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Abstract

Semi-empirical and ab initio calculations have been

carried out on the metabolites and inhibitors of the

arachidonic acid cascade. Calculated properties of the

various molecules have been examined and compared with

experiment, where possible. The work is predominantly

concerned with relating calculable properties, particularly

electrostatic potential, to the biological activity of these

molecules, using a similarity program. A FORTRAN program is

presented, which uses GKS graphics routines to display

molecular electrostatic potentials. The electrostatic

potential maps are calculated in two ways: using the point

charge method, with semi-empirical charges; and in a

rigorous manner, using various ab initio basis sets.

Conclusions are drawn about whether the methods employed and

the approximations used give a viable method for predicting

the activity of other drugs with this system.
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1. INTRODUCTION

Quantum theory has developed a great deal over the

last few decades, and can now be used to study real

problems in chemistry and biology. Many different

methods are available, the most rigorous of these being

ab initio techniques. Calculations of this type give a

detailed description of the electronic structure and

properties of molecules. By introducing parameters that

can be adjusted to fit results to experiment, results can

also be obtained with semi-empirical methods which are

comparable to those obtained using ab initio techniques.

The limitations of the calculations carried out nowadays

are more often due to the problems of computer memory and

storage space, than due to inefficiencies of the computer

code. In the case of large molecules of biological

interest, such as enzymes and small proteins, molecular

mechanics calculations can be implemented, which are

based on a more simple model of molecular structure and

require far less computing time and disk space.

Enzymes are catalysts which accelerate reactions in

biological systems. Most enzymes are highly selective in

their binding of substrates, which interact with a

specific part of the enzyme, known as the 'active site'.

In the past, information about the active sites of

enzymes was based on a mixture of intuition and

experimental data on the enzymes themselves and their

inhibitors. Inhibitors are molecules which also interact

with the enzyme in question, either at the substrate
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active site or at a different site on the enzyme, thus

modifying the enzyme and preventing its normal activity.

In recent years, the field of quantum chemistry has

developed to the extent that it has been used to predict

the manner in which substrates and inhibitors interact

with the active sites of enzymes. For studies of this

kind, it is useful to examine the crystal structure of

the enzyme in question, and many crystal structures are

now available in the Brookhaven Protein data bank.

However, in most cases the crystal structure of an

enzyme, and hence detailed information about its active

site, is not known, in which case the structure of the

active site can be modelled by comparing the structures

and properties of the substrates and inhibitors which fit

into the active site, using theoretical techniques. The

molecular interactions in biological systems usually

consist of a combination of electrostatic forces,

hydrogen bonds and Van der Waal's forces. Electrostatic

interactions involve charged groups on a substrate ( or

an inhibitor ) interacting with oppositely charged groups

on an enzyme. The values of the electrostatic potential

can be calculated at various points on a surface or

'shell', which is at a certain distance from a molecule.

This information can then be displayed in graphics form

for various inhibitors of a particular enzyme. By

comparing the electrostatic potential maps thus produced,

a model can be developed, which defines the substrate

requirements of the active site. In most cases, studies

of this kind have involved comparisons of 2-dimensional
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maps of the electrostatic potential, obtained by taking a

section through the molecule. A great deal more

information can be obtained form the 3-dimensional

surface of an inhibitor. It is possible to suggest the

approximate orientations and charges ( positive or

negative ) of groups in the active site which can

interact with the substrate or inhibitor. If the active

site of the enzyme is known, it is also possible to

'dock' the drug into the active site by orientating the

molecule such that favourable electrostatic interactions

can occur.

In this thesis, the arachidonic acid cascade will be

studied, which is the metabolic pathway in the body used

for the biosynthesis of prostaglandins and related

molecules, which have a very diverse range of biological

actions. It is a pathway which is of great interest,

because of the involvement of its metabolites in

inflammation, and also because of their involvement in

the promotion stage of carcinogenesis. It has been shown

that inhibitors of the arachidonic acid cascade can

inhibit the tumour-promoting activities of molecules such

as phorbol esters.

The work presented will cover the quantum theory

and approximations which have been used to model the

metabolites and inhibitors of the arachidonic acid

cascade. There will be a description of the different

levels of theory which have been used to calculate the

structures and properties of these molecules and a

discussion of the limitations of the various methods. As



very little is known about the active sites of the two

main enzymes which control the pathway, several

properties of the various molecules will be examined and

there will be discussions on whether these properties are

related in any way to the activities of the drug in

question. A program will be presented which uses GKS

graphics routines to display molecular electrostatic

potentials, and a similarity program will be described,

which can be used to correlate the electrostatic

potentials of molecules with their activity. The

information deduced about the system will be discussed in

the light of previous models of the active sites and any

previous calculations carried out on the molecules

involved. The author will come to conclusions about

whether the methods employed here and the approximations

used give a viable method for predicting the activity of

other drugs with this system.

It is hoped that this study will contribute

successfully to the gradually expanding knowledge

concerning the arachidonic acid cascade, and in this way

will help in the design of not only better anti¬

inflammatory drugs, but also of better anti-cancer drugs.
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2. BIOLOGICAL BACKGROUND

2.1 The Arachidonic Acid Cascade

Arachidonic acid is a 20-carbon acid containing four

double bonds. In humans, it is normally ingested as a

constituent of meat or derived from dietary linoleic

acid. It is stored in an esterified form as a component

of cell membrane phospholipids and can be released by the

direct action of phospho1ipase A2 or by phospholipase C

and lipase.

Arachidonic acid is the precursor of a group of

molecules known collectively as the eicosanoids, which

are formed via the arachidonic acid cascade. The cascade

can be divided into two main pathways, one controlled by

cyclooxygenase and the other by lipoxygenase ( see Figure

2.1 ). The cyclooxygenase reaction incorporates 4 atoms

of oxygen into the free arachidonic acid chain to form

the prostaglandin endoperoxides ( PGG2 and PGH2 ) which

are then converted to prostacyclin ( PGI2 ) , thromboxane

( TXA2 ) and the stable prostaglandins ( PGE2, PGF2a and

PGD2 ) . The lipoxygenase reaction introduces only 2

atoms of oxygen into the arachidonic acid chain to form

the hydroperoxyeicosatetraenoic acids ( HPETEs ) which

can be reduced to the corresponding

hydroxyeicosatetraenoic acids ( HETEs ) or in the case of

5-hydroperoxyeicosatetraenoic acid ( 5HPETE ), can be

converted into the leukotrienes.

Eicosanoid research has been a fast-growing area in

the last few decades, which began with the detection of
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prostaglandin activity in the 1930s ( 1,2 ) followed by

the isolation and determination of the structure of the

primary prostaglandins PGD2 , PGE2 and PGF2a { 3 ). In

1964, Samuelsson realised that they were synthesised from

essential fatty acids ( 4 ) in almost all mammalian

cells.

The leukotrienes are a recently discovered group of

arachidonic acid metabolites, which were first recognised

in the lung, when they were described as slow reacting

substances ( SRS ) because they caused a slow

contraction of smooth muscle after stimulation with cobra

venom ( 5 ) . The molecular structures of slow reacting

substances of anaphylaxis ( SRS-A ) were elucidated in

1979 ( 6 ), when they were found to be a mixture of the

peptidoleukotrienes LTC4 , LTD4 and LTE4. Leukotrienes

are derived from 5HPETE by 5,6 epoxidation { to form LTA4)

and the subsequent action of a glutathione-S-

transferase to give the glutathionyl derivative ( LTC4 ).

Leukotrienes D4 and E4 are then formed by the removal of

glutamic acid and glycine respectively.

Due to their instability and short half-lives,

eicosanoids are not stored in cells but are synthesised

as required and hence they are known as locally acting

hormones or 'autacoids'. These metabolites of

arachidonic acid have diverse and wide-ranging actions in

the body and often produce opposite biological effects.

For example, TXA2 promotes platelet aggregation and

causes vasoconstriction whereas PGI2 inhibits aggregation

and causes vasodilation, and PGFs contract ( whereas PGEs
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relax ) both bronchial and trachial muscles.

Leukotrienes are of interest in the study of asthma as

LTC4 and D4 are powerful bronchoconstrictors. LTB4 is

also a potent chemotactic agent for polymorphonuclear

leukocytes. Most eicosanoids contribute to the symptoms

of inflammation, for example, the peptidoleukotrienes

have powerful effects on vascular permeability, and PGE2

and PGI2 enhance oedema and leukocyte infiltration by

promoting blood flow in the inflamed region. They also

potentiate the pain-producing activity of bradykinin and

other autacoids. PGE2 is also known to cause oedema,

erythema ( reddening of the skin ) and fever, and the

prostaglandin endoperoxides ( PGG2 and PGH2 ) can also

induce the sensation of pain. Inhibition of the

synthesis of these and other arachidonic acid metabolites

can therefore account for the behaviour of non-steroidal

anti-inflammatory agents such as aspirin, which have

analgesic, anti-inflammatory and anti-pyretic properties.

2.2 Cyclooxygenase

The enzyme prostaglandin endoperoxide synthase

(also known as prostaglandin H synthase or PHS ) has two

separate activities which reside on the same protein:

fatty acid cyclooxygenase and prostaglandin

hydroperoxidase. The cyclooxygenase carries out bis-

dioxygenation of the unsaturated fatty acid, and the

hydroperoxidase causes the subsequent reduction of PGG2

to PGH2 . The primary structure of sheep prostaglandin

endoperoxide synthase has been deduced by cloning and
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sequence analysis of DNA complementary to its RNA (7).

The report in Reference 7 suggests that the enzyme is a

membrane-bound glycoprotein with an Mr of between 67,000

and 72,000. The enzyme contains several hydrophobic

regions and it has been shown to be associated with the

endoplasmic reticulum and nuclear membranes in Swiss

mouse 3T3 fibroblasts.

A homology search of the prostaglandin endoperoxide

synthase in the protein primary structure database has

also recently been carried out ( 8 ) , which revealed that

the N-terminal region of the prostaglandin endoperoxide

synthase shares significant sequence homology with

epidermal growth factor.

It is thought that the native protein is made up of

two subunits of about 70,000 daltons each and both

catalytic activities have been found to require one mole

of haem per mole of synthase dimer. The native synthase

is apparently folded in such a way that only one ( Arg2 5 3)

of the 57 possible tryptic digestion sites can be

attacked proteolytically and the binding of haem then

protects this particular residue ( 9 ) . Cleavage of the

synthase in the protease-sensitive region renders the

enzyme inactive. Hydroperoxide, usually in the form of

the product PGG2 , is required continuously as an

activator to stimulate the reaction.

