibition is substrate concentration dependent; (iii) 
inhibition is attenuated in the presence of the active-site 
dependent reversible inhibitor edrophonium; (iv) inhibition 
kinetics are first order at low concentration; (v) there is slow 
recovery of enzyme activity.

Modeling, Stability, and Structural Studies. Carbamate 
inhibitors of the cholinesterases are generally related to phys- 
ostigmine, isolated from the calabar bean. They usually consist 
of an alkyl or aryl carbamate of a phenol with a distal amino 
group that is positively charged at physiological pH (Figure la). 
The compounds described here depart markedly from this
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Figure 3. Recovery of purified huBuOnE enzyme activity following 
treatment with compound 2i and 2t and dilution.

Figure 4. Conformation for compound 2i produced using a stochastic 
search procedure followed by energy minimization using the MMFF94s 
force field in MOE. The 5-ester group is endo to the V-shaped ring, 
whereas the 2-carbamate is exo.

pattern in being neutral (nonamino) and because they are derived 
from the secondary alcohol and pseudosugar, isosorbide. Isos- 
orbide is V-shaped because of its cis ring junction with an angle 
of approximately 120 ° between two planai*rigid rings. (Figure 
4). The 2-a-OH group lies exo to the ring and the 5-/3 group 
endo. Endo substituents are directed into the V, exo groups 
outside it. Although this makes the 2-position more sterically 
accessible, in igpsorbide, the 5-OH is activated because of an 
intramolecular H-bond to one of the ring oxygen atoms. In the 
2-carbamate-5-esters, the 5-ester is directed orthogonal to the 
plane of isosorbide rings, whereas the 2-exo group points away 
from the system (Figure 4). In isosorbide diesters, the 2-group 
t^nds to undergo very rapid hydrolysis in human plasma. (This 
observation was critical to the carbamate design reported here.) 
The 5-endo ester is much less prone to hydrolysis (at least by 
Ijptyrylcholinesterase) and in human plasma, iso so rb id e  2,5- 
diesters undergo hydrolysis almost exclusively at the 2 -position, 
liberating the corresponding 5-monoester. For example, the half- 
life for isosorbide-2,5-dibenzoate at Vmax concentration in 50% 
human plasma is 19 s with the exclusive lib eration  of isosorbide-  
5-benzoate.‘® The 5-benzoate product eventually decays with a 
half-life of 41 min. The dibenzoates do not undergo processing 
by AChE, indeed, substituted dibenzoates are moderately potent 
AChE inhibitors."^

To con firm  the stabiUty of the 5-ester under assay con d ition s, 
compound 2i was incubated in 50% human plasma so lu tion  in
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Figure 5. Compound If docked within the active site gorge of 
/mBuChE with Connolly interaction surface in yellow and a Gaussian 
contact surface as a red mesh.

the range 10—100 //M . No hydrolysis occurred over several 
hours as m easured by HPLC, and there was no apparent 
fom iation o f either benzoic acid or isosorbide-5-benzoate. the 
carbam ylation product. Enzym e—substrate interactions with the 
isosorbide-2-carbam ate are preferred over enzyme-5-ester and 
the carbam ate interaction is inhibitory', abolishing esterase 
activity. T he  failure to detect the carbamylation byproduct in 
this experim ent is probably due to the negligible depletion of 
inhibitor by the tiny amount o f enzyme present (BuChE is 
present in human plasm a at about 5 mg/L with a mass of 86 
kD per subunit)."* Although isosorbide-5-esters are products of 
the pseudosubstrate carbam ate interaction, they do not ac
cumulate .sufficiently in the inhibitory period to have inlluenced 
the inhibitory data. The isosorbide-5-benz,oale ester product Of 
com pound 2i is in any case a weak reversible inhibitor of BuChE 
(30% at 1 00 /^M). The modeling and kinetic data for series 2 
suggest tha t the 5-ester group proinotes carbamylation by 
binding in the active site in orientations that are productive for 
enzym e carbam ylation but not for 5-ester hydrolysis. BuChE 
is the m ost significant esterase in human plasma (at least in 
terms o f activity). W e can anticipate problems with the 
com pounds in in vivo models because o f nonspecific 5-ester 
hydrolysis by carboxylesterases present in other tissues that do 
not possess the same substrate or inhibitor/substrate as BuChE. 
H owever, these observations are not relevant to interpretation 
o f the B uC hE —ligand interaction data presented here.

A m odeling approach was used to further explore the nature 
o f 5-ester interaction, the role o f the 5-ester group in determining 
potency, and  the basis for cholinesterase selectivity. Modeling 
o f cholinesterase enzym es and their inhibitors has been aided 
greatly by the elucidation o f the structures o f enzym e-ligand  
com plexes for both BuChE and its homologous enzyme, 
AChE.^**“ '’® The active sites o f both enzymes are at the base of 
a gorge o f  some 20 A depth in both c a s e s . O n  the basis of 
crystallographic studies, m utagenesis work, and radiolabeling 
studies, a num ber o f subsites have been identified in the catalytic 
gorges tha t are typically involved in binding ligands, both 
substrates and inhibitors. W hile the residues that comprise these 
sites vary betw een BuChE and AChE, the overall structures are 
basically sim ilar, and com parisons between the two uncover 
the orig ins o f binding specificity and the basis of ligand 
selectivity for one enzym e over the other.

These enzym es are serine hydrolases, and a classic catalytic 
triad is form ed with histidine and glutamate. In /jwBuChE, these

residues are Ser-198, His-438, and Glu-325. Other residues of 
note in BuChE are Trp-82, the principal residue of the cation-JT 
site w here the cationic head of choline substrates bind; the 
peripheral site residues, Asp-70 and Tyr-332, which bind ligands 
initially and help to orientate them  appropriately to slide down 
the gorge and interact with the active site, and G lu -1 16, Glu- 
117, and A la-199, which together form the oxyanion hole that 
stabilizes the negative charge on the carbonyl oxygen that 
develops subsequent to the nucleophilic attack by 0 - y  of the 
catalytic serine. The principal difference betw een the enzym es 
is the size o f the acyl pocket. In A ChE, the pocket is occluded 
by the arom atic groups of residues Phe-288 and Phe-290 
(Torpedo californica  A ChE num bering is used throughout the 
text when referring to residues o f AChE). In the larger BuChE 
channel, the acyl pocket is lined with the aliphatic residues Leu- 
286 and Val-288.

Kinetic studies indicated that inhibition by the isosorbide- 
based carbam ates proceeds through serine carbam ylation. This 
involves a tetrahedral interm ediate that collapses to the car- 
bam ylated d rug—enzym e adduct. W hile the transition state 
during a reaction process is associated with a first-order saddle 
point on the potential energy surface, this tetrahedral interm edi
ate is an energy minim um on the overall surface and can thus 
be m odeled using classical force field-based methods as 
described by G ao et al.'^’’

Isosorbide inhibitors o f BuChE were modeled in the active 
site o f the enzym e as this tetrahedral interm ediate, allowing us 
to draw  structural conclusions regarding the basis o f relative 
inhibitor activity. The approach has the virtue o f limiting the 
potential containm ent volum e o f the ligand and has been used 
to model cholinesterase inhibitors previously.^'* It is structurally 
very sim ilar to the reversible M ichaelis com plex formed upon 
initial binding and will indicate the likelihood o f initial binding 
in a m anner that is appropriate for carbam ylation.

M odeling of the isosorbide-based inhibitors was based on the 
2.0 A resolution crystal structure o f /7wBuChE. (PDB entry 
lp 0 i).‘̂ “ W hen BuChE was crystallized and its structure 
established, it w'as noted that the catalytic Ser-198 was bound 
to an unidentified moiety that was ultim ately m odeled as 
butyrate. Apparently, the presence o f this butyrate fragment was 
essential for crystallization. The butyrate was bound to the serine 
residue in a tetrahedral configuration, with one oxygen atom 
orientated toward the oxyanion hole. The second oxygen atom 
points toward Trp-82, while the butyryl chain points toward 
the acyl pocket. The butyrate fragm ent could thus be used as a 
tem plate for the tetrahedral interm ediate involved in carbam y
lation. The assignm ent o f directionality for the other functional 
groups was based on the positioning o f sim ilar groups in crystal 
structures o f other en zy m e -lig an d  com plexes. The bulky 
isosorbide ester fragm ent could be orientated toward Trp-82, 
while the carbam ate side chain could be directed toward the 
acyl pocket; sim ilar placement o f side chains could be observed 
in the crystal structures o f rivastigmine and trimethylammonium 
trifluoroacetophenone with AChE (PDB codes Igqr and lam n, 
r e s p e c t i v e l y ) . T h e  inhibitors were built in situ within the 
enzym e active site using the butyrate fragm ent as a tem plate 
and placing each group at the appropriate binding subsite. A 
tethered minim ization procedure gave rise to the models, two 
o f w hich are presented in Figures 5 and 6.

The general activity o f the inhibitor series could be explained 
by the fact that the isosorbide m oiety, when the attached 
carbam ate is bound by the catalytic serine, closely lines the base 
o f the gorge (Figure 5) while orientating the two groups at the 
2- and 5-position toward appropriate pockets. The relative
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Figure 6. Compound I f  covalently bound to /iwBuChE. Residues Ser- 
200, Trp-84, Phe-288, and Phe-290 of TcAChE are also shown, having 
been overlaid from the AChE structure from PDB code 1EA5. AChE 
residues are shown in orange; BuChE residues are green and the ligand 
yellow.

potencies of the different compounds in Table 1 could be 
explained by the extent to which the functional groups, 
permitting interactions with various residues of the active site 
gorge.

In series 1, the carbamate group was altered while a nitrate 
group was maintained at the 5-position of isosorbide. The 
carbamate function was orientated toward the acyl pocket, and 
it was the differential interaction of the various groups with 
the residues at this position that gave rise to the variable 
potencies of these compounds. Smaller carbamate compounds 
tended to be poorer inhibitors of BuChE, largely because they 
failed to fully occupy the large pocket formed by residues 
Leu286 and Val288. Thus the methyl and ethyl carbamates were 
relatively poor inhibitors, but potency increased for propyl and 
butyl carbamates as the longer chains could fit better within 
the gorge. The phenyl carbamates were also poor inhibitors of 
BuChE in general because they similarly could not fill the 
pocket. The extra methylene group in the benzyl carbamate 
functional group allowed extension of the side chain into the 
acyl pocket, however, and the formation of o—n interactions 
between the aromatic ring of the ligand and the aliphatic side 
chains of the surrounding residues. These findings were borne 
out within the models: the interaction energy between the benzyl 
carbamate compounds and BuChE was predicted as being almost 
8 kcal*mol“ ’ more favorable than the methyl carbamate and 3 
kcal'm oF' more favorable than the phenyl carbamate. The acyl 
pocket of AChE is larger and therefore less able to cope with 
large carbamate side chains. Phenyl carbamates tend to interact 
well with the aromatic side chains of Phe288 and Phe290, a 
fact that has been documented previously for a number of 
compounds such as phenserine. Extended side chains at this 
site tend to favor BuChE selectivity, hence the BuChE selectivity 
of benzyl carbamate compounds. This effect is demonstrated 
in Figure 6.

Modification of the group at the 5-position (series 2) gave 
rise to compounds of variable potency. In the models that were 
prepared, the fragments at the 5-position pointed upward toward 
the gorge entrance, aligned with Trp-82 at the so-called cation-jr 
site and toward the peripheral site residues at the lip of the gorge. 
The 5-nitrate group is relatively small and relatively few 
interactions were evident between this group and residues of 
the catalytic gorge. Its presence was still important; compound 
If is substantially more potent than compound 3, and this was
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Table 2. Predicted Binding Affinity for a Selected Range of Inhibitors 
to BuChE Relative to Compound 2i

compd affinity (kcal-mol ')

2n -0 .656
2t -4 .39
2j -0 .166
2r -10.997
la -16.212
Ih -10.693
If -8 .340
3 -14.562

predicted by quantitative analysis, which suggested a 7 
kcal'mol” ' difference in binding energy between the two 
compounds in favor of compound If. However, the incorpora
tion of a variety of ester derivatives served to significantly 
increase potency. Models suggested that compound 2i should 
bind more avidly to BuChE than If by a factor of 8 kcal-moP’. 
This is principally due to the increased interaction with Trp82, 
the principal residue of the cation-jr site. Longer chain esters 
could also be accommodated due to the general orientation of 
the 5-group pointing upward toward the gorge entrance. The 
biphenyl ester, for example, can interact not only with Trp82 
but also Trp430, compensating for its steric bulk. Its predicted 
binding energy was then 1 kcal-moP’ less than compound 2i.