2.2.1 Inhibition of cyclooxygenase

( The structures of the inhibitors discussed in this

section can be seen on page 14-6 )
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The best known inhibitor of cyclooxygenase is

aspirin, which acts by acetylating a single serine

residue of the enzyme, now known to be residue 506, near

the C-terminus in a hydrophobic portion of the protein

i,7 ) . Many other non-steroidal anti-inflammatory drugs

(NSAIDs ) have characteristic inhibitory effects on the

cyclooxygenase activity but not on the peroxidase

activity of prostaglandin endoperoxide synthase. A model

of the active site has recently been proposed ( 9 ) in

which there is a functional relationship between the

haem-binding site, the protease-sensitive region near

Arg2 5 3 and the cyclooxygenase activity. It has been

shown that both of the synthase activities require the

native structure of the protease-sensitive region to be

retained. NSAIDs which inhibit the enzyme, with the

exception of aspirin, also render the synthase resistant

to attack by trypsin or protein kinase C, and as the two

processes have very similar dose-response profiles, it is

thought that the effect of NSAIDs on access of proteases

to the Arg253 region probably involves their interaction

with a portion of the fatty acid substrate site.

Inhibitors such as indomethacin, meclofenamate and

flurbiprofen are thought to undergo rapid reversible

competitive binding to the fatty acid substrate site,

followed by a slower progressive conversion to the

synthase-inhibitor complex and then to a form which is

irreversibly impaired. Unlike aspirin, this form of

inhibition does not involve any covalent modification of

the enzyme. Other inhibitors such as ibuprofen,
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flufenamic acid and sulindac only act as reversible

competitive inhibitors of arachidonic acid. The model

suggests that the activity of aspirin, which does not

protect the sensitive region and yet causes complete loss

of cyclooxygenase activity, results from a steric

interference which prevents the interaction of

arachidonic acid with a crucial catalytic area of the

synthase. Indomethacin and similar NSAIDs, on the other

hand, are thought to interact with only one portion of

the fatty acid site, which is separate from the site with

which aspirin interacts, and which causes less

favourable binding of arachidonic acid and a slower

cyclooxygenase reaction. This theory is in keeping with

previous work ( 10 ) which suggests that all non¬

steroidal anti-inflammatory drugs studied react with a

common site on platelet cyclooxygenase which is distinct

from, but related to, the catalytic site. The report in

Reference 10 shows that administration of salicylate,

which is a weak inhibitor, or administration of very low,

ineffective doses of diflunisal or sulphinpyrazone { also

examples of NSAIDs ) can prevent the inhibitory effect of

aspirin on cyclooxygenase. The Arg253 region is thought

to hold the hydroperoxide, haem and fatty acid binding

sites in the correct orientation to permit catalysis.

Figure 2.2 shows the suggested model of the prostaglandin

endoperoxide synthase active site showing:

a) binding of arachidonic acid and haera

b) the binding sites of indomethacin and aspirin



c) indomethacin-impaired synthase, showing less

favourable binding of arachidonate.

Previous models which have been suggested to explain

the competitive inhibition of cyclooxygenase by NSAIDs

include one by Gund and Shen in 1977 ( 11 ). Although

this model assumes that the drugs bind at the same site

as arachidonic acid, it is still useful for the

comparison of indomethacin and its analogs, and it also

gives some insight into the steric requirements for the

formation of the cyclic endoperoxide. The model suggests

a carboxy binding centre next to a wide hydrophobic

binding region and lower down, a hydrophobic groove with

i-electron acceptor regions which bind the 08, 611 and

614 double bonds ( see Figure 2.3 ). Hydrogen

abstraction of the pro-S hydrogen at C-13 is thought to

occur stereospecifically from underneath, followed by

topside allylic addition of 1 molecule of oxygen. The

formation of the peroxy radical is followed by ring

closure at C-9 to give the endoperoxide and a further

ring closure at C8 and C12 to give the usual

prostaglandin 5-membered ring. Indomethacin and its

analogs are thought to act as competitive inhibitors by

fitting on to the same receptor site model in the

following way:

a) coulombic or hydrogen bonding to the carboxylic

acid group of the drug

b) hydrophobic binding to the indole ring

c) the 68 double bond electron-accepting group

binding to the indole nitrogen
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d) the aryl group fitting into the hydrophobic

groove

As indomethacin is now thought to interact with only part

of the fatty acid binding site, the model suggested by

Gund and Shen may be only partly true. For example the

carboxylic acid group and the indole ring could be the

only moieties which overlap with the fatty acid active

site .

Another model was suggested by Appleton and Brown in

1979 ( 12 ) which suggested that the peroxy radical

formed from arachidonic acid in the active site should be

in a conformation which would allow cyclisation with

minimal change in the orientation of the side-chains.

They suggested a 'looped' chain and discussed various

acidic NSAIDs which were accommodated by this template,

with particular reference to 2(S)-(3-chloro-4-

cyclohexylphenyl)propionic acid as a cyclooxygenase

inhibitor.

One major difference between the two models is that

the latter suggests that one of the carboxyl oxygen atoms

of the acidic NSAID would interact with the part of the

enzyme active site which accepts the peroxy oxygen atom

(attached to C-ll of the arachidonic acid chain ) rather

than with the site which attracts the arachidonate' s own



carboxv group. Inhibitors such as ketoprofen, ibuprofen

and naproxen all fit well with this model because the

(S)-methyl substituent of each could be accommodated in a

'groove' in the enzyme which is thought to accept the

segment of arachidonate in the region of carbon 7.

Other examples of inhibitors include unsaturated

fatty acids with acetylenic linkages, which are closely

related to the substrate and have comparable affinity for

the enzyme e.g. 5,8,11,14 eicosatetraynoic acid ( ETYA }

and the 8,11,14 triynoic analog. These act as

irreversible competitive inhibitors as hydrogen

abstraction from the necessary carbon atom is impossible

due to increased unsaturation. Not surprisingly this

kind of compound also inhibits lipoxygenase, which has

the same substrate requirement. Non-competitive

inhibitors also exist which have anti-oxidant properties

and are thought to act by removing the lipid peroxide

which is required . for cyclooxygenase activity e.g.

BW755C, which also inhibits lipoxygenase.

2.3 Lipoxygenase

Lipoxygenases are widely distributed in animals and

plants and they all catalyse the reaction of a polyenoic

fatty acid containing a 1,4-cis,cis-pentadiene system to

form a 1,hydroperoxy-2,4-trans, cis derivative:

<OOH



The most important substrate of animal lipoxygenase is

arachidonic acid and at least three types of human

lipoxygenase are known, which introduce the hydroperoxy

group at different points in the chain: 5-lipoxygenase,

12-lipoxygenase and 15-1ipoxygenase. A well-known

example of plant lipoxygenases is soybean 1ipoxygenase-1

and its best substrate is linoleic acid, which is

oxidised by the enzyme to 13-L-hydroperoxy-9-cis,11-

trans-octadecadienoic acid.

For a long time, plant lipoxygenases received

considerable attention because the mammalian enzymes were

difficult to isolate and purify. In soybean seeds, three

major lipoxygenase isoforms have been identified ( 13,

14, 15 ): lipoxygenases 1,2 and 3, which can be

distinguished by their substrate- and regio-specificity

and pH optima. More recently, deduced amino-acid

sequences have been reported for pea-seed lipoxygenase

isoforms ( 16 ). Plant lipoxygenases contain 1 atom of

tightly bound non-haem iron per molecule, are activated

by product hydroperoxide and have molecular weights in

the region of 95,000 and similar amino acid compositions.

The three soybean lipoxygenases have a highly conserved

region containing a cluster of 6 histidines and 2

tyrosines, which is suggested as a possible iron-binding

region. There is evidence to suggest that the ferrous

iron in isolated lipoxygenase is oxidised to the ferric

form to activate the enzyme and that radical

intermediates play a part in the reaction ( 17, 18 ).



In more recent years, molecular cloning and primary

structures of various mammalian lipoxygenases have been

reported, including 15-lipoxygenase from rabbit

peritoneal polymorphonuclear leukocytes ( 19 ), human

reticulocytes ( 20 ) ana human leukocytes ( 21 ), and

also 5-lipoxygenase from rat basophilic leukemia cells

(22 ) , human lung and placenta ( 23 ) and human

polymorphonuclear leukocytes ( 24 ) . The enzyme 5-

lipoxygenase is of most interest, as it not only

catalyses the formation of 5-hydroperoxy-6,8,11,14-

eicosatetraenoic acid ( 5HPETE ) from arachidonic acid,

but also catalyses the subsequent conversion of 5HPETE to

5,6-oxido-7,9,11,14-eicosatetraenoic acid ( leukotriene

A4 , LTA4 ) . LTA4 can then be metabolised further to

other leukotrienes which have biological activities

relating to hypersensitivity and inflammation. The human

enzyme requires Ca2 + and ATP for maximal activity and it

has recently been shown that calcium induces membrane

translocation of 12-1ipoxygenasee in rat platelets ( 25 )

and that the ionophore A23187 causes translocation of 5-

lipoxygenase to the membranes in human leukocytes ( 26 ) .

These results suggest that lipoxygenase, which is

normally present in the cytoplasm, undergoes Ca2 + -

dependant translocation to a membrane-bound site and that

the membrane-associated enzyme is preferred for the

synthesis of leukotrienes. This is probably because it

has easier access to its substrate, arachidonic acid,

which is liberated from membrane phospholipids, but is

unlikely to diffuse into the cytoplasm because of its



hydrophobic nature. This is in keeping with previous

reports by Yamamoto et al. ( 27 ) who showed that 5-

lipoxygenase and 12-1ipoxygenase were found predominantly

in the high-speed supernatant ( or cytosol fraction )

after sonication and centrifugation of porcine

leukocytes, and suggested that the enzymes were

peripherally bound to membraneous structures within a

cell and were easily dissociated by sonication. Human 5-

lipoxygenase is thought to have 673 amino acids in the

protein chain and a molecular weight of 77,839. Homology

with soybean lipoxygenases, rat basophilic leukemia cell

lipoxygenase and pea-seed lipoxygenase sequences have

been reported ( 28 ) . Between amino acids 546 and 558 of

human 5-lipoxygenase there are 12 of 13 residues

identical in all 6 lipoxygenases, and between residues

351 and 401 there are 5 conserved histidine residues and

6 more conserved acidic and basic residues, which is the

previously proposed iron-binding domain. Within this

domain is a short sequence with homology to the

interface-binding domain of lipases, which could be

involved in arachidonic acid binding.

2.3.1 Inhibition of lipoxygenase

Acetylenic analogs of arachidonic acid that inhibit

cyclooxygenase and other acetylenic analogs ( 29 ) also

competitively inhibit this enzyme as they contain triple

bonds in place of double bonds and so hydrogen

abstraction and subsequent peroxidation cannot occur.

Some structurally unrelated compounds such as

nordihydroguaiaret ic acid ( NDGA ) and phenidone also



inhibit lipoxygenase, but their mechanism of action is

not clear. It is possible that like BW755C ( which

inhibits both enzymes ) , anti-oxidant or reducing

properties are important in their activity. Other

inhibitors of lipoxygenase include benoxaprofen ( 30 )

and 2 , 3,5-trimethyl-6-(12-hydroxy-5,10-dodecadi-ynyl)-

1,4-benzoquinone ( AA861 ) (31 ), whose mechanisms of

action are also not clear.

One particular class of compounds which inhibit

lipoxygenases are the flavonoids. These are a large

group of plant-derived phenolic compounds which are

present in the diet and have low mammalian toxicity.

They have been used for many years as anti-inflammatory

drugs in folk medicine and they are generally thought to

act as scavengers of free hydroxyl and peroxy radicals

and/or as metal-chelating agents ( 32 ) . Other evidence

suggests that their inhibitory potencies may be related

to their structures rather than to their radical

quenching abilities ( 33, 34, 35 ). It has been

suggested that the oxidation potential of an anti-oxidant

used as an inhibitor of lipoxygenase is not related to

its inhibitory potency. Replacement of a flavonoid

hydroxy group in the 'B' ring with hydrogen ( e.g.

apigenin, with a phenol structure ) results in a higher

oxidation potential but a lower inhibitory potency.

Several structural requirements for flavonoids have been

suggested which are thought to enhance their activity as

lipoxygenase inhibitors, such as: having a double bond in

the 2,3 position ( i.e. flavones rather than flavanones
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), having a hydroxyl in the 3 position, having a hydroxyl

in the 7 position, and having a catechol 'B' ring ( i.e.

having 3' and 4' hydroxy groups ).

It is interesting to note that NDGA also has two catechol

rings in its molecular structure. Glycosylation of the 3

position or absence of the carbonyl function at position

4 lowers the inhibitory potency of a flavonoid. The most

active flavonoids so far reported are cirsiliol and some

3-alkyl derivatives of cirsiliol, where the alkyl chain

contains 5 or 6 carbon atoms ( 34, 36 ). These compounds

all have a catechol structure in the 'B' ring, so it

would appear that the vicinal diol structure is necessary

to inhibit 5-lipoxygenase.

Comparing the activities of a variety of inhibitors

of lipoxygenase is difficult in that they are often

measured with different systems, under different

conditions and usually using different types of

lipoxygenase e.g. rat basophilic leukemia 5-lipoxygenase

and fish-gill 12-lipoxygenase. Consequently the reports

of the strength and relative potencies of the various

inhibitors are not always in agreement.

O
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2.4 Involvement of the arachidonic acid cascade with

cancer

There has been a great deal of research in recent

years concerning the role of prostaglandins in cancer,

ever since it was first reported that tumour tissue

produced much larger amounts of prostaglandins than

normal tissue ( 37 ). Increased levels of prostaglandins

or related metabolites have also been found in the blood

or urine of tumour-bearing animals. Furthermore,

prostaglandins and other arachidonic acid metabolites are

known to be involved not only in inflammation, but also

in regulating cell proliferation and differentiation in a

large number of systems. In mouse skin, E-type

prostaglandins turned out to be mediators of hyperplastic

transformation, which is the tissues' general response to

chemical and mechanical injury. Chemical agents which

induce this response include tumour-promoting agents such

as the phorbol ester 12-o-tetradecanoyl phorbol-13-

acetate ( TPA ). They also provoke skin inflammation and

epidermal hyperproliferation, thus prostaglandins have

been implicated in the regulation of tumour growth and

metastasis.

Many authors compare the arachidonic acid metabolic

profiles of tumour tissues with those of normal tissues

(38, 39, 40, 41 ). The involvement of arachidonic acid

metabolism in tumour promotion has, however, mainly been

established by studying the effects of inhibitors of

various parts of the metabolic pathway on promotion and
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on such events as TPA-induced DNA synthesis and ornithine

decarboxylase ( ODC ) activity. It has been suggested

that induction of ODC activity by TPA application to

mouse skin is specific and essential for tumour promotion

and it has been shown that PGE is involved in its

induction { 42 ) . Non-steroidal anti-inflammatory drugs

such as indomethacin could act by blocking

cyclooxygenase activity thus preventing PGE biosynthesis

and blocking ODC induction by TPA. A recent paper by

Furstenberger et al . ( 43 ) showed evidence that

prostaglandins are involved in the conversion stage

(stage 1 of tumour promotion ) and also in the promotion

stage ( stage 2 of tumour promotion). It was suggested

that TPA-induced epidermal DNA synthesis ( a necessary

but not sufficient component of conversion ) was

dependant on PGE2 synthesis, then induction of epidermal

hyperplasia ( a necessary and probably sufficient

condition of promotion ) was also dependant on PGE2

synthesis, and hence papilloma development in initiated

and promoted mouse skin could be slowed down by the

inhibition of cyclooxygenase by indomethacin.

Various inhibitors of cyclooxygenase and/or

lipoxygenase such as indomethacin, flurbiprofen, BW755C,

AA861, ETYA, phenidone and the flavonoids have been

investigated as possible inhibitors of tumour promotion

by various groups ( 44, 45, 46, 47 ). The work presented

here will examine these and other inhibitors of the

arachidonic acid cascade, using quantum chemistry

techniques. In the light of the activity data obtained



21

by various groups, certain properties of the molecules

will be calculated and these will be correlated with

their potencies as enzyme inhibitors. The information

obtained will be used to predict the requirements of

other possible inhibitors of the same enzymes, and hence

should help in the design of better anti-inflammatory

agents and more potent anti-cancer drugs.
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The Arachidonic Acid Cascade
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Figure 2.5

Model of the fatty acid substrate binding site of prostaglandin

synthetase with the structure of an inhibitor, indonetnacin:
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3.QUANTUM CHEMISTRY BACKGROUND

Quantum chemistry methods are now accepted as

important techniques used in the investigation of the

structure and properties of molecules. They are

increasingly being used routinely along with other more

established techniques, such as spectroscopy, in the

study of chemical problems. They can be used to

calculate the properties of molecules which cannot be

studied easily using other techniques e.g. extremely

unstable molecules, or molecules which are dangerous to

handle.

The general theory of quantum chemistry is discussed

in various standard text books ( 48, 49, 50 ), so this

chapter will concentrate on the theories and

approximations which have been used to study the research

problems described in this thesis.

3.1 The Schrodinger Wave Equation

In this thesis, the time-independent form of the

many-electron Schrodinger wave equation will be used, as

we are only interested in the stationary states of

molecules, which have specific, well-defined energies.

The non-relativistic approximation will also be employed,

which is a good approximation in the case of biological

molecules, as they contain only first and second row

elements. Relativistic effects become more important

with larger atoms, when the velocities of the inner shell

electrons approach the speed of light.
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Solving quantum chemical problems using these

assumptions thus involves finding solutions to the time-

independant non-relativistic Schrodinger equation:

IH $ = E $ ( Eq. 1 )

in which $ is the wavefunction which fully describes the

state of the system. The absolute square of the

wavefunction ( <£* <l> 6T ) is interpreted as measuring the

probability of the particle being in the infinitesimal

volume element <iT. This is known as the Born

interpretation. The operator, IH, is the Hamiltonian

operator and the associated eigenvalues ( E ) are the

quantum mechanically allowed energy levels of the system.

The Hamiltonian can be described by the following

equation, which is in atomic units ( see Appendix A ):

M
, M N M w N MM

IH = - 2 Vi-2 \/k-2Z Za_ + 2 2 J_ + 2 2 Za Zb
2 a;l 2ma. 1 * ria n j ~ " Rab

(Eq. 2)

and where

N = total number of electrons

M = total number of atoms

^vi = Laplacian operator for electron i

Va = Laplacian operator for nucleus a

ma = mass of nucleus a

rij = distance between electrons i and j

ria = distance between electron i and nucleus a

rab = distance between nuclei a and b

Za = atomic number of nucleus a

The first and second terms correspond to the kinetic

energy of the electrons and nuclei respectively. The
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third term is the attraction between the electrons and

the nuclei and the last two terms are the electron-

electron repulsions and the nuclear-nuclear repulsions

re spec tively.

3.2 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation relies on the

very large difference in mass between the electrons and

the nuclei, which means that the nuclei move much more

slowly than the electrons. We can therefore consider the

nuclei to be 'frozen' in a particular molecular

conformation and the electrons to move in the field of

the fixed nuclei. Thus in (Eq. 2) the kinetic energy

term for the nuclei can be neglected.

3.3 Slater determinants

To completely describe an electron, it is necessary

to specify its spin, because an electron has an intrinsic

angular momentum with quantum number s=l/2. A complete

set for describing the spin of an electron consists of

the two orthonormal functions a(s) and J3(s) i.e. spin up

( f ) and spin down ( 1 ), where s is the spin variable.

We can now consider the individual wavefunctions, or spin

orbitals, of the electrons in a molecule. Heisenberg

showed that the many electron wavefunction must be

antisymmetric with respect to the interchange of

coordinates, q (spin and space ) of any two electrons

i.e. <$ ( qi . . . qi . . qj . . . qn ) = ( qi . . . qj . . qi . . . qn )

(Eq. 3)

The exact electronic wavefunction for the ground and

excited states of an N-electron problem can be written as
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a linear combination of all possible N-electron Slater

determinants formed from a complete set of spin orbitals:

I > = Co I 'J'o i + S Ca | > + 2 Ca b | 4>a b ^ +
r-A « < b

r <. S

r*5 - ( r -s t
£ Ca b c •I'a be >+.... ( Eq • 4 )
< b< c

r < =

By summing over a<b ( all unique pairs of occupied spin

orbitals ) and over r<s ( all unique pairs of virtual

spin orbitals ) , we are including all the unique doubly

excited configurations in the expansion. Similarly the

triply and higher excited configurations are included,

giving an infinite expansion, in which the importance of

singly, doubly, triply, quadruply...ntuply excited states

diminishes in this order. Each 4>i corresponds to a

different configuration of spin orbitals and the exact

energies of the ground and excited states of the system

are the eigenvalues of the Hamiltonian matrix, which is

formed from the complete set of <J>i . The lowest

eigenvalue of the Hamiltonian matrix, denoted by 60, is

the exact non-relativistic ground state energy of the

system within the Born-Oppenheimer approximation.