The predicted binding energies of a number of the com
pounds, relative to the most potent inhibitor in the group, 
gompound 2i, are shown in Table 2.

Because the models described below are inherently biased 
toward the starting pose prior to minimization, a covalent 
docking procedure was also carried out in order to examine 
whether the placement of the molecules in the active site was 
optimal. This was achieved using the Autodock 3 program.’® 
In this case, the ligand could dock within the gorge in any 
orientation without bias toward starting structure. Compound 
2i was docked within the active site gorge of /zuBuChE. When 
the results were clustered, the largest of only four molecular 
clusters contained molecules docked in the described orientation. 
It was satisfying that the docked poses were generally similar 
to that produced using the minimization protocol despite the 
fact that the protein was rigid in this protocol. The simple and 
fast minimization procedure could apparently produce reliable 
models of the inhibitors that were replicated by the more 
rigorous docking approach (Figure 7). ,
Conclusion

Isosorbide-2-carbamate-5-nitrate and -benzoate esters are 
highly potent and selective inhibitors of /juBuChE. They are 
structurally d i^nct from established carbamates, being un
charged and derived from a secondary alcohol. Their neutrality 
is likely to be important to their potential utility. Central and 
peripheral BuChE have simileu- structures at the subunit level 
so that inhibitors of plasma BuChE ought to act as inhibitors 
of central BuChE, provided they cross the blood—brain bamer. 
The compounds act as competitive pseudosubstrates with time- 
dependent but reversible inhibition. Molecular models indicate 
that they bind with the carbamate functionality pointed into 
the acyl pocket and the 5-ester group directed back up the 
cholinesterase channel. The 5-position shows some tolerance 
to substitution, which might allow for tuning of pharmaceutical 
characteristics or the introduction of new pharmacological 
modalities. Compounds 2i and 2t are being evaluated in 
clinically relevant models of learning and memory in aged mice.
Experimental Section

Chemistry. Infrared (IR) spectra were obtained using a Perkin- 
Elmer 205 FT Infrared Paragon 1000 spectrometer. Band positions
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Figure 7. Compound 2i modeled as the tetrahedral acylation inter
mediate in the BuChE active site using Autodock 3.

are given lin c m ' S o l i d  samples were obtained by KBr discs, and 
oils were analyzed as neat films on NaCI plates. ‘H and ‘-̂ C spectra 
were recorded at 27 °C on a Brucker DPX 400 MHz FT NMR 
spectrometer (400.13 MHz 'H , 100.61 MHz ''^C) or a Brucker 
AV600 (600.13 MHz 'H . 150.6 MHz ’’C) in either CDCl, or 
(CD3 )2C0  with TMS as internal standard. In CDCli 'H spectra 
were assigned relative to the TMS peak at 0.0 ppm, and '^C spectra 
were assigned relative to the middle CDClj triplet at 77.00 ppm. 
In (CDO:CO, 'H  spectra were assigned relative to the (CDi):CO 
peak at 2.05 ppm, and '-’C spectra were assigned relative to the 
(CDjjiCO at 29.5 ppm. Coupling constants were reported in hertz 
(Hz). HRMS was performed using a Micromass mass spectropho
tometer w ith electrospray ionization at the School of Chemistry, 
Trinity CO'llege Dublin. Elemental analyses were performed at the 
Microanalytical Laboratory, Department of Chemistry, University 
College D'ublin. Flash chromatography was performed on Merck 
Kieselgel (particle size: 60 mm).

Isosorbiide-2-(butylcarbainate)-5-mononitrate (Id). ISMN 
(0.7852 g, 4 mmol) was dissolved in dry pyridine (5 mL). Butyl 
isocyanate (mol wt 99.13 g/mol, d  =  0.880 g/mL, 8  mmol, 0.79304 
g, 0.9 mL 1 was added and the mixture heated at 100 °C for 1 h. 
The mixture was cooled and methanol (10 mL) added to remove 
excess isocyanate. The mixture was then heated for further 10 min 
at 100 °C, cooled to room temperature, poured into ice—water, and 
stirred. The precipitate was collected and crystallized from hot 
methanol to  yield 0.69 g of a white crystalline product (59.3%): 
mp 101.7 °C. 'H NMR d  (CDCh): 0 .91 -0 .95  (t, 3H ,,/ =  7.8 Hz.),
1 .32-1 .1 .39 (m, 2H), 1.45-1 .51 (q, 2H, J  =  7.8 Hz), 3.16-3.21 
(q, 2H, 7 =  7 Hz), 3 .88-3 .3 .92  (m, IH), 3 .96-4 .06 (m, 3H), 
4 .49 -4 .50  (d, IH, y =  5.3 Hz,), 4.79 (s, IH), 4 .95-4 .97  (t, IH ,./ 
=  5.3 Hz), 5 .17 -5 .18  (d, I H , y  =  2.6 Hz), 5 .3 -5 .35  (m, IHl. ” C 
NMR ppm (CDCU): 13.2, 19 .39 ,31.4 ,40.3,68.7.73.3, 77.1.80.9,
80.9, 86.34. L54.6. Anal. (CnHisN.Ov) C, H, N.

Isosorbide-2-(benzylcarbamate)-5-mononitrate (If). A white 
crystalline product (47.3%): mp 93.4 °C, [a]c +99.01 °C. 'H NMR 
d  (CDCI3): 3.88-3.91 (m, IH), 3 .96 -4 .07  (m, 3H). 4 .36-4.38 (d, 
2H, y =  6  Hz), 4 .50-4 .51  (d, IH, 7 =  4.8 Hz), 4 .94-4 .96  (t, IH. 
J  =  5.2 Hz), 5 .20-5.21 (d, IH, J  =  2.8 Hz), 5.23 (s, IH),
5 .33-5 .36  (m, IH), 7 .28 -7 .38  (m, 5H). '"C NMR ppm (CDCIO: 
69.6, 74.1, 77.2,78.23,81.76,81.85,87.14, 127.95, 128.07, 129.2, 
138.42, 155.54. Anal. (CuHihNiOy) C, H, N.

I$osorbide-2-phenyIcarbamate-5-mononitrate (Ih). A white 
crystalline product (22%): mp 156.6 °C, [a]o +81.0 °. 'H NMR d  
(CDCI,): 3.9 (m, 1H), 4.0 (m, 2H), 4.1 (d. 1H), 4.5 (d, \ H . J  =  4.9 
Hz), 5.0 (t., IH, y =  4.9 Hz), 5.3 (d, IH, 7 =  3 Hz), 5.4 (m, IH), 
6.7 (s, IH), 7.1 (t, IH), 7 .3(m ,4H ). '■’'C NMR ppm(CDCf,): 69.31, 
73.59, 78.0)2, 81.29. 81.53, 8 6 .6 6 , 118.72, 123.93, 129.17, 137.24, 
152.05. Anial. (CnHuNjOy) C, H, N.

lsosorbide-2-benzyIcarbamate (3). 2-(Benzylaminocarbony- 
loxy-)-5-0-nitro-l,4:3,6-dianhydro-D-glucitol I f  (mol wt 324.29 
g/mol, 46.25 mmol, 15 g) was dissolved in ethyl acetate:methanol 
1:1 (100 mL) in a 250 niL round-bottom flask. A spatula tip-full 
of 10% palladium on activated carbon was added to the solution. 
Air was expelled from the flask, and the mixture was kept under 
an atmosphere of hydrogen gas and stirred for 24 h. The solvent 
was evaporated under vacuum, and the crude product was dissolved 
in DCM and filtered through silica. The filtrate was collected and 
evaporated under vacuum to yield 12.60 g as a white crystalline 
product (97.5%). mp 76.0 °C. 'H NMR d  (CDCL); 2.67 (d, I H , ./ 
=  7.03 Hz), 3.57 (dd, IH, 7 =  5.53, 8.54 Hz), 3.90 (dd, IH, V =  
6.03, 9.54 Hz), 4.00 (dd, IH, 7 =  3.51, 10.54 Hz), 4.10 (d, IH, J  
=  10.45), 4.31 (m, IH), 4.38 (d, 2H, J  =  6.03 Hz), 4.51 (d, I H , ./ 
=  4.01 Hz), 4.61 (t, IH, J  =  4.77 Hz). 5.17 (m, IH), 5.22 (d, IH, 
J  =  3.01 Hz), 7 .23 -7 .40  (m, 5H). ' '̂C NMR ppm (CDCh): 44.70 
(CH2). 71.8. 73.04. 73.38, 78.39, 81.46, 85.25, 127.13, 127.23, 
128.30, 137.6, 154.69. Anal. (CuHnNO.,) C, H, N.

Lsosorbide-2-benzyIcarbamate-5-cyclopropanoate (2d). A w'hite 
crystalline product (265.2 mg, 85.2*%): mp 96 °C. 'H  NMR d  
(CDCI,): 0 .87 -0 .98  (m, 2H), 1.04 (m, 2H), 1.70 (m, IH), 3.80 
(dd, IH, y =  5.52, 9.54 Hz), 3.95 (dd, IH, 7 =  6. 03, 9.54 Hz), 
3 .98-4 .08  (m, 2H), 4.37 (d, 2H, J  =  6.02 Hz), 4.52 (d, IH, J  =  
4 .51 Hz), 4.79 (t, IH, y =  4.77 Hz), 5 .14 (q, IH, 7 =  5.52, 11.54 
Hz), 5 .17 -5 .27  (m, 2H), 7 .22 -7 .40  (m, 5H). '-’C NMR ppm 
(CDCh): 44.64, 69.74, 73.25, 73.48, 78.09, 80.27, 85.52, 127.10. 
127.17, 128.3, 137.65, 154.81, 173.93. Anal. (CirHsiNO^) C. H, 
N.

lsosorbide-2-benzylcarbaniate-5-cyclopentanoate (2c). A white 
crystalline compound (81.9%): mp 94 °C. 'H  NMR d  (CDClj): 
1 .53-2 .00(m , 8H), 2.83 (m, lH ),3 .73 (dd , lH ,y  =  5.02and 10.03 
Hz), 3 .89 -4 .06  (m. 3H), 4.39 (d, 2H, J  =  6.02 Hz), 4.50 (d, IH, 
J  =  4.51 Hz), 4.81 (t, IH, y =  5.02 Hz), 5 .08 -5 .18  (m, 2H), 5.20 
(d, IH, y =  3.01 Hz), 7 .22 -7 .40  (m, 5H). ' ’C NMR ppm (CDCI,): 
25.35, 25.37, 29.43, 29.73, 43.04, 44.65. 70.12, 73.05, 73.21, 78.06, 
80.29, 85.62, 127.10, 127.19. 128.28, 137.61, 154.79, 175.78. Anal. 
(C20H25NO6 ) C, H, N.

lsosorbide-2-(benzylearbamate)-5-benzoate (2i). Compound 3 
(0.6027 g, 2 mmol) was dissolved in dry pyridine (5 mL), and the 
solution was cooled to —5 °C using a salt/water bath. Benzoyl 
chloride (mol wt 140.57 g/mol, d  =  1.211 g/mL, 5 mmol, 0.56 
mL) was added. The mixture was allowed to come to room 
temperature, and stirring was continued for 22 h. The mixture was 
added to ice—water (approx 200 mL), and the precipitated solid 
was filtered. The resultant solid was taken up in chloroform (15 
mL) washed first with water (10 mL) then with saturated brine 
solution (10 mL). dried with anhydrous sodium sulfate (10 g), 
filtered into a round-bottomed flask, and evaporated under reduced 
pressure. The resultant semisolid was recrystallized from hot ethanol 
to yield 0.74 g of a white crystalline product (96.1 %): mp 76.0 °C, 
[a)D +13.45 °C. 'H  NMR d  (DMSO): 3 .84-3 .85  (s, 2H), 
3 .85-3 .97  (m, 2H), 4 .18 -4 .20  (d, 2H, J  =  6.4 Hz), 4 .45 -4 .46  (d, 
IH, y =  5.2 Hz), 4 .88-4 .91  (t, IH, y =  5.6 Hz), 5.03 (s, IH). 
S..36-5.38 (t, IH), 7 .23 -7 .33  (m 5H), 7 .53-7 .57  (m, 2H), 
7 .66 -7 .70  (m, IH). 7.97-8.01 (m, 3H). '-’C NMR ppm (DMSO):
44.10, 70.89, 73.08, 74.79, 77.86, 81.04, 86.29, 127.16-127.37, 
128.63, 129.19, 129.56-129.65, 133.86, 139.89, 155.8, 165.30. 
Anal. (C21H21NO6 ) C, H, N.