The complete solution to the many-electron problem

cannot be implemented in practice because we cannot

handle infinite basis sets, hence we use a finite set of

spin orbitals, which gives a finite set of possible

configurations. The exact non-relativistic Born-

Oppenheimer wavefunction is approached as the size of the

basis sets increases. Even for calculations on small

molecules, using minimal basis sets, the number of

determinants that must be included in a full

configuration interaction ( CI ) calculation is extremely
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includes only a small fraction of the possible

configurations.

The simplest antisymmetric wavefunction which

can be used to describe the ground state of an n electron

system is a single Slater determinant, which is

antisymmetric with respect to the exchange of space or

spin coordinates of the electrons. In this thesis, only

closed-shell systems are being considered, so each

orbital is doubly occupied. The determinant can be

represented by its principal diagonal as shown below:

<E> = ( n ! ) - 1 / 2 J 01 ( 1 ) 01 ( 2 ) . . ... 0n / 2 ( n-1 ) On / 2 ( n )
( Eq. 5)

where Ou(1) is a one-electron molecular spin orbital for

electron 1 of spin a, and 0^(2) is a one-electron

molecular spin orbital for electron 2 of spin 0. (n! )- 1 / 2

is the normalisation factor, where n is equal to the

number of electrons in the molecule. The Slater

determinant takes into account the indistinguishability

of electrons by not specifying which electron is in which

orbital, but allowing any one electron to occupy any one

of the orbitals.

3.4 The linear combination of atomic orbitals method

The work presented in this thesis uses the linear

combination of atomic orbitals molecular orbital ( LCAO-

MO ) approach, in which each electron is described by a

normalised molecular orbital constructed from a linear

combination of atomic orbitals, or more usually, of basis

functions, :
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<3\i = E CpiXp p=l,2 . . . k ( Eq . 6)

Other methods are also available to
. describe the

orbitals, one example being the valence bond method.

This uses atomic or hybrid orbitals to build up the

molecular wavefunction, which is covalent and can be

improved by introducing ionic terms etc. The main

problem with methods other than the LCAO-MO method is

that the orbitals are not orthogonal, therefore the

calculations are very complicated mathematically. For

this reason they will not be used here.

3.5 Minimisation of the energy and Hartree-Fock theory

Solving a quantum mechanical problem involves

determining the wavefunction, , and evaluating the

energy, E, in the Schrodinger equation. Multiplying both

sides of (Eq. 1) by the complex conjugate of the

wavefunction and integrating over all space, gives the

average or expectation value of the observable ( E ) ,

also known as the Rayleigh ratio:

E = | 1H <D JT (Eq. 7)
j $ JT

If we use a single Slater determinant to describe the

ground state of an N-electron system, the variation

principle states that the best wavefunction of this

functional form is the one which gives the lowest
A/

possible energy and any guess at the wavefunction, <!>,

will always correspond to an energy, E', which is higher

than the true energy. Since iH is a Hermitian operator,

the eigenvalues are real and the corresponding

eigenfunctions are orthonormal.
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The electronic part of the total energy can be

separated into different terms, and by assuming the

monoelectronic molecular orbitals are normalised, real

and orthogonal to each other, we can obtain the following

equation, in the case where <E> is a single determinant:

E = 2 2 Hij + 2 ( 2 Ji j - Ki j ) (Eq. 9)
• i i i

where, providing the Oi are assumed to be real functions:

Hij = f 0i ( -Vi - I Za ) 0j JT
J 2 ria

Ji j = ("(" 0i (1) 1 Oj (2) dT
ri 2

Ki j = r\0i(l)0j(2) J_ 0 j ( 1 ) 0 i ( 2 ) dT
ri 2

( \L«.\Q

these being, respectively, the kinetic energy of the

electrons plus the nuclear-electron attraction terms, the

coulombic repulsion terms, and the exchange repulsion

between electrons of like spin, which arises from the

anti-symmetry principle.

By minimising E with respect to the choice of spin

orbitals, we can derive equations, which will give the

best possible spin orbitals, within the approximations

used. This is achieved by substituting the molecular

orbitals by their linear combinations of basis functions

(Eq. 6) and then minimising the energy with respect to

each of the coefficients ( ^E/^Cni =0 ). This gives a

set of equations known as the Roothaan-Hall equations

(51, 52) which are of the form:

2 FuvCv i = Si 2 S|jv Gv i i = l , 2 . . . . k (Eq. 11)



where Si are the molecular orbital energies, Suv is the

overlap matrix of the basis functions, and Fuv is the

Fock matrix, which contains the following elements:

FUv = Cz CuiXu (-Vi - Z Za ) Z Cui^u «*T
J ^ W —— M

2 Ti a

+ Z Z Puv ((%u2(l) 1 9C V2 ( 2 ) AT
^ J ri 2

- _l_r /Cn ( 1 )%v { 2 ) J_Xu(2)^v(l) AT )
2 J n 2

( Eq. 12 )

Puv is the electron distribution matrix or density matrix

and is equal to 2 Z CuiCvi . Equation 11 leads to the
uv

following secular determinant:

| Fuv - GiSu v | = 0 (Eq. 13)
which can be solved only by evaluating the Fock matrix

elements, which are themselves functions of the unknown

coefficients. For this reason it must be solved in an

iterative fashion, called the self-consistent field

method (53).' The procedure begins with the assumption of

an initial charge distribution and the determination of

an initial set of Puv values. The Fock matrix elements

are then calculated and the secular determinant is solved

to give approxiamte molecular energies, Si , and molecular

orbitals, 0i . The resulting coefficients are then used

to obtain a new set of Puv values and the whole procedure

is repeated until self-consistency is reached. The

Slater determinant thus formed for the occupied orbitals

is the best possible single determinant approximation to

the ground state. In order to get mathematically 'exact'

Hartree-Fock spin orbitals we would need to use an

infinite set of basis functions, but in practice we can
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expansion. As the basis set approaches completeness we

approach the well-defined Hartree-Fock limit. Even when

the exact Hartree-Fock energy is obtainable i.e. with an

infinite basis set, there will still be a difference

between this energy and the actual electronic ene rgy of

the molecule, due to the electronic correlation error and

also due to the relativistic error. The true electronic

energy of a molecule can be represented by:

Eel = Eh f + Ecorr + Erel (Eq. 14)

3.6 Basis functions

The hierarchy of self-consistent field solutions is

thus very dependant on the size of the basis set chosen.

A recent review by Davidson and Feller ( 54 ) compares

various different types of basis set. There are many

different basis sets to choose from, which have been

developed by various groups, including Pople's and

Huzinaga's, and also by Dunning and Hay ( 55, 56, 57 ).

Several types of basis functions can be used to build up

a basis set, the most common ones being:

i ) Slater-type functions

These are hydrogen-like, exponential functions which

describe atomic problems well and have the general form:

0sto ae. rn_1e->Sr Yim (Eq. 15)

Where ^ is the Slater orbital exponent and Yi™ are the

spherical harmonics which give the angular dependance.

In practice calculations using Slater-type orbitals are

very complicated mathematically, due to the exponential

functions, and hence they are very time-consuming to use.
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ii) Gaussian basis functions

These were proposed by Boys in 1950 (58) and are of

the form:

0g t o <x x1 ym zn e"ar2 (Eq. 16)

where a is the Gaussian orbital exponent which determines

the diffuseness or 'size' of the basis function. The

product x1 ym zn represents the angular distribution of the

function. They can be evaluated very quickly because

integrals involving 3 and 4 centres, which are normally

very difficult to calculate, can be replaced by two-

centre integrals. This is because the product of 2

gaussians on centres A and B is another gaussian centered

on a line joining A and B. Hence the number of integrals

to be calculated is increased, but they can be evaluated

more easily. Unfortunately Gaussian functions fall off

too quickly with r and have zero slope at r=0 , and hence

do not describe atomic wavefunctions as well as Slater

functions. Slater functions describe exactly the

qualitative features of hydrogen atomic orbitals e.g. the

exact solution for the Is orbital of the hydrogen atom is

the Slater function (tc )~1/2e"r. Gaussian functions are

therefore not optimum basis functions, but on the other

hand they can be calculated rapidly and efficiently. For

this reason, it is common to use as basis functions fixed

linear combinations or .'contractions' of primitive

Gaussian functions:

Aii ( r) = 2 dnii An ( anu, r ) (Eq. 17)
n -1

where L is the length of the contraction and dn u is the

contraction coefficient. Each normalised primitive
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Gaussian function , Xn , has a functional dependance on

the orbital exponent, anu • By choosing the contraction

length and coefficients carefully, the contracted

v"*Gaussian basis function X. u can be made to fit any

functional form desired. In this way we can obtain basis

functions that are approximate atomic Hartree-Fock

functions, Slater-type functions etc., while still

evaluating' the integrals easily, us ing only primitive

Gaussian functions. In the GAUSSIAN set of programs,

STO-NG basis sets are often used, which fit a Slater type

orbital to a linear combination of N=l,2,3... primitive

Gaussian functions. The fitting procedure is a least-

squares method and the overlap between the functions is

maximised. An improvement of the fit to the Slater

function is obtained by increasing the number of

Gaussians in the contraction. Standard exponents can be

used, which are the average values of exponents optimised

for a set of small molecules (59). Alternatively, the

exponents can be optimised in each calculation, but this

method is not practical for large molecules. It is more

common to use exponents obtained by minimising the energy

of a calculation on each isolated atom using the same

basis set. This can be illustrated with s-type basis

functions for hydrogen. Huzinaga has determined the

coefficients and exponents of various Gaussian expansions

containing up to 10 s functions {56 ) , that minimise the

energy of a hydrogen atom. One such basis set contains 4

functions of ' s' symmetry, from which he derives a

contracted set by using the 4 functions as primitives and



36

contracting them to reduce the number of basis functions.