Isosorbide-2-benzyIcarbamate-5-nicotinate (2j). To a solution 
of 2-0-(f-(butyl)-dimethylsilyl-)-l,4:3,6-dianhydro-D-glucitol 4 (mol 
wt 260.40 g/mol, 1.1521 mmol, 300 mg) in dry THE (50 mL) was 
added 1.25 mol equiv of anhydrous nicotinoyl chloride hydrochlo
ride (mol wt 178.05 g/mol. 1.4400 mmol. 256.4 mg). The mixture 
was kept under an atmosphere of nitrogen and stirred at room 
temperature for 15 min. To the mixture was added four mol equiv 
of triethylamine, and stirring was continued for a further 24 h. The 
solvent was evaporated under vacuum to give a white residue, which 
was dissolved in a saturated aqueous solution of Na2C0 3  (25 mL) 
and extracted with DCM (3 x 25 mL). The collected organic 
portions were dried over anhydrous sodium sulfate (5 g) and 
evaporated to dryness to give a clear oil. The oil was diluted with
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THF (10 mL) and 1.1 mol equiv of TBAF (mol wt 261.47 g/mol, 
0.7524 mmol, 196.7 mg, 0.7524 mL of a 1 M solution) was added, 
and the mixture was stirred at room temperature for 15 min. The 
solution was evaporated to dryness under vacuum giving a brown 
oil. DCM (10 mL) was added to the reaction vessel, and the solution 
was stirred at room temperature. To the mixture was added 
triethylamine (mol wt 101 g/mol, d 0.726 g/mL, 0.7515 mmol, 75.9 
mg, 0.1047 mL), benzyl isocyanate (mol wt 133.15 g/mol, d 1.078 
g/mL, 0.7515 mmol, 100.2 mg, 0.0929 mL), and DMAP (mol wt 
122.17 g/mol, 0.2456 mmol, 30 mg). The mixture was heated to 
105 °C for two hours. The mixture was cooled upon completion of 
the reaction, and methanol (10 mL) was added to remove excess 
isocyanate. The mixture was heated for a further 15 min at 105 °C 
and cooled to room temperature. All organic solvent was removed 
under vacuum giving a clear oil to which was added DCM (20 
mL) and washed with 1 M HCl (20 mL), 5% NaHCOs (20 mL), 
and saturated brine solution (20 mL) and dried over anhydrous 
sodium sulfate (2 g). The solution was filtered into a round- 
bottomed flask, which was evaporated under vacuum to give a white 
crystalline compound. Purification by column chromatography using 
hexane and ethyl acetate (3:1 and 1:1) as eluent afforded 2j as a 
white crystalline compound (187.7 mg, 42.3%): mp 136 °C, mol. 
'H  NMR (5 (CDCI3): 3.93-4.07 (m, 4H), 4.37 (d, 2H, J  =  6.03 
Hz), 4.55 (d, m, J  =  4.52 Hz, IsH-3), 4.94 (t, IH, J  =  5.02 Hz), 
5,22 (d, IH, J  =  2.01 Hz), 5.39 (m, 2H), 7.20-7.37 (m, 5H), 
7.38-7.48 (s, IH), 8.32 (d, IH, J  =  7.53 Hz) 8.80 (s, IH), 9.35 (s, 
IH). '^C NMR ppm (CDCI3): 44.64, 70.17, 73.18, 74.50, 77.85, 
80.44, 85.82, 123.12, 126.78,127.0,127.15, 128.25, 136.74, 137.65, 
150.47, 153.23, 154.81, 165.36. Anal. (C20H20N2O6) C, H, N.

2-(Benzylaminocarbonyloxy-)-5-0-(l-naphthoyl)-l,4:3,6-dian- 
hydro-D-glucitol (21). A white crystalline product (8 6 .8 %): mp 126 
°C. ‘H NMR (5 (CDCI3): 4.01-4.16 (m, 4H), 4.38 (d, 2H, J  =  
6.03 Hz), 4.61 (d, IH, J  =  4.52 Hz), 5.03 (t, IH, J  =  5.02 Hz), 
5.11 (s, IH), 5.26 (s, IH), 5.51 (q, IH, J  =  5.53, 11.05 Hz), 
7.23-7.40 (m, 5H), 7.50-7.60 (m, 2H), 7.65 (t, IH, J  =  7.28 Hz), 
7.92 (d, IH, J  =  8.03 Hz), 8.07 (d, IH, J  =  8.03 Hz), 8.25 (d, IH, 
J  =  7.72 Hz), 8.96 (d, IH, 7 =  8.53 Hz). NMR ppm (CDCI3): 
44.69, 70.23, 73.2, 74.11, 78.14, 80.56, 85.80, 124.06, 125.31, 
125.85, 125.90, 127.11, 127.21-, 127.47, 128.11, 128.30, 130.01, 
130.95, 133.30, 133.36, 137.54, 154.77, 166,33. Anal. (C25H23NO6) 
C, H, N.

Isosorbide-2-(methylcarbamate)-5-benzoate (2r). Colorless 
gum (0.52 g, 65%). 'H NMR d (CDCI3): 8.02 (2H, A, J  =  8.03 
Hz), 7.55 (IH, t, 7 =  7.53 Hz), 7.42 (2H, t, /  =  8.03 Hz), 5.36 
(IH, d, 7 =  5.52 Hz), 5.15 (IH, s), 4.91 (IH, t, 7 =  5.02 Hz), 4.51 
(IH, d, 7 =  5.02 Hz), 3.91 (4H, m,), 2.75 (3H, d, 7 =  4.52 Hz). 
'^C NMR 5 (CDCI3): 165.45, 155.22, 132.85, 129.24, 128.96, 
128.01, 86.29, 80.96, 80.49, 77.21, 73.13, 68.70, 27.00. HRMS: 
found, (M — Na)^ =  330.0946; required, (M — Na)^ =  330.0954.

Isosorbide-2-(butylcarbamate)-5-benzoate (2t). A white crys
talline product; (10.2%): mp 81.7 °C, mol. 'H  NMR d (DMSO): 
0 .8-0 .9  (t, 3H), 1.2-1.3 (q, 2H), 1.33-1.38 (q, 7 =  2.4 Hz), 
2.96-2.99 (q, 2H, 7 =  6.4 Hz), 3.82-3.83 (s, 2H), 3.89-3.97 (m, 
2H), 4.41-4.43 (d, IH, 7 =  5.2 Hz), 4.86-4.89 (t, IH, 7 =  5.2 
Hz), 4.99 (s, IH), 5.36-5.39 (q, IH, 7 =  4 Hz), 7.35-7.38 (t, IH, 
7 =  5.6 Hz), 7.53-7.57 (m, 2H), 7.66 (m, IH), 7 .9 -8  (d, 2H). 
‘-'’C NMR ppm (DMSO): 13.97, 19.74, 31.75, 40.0, 70.87, 73.08, 
74.79, 77.55, 81.02, 86.31, 129.18, 129.55, 129.6, 133.84, 155.53, 
165.28. Anal. (C18H23O6N) C, H, N.

Enzyme Studies. Cholinesterase activity was measured using 
the Ellman spectrophotometric method. //i(BuChE activity was 
measured in rephcate samples using a 96-well plate reader. The 
total volume of test solution in each well was 250 /iL. This consisted 
of 25 fiL  of plasma solution, 150 /<L of phosphate buffer pH 8.0, 
25 fXL of DTNB solution (0.5 mM), and 25 fxh  of acetonitrile: 
distilled water (1:1). The 96-well plate was incubated for 30 min 
before 25 /<L of BTCI solution (0.5 mM) was added, and the 
reaction was measured at 405 nm over 5 min using an Anthos bt2 
plate reader. For the determination of AChE activity, 25 fiL  of 
electric eel AChE solution and 25 jxh of ATCI solution were used 
instead of the plasma solution and BTCI solution. For determination

of enzyme inhibition, 25 /<L of an inhibitor solution was added to 
the test solution instead of the acetonitrile:water (1 :1 ) solution. 
Inhibitors were added 30 min before determination of remaining 
enzyme activity. IC50 values were calculated using xlfit 4.0 software 
and GraphPad Prism 4.02 software. For carbamylation studies with 
compounds 2i and 2t, initial testing involved measuring cholinest
erase activity at various [I] and [S] while incubating the enzyme 
and inhibitor over a 1 h period. Readings were obtained at 0, 5, 
10, 20, 30, 40, 50, and 60 min with [E] =  1.2 x 10“ ’ mg/mL 
purifed /zwBuChE, [DTNB] =  0.3 mM, [S] and [I] varied. The 
relevant amounts of buffer, inhibitor, and enzyme were mixed in a 
cuvette and allowed to incubate for the various time intervals. Once 
incubation was complete, the DTNB and substrate were added and 
the reaction was measured at 412 nm for 5 min. After completion 
of the above, the data was transformed so as to plot In E lE f versus 
time. The carbamylation experiments were repeated using com
pound 2t at 1 mM (giving 100% inhibition) in the presence of the 
edrophonium (5 mM). The reversibility of carbamate inhibitors was 
determined by using dialysis or by dilution of the enzyme carbamate 
adduct and monitoring for recovery of activity. The dialysis 
experiments were performed using Visking dialysis tubing (Medicell 
International Ltd. supplied from Lennox Laboratory Supplies Ltd., 
Dublin) with an exclusion limit of 12000—14000 Da. The enzyme 
was mixed with inhibitor at a concentration giving 1 0 0 % inhibition. 
Each experiment was performed in triplicate. Tubing was sealed 
at both ends using dialysis clips (Lennox Laboratory Supplies Ltd., 
Dublin). The samples were dialysed against buffer (1 L) at 37 °C, 
with samples being removed and assayed at intervals. The buffer 
,^as renewed at 4 —6 h intervals. A control containing no inhibitor 
was treated and sampled in parallel with the samples. In the dilution 
experiments (compounds 2i and 2t), enzyme was incubated with 
sufficient inhibitor for at least 2 h to effect at least 90% inhibition. 
The mixture was then diluted 1000-fold in order to minimize the 
possibility of reinhibition by excess inhibitor. This dilution was 
made using phosphate buffer pH 8.0. The diluted sample was kept 
at 37 °C for the duration of the analysis, with aliquots being taken 
at defined time intervals and checked for BChE activity as described 
previously.

Stability Studies. Pooled plasma solutions (4 mL, 50%) were 
prepared by centrifugation of citrated human venous blood and 
dilution of the resultant supernatant with pH 7.4 phosphate buffer 
(2 mL). The pooled plasma sample gave normal adult BuChE 
activity. A 100 ̂ L  aliquot of compound 2i in acetonitrile was added 
to plasma solution and then incubated (37 °C). Aliquots (250 jA,) 
of the incubated mixture were withdrawn at appropriate intervals 
and transferred to 1.5 mL Eppendorf tubes containing 500 fiL  of 
2% ZnS04'7H20 in MeCN—H2O (1:1) solution and 250 fi~L of 
acetonitrile. Samples were then vortexed for 30 s and centrifuged 
for 3 min at 10000 rpm. A 20 //L aliquot of the clear supernatant 
was analyzed by HPLC. A gradient method was used with a Waters 
ODS2 4.6 mm x 250 mm column and mobile phase consisting of 
phosphate buffertpH 2.5):acetonitrile, 50:50, grading to 20:80 over 
20 min. External standards of isorobide-5-benzoate, benzoic acid, 
and compound 2i were used to confirm specificity. The eluent was 
monitored at 230 nm and peak identity and homogeneity confirmed 
by PDA analysis. The experiment was repeated five times in the 
range 1 — 1 0 0  fjM .

Docking Studies. The atomic coordinates of the crystal structure 
of BuChE with bound butyrate (PDB code IpOi) were used. All 
molecules of water were removed, along with other heteroatoms, 
to leave only the bound butyrate and the enzyme itself Residues 
1—3, 378—379, and 455, all of which were missing in the original 
crystal structure, were added using Swiss PDB Viewer v3.7. The 
added residues were briefly minimized within MOE (Chemical 
Computing Group, Montreal, Canada) using a sequence of SD, CG, 
and Truncated Newton algorithms; the AMBER99 force field and 
atom charges were used to model the protein throughout. Each 
inhibitor was rehybridized to sp^ at the carbonyl carbon. The 
fragments distal to the carbamate were energy minimized using 
the MM94s force f i e l d . T h e  carbonyl oxygen was assigned a 
formal charge of — 1. Inhibitor molecules were manually superim-
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posed onto the butyrate fragment in the appropriate orientation, as 
carried out by Luo et al. in AChE.^"‘ The butyrate fragment was 
deleted and the inhibitor molecule covalently joined to O-;  ̂of the 
active site serine, forming the desired intermediate. To prepare the 
complex for minimization, partial atomic charges for the nonstand
ard ligand atoms were calculated using MOP AC 7 (AMl-BCC 
method)^® interfaced to MOE in a simplified system with the 
oxyanion hole residues removed. Because the total charge calculated 
for the inhibitor atoms was not an integer due to charge transfer 
between the inhibitor and Ser-198 during the reaction, the charge 
was altered on 0 -%  of the serine to give an overall charge of —1 
on the inhibitor and Ser-198 atoms. AMBER 99 charges were 
calculated for the remaining protein atoms. The system was 
optimized for hydrogen bonding and protonation states for each 
residue in the protein were assigned using PDB2PQR"^“ and 
Propka;"^' it was always ensured that Glu-325 and His-438 were 
appropriately protonated, such that the important hydrogen-bonding 
network of the catalytic triad was maintained. Subsequently, the 
whole system was energy minimized in MOE using sequential SD 
(100 steps) and TN (1000 steps or to an rms gradient of <0.01 
kcal/(mol'A)) algorithms. The distances between the negatively 
charged carbonyl oxygen and the backbone nitrogens of the 
oxyanion hole residues were constrained, along with the distances 
between the hydrogen-bonding atoms of the catalytic triad. General
ized Bom solvation was used with an interior dielectric constant 
of 20 and an exterior dielectric of 80. A nonbonded cutoff was 
applied, with a smoothing function applied between 12 and 15 A. 
A second iteration of charge calculation and energy minimization 
was performed in an identical manner to arrive at the final models 
of the protein—carbamate adducts shown.

The interaction energies of the enzyme—ligand complexes were 
calculated using MOE. The interaction energies reported are the 
pairwise atomic interaction energies between the atoms of the ligand 
and all other atoms in the system. A reaction field model was used 
to describe electrostatic interactions, while all other parameters 
described for the minimization procedure were maintained when 
calculating these energies.

For the covalent docking procedure, the protein—ligand adduct 
was set up using Michel Sanner’s Autodock Tools version 1.4.6, 
(http://autodock.scripps.edu/resources/adt), the graphical user in
terface to Autodock. The tetrahedral ligand of 2i that had been 
produced using the procedures described above was extracted from 
the complex and set up for docking; eight rotable bonds were set 
in the hgand. The 0 -%  of serine in the adduct was changed to a 
covalent-binding atom type. The structure of /iwRjiChE with 
butyrate described above was used once again for docking, but in 
this case, the butyrate fragment was removed to leave only the 
protein itself. The protein was modified by deleting the side chain 
oxygen from Ser-198. Atomic affinity maps, an electrostatic 
potential map, and a covalent affinity map were computed using 
AutoGrid 3. The covalent affinity map was calculated using a 
spherically symmetric inverted Gaussian-shaped potential energy 
with a half-width of 5.0 A and an energy penalty of 1000.0 
kcal-mol“ ’, with the minimum energy value centered on the 
coordinates of the ;^-oxygen atom. In subsequent dockings, the 
covalently binding atom type in the adduct sought out this position, 
effectively binding the ligand to the protein. Autodock 3 was used 
to perform 50 independent dockings using the Lamarckian genetic 
algorithm, each starting from random initial positions. A population 
size of 300 was used for the search, with a maximum of 2.5 million 
energy evaluations. The results of these dockings were clustered 
using an rmsd tolerance of 3.0 A. The highest scoring results were 
taken as indicative of the most appropriate binding mode for the 
ligand.
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A sp ir in  prodrugs form ed by derivatization  at the benzoic acid  g roup  are  very  d ifficu lt to  ob ta in  because  the 
p ro m o ie ty  accelerates the rate  o f  hydrolysis by plasm a este rases  at the ne ighboring  acety l g roup , generating  
sa licy lic  acid  derivatives. B y tracing the hydrolysis pattern  o f  the asp irin  p rodrug  iso so rb ide-2 ,5 -d iasp irina te  
’(ISD A ) in hum an p lasm a solution, we w ere able to identify  a m etabolite , isoso rb ide-2-asp irinate-5-salicy late , 
th a t undergoes alm ost com plete  conversion to aspirin  by hum an  p lasm a bu ty ry lcho lineste rase , m aking  it 
th e  m ost successfu l aspirin  prodrug discovered to  date.

Introduction

The design  o f an aspirin ester prodrug capable of enzyme- 
m ediated activation is one o f the classical problems in prodrug 
chem istry. A spirin derivatives, such as esters and amides, are 
expected to be less toxic to the gastrointestinal tract (GIT)“ 
following oral administration.' They usually have better aqueous 
stability than  aspirin, making them potentially more suitable 
for a varie ty  of pharm aceutical presentations.^ TTiere has 
accordingly  been a lot interest in the area in the past both as a 
drug developm ent opportunity and because the design of a 
successful prodrug represents a significant and interesting 
scientific c o n u n d ru m .R e p o r te d  aspirin derivatives include 
aspirin anhydride,^ benzodioxinone derivatives,® acylal deriva
tives,’ Â -( hydroxyalkyl) amides,* 2-formylphenyl derivatives,’ 
straightforw ard alkyl and aryl este rs ,'” triglycerides for lipase 
ta rg e tin g ,"  acyloxyalkyl esters,'* sulfinyl and sulfonyl esters,'^ 
phenylalanine am ides,'■* amino acid derivatives,''’ indolediones 
as hypotoxic  tissue targeting agents,'^ and dual release mech
anism  pro'drugs.'^ Ideally, an aspirin prodrug .should be stable 
under aqueous conditions and only undergo activation during 
the absorption  and distribution process.'*

The obstacle to aspirin prodrug developm ent is that aspirin 
esters (1) are hydrolyzed rapidly by butyrylcholinesterase 
([BuChE, EC3.1.1.8]) present in human plasma to the corre
sponding salicylate ester (2) and then, more slowly, to salicylic 
acid (3) [F igure la ] .'^  Aspirin (4) is comparatively stable in 
plasm a, be ing  a poor substrate for BuChE because of low 
affinity, a phenom enon observed for that enzyme with negatively 
charged substrates.'®  Neutral aspirin esters behave more like 
phenyl acetate  (5), a “supersubstrate” for BuChE. For example, 
the half-life for the hydrolysis o f phenylaspirinate (6) in 10% 
human plasm a is 1.3 min, and it occurs exclusively at the acetate 
group. A spirin  under similar conditions undergoes hydrolysis 
at its acetate  group, w ith a half-life o f about 2 h.'* As pointed 
out by B undgaard and Nielsen, for a prodrug to release aspirin 
in plasma, the benzoic ester must undergo hydrolysis at a greater

* To whom correspondence should be addressed: School of Pharmacy 
and Pharmaceutical Sciences. Trinity College, Dublin 2, Ireland, Telephone: 
-t-353-1-896-2795. Fax: -1-353-1-896-2793. E-mail: gilmerjf@tcd.ie.

“  Abbreviations: BNPP. bis-p-nitrophenylphosphate; BuChE, butyryl
cholinesterase; BW254c51, 1:5-bis(4-allyl-dimethyl)ammoniumphenyl-pen- 
tan-3-one; DCC, dicyclohexylcarbodiimide; GIT, gastrointestinal tract; 
HPLC. high-performance liquid chromatography; ISDA, isosorbide-2,5- 
diaspirinate; EDTA. ethylenediaminetetraacetic acid; ISMN, i.sosorbide 
mononitrate; ISMNA, i,sosorbide mononitrate aspirinate; wo-OMPA. tet- 
raisopropylpyrophosphoramide; PDA, photodiode array detector; TXB2 , 
thromboxane Bj.
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Figure 1. (a) Routes of hydrolysis of aspirin esters, (b) Phenyl acetate 
(5), some aspirin esters, and prodrugs.

rate than at the acetyl group, whose hydrolysis is significantly 
accelerated by the presence o f the benzoic ester. The implication 
is that a successful prodrug candidate in the plasm a model 
requires a carrier group o f even greater com patibility than the 
phenyl acetate or better still one w hich at the same tim e 
depresses the phenylacetate hydrolysis. The pseudo-choline 
glycolam ide esters (Figure lb , 7) vindicated this strategy with 
hydrolysis, in the best case, to aspirin and the corresponding 
salicylate esters in a ratio o f around 1:1.'*

In terest in the aspirin prodrug area has been renewed with 
the advent o f the so-called nitro-aspirins and related com 
pounds.'® These are mutual prodrugs, in which aspirin is 
connected via an ester group to a nitric oxide releasing moiety, 
such as a nitrate ester, e.g., N C X 40I6  (8) and the aspirin 
diazenium  d io lates.^ '''^  However, to exert both actions o f  its

I0.1021/jm801094c CCC: $40.75 © 2008 American Chemical Society
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Scheme 1. ISDA Potential Hydrolysis Routes"
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component parts, a nitro-aspirin must be able to release aspirin. 
None of the compounds reported thus far in this category appear 
able to satisfy this requirement.^^

We reported some interesting characteristics of aspirinate 
esters of ISMN (ISMNA) '̂* and then on the diaspirinate ester 
of isosorbide (ISDA, 9, Figure 1). This latter diester produces 
significant amounts of aspirin when incubated in human 
p l a s m a . I n  a single oral dose study in dogs, ISDA administra
tion caused sustained inhibition of ex vivo platelet function and 
TXB2 production up to 24 h.̂ ® For an aspirin ester to produce 
aspirin in vitro and exhibit aspirin-like effects ex vivo is unusual 
and potentially valuable. The aim of the present study was to 
investigate the hydrolysis pathways of ISDA in human plasma 
and to explain its ability to produce aspirin. The potential 
metabolites of ISDA were synthesized, and their evolution and 
decay were monitored chromatographically following incubation 
in the presence of human plasma. We were surprised to discover 
that aspirin is produced from a hydrolysis product of ISDA along 
a pathway involving the first “true” aspirin prodrug. The 
compound behaves as an aspirin prodrug because of a highly 
specific and efficient interaction with human BuChE.

Results and Discussion

Approach toward Characterizing the Hydrolysis of 
ISDA. ISDA hydrolysis in human plasma solution is rapid (?i/2 

=  1.1 min in 30% plasma solution), leading to a complex 
mixture of aspirinate and salicylate metabolites as identified by 
HPLC/PDA (the salicylates have a characteristic UV Amax at 
around 305 nm).^^ Around 60% aspirin is produced on the basis 
of starting ester concentration of the diester. ISDA has four ester 
bonds, one to each of the aspirin moieties (at the isosorbide 2 
and 5 positions), as well as one acetyl group on each of the 
aspirin moieties. Hydrolysis of ISDA can occur through a

network of parallel competing and consecutive pathways, with 
four initial routes characterized by the rate constants ki, ki, ks, 
and kn (Scheme 1). Aspirin production could arise because of a 
direct hydrolysis on ISDA at either the isosorbide 2 or 5 
positions, leading to primary monoaspirinate products 10 or 11 
(fei and k4 in Scheme 1), or because of hydrolysis on one of 
these monoaspirinates (ks and ke in Scheme 1), leading to 
isosorbide(17). Hydrolysis ofthe primary mixed salicylate—aspirinate 
compounds 12 or 13 along the kj and k& pathways would also 
lead to aspirin liberation. Altogether there aje six possibilities 
for aspirin production from ISDA in the presence of plasma 
esterases. However, given the highly specific requirements for 
enzyme-mediated aspirin release from an aspirin ester, it seemed 
more likely that a smaller number of processes, possibly only 
one, leads to aspirin evolution from ISDA. We sought to 
characterize the distribution of ISDA metabolites in human 
plasma solution and to identify the productive pathway. Ac
cordingly, the potential hydrolysis metabolites appearing in 
Scheme 1 were independently synthesized for use as standards 
to monitor hydrolysis progress and to evaluate their ability to 
generate aspirin separately.