This can be done in several ways, the most usual one

being to leave the most diffuse primitive uncontracted

and to contract the remaining 3 into one basis function,

with contraction coefficients equal to the SCF

coefficients found for the uncontracted basis set. This

is an example of a (4s)/[2s] contraction. Similarly,

Huzinaga's (9s5p) uncontracted basis sets with optimised

exponents for the elements Li to Ne can be contracted to

a [3s,2p] basis set.

Minimal basis sets are relatively inexpensive and

can be used for calculations on large molecules - they

have the least number of functions per atom needed to

describe the occupied atomic orbitals. In fact, five

functions (1s,2s,2px,2py,2pz ) are needed to constitute a

minimal basis set even for Li and Be, even though the 2p

orbital is not occupied. The STO-NG method and fitting

procedure involves the sharing of exponents in the

2sp,3sp... shells, which means that the exponents for 2s

and 2p are fixed at the same value and can be treated

together, leading to considerable efficiency in the

integral evaluation.

In a double-zeta basis set, two functions are used

in place of each of the minimal basis functions, usually

with orbital exponents slightly above and below the

optimal exponent of the minimal basis function. Split-

valence shell basis sets are commonly used in which the

inner shells, which contribute least to the chemical

properties, are described by a single function, whereas
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the outer valence shells are described by 2 functions, as

for a double-zeta basis set. An example of a split-

valence bas is set is the 4-31G basis set in which the

valence basis functions are contractions of 3 primitive

Gaussians and 1 primitive Gaussian, and the inner shell

functions are contractions of 4 primitive gaussians. The

basis is not fitted to a Slater function, as for ST0-3G,

but the contraction is chosen and then the energy of an

atomic calculation is minimised by varying the

contraction coefficients and exponents.

The basis set can be improved further by adding

polarisation functions i.e. adding d-type functions to

first row atoms and p-type functions to hydrogen e.g.

Pople's 6-31G* basis set, in which the inner shell

functions are described with a contraction of six

primitive Gaussians and the valence basis functions are

contractions of three primitive Gaussians ( the inner

function ) and one primitive Gaussian ( the outer

function). The work presented here, however, will mainly

involve minimal and split-valence basis sets.

3.7 Potential Energy Surface searching and geometry

optimisation

For different arrangements of the nuclei, the

electronic wavefunction is a different function of the

electronic coordinates. By repeating the calculation of

the electronic wavefunction for different nuclear

coordinates, we obtain a potential energy surface for the

total energy, where the total energy must include the

nuclear-nuclear repulsion:
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Et o t — Ee 1 e c + Z 2 Za Zb
Ra b

(Eq. 18)

The nuclei in the Born-Oppenheimer approximation move on

a potential energy surface obtained by solving the

electronic problem. In the case of a diatomic molecule,

it is a two-dimensional surface because the energy only

depends on one parameter i.e. the bond length ( see Graph

below ):

Et o t ( Ra )

\

[Ra ]

However, for polyatomic molecules the geometry is

conveniently described in terms of 3N-6 internal

coordinates i.e. bond lengths, bond angles and torsion

angles and this results in a 3N-6 dimensional surface

(where N is the number of atoms ) . We are interested in

stationary points on the surface where the gradient is

zero i.e. 3e/c)Ra = 0. The negative first derivatives of

the energy with respect to the nuclear coordinates

correspond to the forces on the atoms and the stationary

points on the surface correspond to different equilibrium

conformations and transition states. Minima on the

surface are of particular importance because they usually

correspond to stable structures. In addition, a minimum

corresponds to a point having positive curvatures ^£/&Ra

> 0 for all variables, whereas a maximum has ^E/^Ra < 0.



Saddle points frequently correspond to transition states

for a chemical reaction and they have one negative

eigenvalue of the Hessian matrix ( second derivative

matrix ) and the rest positive. This is because any

displacement from this point on the surface increases the

value of the energy for every displacement but one, for

which the energy is decreased. Geometry optimisation

programs can locate all of these stationary points, but

care is needed, because if the symmetry is constrained,

local minima may be found. It is very difficult to

locate the global ( i.e. the lowest ) minimum unless the

starting geometry is reasonable.

During the 1970s, the analytical calculation of the

first derivatives of the energy of molecules first became

practical and efficient for ab initio molecular orbital

methods (60). Energy gradients were initially used to

calculate vibrational force constants (61), however

geometry optimisation has now become the most widespread

application. The problem of geometry optimisation

involves finding local minima on the many-dimensional

potential energy surface. Axial iteration or univariant

techniques involve choosing a reasonable starting

geometry and then minimising the potential energy

function with respect to each internal degree of freedom,

until no further improvement is found. However, this

becomes more complicated and time-consuming as the size

of the molecule increases, hence other methods have been

devised. The variable metric minimisation methods are

particularly useful methods, which generate improved
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geometries Xn + 1 from old geometries Xn using the

recursive equation:

Xn +1 = Xn — an An gn ( Eq . 19)

where gn is the energy gradient. The scalar, an, and the

symmetric matrix, An, can be determined in different

ways. If An is set as the inverse of the matrix of

second partial derivatives ( the Hessian ), this is known

as the Newton-Raphson equation. Either numerical or

analytical gradients are used to approximate the inverse

of the Hessian, then the equation is used to determine

the step direction q = Xn + l - Xn to the nearest minimum.

The inverse Hessian determines how far to move along a

given gradient component of gn and how the various

coordinates are coupled. The step is scaled by the value

of an . Methods which use this equation are known as

quasi-Newton update procedures:

i) the steepest descent method fixes An to be the

identity matrix and varies an to minimise the energy at

each step. The process is repeated by replacing Xn with

the Xn+l found and so on.

ii) the most popular quasi-Newton update procedures

used are the Murtagh-Sargent variant of the Davidon-

Fletcher-Powell method ( 62 ) and the Broyden-Fletcher-

Goldfarb-Shanno ( BFGS ) algorithm ( 63 ) , used in MOPAC

5.0. The Murtagh-Sargent method ( 64 ) initially

follows the steepest descent method with half-steps, then

An is set to the identity matrix and updated, while an

is set to 1 each time unless the calculated energy

increases, when it is halved and the step is repeated.



This method always obtains a stationary value of E within

m+1 steps , where m is the number of variables. The

geometry has converged when various tests on the maximum

and r.m.s. gradients and changes in geometry have been

passed. The default method used by the GAUSSIAN program

is known as BERNY, which was devised by Schlegel ( 65 )

and also uses the Newton-Raphson equation. It takes the

two lowest energy points and fits a quartic function to

them, with the added constraint that the second

derivative must be greater than or equal to zero, with

the equality holding at only one point, thus giving a

single local minimum. The inverse of the second

derivative matrix is calculated by first diagonalising

the matrix, then the eigenvalues are tested to ensure

that the matrix is positive definite.

3.8 Semi-empirical methods

The work presented in this thesis involves routine

calculations on molecules containing up to 90 or 100

atoms. An SCF calculation with n basis functions will

require the calculation of p one-electron integrals,

where p = n(n+l)/2, and q two-electron integrals, where

q = p(p+l)/2 , so if n=100 we need to calculate, store

and manipulate 2.6 x 107 two-electron integrals. Hence,

for large molecules , ab initio calculations would be far

too time-consuming and expensive to carry out. The

policy adopted here, therefore, has been to use semi-

empirical methods to find the minimum energy

conformations, followed by single point ab initio
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calculations on the optimised geometries to obtain a

better wavefunction, if required. Semi-empirical methods

are extremely useful, because although they are not as

theoretically rigorous as ab initio techniques, by

optimising various adjustable parameters within the

methods they can reproduce important chemical properties.

A comparison of ab initio and semi-empirical methods has

shown that, for heats of formation of systems related to

those for which the semi-empirical methods were

parameterised, the accuracy is comparable with that of ab

initio calculations using quite large basis sets ( 66 ).

Many different semi-empirical methods are available

which use the self-consistent field procedure, one

example being the INDO ( Intermediate Neglect of

Differential Overlap ) method, developed by Pople et al

(67) in which the number of electron repulsion integrals

to be calculated is reduced by using the core

approximation. This considers all the Is shells on the

atoms to be part of an unpolarisable core, then the

valence shells are dealt with explicitly using a minimum

basis set. This method also neglects all integrals

involving differential overlap except for the one-

electron core resonance integrals and one-centre exchange

integrals. Although the core approximation and the

neglect of electron repulsion integrals involving

diatomic differential overlap ( the approximations made

in the NDDO method ) can be justified, the neglect of

electron repulsion integrals involving one-centre overlap

( the additional approximation made in the INDO method )



is rather drastic. Hence, all the methods used in this

work will be based on the more recent NDDO ( Neglect of

Diatomic Differential Overlap ) method, rather than on

the INDO methods such as MINDO/3 ( 68 ), or the ZDO

(Zero Differential Overlap ) methods such as CNDO ( 69 ).

The first of the methods employed in this work is MNDO

(Modified Neglect of Diatomic Overlap ) developed by Dewar

( 70 ). Dewar's methods are designed to give good

optimised structures, heats of formation and relative

stabilities, whereas Pople's methods are designed more to

reproduce ab initio results. The work presented here

follows Dewar's approach, which is more applicable for

this kind of work, in which finding the correct relative

stabilities of molecules is more important than finding

exact energies. MNDO was first introduced as a

reparametrisation of NDDO for hydrogen, carbon, nitrogen

and oxygen. In the NDDO approximation the Roothaan-Hall

equations can be written:

2 ( Fjiv — Gibnv ) Cvi — 0 (Eq. 20)

where Si is the eigenvalue of molecular orbital 0i and

6iiv is the Kronecker delta. The elements of the Fock

matrix, F^v , consist of a one-electron part which is the

core Hamiltonian ( Hpv ) and a two-electron part ( G^v ).

The electronic energy is given by the following equation:

Eel = 1/2 2 2 Pyv ( Hp v + Fp v ) (Eq. 21)

where P is the bond order matrix or density matrix. The

Fock matrix elements, using the NDDO approximation are as

follows:

A

Fun = Uuu + 2 Vuu.b + 2 Pw [(pp,vv) - 1 ( pv , pv ) ]
6 v —

2
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+ 22 Pxo (11, A. a)
6 A &

Fpv = 2 V[i v , b + Pu v [ 3 ( iiv , iiv ) - ( py , vv } ]
8

2
+ 2 2 pxa ( uv,act)

a A, s"
* ®

A
fjjv — bjix — 1 2 2 pv<t ( jiv, a ct )

2 v

where the atomic orbitals CTu and Ov are centred on atom

A, and 0\ and Oo are centred on atom B. The Fock matrix

contains terms such as one-centre one-electron energies

Ujin, one-centre two-electron coulomb repulsion integrals

giiv = (pii,vv) and exchange integrals hp v = (yv, yv) , and

two-centre one-electron core resonance integrals (yv,Act).