Synthesis of ISDA Hydrolysis Products. Isosorbide mono
nitrate aspirinate (ISMNA,^"^ 19) was identified as a key 
intermediate in the synthesis of potential metabolites, and it was 
prepared from ISMN (18). To access the 2-m onoaspirinate (10), 
the 5-nitrate was removed using H2 in the presence of Pd/C in 
methanol/ethyl acetate (Scheme 2). The isomeric isosorbide-5- 
aspirinate (11) was prepared by a similar strategy (Scheme 3), 
employing isosorbide-2-mononitrate (20) instead.^’ The monosal
icylates (14  and 16) were prepared by coupling of the appropri
ate mononitrates (18  and 20) to salicylic acid (DCC/DMAP) 
and removal of the nitrate group using Pd/C under an atmo
sphere of Hi. The disalicylate (15) and mixed 2 /5 -aspirinate-
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2/5-salicylates (12 and 13) could not be prepared by this directed 
acylation with salicylic acid because of competition between 
the salicylic acid-OH group and the isosorbide-OH group. 
Instead, salicylic acid was modified first by perbenzylation using 
benzylbromide (Scheme 3). The benzylester was removed by 
hydrolysis, leaving the phenolic benzylether intact. The disali
cylate 15 was prepared by diesterification of isosorbide (17) 
with 2 equiv of 24 and removal of both benzyl groups, again 
by treatment under reductive conditions. Finally, the mixed 
2-aspirinate-5-salicylate (12) and isomeric 5-aspirinate-2-sali- 
cylate (13) were obtained by esterification of the corresponding 
monoaspirinates (10 and 11) with 24 and removal of the benzyl 
groups as before. All of the potential metabolites were charac
terized appropriately.

Incubation Experiments with ISDA: Identification of 
Prodrug Metabolite. ISDA was incubated in human plasma 
solution in the range of 10—50% (pH 7.4, 37 °C), and the 
evolution and decay of its primary and secondary hydrolysis 
products monitored by HPLC using the synthetic external 
reference standards (Table I). ISDA undergoes rapid hydrolysis 
at a high plasma concentration (50%) with apparently instan
taneous evolution of aspirin. The apparent first-order rate 
constant {kj) for the disappearance represents the combined rate 
constants for the primary k\, ki, k^, and 4̂ processes (Scheme 
1). We were unable to detect any isosorbide-2-aspirinate (10) 
or the corresponding salicylate (16) at any time point, suggesting 
that the k\ pathway does not play a significant role in the plasma- 
mediated hydrolysis of ISDA or in aspirin production. This 
interpretation, which was later vindicated, also ruled out the 
hypothetical k^ pathway, which requires the availability of 10. 
Hydrolysis of isosorbide-2-esters is very rapid, especially where 
the 5 position is substituted, and the failure to detect 2-aspirinate 
(10) or the corresponding salicylate ester (16) was not that 
surprising.

The complex pattern of the hydrolysis progress for ISDA in 
10% human plasma solution is illustrated in the progress curve 
appearing in Figure 2. The principal initial hydrolysis products 
were the isosorbide-2/5-aspirinate-salicylate isomeric pair 12 
and 13, then the disalicylate 15, the monosalicylate 14, and later, 
salicylic acid. We were surprised to find that aspirin production 
from ISDA accelerated as the parent disappeared, with an 
apparent burst late in the decay profile. This pulsative behavior, 
which was reproducible in 10% plasma solution was not evident 
at higher plasma concentration (30%), where the disappearance 
of ISDA is extremely rapid (Figure 3). The appearance of aspirin 
in the 10% plasma solutions seemed to correlate with the

consumption of the aspirinate—salicylate pair 12 and 13, 
implying that one or both of these acts as an aspirin prodrug. A 
second curious feature of the progress curve was the predomi
nance of the monosalicylate 14 over salicylic acid. Compound 
14 can be generated from 11, 12, or 15. However, if compound 
14 was formed from 15, an equimolar amount of salicylic acid 
would be generated, suggesting that it was formed from either 
11 or 12. Only small amounts of the 5-aspirinate (11) were 
detected ( ~ 10%) at several early time points, suggesting that it 
was not the source of 14, although it remained possible that 11 
was processed more rapidly than it formed. The salicylate—aspirinate 
pair 12 and 13 were consistently produced under a variety of 
conditions in a ratio of 70:30 independent of the plasma 
concentration (and therefore independent of the rate of disap
pearance of 9). Because aspirin is a significant product following 
ISDA incubation in plasma, we hypothesized that the more 
significant salicylate—aspirinate metabolite, 12, was acting as 
an aspirin prodrug. The substantial amount of 14 was consistent 
with this observation. To investigate this possibility, 12 and 13 
were incubated separately in human plasma. Kinetic data for 
the disappearance of these and other potential aspirin-producing 
metabolites (10—11) are presented in Table 1. The disappearance 
profile in each case had the appearance of first-order kinetics, 
which is typically the case for Michaelis—Menten processes at 
low substrate concentration (and the rate constant relates to Vmax/ 
Km). Compound 12 disappeared rapidly, with a half-life of <1 
min in human plasma (50%), serum (50%) and whole blood, 
producing 70—90% aspirin based on the initial concentration, 
along with a corresponding amount of the monosalicylate 
“carrier” 14 (Figure 4). The disalicylate compound (15) was 
produced in small amounts (<15%), and it decayed rapidly 
afterward. The carrier (14) and disalicylate were hydrolyzed 
eventually to isosorbide and salicylic acid substances with well- 
characterized safety profiles and good tolerability. It is likely 
that this pattern would be followed in vivo.

Compound 12, isosorbide-2-aspirinate-5-salicylate, is the most 
successful aspirin prodrug discovered to date in the important 
human plasma model. The isomeric 5-aspirinate-2-salicylate 13 
did not produce aspirin at all, being exclusively hydrolyzed to 
isosorbide disalicylate (15) along the k\o pathway. The other 
prodrug candidates, the monoaspirinates 10 and ll, were also 
unproductive, being rapidly hydrolyzed to the corresponding 
salicylates (a progress curve for the disappearance of 10 in 
human plasma solution is presented in Figure 5). The apparent 
Michaelis—Menten parameters in Table 1 were estimated by 
nonlinear regression of the disappearance data for each com
pound to the integrated form of the Michaelis—Menten equa
tion.'* The values for the disappearance of these esters is 
difficult to interpret. In the case of 9, for example, the 
represents a mean value for three parallel processes involving 
three different productive presentations of the same compound 
at the BuChE active site. Equally, whereas the concentration 
of substrate decays below its value, it generates an 
equimolar set of species that undergo processing with similar 
efficiency, so that active site occupancy remains constant over 
the initial phase of the reaction. Nevertheless, the Alf'’ values 
provide us with a crude indication of the catalytic efficiency 
for the hydrolysis processes and the relative affinities of the 
substrate. The failure to detect any relationship between 
or VSm values and aspirin production for compounds 9—13 
illustrates that one kinetic process is only marginally preferred 
over the other even where aspirin production dominates.
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Scheme 3. Synthesis of Salicylates 12—16"
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Table 1. Kinetic Data for the Hydrolysis of ISDA (9) and Potential Aspirinate M etabolites 1 0 -1 3  in Human Plasma Solution and for 12 in Other 
Relevant Media"

compound A 'm .app  (M, X lO") ^ m a x .a p p  (M min ) (min ') r,/2 (min) aspirin yield (%)

9 (ISDA), 10% human plasma 1.59 0.3 0.20 ±  0.04 3.35 ; i  ±  10
9. 30% human plasma 0.59 ± 0 .1 5 1.17 ei ±  4
9. 50% human plasma 1.2 ± 0 .3 5 0.57
10.10% human plasma 0.61 0.22 0.21 ± 0 .0 4 3.25 3
11, 10% human plasma 1.11 0.25 0.15 ± 0 .0 4 4.73 r.d
13. 10% human plasma 0.91 0.23 0.16 ± 0 .0 4 4.21 r.d
12. 10% human plasma 0.81 0.17 0.17 ± 0 ,0 5 4.9 "4 ± 8
12. 50% human plasma 0.69 0.36 l .3 9 ± 0 .1 3 0.49 ± n
12. 50% human serum 0.93 0.85 1.22 ± 0 .2 9 0.56 "3 ± 5
12. whole blood 1.41 1.49 0.79 ±  0.25 0.96 " 2 ±  13
12, 10% rat plasma 1.34 1.75 1.5 ± 0 .5 6 0.47 td

“ All measurements were performed in triplicate. The iobs range is the standard deviation for three independent measurements sometimes :>n different days 
or with different donor plasma, and they reflect biological variation in BuChE activity and .specificity. The r̂  values for individual decay determinations 
were >0.995 in all cases.

Identification of Human BuChE as Responsible for 
Activation of Compound 12. There are a number of proteins 
in human plasma with esterase activity, including BuChE, 
paraoxonase (EC 3.1.8.1), trace amounts of acetylcholinesterase 
(EC 3.1.1.7), and albumin, which, although not highly efficient, 
is present at high concentrations (50—60 g/L).^^’̂ ° Human 
plasma does not contain carboxylesterase.'^' When compound 
12 was incubated in rat plasma solution (10%), the exclusive 
hydrolysis product was the disalicylate (15); there was no aspirin 
production (Table 1). Rat plasma esterase activity is largely due 
to carboxylesterases rather than cholinesterases.^‘ ISDA had 
already been established as a substrate for human BuChE; 
therefore, it seemed likely that its aspirin-producing metabolite 
would be too. Compound 12 was nevertheless incubated in 
human plasma solution in the presence of esterase subtype 
inhibitors to confirm the identity of BuChE as the activating 
enzyme (Table 2). The presence of EDTA (arylesterase), BNPP 
(serine protease), or BW254c51 (0.1 AChE) had little or 
no effect on aspirin production. There was a significant decrease 
in the rate of disappearance and aspirin production when the

latter experiment was repeated with BW254c5l (100 /^M), at 
which concentration it inhibits BuChE and AChE. Co-incubation 
with the selective BuChE inhibitor wo-OMPA (10 /<M) and 
unselective cholinesterase inhibitor eserine (20 «M) caused a 
complete blockade of aspirin production and a significant drop 
in the hydrolysis rate. There was a significart drop in the 
hydrolysis rate and aspirin production following incubation in 
the presence of dibucaine in normal plasma but l;ttle difference 
in plasma from a donor previously classified as having the 
BuChE mutation conferring dibucaine resistance. Compound 
12 was incubated in solution containing purified BuChE from 
human serum and in the presence of horse s;rum BuChE. 
Hydrolysis in the presence of the horse enzyme occurred at the 
acetyl and benzoic acid sites in a ratio of around 60:40. The 
purified human serum enzyme catalyzed hyd'olysis almost 
exclusively toward aspirin, with only around 5% salicylate 
formation (Figure 6). The exceptionally high sp;cificity of the 
purified BuChE suggests that there were competing nonproduc
tive processes occurring in the plasma and serun experiments. 
Indeed, in the presence of the arylesterase inhibi.ors, there was
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Figure 2. Progress curve for the disappearance of ISDA (9) ( • )  in 
10% human plasma at 37 °C, showing the in vitro metabolites: aspirin 
(■), isosorbide-5-aspirinate (11) (x), isosorbide-2-aspirinate-5-salicylate 
12 (a), isosorbide-5-aspirinate-2-salicylate 13 (▼), salicylic acid, 3 (O), 
isosorbide-5-salicylate, 14, ( A ) ,  and isosorbide disalicylate, 15 (O). The 
solid line for ISDA disappearance was calculated from exponential 
decay, using the rate constant appearing in Table 1. The data represent 
the average from three separate experiments using plasma from three 
different donors.
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Figure 3. Progress curve for the disappearance of ISDA. 9, ( • )  in 
30% human plasma at 37 °C, showing the in vitro metabolites: aspirin 
{■), the pair 12 13 (□), isosorbide-2-a.spirinate-5-salicylate, 12 (A),
isosorbide-5-aspirinate-2-salicylate. 13 (T), salicylic acid, 3 (O), 
isosorbide-5-salicylate, 14, ( A ) ,  and isosorbide disalicylate, 15 (O). 
Solid lines were constructed using rate constants appearing in Table 3 
and eqs 1—3.

m arginally greater aspirin release, suggesting that an ary- 
lesterase, probably paraoxonase, contributes to nonproductive 
hydrolysis in hum an plasma. The hydrolysis pathw ays o f 12 
were sim ilar in hum an plasma, serum, and w hole blood, with 
the esterase activity o f the latter being substantially a result o f 
the presence of BuChE. It is hard to see how 12 could be further 
optim ized for aspirin release in human plasm a using BuChE as 
the vector because B uChE is alm ost com pletely specific for the 
benzoic ester o f 12. On the other hand, designs that target other 
plasm a esterases, such as paraoxonase, m ust still overcom e the 
high efficiency with which acetyl group detachm ent is catalyzed 
by BuChE.

Is ISDA (9) Intrinsically an Aspirin Prodrug? Com pound 
12 acts as an aspirin prodrug because its interaction with BuChE 
overrides the norm al preference o f the enzym e for the pheny- 
lacetate group. This interaction is connected w ith a specific set 
o f structural attributes o f the prodrug; for example, the isomeric 
2-salicylate-5-aspirinate (13) is not an aspirin prodrug. We were 
also aware that isosorbide-2 -aspirinate ( 1 0 ) (unsubstituted at the 
5 position) was not an aspirin prodrug being hydrolyzed in 
plasm a solution along the salicylate pathw ay (Figure 5). This 
indicated to us that the 5-salicylate ester o f 12 is critical for 
productive binding, leading to aspirin evolution. ISDA is 
hydrolyzed first at the acetyl group o f the 5-aspirinate, producing 
12, which acts as a prodrug in human plasma. D oes ISD A  itself
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Figure 4. Progress curve for the disappearance of 12 ( • )  in 50% 
human plasma buffered at pH 7.4 (37 °C), showing the in vitro 
metabolites: aspirin, 4 (■), isosorbide-5-salicylate, 14 ( A ) ,  salicylic acid, 
3 (O), and isosorbide disalicylate, 15 (O). Note the stability of 14 
relative to 12. Solid lines were constructed using the appropriate rate 
const:>.nts appearing in Table 3 and eqs 4—6.

act as a prodrug, w ithout having to generate 12? This was not 
a straightforw ard question because 12 is generated from 9 and 
consum ed rapidly, producing aspirin. As already stated, small 
amounts (< 10% ) o f the 5-m onoaspirinate 11 were found at 
initial time points in 1 0 % plasm a solution, indicating some direct 
hydrolysis o f 9 to aspirin. The only other way that 11 could be 
generated is from the m ixed salicylate 13, but when 13 was 
incubated separately in hum an plasm a solution, it did not 
produce 11, indicating that, in plasm a solution, 11 is produced 
directly from ISDA, with an equim olar am ount o f aspirin 
(<  10%). A nother way of investigating the production of aspirin 
from ISDA w ould be to determ ine how m uch o f its hydrolysis 
could be accounted for by alternative processes to salicylate 
production.

ISDA decays through three pathw ays, ki, ki,, and ^4 , and 
therefore

-d [9 ] /d r  =  kj[9] =  k . m  -F k^[9] k,[9] (1)

Because 12 decays through the kj  and kt> pathw ays, leading to 
aspirin and disalicylate (15)

d [ 1 2 ]/d; =  k , m  -  kj{\2] -  A:,[ 1 2 ] (2 )

Sim ilarly, 13 decays exclusively through the k]o pathw ay and 
therefore

d[13]/df =  A:3[9]-A:|o[13] (3)

By estim ating k2 and k^ from nonlinear regression to integrated 
form s o f eqs 2 and 3, it was possible to estim ate k^, the rate 
constant for aspirin production directly from ISDA. In calculat
ing these kinetic param eters, k j  was estim ated from the 
disappearance o f  9 in 30% plasm a solution (Table 3). Initial 
values for the disappearance o f esters 12 and 13 were estim ated 
from  the rate o f hydrolysis independent o f 9. The difference 
betw een the sum  o f the rate constants for the appearance o f 1 2  

and 13 and the disappearance rate for ISD A  yielded a small 
value for ^4 , indicating that around 1%  o f 9 undergoes hydrolysis 
directly to aspirin (Table 3). ISDA is an intrinsic aspirin prodrug 
in plasm a but a poor one. It probably fits the enzym e quite well 
considering its sim ilarity to 1 2 , but it bears two acetates and 
therefore has two com peting processes rather than one, as is 
the case for 1 2 .

Interpretation o f hydrolysis data for 12 is kinetically simpler 
because it has one less ester group than 9 and its principal 
product, aspirin, is not consum ed as rapidly (Schem e 4). In 
addition, there was no detectable hydrolysis at the 5-ester over
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Table 2. Data for the Hydrolysis of 12 in 30% Human Plasma (pH 7.4, 37 °C) in the Presence of Esterase Subtype Inhibitors'"

Moriarty et al.

inhibitor concentration target enzyme febs (min ‘) ti/2 (min) % aspirin
EDTA^^ 2 mM arylesterase 0.49 ±  0.08 1.41 85
BNPP” 10 carboxylesterase 0.73 ±  0.006 0.95 84
eserine-’'* 20 cholinesterase 0.12 ±0.001 5.8 not detected
BW284c5P^ 100//M AChE 0.18 ±0.001 3.9 30

0.1 /iM 0.66 ±  0.064 1.1 74
dibucaine^* 20 BuChE subtype 0.15 ±0.013 4.6 6

0.35 ±  0.07 2.0*’ 69*
wo-OMPA^^ 10 BuChE 0.098± 0.003 7.04 not detected

“ Average of three determinations ±  standard deviation (SD). Plasma from a donor with dubucaine-insensitive BuChE.

Table 3. Rate Constants for the Hydrolysis of 9 and 12 in Human Plasma (pH 7.4, 31°C)°

compound fcobs 2̂ h fct k i +  h / k o h s ki 1̂1
9‘ 0.591±0.05 0.39 ±0.02 0.16 ±0.02 0.028 ±  0.01 0.93
12“̂ 1.39 ±0.11 nr nr nr 1.0± 0.06 0.36 ±  0.06 0.72

° Data are from a single representative progress curve. P' > 0.999. * r’ > 0.95. A 30% plasma solution. A 50% plasma solution.
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Figure 5. Progress curve for the disappearance of isosorbide-2- 
aspirinate (10) ( • )  in 10% human plasma solution at pH 7.4 (37 °C), 
showing the in vitro metabolites; aspirin (□), isosorbide-2-salicyIate, 
16 (T), and salicylic acid, 3 (O). The solid line was constructed using 
rate constants appearing in Table 1.

Table 4. IC50 Values for Inhibition of Platelet Aggregation in Whole 
Blood Stimulated by Arachidonic Acid (0.5 mM), « =  3

compound IC50, 95% CL (mM)
9 34.1 (28.2-44.3)
12 17.3 (15.9-18.8)
aspirin 25.5 (20.1-31.7)

the time course of the experiment; it does not contribute to the 
disappearance of 12. The kobs for the consumption of 12 (^tO 
corresponds to the sum of the rate constants for deacetylation 
to 15, kg' and the larger rate constant for hydrolysis to aspirin, 
k j '  (where k j ,  k i ,  and kg' are rate constants determined for the 
hydrolysis of 12 independent of 9).

-d[12]/df =  V [12] =  k̂ 'lU] + ^/[12] (4 )

Similarly, the disappearance of the disalicylate (15), following 
incubation of 12, occurs along the ku and to a small extent the 
ku pathway

d[15]/dr =  V[12] ~  -  A:i3'[15] (5)

Aspirin evolution and decay are through the kj pathway and 
the slow decay to saUcylic acid, ku

d[4]/dr =  V [1 2 ]-V [4 ] (6)

The value for ki' obtained in this way was in good agreement 
with the product of kj and the maximum mole percent of aspirin 
extrapolated from the progress curve for 12 (Figure 4). 
Meanwhile, the k/ value accounts for 72% of the total rate
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Figure 6. Progress curve for the disappearance of 12 ( • )  in the 
presence of BuChE purified from human serum buffered at pH 7.4 (37 
°C), showing the in vitro metabolites: aspirin (■), isosorbide-5- 
salicylate, 14 (A), salicylic acid, 3 (O), and isosorbide disalicylate, 15 
(O). The data are for one representative run. The ratio of aspirin/ 
disalicylate (15) at Cmax for each was 95:5.

Scheme 4. Actual Hydrolysis Routes of ISDA''

11,4
-5%

O A c

9
'75%-65%

HO'30%

13 15

14,4

“ The 5-acetyl group is removed first (65%), generating an effective 
prodrug (12). The other primary route (fe) involving 2-acetyl group 
hjidrolysis does not lead to aspirin generation because 13 is not an aspinn 
prodrug.

constant for 12 disappearance, in accordance with the estimate 
from extrapolation of maximum aspirin during the disappearance 
of 12. The data appearing in Scheme 4 is based on the 
assumption that the disappearance kinetics for 12 are similar m 
the presence of ISDA.

Platelet Aggregation Studies. One of the hallmark pharma
cological effects of aspirin is its ability to interfere with platelet 
function through acetylation of platelet COX-1. Compound 12, 
aspirin, and ISDA (9) were evaluated as inhibitors of platelet 
aggregation stimulated by arachidonic acid (0.5 mM) using the 
whole blood impedance method.^* Compound 12 was signifi
cantly more potent than ISDA in accordance with its enhanced
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ability to generate aspirin (Table 4). Puzzling, 12 was also 
m arginally (but significantly) more potent than aspirin. C om 
pound 10, w hich did not release aspirin in the plasm a hydrolysis 
experim ent was not active in this assay (< 30%  inhibition at 
100 /^M), indicating that platelet inhibition by 12 and ISD A  
(9) is due to aspirin release.

Conclusions

C om pound 12 is the first “true” aspirin prodrug in BuChE 
solutions, and it produces more aspirin in hum an plasm a than 
any other prodrug discovered to date. It does so because o f an 
unusually favorable interaction w ith BuChE in hum an plasma. 
These observations rem ind us that seem ingly insurm ountable 
esterase preferences can be overcom e with appropriate substrate 
com plem entarity. A pseudo-sugar is probably the last place one 
would start in pursuit o f a cholinesterase substrate type; however, 
BuChE does not have an established endogenous substrate or 
ligand, and the esters reported here are m ore successful 
substrates than the ostensibly m ore prom ising pseudo-choline 
esters reported by N ielsen and Bundgaard.'® Com pound 12 will 
be tested in  appropriate preclinical m odels o f platelet inhibition 
and then gastric toxicity. One of the challenges will be to 
develop and  validate an anim al m odel that m im ics the ability 
o f human blood to convert 1 2  to aspirin (w hich excludes, for 
example, the rat). W ithout aspirin generation, an ester can be 
expected to  be safe but not efficacious.