The total energy of the molecule, Etot, can be calculated

by adding the core-core repulsions to the electronic

energy and the heat of formation can be found using the

following equation:

AHf = Etot - 2 Eel + 2 AHf (Eq. 22)
A A

where:

Eel = the electronic energies of the atoms in the

molecule

^Hf = the experimental heats of formation of the

individual atoms

The various terms in the Fock matrix are found from

experimental data, or from expressions containing

numerical parameters which are adjusted to fit

experimental data. For a given choice of functions, the

parameters are determined by a nonlinear least-squares

optimisation procedure, based on an algorithm devised by

Bartels. The optimum values of a set of parameters X*

(k = 1,2...K ) are found by fitting the measured values Yi
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( 1 = 1,2...L ) of L properties of the M molecules in the

basis set. This is achieved by minimising the sum ( Y )

of the squares of the weighted errors, Yi , in the

calculated values:

Y = Z ( AYi )2 = Z [ Yi(calcd) - Yi(obsd)]2 wi
M t=i

(Eq. 23 )

where wi is a weighting factor.

The semi-empirical values for gpv and hpv are lower

than analytical values because of the coulombic

correlation between the electrons which decreases their

repulsion. By using experimental data, we are

automatically including to a certain extent the effects

of electronic correlation. In a single-determinantal

molecular orbital approach using ab initio methods the

electron correlation of electrons with anti-parallel spin

is neglected, unless specifically included using methods

such as configuration interaction ( CI ). For this

reason the two-centre repulsion integrals are calculated

using a semi-empirical model which also takes correlation

effects into account. They are expanded in terms of

semi-empirical multipole-multipole interactions. The

parametrisation procedure used for MNDO involves

Bartel's non-linear least-squares procedure which chooses

an initial search direction, which is refined by

successive iterations and does not require the

calculation of derivatives.

The second method used in this work was AMI ( Austin

Model 1 ) ( 71 ) which was developed to overcome specific

weaknesses in the MNDO method. The problems of MINDO/3



involving heteroatoms were previously overcome by MNDO,

by no longer neglecting all of the one-centre overlaps,

but this was at the expense of certain other weaknesses.

These included a failure to reproduce hydrogen bonds,

energies that were too positive for crowded molecules

such as neopentane and too negative for ones containing

4-membered rings, and activation energies that tended to

be too large. Most of these weaknesses were caused by

the same problem, that MNDO tended to overestimate the

repulsions between atoms when they were at approximately

the sum of their Van der Waal's distance apart. The

problem was overcome by modifying the core repulsion

function ( CRF ) . Two methods were used to modify the

CRF and reduce the excessive repulsions at large

distances. Firstly, one or more attractive Gaussian

functions were added and centred on the region where

repulsions were excessive. Secondly, repulsive Gaussians

were centered at smaller internuclear separations, and

the overall effect was to reduce the main term in the

core repulsion expression and hence to reduce the

repulsion at larger internuclear separations. Only

repulsive Gaussians were needed for oxygen, but for

carbon, hydrogen and nitrogen both types of Gaussian were

included. For each choice of Gaussians, a complete

reparametrisation was done, and in most cases better

minima were found, corresponding in particular to

different orbital exponents, which have a large effect on

activation barriers. Comparison of the heats of

formation of standard test molecules with experimental



47

values showed that the AMI values were a major

improvement over the MNDO values in the treatment of

crowded molecules and of molecules containing 4-membered

rings. AMI also performs better for alkenes and

acetylenes, although for n-alkanes,the CH2 - increment is

in error by about -7.9 kcal/mol. The AMI values for

nitrogen compounds are, in most cases, better than those

from MNDO, but the errors for oxygen-containing compounds

and diatomic molecules were not greatly improved. AMI

predicts hydrogen-bonding much better than previous semi-

empirical treatments, but they are still too weak. The

AMI first ionisation energies estimated using Koopmans'

theorem and also the dipole moments show better agreement

with experiment than the MNDO values.

The final semi-empirical method used in this work

has only recently been developed by Stewart. It is known

as PM3 ( 72 ) or Parametric Method 3 and contains a new

and completely general optimisation procedure for

parametrising semi-empirical methods. It also includes

the second term in the nuclear-nuclear repulsion energy

expression, introduced by the AMI method. All previous

methods were only initially optimised for the parameters

of elements such as hydrogen, carbon, nitrogen and

oxygen. Any later parametrisations were done keeping the

parameters for the earlier elements constant. Twelve

parameters were used per element within MNDO, but five of

these were assigned values determined from atomic

spectra. For AMI, as many as twelve more parameters were

introduced, by assigning up to four extra gaussians per
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atom to correct the core-core interaction, so a maximum

of 19 adjustable parameters could be used. The PM3

method uses 11 parameters for hydrogen and 18 parameters

for all other elements, and these were determined in a

more consistent way by optimising them all at the same

time. In the PM3 method use is made of the fact that

over a sufficiently small domain, the calculated values

of properties depend linearly on the values of the

parameters used, so the calculated properties can be

approximated by a sum of constants multiplied by

parameters. Parametrisation is carried out in order to

reproduce experimentally observed values of properties,

so these values are represented in the optimisations by

dimensionless reference functions. The parameters are

adjusted to minimise the square of the difference between

the calculated and experimental reference function.

A full MNDO calculation involving SCF calculations

and, in some cases geometry optimisations, should be

carried out when modifying parameters. Hence it is more

convenient to represent the MNDO equations in a simpler

form and to use this for all operations involving

parameter modification e.g the dependency of reference

functions which are derived from heats of formation can

be represented by a summation of the parameters

qi ( AP) =ci + 2 2 ai j k A Pj (Eq. 24)
j K

where:

qi = reference function

ci = calculated heat of formation
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APj = difference in parameter j between the point at

which qi was evaluated using MNDO, Pj , and the current

value of Pj , i.e. APj = Pj - Pj

This power series can be truncated if only small changes

in parameter values are being considered

qi ( aP ) = ci + I ai j APj (Eq. 25)
J

Each simplified reference function gives rise to a vector

which defines a point in parameter space. Although, in

principle, n reference functions would be sufficient to

define the values of a set of n parameters, in practice

many more are needed. The error function, S, is the sum

of the squares of the differences between calculated

values for the reference functions:

S = 2 ( qiealc _ qi e x p ) 2 (Eq. 26)

The parameter set is optimised when S is a minimum

and this is achieved by using the DFP ( Davidon-

Fletcher-Powell ) technique of function optimisation.

3.9 Information obtained from calculations

Once the wavefunction for a molecule has been

determined, and a reliable geometry obtained, a vast

quantity of information about that molecule is available

to us, the most obvious example being the value for the

energy, which is obtained using the Hamiltonian operator.

Each observable corresponds to an operator, which can be

used to obtain information about the system. The mean

value of the observable 0 is equal to the expectation

value of the corresponding operator 0:

< 0 > = 0 $ AT (Eq. 27)

<5* $ dLT
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For example, the electric dipole moment can be calculated

using the electric dipole moment operator:

pe = e 2 Za Ra - e Z rk (Eq. 28)
A

A

where Za is the atomic number of nucleus a, and Ra and rk

are the positions of the nuclear and electronic charges

respectively. The expectation value in this case is that

of a sum of one-electron operators. Other one-electron

properties include the polarisability and the diamagnetic

susceptibility. Operators which depend on more than one

electron at a time are used to calculate properties such

as dipole-dipole interactions. These are more difficult

to evaluate, because the operator depends on the position

( or momentum ) of two electrons at the same time, and

the summation must be over all unique pairs of electrons.

Further information can be obtained in a different

way, by studying the second derivative, or Hessian,

matrix. As previously mentioned, the second derivatives,

or force constants, can be used to characterise

stationary points. The diagonalisation of this matrix

also gives the vibrational frequencies,V,, which can be

compared to experimental values. To describe this in

more detail, we first consider the equation describing

the nuclear motion:

[ Z —^ + V ( Rl .... Rm ) ] u c 1 = En u c 1 "Jn u c 1
2 ma

(Eq. 29)

where En a c is the energy of the nuclear motion. The

potential V( Ri...Rm ) consists of the quadratic terms in

a power series expansion of E( Ri . . . Rm ) about the

equilibrium position. The first term of this is a



constant and the second is zero for a stationary point ,

because <3E/3Xi = 0, so if all terms higher than second

order are ignored the potential is a quadratic function

of the nuclear displacements Xi:

JL Z FijAXiAXj = V (Ri...Rm) (Eq. 30)
2

where the force constants Fij are given by:

Fij = d2 E
dXi dXj

which is known as the harmonic approximation. A

transformation to mass-weighted coordinates followed by

rotation of the coordinates to coincide with the

principle axes of the quadratic form, gives an expression

for V containing only squared terms:

V = 1 S Xi Qi (Eq. 31)
2~

where Qi are 'normal' coordinates and the force constants

are . For a non-linear polyatomic molecule there are

six A.i with value zero, which correspond to the three

translational motions and three rotations of the entire

molecule.

Further information can be obtained from the

wavefunction by using Koopmans' theorem, which states

that the occupied orbital energies, €a , can be used to

predict ionisation potentials. The values of -£a are

used as an approximation to the ionisation potentials

found from photo-electron spectroscopy.

Mulliken's population analysis (73) is another

useful method, which gives the charge distribution in

terms of the atomic orbitals. We refer to the

'population' rather than to the occupancy of a set of



atomic orbitals, because although the molecular orbitals

are always doubly occupied in a closed-shell system, the

atomic orbitals have various fractional occupancies.