Experimental Section

Chemistry. Infrared (IR) spectra were obtained using a Perkin- 
Elmer 205 FT Infrared Paragon 1000 spectrometer. Band positions 
are given in cm“ '. Solid samples were obtained by KBr discs, and 
oils were analyzed as neat films on NaCl plates. 'H  and spectra 
were recorded at 27 °C on a Brucker DPX 400 MHz FT NMR 
spectrometer (400.13 MHz, 'H; 100.61 MHz, '^C) or a Brucker 
AV600 (600.13 MHz, ‘H; 150.6 MHz, ‘^C) in either CDCI3 or 
(CD3)2C0  with TMS as an internal standard. In CDCI3, 'H  spectra 
were assigned relative to the TMS peak at 0.0 ppm and '^C spectra 
were assigned relative to the middle CDCI3 triplet at 77.00 ppm. 
In (CDjjiCO, 'H  spectra were assigned relative to the (CD3)2CO 
peak at 2.05 ppm and '^C spectra were assigned relative to the 
(CD3)2C0  at 29.5 ppm. Coupling constants were reported in hertz. 
High-resolution mass spectrometry (HRMS) was performed using 
a micromass mass spectrophotometer with electrospray ionization 
at the School of Chemistry, Trinity College Dublin, Ireland. 
Elemental analyses were performed at the Microanalytical Labora
tory, Department of Chemistry, University College Dublin, Ireland. 
Flash chromatography was performed on Merck Kieselgel (particle 
size of 60 mm). Thin-layer chromatography (TLC) was performed 
on silica gel Merck F-254 plates. Compounds were visually detected 
by UV absorbance at 254 nm. ISMN was obtained as a gift from 
Shwartz Pharma, Shannon Co Clare. Compound 24 was obtained 
according to ref 39.

Isosorbide-2-aspirinate-5-salicylate (12). Compound 24 (1.6 
mmol) was dissolved in dry DCM (20 mL) and stirred. Isosorbide- 
2-aspirinate 10 (1.6 mmol) and DMAP (0.1 equiv) were added. 
The flask was cooled to 0 °C, and DCC (1.6 mmol) was added. 
Stirring was continued for 5 min, and the temperature was allowed 
to come to room temperature, where it was stirred overnight. The 
reaction was filtered, and the filtrate was washed with 0.1 M HCl, 
5% NaHCOs. and water, dried over sodium sulfate and evaporated 
to an oil. This was purified by column chromatography hexane/ 
ethyl acetate (2:1) to give a white product (/?/ =  0.4, 228 mg). 
This was dissolved in methanol/ethyl acetate (1:1). Pd/C was added, 
and the reaction was stirred under hydrogen overnight. The reaction 
was filtered and concentrated. Oil was purified by column chro
matography using hexane/ethyl acetate ( 1 : 1) to yield a white solid, 
mp 8 2 -8 4  °C. LRMS: requires, 451.0984 (M+ 23); found,
451.0971 (M -^-t-23). ‘H NMR (CDCI3) c5: 2.37 (IH , s),4 .10 (4H ,
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m), 4.64 (IH , d), 5.04 (IH , t), 5.45 (2H, m), 6.92 (IH , t), 7.02 
(IH , d), 7.12 (IH , d), 7.32 (IH , t), 7.49 (IH , m), 7.58 (IH , m), 
7.89 (IH , dd, y =  1.5 and 1.5 Hz), 8.01 (IH , dd, 7 =  1.5 and 1.5 
Hz). Anal. Calcd (C22H20O9): C, H.

Isosorbide-2-salicylate-5-aspirinate (13). A solution of isos- 
orbide-5-aspirinate-2-benzyloxy benzoate (27) (0.13 g, 0.25 mmol) 
in a mixture of methanol and ethyl acetate (5 mL, 3:1) was stirred 
overnight over palladium on charcoal under an atmosphere of 
hydrogen. The reaction mixture was filtered through a bed of silica, 
and the filtrate was removed in vacuo to yield 0.05 g of crude 
product. Purification by column chromatography using hexane and 
ethyl acetate (2 :1) as the eluant afforded 0 .0 2  g of product as a 
colorless crystalline material (18.69%). mp 84—86 °C. HRMS [M 
-h Na]+: requires, 451.1005; found, 451.1006. 'H  NMR (CDCl,) 
<5: 2.36 (3H, s), 4.03 (4H, m), 4.67 (IH , d), 5.02 (IH , t), 5.38 (IH , 
m), 5.49 (IH , d), 6.87 (IH , t), 6.98 (IH , d), 7.12 (IH , d), 7.34 
( IH, t), 7.47 (1H, m), 7.58(1 H, m), 7.83(1 H, dd, 7 =  1.5 and 1.5 
Hz), 8.08 (IH , dd, y =  2.0 and 1.5 Hz), 10.50 (IH , s). Anal. Calcd 
(C22H 20O9): C, H.

Hydrolysis and Enzyme Studies. High-performance liquid 
chromatography (HPLC) was performed using a system consisting 
of a Waters 600E pump and controller, a Waters 717 autosampler, 
and a Waters (2)996 PDA, all controlled by Millennium or Alliance 
Chromatography Manager. A Waters Spherisorb (4 fim) C l 8 3.9 
X 250 mm column was used for the plasma and enzyme study 
samples. The enzyme and plasma study samples were analyzed 
using a gradient method, employing a mobile phase consisting of 
pH 3.19 phosphate buffer/acetonitrile at 90:10, grading to 10:90 
over the first 10 min, then back to 65:35 to 12 min, and grading to 
90:10 to 17 min, at which it was held to 30 min. The eluent in 
both methods was monitored at 230 nm, and peak identity and 
homogeneity were confirmed by PDA analysis. Quantitation was 
performed by a comparison of peak areas with external standards 
run under the same conditions at about the same concentration. 
The order of elution in this system was salicylic acid (3), aspirin 
(4), isosorbide-2-aspirinate (10), isosorbide-5-aspirinate (11), isos- 
orbide-2-salicylate (16), isosorbide-5-salicylate (14), isosorbide-2/ 
5-aspirinate-2/5-salicylate (12/13), and isosorbide-disalicylate (15). 
The flow rate was 1 mL/min. ISDA incubation samples were re- 
analysed using an alternative isocratic method, with a mobile phase 
consisting of 60% phosphate buffer (pH 2.4)/40% acetonitrile. This 
permitted the separation of 12 and 13. Both methods (gradient and 
isocratic) were validated for linearity, precision (repeatability), 
specificity, and sensitivity in accordance with ICH guidelines on 
analytical validation Q2A and Q2B. A linear response was observed 
for each analyte (r > 0.999) in the range of 1 — 100 ^g/mL. The 
RSD on multiple injection of each analyte at 10 and 100 ^g/m L 
was <0.75%. The limit o f quantitation for the relevant analytes in 
the gradient method was 1 The limit of quantitation for
aspirin and salicylic acid in the isocratic method used in the aqueous 
hydrolysis study samples was 5 /<g/mL, while the prodrug 12 was 
quantifiable at 0.5 /^g/mL using this method.

For the hydrolysis experiments, pooled plasma or serum solutions 
(4 mL) were prepared by centrifugation of citrated human venous 
blood and dilution with phosphate buffer at pH 7.4, as appropriate. 
Whole blood was used undiluted. The test compounds in acetonitrile 
(100 ^L ) were incubated in 4 mL of the preheated solution (37 ±  
0.5 °C) at a concentration of 5 x 10“  ̂ M, and 250 //L  aliquots 
were withdrawn at appropriate intervals. Samples were transferred 
to 1.5 mL Eppendorf tubes containing 500 ̂ <L of a 2% ZnS0 4 ’7 H2 0  

in MeCN/HiO (1:1) solution, vortexed, and then centrifuged for 4 
min at 10 000 rpm. Aliquots (20 fiL)  of the supernatant were 
analyzed by HPLC. Hydrolysis was monitored until consumption 
o f the parent ester. The hydrolysis experiments were repeated in 
the presence of the following inhibitors, which were incubated in 
the buffered plasma solution for 5 min before addition of the ester 
solution: EDTA (2 mM), BNPP (10 /<M), eserine (20 /<M), 
BW254c51 (0.1 - 100 /<M), dibucaine (20 /<M), /io-OMPA (10 /<M). 
The samples were then processed as above. All experiments were 
performed in triplicate. Cholinesterase activity of plasma, serum, 
and whole blood was evaluated using the Ellman approach, with
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butyryl thiocholine as the substrate. Values were typically between 
2200 and 4000 nmol (mL of plasma)” ' min“ '. The hydrolysis of 
12 was evaluated in the presence o f purified horse serum BuChE 
(Sigma) at a concentration of 0.1 mg/mL (1000 units/mg of protein) 
in phosphate buffer (pH 7.4) and in the presence of purified human 
serum BuChE at 0.1 mg/mL (14 units/mg of protein) (Sigma). The 
activity of these preparations was confirmed using the Ellman assay, 
with butyrylthiocholine as the substrate.'*®

The parameters (Michaelis constant) and (maximum 
rate of substrate consumption) for the hydrolysis of 12 were 
estimated by fitting depletion data to the integrated form of the 
Michaelis—Menten equation^* by multiple nonlinear least-squares 
regression using Scientist, MicroMath (Salt Lake City, UT)

(7)

Rate constants for the hydrolysis of esters were obtained by 
nonlinear regression of the concentration of remaining ester against 
time to exponential decay. Half-lives were calculated from tia =  
0.693/fcobs- Integrated forms of eqs 1—6 were used to determine 
the rate constants appearing in Table 3 and to generate the solid 
lines appearing in Figure 3 for ISDA hydrolysis"*'

[ 12] = ( g - ( * 7 + * 9 ) '  _

[13] =

(8)

(9)

The following were used to generate the solid lines in Figure 4, 
for hydrolysis of 12, separately:

[15] =
k j  (^12  ^ 1 3 )

^7'[12]n , .
[4] =  t 4 —k j  - < : , 4

( 10)

( 1 1 )

Nonlinear regression to eqs 8—11 was performed using GraphPad 
PrismS (La Jolla, CA).

Whole Blood Aggregation. A 500 ^ L  aliquot of whole blood 
was mixed with 500 ^L  o f physiological saline and allowed to 
incubate at 37 °C for 10 min in the incubation well o f a Chrono- 
Log Whole Blood Aggregometer model 591/592. Aggregation was 
initiated with arachidonic acid (0.5 mM), and impedance was 
monitored over 6 min. During inhibition studies, the diluted blood 
sample was pre-incubated with appropriate concentrations of 
inhibitor at 37 °C for 10 min, with stirring before initiating 
aggregation. Test compounds (10 f ih)  were introduced in DMSO 
(a DMSO level shown to have no effect on platelet function). 
Inhibition of aggregation was monitored in the range of 5 —100 
/^M, and results were analyzed by nonlinear regression using 
GraphPad PrismS.

Supporting Information Available: Characterization and purity 
data for compounds 10, 11, 14, 15, 16, 20, 21, 23, and 25 and 
platelet aggregation data for 9, 12, and aspirin. This material is 
available free of charge via the Internet at http://pubs.acs.org.

R eferences

(1) Jones. G. Decreased toxicity and adverse reaction via prodrugs. In 
Design o f Prodrugs', Bundgaard. H., Ed.; Elsevier: Amsterdam, The 
Netherlands, 1985; pp 199—241.

(2) St. Pierre, T.; Jencks, W. P. Intramolecular catalysis in the reactions 
of nucleophilic reagents with aspirin. J. Am. Chem. Soc. 1968. 90, 
3817-3827.

(3) Testa, B.; Mayer, J. M. Hydrolysis in drug and prodrug metabolism. 
Chemistry, Biochemistry and Enzymology, Wiley-VCH; Wienheim, 
Germany, 2003; Chapter 8.

(4) Lavis. L. D. Ester bonds in prodrugs. ACS Chem, Biol. 2008, 3203- 
3206.

(5) Levy, G.; Gagliardi, B. A. Gastrointe.stinal absorption of aspirin 
anhydride, J. Pharm. Sci. 1963, 52, 730.

(6) (a) Anker.sen, M.; Nielsen, K. K.; Senning. A. Synthesis, properties 
and prodrug potential of 2-methyl-2-oxy- and 2-metnyl-2-thio-4//- 
1,3-benzodioxinones. Acta Chem. Scaitd. 1989, 34. 213-221. (b) 
Nielsen, K. K.; Senning, A. Aspirin prodrugs: Synthesis of 2-substi- 
tuted 2-methyl-4//-l,3-benzodioxin-4-ones and their screening for 
prodrug potential. Acta Chem. Scand. 1990, 44, 952-956.

(7) (a) Hussain, A.; Yamasaki, M.; Truelove, J. E. Kinetics of hydrolysis 
of acylals of aspirin: Hydrolysis of ( I'-ethoxy)ethyl 2-acetoxybenzoate. 
J. Pharm. Sci. 1974. 63, 627-628. (b) Hussain, A.; Truelove, J. E.; 
Kostenbauder, H. B. Kinetics and mechanism of hydrolysis o f l-(2'- 
acetoxybenzoyl)-2-deoxy-a-D-glucopyranose, a novel aspirin prodrug. 
J. Pharm. Sci. 1979, 68. 299-301.