Using the LCAO method, squaring and integrating over all

space, we can obtain the following equations:

Oi = S 2 X j /k CjiCki (Eq. 32)
J *

Ni = Ni S S CjiCki |7.j Xk AT (Eq. 33)
J K J

Summing over all occupied molecular orbitals we get:

N = S 2 Sjk ( S Ni CjiCki ) (Eq. 34)
J * '<■

where N is the total number of electrons, Sjk is the

overlap integral ( jOCi7C k AT ) and Ni is the orbital

occupancy or 'orbital population'. Using the fact that

Ni =2 for all occupied molecular orbitals in a closed

shell system and using the definition of the density

matrix, Pij, we can obtain:

N = 2 2 2 Pi j Sj i = 2 (PS)ij (Eq. 35)

The diagonal elements of the population matrix, (PS)ii,

represent the 'atomic charge' (Sii=l) in units of number

of electrons, and the off-diagonal elements are related

to the idea of 'bond order'. To find the number of

electrons associated with a particular atom, we can sum

over all the basis functions centred on that atom:

NA = 2 (PS)ij (Eq. 36)

This actually consists of a valence population ( the sum

of all the fractions) plus an atomic population, and the

net charge on the atom is given by:

qA = Za - NA (Eq. 37)

where Za is the charge on nucleus A. Although Mulliken

population analysis is the most popular method, other



methods are available, for example Lowdin population

analysis, which uses a similar equation and takes the

diagonal elements of P':

N = 2 ( S1/2 P S1/2 )„n = 2 Pun' (Eq. 38)

where P' is the density matrix in terms of a

symmetrically orthogonalized basis set. These population

analyses are very useful when comparing different

molecules, providing the same type of well-balanced basis

set is used for each molecule. The calculation of

Mulliken charges is of particular interest in this work,

as they have been used to calculate the electrostatic

potential, which is described in the next section.
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4. ELECTROSTATIC POTENTIAL

The wavefunction obtained from an ab initio or semi-

empirical calculation on a molecule can be used to

calculate useful one-electron properties such as electron

density and electrostatic potential. The electrostatic

potential and the electron density are real, physical

properties of molecules which can be determined

experimentally by X-ray or diffraction scattering

techniques. X-ray diffraction directly explores the

electron density, because it is the electrons of the

target material which scatter the photons. For this

reason, calculation of the electron density or

electrostatic potential of molecules would seem to be a

useful and practical procedure.

The molecular electrostatic potential ( MEP ) is a

rigorous quantum mechanical property, which is defined as

the expectation value of the one electron operator r~ 1 .

It describes the electrostatic potential generated by the

electron charge density plus the nuclei, which are

considered as point charges, and gives a measure at the

first order of perturbation, of the interaction energy of

a molecule with a positive unit charge. The

electrostatic potential at a point, r, in the vicinity of

an atomic or molecular system having an electron density

function yO(r) is' given by the following equation, which
is in atomic units ( see Appendix A ):

r

V ( r ) = g ZA
Ra - r

r- )<Jr' (Eq. 4.1
rr - r



where Za is the charge on nucleus A, located at Ra . The

two terms in (Eq. 4.1) correspond to the nuclear and

electronic contributions respectively. V(r) is exactly

equal in magnitude to the electrostatic (coulombic)

interaction energy between the static charge distribution

of the system and a positive unit point charge located at

r.

There are many different types of interaction

involved in biological drug-receptor complexes. These

include dipole-dipole interactions, polarisation

interactions, dispersion interactions, charge-transfer

interactions, hydrogen-bonding, hydrophobic interactions

and electrostatic interactions. At large separations,

the most important term is of the electrostatic type,

which depends on the coulombic interactions between the

charge distributions of the two species. When the

separation decreases, mutual polarisation of the two

charge distributions can occur and dispersion forces

assume importance. At shorter distances still, exchange

effects can give rise to repulsive forces and charge-

transfer may occur.

The most important term in biological systems is

considered to be the electrostatic interaction energy, as

the electrostatic potential of an inhibitor is thought to

complement that of the enzyme i.e. positively charged

areas of the drug molecule will be 'matched' by the

corresponding negatively charged areas present in the

active site and vice versa. The first step in biological

recognition processes is one in which the receptor or



enzyme 'recognises' that an approaching drug or substrate

has certain key features that will promote their mutual

interaction, and the electrostatic potential created bv

the nuclei and electrons is the potential initially

'seen' by an approaching chemical species.

Various groups have used molecular electrostatic

potentials as descriptors of molecular activities ( 74,

75, 76 ), or in complementarity studies ( 77, 78 ), with

a great deal of success. Of particular interest is the

work carried out by Mehler and Gerhards ( 79 ), who

devised an interaction model for the anti-inflammatory

action of benzoic and salicylic acids and phenols. They

formulated a two-step model leading to the formation of a

complex. Firstly, they suggested an alignment of the

active molecule in the cyclooxygenase binding site,

controlled by the molecular electrostatic potential.

Secondly they proposed a charge transfer or polarisation

leading to further stabilisation. These steps give

qualitative and quantitative relations respectively,

between the structures and the activities, and suggest

that the binding sites of the two classes overlap. See

Figure 4.1. These conclusions were based on the

similarites of the MEPs, the HOMO charge density

distribution, and the relationship between the HOMO

energies and the potencies of the inhibitors. These

values were obtained by performing calculations at the

minimum basis set level, using standard geometries. The

minimum basis sets used were contracted from ( 5s, 2p )

and ( 7s, 3p ) atomic bases for second and third row



atoms, respectively, and Huzinaga's 3s basis for

hydrogen.

Hence, while the use of electrostatic potential as a

measure of drug activity is now well-established, it is

important to bear in mind the fact that the electrostatic

potential of a molecule is only one contributing factor

in its interaction with other entities.

A further point which should be mentioned at this

stage is that no provision has been made for the presence

of a solvent. Although it can be argued that this is a

gross simplification, there is some evidence to suggest

that the interaction of the substrate with the active

site of an enzyme can only occur if all the solvent is

squeezed out (80 ). Hence, any reaction between them is

suggested to occur in the absence of solvent, as it would

in the gas phase. All of the calculations carried out in

the work presented here use the gaseous state and assume

the absence of any solvent.

Calculation of the exact molecular electrostatic

potential ( MEP ) of a molecule requires the calculation

of the molecular electronic wavefunction beforehand.

Using ab initio techniques, the calculation of the MEP is

usually restricted to molecules of moderate size and to

the use of small basis sets, due to the large amount of

computer resources required. Larger molecules can be

studied, however, by using electron charge distributions

derived from semi-empirical calculations, in which the

computation of the wavefunction is less rigorous, and

hence, less expensive. Using CNDO and INDO



wavefunctions, the gross features of electrostatic

potential maps are well reproduced, however some of the

finer features are lost using these methods. MNDO

wavefunctions tend to overestimate the MEP minima depth

by a constant factor, but have been shown to reflect

extremely well the relative variation of MEP energy

minima derived from a 6-31G* basis set (81 ).

The calculation of the MEP of a molecule can be

further approximated by using the atomic multipole model

and describing the electron distribution by using a set

of Mulliken net atomic charges. This is a convenient,

simple and popular method in that the charge distribution

is easy to handle, because the fractional point charges

are located on the atomic nuclei. The equation for the

electrostatic potential using this point charge

approximation thus becomes:

V { r) = Z qa | r - Ra | ~ 1 (Eq. 4.3)

where qA are the Mulliken charges on the atoms ( A=1...M).

Calculation of the MEP in this manner incorporates

certain weaknesses into the model. The main problem is

that the charges cannot represent an inhomogeneous

electron cloud, because the continuous charge

distribution is arbitrarily compressed and assigned to

atomic nuclei, which does not reflect the true situation.

Several authors have suggested new sets of fractional

point charges, in some cases added to a set of Mulliken

ones, to obtain a better fit with ab initio or

'rigorously calculated' electrostatic potentials ( 82, 83),

Other modifications involve incorporating higher



order multipole moments such as dipoles and quadrupoles,

and multicenter multipole expansions ( 84, 85, 86 ). The

atomic charges can be used as an indication of the

susceptibility of a molecule to electrophilic or

nucleophilic attack at certain positions, however the net

atomic charge is not an exactly defined physical property

and cannot be calculated using a quantum mechanical

operator. Mulliken charges are also very dependant on

the basis set used - it is very important to have a

balanced basis set which does not favour any particular

part of the molecule. Hence, it is preferable for our

purposes to use the molecular electrostatic potential,

which gives a more reliable index of activity.

In this thesis, the MEPs have been calculated, for

the most part, using semi-empirically optimised

geometries and Mulliken charges with the point charge

approximation described above. Although this may seem a

drastic simplification of the original equation (Eq.

4.1), work previously carried out in our group showed

that simple point charge MEPs compare well with more

accurate ab initio potentials (87 ). The work presented

here will compare electrostatic potential maps obtained

with semi-empirical or ab initio Mulliken charges, using

the point charge approximation. It will also compare ab

initio 'rigorously calculated' MEPs, using various basis

sets and compare these to simple point charge MEPs.

4.1 3D-Graphics programs

The molecular electrostatic potentials are displayed

using a graphics program which was developed in our



60

laboratory ( 75, 87 ). The original version, 3D1 , was

developed for use with a Tektronix colour graphics

terminal, whereas the second version, 3D2, was developed

to run on our Microvax II/GPX workstation. 3D2 also

incorporates facilities for the direct calculation of the

MEP using the point charge approximation, or like 3D1 it

can simply be used for display purposes by reading in a

formatted input file of the molecular electrostatic

potential. By default, 3D2 calculates the MEP on the

Connolly surface of the molecule, but it can also use any

multiple of the Van der Waals' radii by specifying a

scale factor. The points on the surface are calculated

using the MS program written by Connolly (88 ) , which

calculates a solvent-accessible volume. The point

density can be specified as required, and the program

outputs the coordinates of points on the surface and also

the unit vectors perpendicular to the surface. Using the

3D2 program, the electrostatic potential is then

calculated at each of these points and a small polygon is

drawn on the surface of the molecule with its centre at

that point. The polygons are tilted according to the

unit vectors at each point, and the polygons all overlap

slightly, so a smooth 3-dimensional surface of the

molecule is seen. Each polygon is colour-coded according

to the value of the electrostatic potential at each point

which it represents. A range of 7 contours are used,

giving 8 colours, from the most negative, which is red

(below -0.045 kcal/mol ), to the most positive, which is

blue ( above +0.045 kcal/mol ). If 3D2 is being used for
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display purposes only, a modified output file from

GAUSSIAN ( 80 or 88 ) is read in, which contains the

coordinates and the associated electrostatic potential

value at each point. this file is combined with the MS

program output, to give an 'EPM' ( Electrostatic

Potential Map ) data file containing the X,Y,Z

coordinates, each associated vector, and a number to

represent the colour indices at each point. 3D2 can also

'write out' EPM files for its point charge model MEP

calculations, which can then be stored and recalled at

any time.