(8) Bundgaard, H.; Nielsen, N. M.; Buur, A. Aspirin prodrugs: Synthesis 
and hydrolysis of 2-acetoxybenzoale e.sters of various W-(hydroxyalkyl) 
amides. Int. J. Pharm. 1988, 44, 181-188.

(9) Abordo, E. A.; Bowden. K.; Huntington, A. P.; Powell, S. L. Prodrugs. 
Part 3. 2-FormylphenyI esters of indomethacin, ketoprofen and 
ibuprofen and 6-substituted 2-formyl and 2-acylphenyl esters of aspirin. 
Fannacognosia 1998, 53, 95-101.

(10) (a) Rainsford, K. D.; Whitehouse, M. W. Anti-inflammatory/anti
pyretic salicylic acid esters with low gastric ulcerogenic activity. Agents 
Actions 1980, 10, 451-456. (b) Rainsford. K. D.; Whi.ehouse, M. W. 
Gastfic irritancy of aspirin and its congeners: Anti-inflammatory 
activity without this side-effect. J. Pharm. Pharmacol. 1976, 28, 599- 
601.

(11) (a) Kumar, R.; Billimoria, J. D. Gastric ulceration and the concentration 
of salicylate in plasma in rats after administration of ' ‘‘C labelled 
aspirin and its synthetic triglyceride. 1,3-dipa]mitoyl-(2'-acetoxy- 
[ C]carboxylbenzoyl) glycerol. J. Pharm. Pharmacol. 1978. 30, 754- 
758. (b) Paris. G. Y.; Garmaise, D. L.; Cimon. D. G Synthesis and 
anti-inflammatory activity of 1.3-bis(alkanoyl)-2-(0-acetylsalicyloyl)g- 
lycerides (aspirin triglycerides). J. Med. Chem. 1979, 22, 683-^87. 
(c) Paris, G. Y.; Garmaise, D. L.; Cimon, D, G.; Swett, L.; Carter, 
G. W.; Young, P. Glycerides as prodrugs. 2. I,3-Dialkanoyl-2-(2- 
methyl-4-oxo-l,3-benzodioxan-2-yl) glycerides (cyclic aspirin trig
lycerides) as anti-inflammatory agents. J. Med. Chem 1980. 23, 79- 
82.

(12) Los, M.; Piccinali, C. A.; Tosti, E. L.; Torriani, H, Sir.tesis de nuevos 
derivados de los acidos 2-hidroxi (y) 2-acetiloxibenzoico, Boll. Chim. 
Farm. 1982, 121, 285-302,

(13) (a) Lofttson, T.; Bodor. N. Improved delivery through biological 
membranes XD: Percutaneous absorption and metabolism of meth- 
ylsulfinylmethyl 2-acetoxybenzoate and related aspirin prodrugs. 
J. Pharm. Sci. 1981. 70. 756-758, (b) LoftLson, T.; Bodor. N. Improved 
delivery through biological membranes IX: Kinetics and mechanism 
of hydrolysis of methylsulfinymethyl 2-acetoxybenzoate and related 
aspirin prodrugs. J. Pharm. Sci. 1981, 70, 750-755. (c) Lofttson, T.; 
Kaminski, J. J.; Bodor, N. Improved delivery through biological 
membranes VIII: Design, synthesis, and in vivo testing of true prodrugs 
of aspirin, J. Phann. Sci. 1981. 70, 743-749.

(14) (a) Baneijee, P, K,; Amidon. G, L, Physicochemical property 
modification strategies based on enzyme substrate specificities III: 
Carboxypeptidase A hydrolysis of aspirin derivatives. J. Pharm. Sci. 
1981. 70. 1307-1309, (b) Banetjee, P, K,; Amidon, G. L. Physico
chemical property modification strategies based on enzyme substrate 
specificities II: a-Chymotrypsin hydrolysis of aspirin derivatives. 
J. Pharm. Sci. 1981, 70, 1304-1306. (c) Banerjee, P. K.; Amidon, 
G. L. Physicochemical property modification strategies based on 
enzyme substrate specificities I: Rationale, synthesis, and pharmaceuti
cal properties of aspirin derivatives, J. Pharm. Sci. 1981. 70, 1299- 
1303. (d) Muhi-Eldeen. Z.; Kawahara, M.; Dakkuri, A.; Hussain, A. 
Kinetics and mechanism of hydrolysis of aspirin phenylalanine ethyl 
ester. Int. J. Pharm. 1985, 261. 15-23,

(15) Tsunematsu, H,; Ishida. E.; Yoshida, S.; Yamamoto, M. Synthesis and 
enzymatic hydrolysis of aspirin-basic amino acid ethyl esters. Int. 
J. Pharm. 1991, 68. 77-86.

(16) Jaffar, M,; Everett, S, A.; Naylor. M, A,; Moore, S. G.; Ulhaq, S.; 
Patel. K, B,; Stratford, M. R,: Nolan, J,; Wardman, P ; Stratford, I, J. 
Prodrugs for targeting hypoxic tissues: regiospecific elimination of 
aspirin from reduced indolequinones, Bioorg. Med. Chem. Let. 1999, 
4, 113-118,

(17) McCoy, C, P.; Rooney, C,; Jones, D, S,; Gorman, S. P.; Nieuwen- 
huyzen, M. Rational design of a dual-mode optical and chemical 
prodrug. Pharm. Res. 2007, 24, 194-200.

(18) Nielsen, N, M,; Bungaard, H. Evaluation of glycolamide esters and 
various other esters of aspirin as true aspirin prodrugs, J. Med. Chem. 
1989, 32, 727-734.

(19) Masson, P.; Froment, M. T.; Fortier, P. L.; Visicchio, J, E.; Bartels, 
C, F.; Lockridge, O. Butyrylcholinesterase-catalysed hydrolysis of 
aspirin, a negatively charged ester, and aspirin-related neutral esters. 
Biochim. Biophys. Acta 1998, 1387, 41-52.

(20) Minuz, P.; Lechi, C.; Zuliani, V.; Gaino. S.; Tommasoli, R.; Lechi, 
A. NO—aspirins: Anti-thrombotic activity of derivatives of acetyl-



D iscovery o f  a  "T ru e"  A sp irin  P ro d m g

salicylic acid releasing nitric oxide. Cardiovasc. Drug Rev. 1998, 16, 
31-47.

(21) Del Soldato, P.; Sorrentino, R.; Pinto. A. N O -asp irins: A class of 
new anti-;.nflammatory and antithrombotic agents. Trends Phannacol. 
Sci. 1999. 20, 319-323.

(22) Velazquez, C. A.; Chen, Q. H.; Citro. M. L.; Keefer. L. K.; Knaus, 
E. E. Second-generation aspirin and indomethacin prodrugs possessing 
an 0(2)-(acetoxym ethyl)-1 -{2-carboxypyrrolidin-1 -yl)diazenium-1.2- 
diolate nitric oxide donor moiety: Design, synthesis, biological 
evaluation, and nitric oxide release studies. J. Med. Chem. 2008. 51, 
19.S4-1961.

(23) Gilmeir, J. F.; M oriarty. L. M.; Clancy, J. M. Evaluation o f nitrate- 
substitruted pseudocholine esters o f aspirin as potential nitro-aspirins. 
Bioorg'. Med. Chem. Lett. 2007, 17, 3217-3220.

(24) Gilmer, J. F.; M oriarty, L. M.; McCafferty, D. F.; Clancy, J. M. 
Synthesis, hydrolysis kinetics and anti-platelet effects o f isosorbide 
mononitrate derivatives o f aspirin. Eur J. Pharm. Sci. 2001, 14, 221- 
227.

(25) Gilmer. J. F.; Moriarty, L. M.; Lally, M. N.; Clancy, J. M. Isosorbide- 
based aspirin prodrugs. II. Hydrolysis kinetics of isosorbide diaspiri- 
nate. Eur. J. Pharm. Sci. 2002. 16, 297-304.

(26) Gilmer. J F.; M urphy. M. A.; Shannon, J. A.; Breen, C. G.; Ryder, 
S. A.; Clancy. J. M. Single oral dose study of two i,sosorbide-based 
aspirin prodrugs in the dog. J. Pharm. Pharmacol. 2003, 55. 1351- 
1357.

(27) De L uch i, 0 .;  .Angius, A.; Filipuzi, F.; Modena, G.; Camera, E. 
Chemoseliective reduction of isosorbide-2,5-dinitrate. Gaz. Chim. Ital. 
1987. I IT .  173-176.

(28) Robin.iion.. J. A.; Characklis, W. G. Simultaneous estimation o f V,„ax, 
Km and thie rate o f  endogenous substrate production (R) from substrate 
depletion data. Microb. Ecol. 1984, 10, 165-178.

(29) Peters, T.. h .A II  about Albumin: Biochemistry, Genetics, A nd Medical 
Apj>liciations', Academic Press Ltd.: London, U.K., 1996.

(30) Briinijoin. S.; Hammond. P. Butyrylcholinesterase in human brain and 
acetylc:holinesterase in human plasma: Trace enzymes measured by 
two-siue iinmunoassay. J. Neurochem. 1988. 51, 1227-1231.

Journal o f  M edicinal Chem istry, 2008, Vol. 51, No. 24  7999

(31) Li, B.; Sedlacek, M.; Manoharan, I.; Boopathy, R.; Duysen, E. G.; 
Masson, P.; Lockridge, O. Butyrylcholinesterase, paraoxonase, and 
albumin esterase, but not carboxylesterase, are present in human 
plasma. Biochem. Phannacol. 2005, 70, 1673-1684.

(32) La Du, B. N.; Snady. H. Esterases o f human tissues. Handb. Exp. 
Pharmacol. 1971, 28, 477-499.

(33) Morishita, Y.; Fujii. M.; Kasakura. Y.; Takayama, T. Effect of 
carboxylesterase inhibition on the anti-tumour effects o f irinotecan. 
J. Int. M ed  Res. 2005, 33, 84-89.

(34) Pacheco, G.; Palacios-Esquivel, R.; Moss, D. E. Cholinesterase 
inhibitors proposed for treating dementia in Alzheimer’s disease: 
Selectivity toward human brain acetylcholinesterase compared with 
butyrylcholinesterase. J. Phannacol. Exp. Ther. 1995, 274, 767-770.

(35) Radic, Z.; Pickering, N. A.; Vellom, D. C.; Camp, S.; Taylor, P. Three 
distinct domains in the cholinesterase molecule confer selectivity for 
acetyl- and butyrylcholinesterase inhibitors. Biochemistry 1993, 32, 
12074-12084.

(36) Loewenstein-Lichtenstein, Y.; Glick, D.; Gluzman, N.; Sternfeld, M.; 
Zakut, H.; Soreq, H. Overlapping drug interaction sites o f human 
butyrylcholinesterase dissected by site-directed mutagenesis. Mol. 
Pharmacol. 1996, 50, 1423-1431.

(37) Thomsen, T.; Kewitz, H.; Pleul, O. A suitable method to monitor 
inhibition ofcholinestera.se activities in tissues as induced by reversible 
enzyme inhibitors. Enzyme 1989, 42, 219-224.

(38) Cardinal, D. C.; Flower. R. J. The electronic aggregometer: A novel 
device for assessing platelet behaviour in whole blood. J. Pharmacol. 
M ethods 1980, 3, 135-158.

(39) Ye, T.; Fernandez Garcia, C.; McKervey, A. Chemoselectivity and 
stereoselectivity of cyclisation o f a-diazocarbonyls leading to oxygen 
and sulfur heterocycles catalysed by chiral rhodium and copper 
catalysts. J. Chem. Soc., Perkin Trans. ! 1995. 1373-1379.

(40) Ellman, G. L.; Courtney, K. D.; Andres, V., Jr.; Featherstone, R. M. 
A new and rapid colorimetric determination o f acetylcholinesterase 
activity. Biochem. Phannacol. 1961. 7, 88-95.

(41) Nguyen. T. H.; Bumier. J.; Meng, W. The kinetics of relaxin oxidation 
by hydrogen peroxide. Pharm. Res. 1993, 10, 1563-1571.

JM 801094C