The 3D1 program will only run using the Tektronix

graphics processor, using DTI graphics routines, whereas

the 3D2 program uses the UIS workstation software package

to draw and manipulate the images, which is essentially a

library of fast system routines. The 3D2 program has

many other improvements over 3D1, including the fact that

stick pictures of the molecules can be overlaid on top of

the MEPs, however it can only be run on the Microvax

workstation itself. For this reason, it was necessary to

develop a more universal program, which was not

restricted to running on only one type of terminal.

Appendix 6 contains the listing of a program called 3DJ,

which uses GKS graphics routines to display the

electrostatic potential maps of molecules. The GKS or

'Graphics Kernel System' routines are device-independent,

which means that they can be used on almost all graphics

terminals. At present the program is specified to run on

the Microvax workstation, the Tektronix terminal and a
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DEC VT340 terminal. The program is based primarily on

the 3D1 program and is used for display purposes only.

However, it also incorporates a method similar to that of

3D2 , which draws a stick picture of the molecule and

overlays it on top of the electrostatic potential map.

In 3DJ, this is done by first generating an array of atom

connections from the X,Y,Z coordinates read in from the

input file, and using standard Van der Waal s"1 radii to

calculate contact distances between the atoms. Next, the

colour is set according to the atom type and a 'half-

bond' is drawn towards each connecting atom, using the

gksSpolyline routine. The input file, which is an EPM

file generated by 3D2 , also contains the X,Y,Z molecular

surface points, the colour codes and values of the

electrostatic potential at each point and the X,Y,Z

points perpendicular to the surface. The X,Y,Z

orientation of the molecule is requested and read in,

then the SETROT and TRANSF subroutines are used to rotate

the molecule, whereupon it is scaled to fit inside the

window. The coordinates of the screen size are

calculated, then subroutine OCTS calculates the points of

the vertices of each octagon around each surface point

and tilts it according to the perpendicular vector at

that point. The octagons are colour-coded according to

the value of the electrostatic potential at that point

and they are drawn using the gksSfill_area routine.

Unlike either 3D2 or 3D1, a scale is drawn down the side,

to explain the electrostatic potential values of each

contour, then the filename and X,Y,Z rotations are also
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displayed beneath the map, all using GKS routines.

Finally the stick picture is drawn over the map. Figure

4.2 shows 3DJ in operation, using a Microvax workstation

window.

Using the molecular electrostatic potentials

generated by these graphics programs, it is possible to

compare a series of inhibitors and, in some cases, to

rationalise their order of activity. This is done by

comparing apparent areas of importance of the MEPs. for

example it may be that the best inhibitors in a series

all have a strongly negative region in a particular part

of the molecule, which would in each case be attracted to

the same positive region of the active site. Similarly,

a strongly positive region at a certain position in the

same active molecules, situated at a strategic angle or

distance from the previously mentioned negative region,

could also be important for the selective binding of

these molecules. By using arguments of this kind, it is

possible to build up a 'picture' of the minimum

requirements of the MEP for binding to the active site of

a particular enzyme, and also to suggest preferential

groups or particular atoms which enhance the activity of

a molecule further. MEPs are particularly useful, as

they can show that certain different groups give similar

patterns of electrostatic potential and hence can be used

as substitutes to give an alternative inhibitor. These

alternative inhibitors would be similar to the parent

compound, but possibly more active, more easily taken up

into the body or even just more easily synthesised and
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hence cheaper to make. MEPs can also be used to compare

molecules which are structurally unrelated, to see

whether any common patterns can be detected in the

overall shape and electron distribution of the molecules.

In this way, we can rationalise how drugs which are

apparently unrelated can interact with the same active

site of an enzyme, and conversely to suggest how certain

other drugs may act at different sites on the enzyme, if

their MEPs are incompatible. Finally, it is also

possible to examine whether certain drugs are competitive

inhibitors i.e. whether they interact at the same site as

the natural substrate, by simply comparing the MEPs of

the substrate and the inhibitors.

4.2 Similarity Program

It was decided later on in the project that a more

quantitative method was required to compare the MEPs of

the various series of inhibitors of cyclooxygenase and

lipoxygenase. Comparison by eye had already produced a

lot of useful information, but it was apparent that a

numerical evaluation of their similarity would give more

clear-cut results. For this reason, a similarity program

was used, which was written in this laboratory { 89 ), by

developing the ideas of Bowen-Jenkins et al ( 90 ) . The

similarity program calculates the average electrostatic

potential on each atom, then compares the values for the

two molecules in question and gives a similarity index,

which lies between 0.0 and 1.0. The similarity index,

Rab, is calculated using the equation below, which is the



method of calculation of molecular similarity suggested

by Carbo et a.1 ( 91 ) .

Rab = 2 EPMref x EPMtst (Eq. 4.4)

[ 2 ( EPMref )2 l1/2 [ 2 ( EPMtst )2 V2

where:

EPMref = the average electrostatic potential on atom

i of the reference molecule

EPMtst = the average electrostatic potential on atom

i of the test molecule

The specific atoms to be compared are chosen individually

and input into the program, which then gives a breakdown

of the similarity index i.e. for the negative, positive ,

standard deviation and average electrostatic potentials,

and also an overall value, calculated by multiplying all

these values together, to give a lower value. The

program also gives the option of comparing the geometry

of the molecules, but as all of the molecules compared

here were already superimposed using CHEMX, and had

optimised to very similar structures, it was decided to

compare only the electrostatic potential values. The

experimental details of how this was done, and how the

results were treated are explained in the following

sections.
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Figure 4.1 Schematic presentation of proposed binding site ESP and orientation vectors Saa
and phenol are positioned in their assumed binding orientations.



Figure 4.? The GKS program " 3DJ " in operation
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5. COMPUTATIONAL

All of the calculations reported in this thesis were

carried out on our Microvax II GPX workstation, on the

University of St.Andrews VAX ll/785s or more recently, on

our FPS500 mini-super computer. The Microvax is

currently using version 5.3 of the VAX/VMS operating

system and has 370 megabytes of disk space ( two disks

with 140 mB each and one disk with 90 mB ) and 13

megabytes of memory. Our twin processor FPS500 is

currently running version 4.2.25 of the Accel UNIX

operating system and uses both Bourne and C shells. The

vector processor control is via the Vast-II preprocessor.

The FPS has two disks of 700 Megabytes each and 64

megabytes of memory. The university Vax ll/785s usually

have about 10 megabytes each of disk space available to

users and 10 megabytes of memory. The programs used for

the calculations include MOPAC version 5.0 ( 92 ) and

GAUSSIAN 88 ( 93 ) . MOPAC is a general purpose semi-

empirical molecular orbital package for the study of

chemical structures and reactions. In version 5.0, the

semi-empirical Hamiltonians MNDO, MINDO/3, AMI and PM3

are used in the electronic part of the calculation to

obtain molecular orbitals, the heat of formation and its

derivative with respect to the molecular geometry. Using

these results, MOPAC can calculate the vibrational

spectra, thermodynamic data, force constants etc. for

molecules. GAUSSIAN 88 is a connected system of programs

for performing semi-empirical and ab initio molecular
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orbital calculations. It represents further development

of the GAUSSIAN 70, 76, 80, 82 and 86 systems already

published.

The starting structures for the various molecules

were obtained as crystal structures from the Daresbury

data base. Where the crystal structures of molecules

were not available, similar known structures were

modified using the MODIFY option in CHEMX ( 94 ), or the

Zmatrix was constructed from scratch by using standard

bond lengths and angles ( 95 ).

For the semi-empirical calculations using MOPAC,

three separate calculations were done on each molecule,

using the MNDO, AMI and PM3 Hamiltonians. The PRECISE

option was used for all of the calculations, which

increases by a factor of 100 the criteria for electronic

and geometric optimisations. In some cases however, it

was necessary to refine the geometry beyond the normal

limits - this was achieved by lowering the optimisation

termination criteria for gradient and energy minimisation

even further, by specifying the keyword GNORM=0.01.

Using the GNORM keyword is often the best way of

controlling the precision of the geometry optimisation

and gradient minimisation, by specifying a gradient norm

which must be satisfied. Altering GNORM automatically

disables the other termination tests, allowing the

gradient norm to dominate the calculation. The gradient

norm is the scalar of the vector of derivatives of the

energy with respect to the coordinates.
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In the case of difficulty in minimising the gradient

norm, Bartel's method can be used, which is a least

squares gradient minimisation routine, invoked by the

keyword NLLSQ. Convergence in each SCF calculation is

achieved by intrinsic convergence, oscillation damping

and a default three point interpolation of the density

matrix. Difficulties in SCF convergence can be overcome

by using energy level shift techniques or by specifying

the keyword PULAY, which causes the default routine to be

replaced by a multi-Fock matrix interpolation, when the

largest change in density matrix elements on two

consecutive iterations has dropped below 0.1. In most

cases with the molecules studied here, SCF convergence

was achieved with no difficulty at all, and any problems

with the geometry optimisations were ironed out by

optimising first the bond lengths, then the bond angles,

then the torsion angles and finally all of the internal

coordinates together. Another method which was

frequently used was to specify GRADIENTS in the keywords,

which listed the gradients on the individual atoms, then

the highest of these could be optimised specifically

first of all, followed by a complete optimisation

afterwards. For complicated ring systems with strained

geometries, it was necessary to carry out the

optimisations using X,Y,Z coordinates, by specifying XYZ

in the coordinates. This is because the calculation may

otherwise be abandoned due to problems with dihedral

angles e.g. 3 atoms used in the connectivity may
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changes may occur.

For each optimised structure, a FORCE calculation

was carried out to verify that it corresponded to a

minimum on the potential energy hypersurface. A force

calculation involves the calculation of the Hessian

matrix of second derivatives of the energy with respect

to displacements of all pairs of atoms in X,Y and Z. On

diagonalisat ion this gives the force constants for the

molecule, then the force matrix, weighted for isotopic

masses, is used to calculate the vibrational frequencies.

These can be compared with experimental infra-red

spectra, where known. In some cases, the keyword

THERMO(298,298) was specified - this brings about the

calculation of various thermodynamic quantities such as

the internal energy, heat capacity and entropy for the

translational, rotational and vibrational degrees of

freedom at 298K. These can also be compared with

experimental values.

The optimised structures can be read into CHEMX in

CSSR format, displayed using our Tektronix 4109 terminal

and printed out using our Tektronix 4695 ink jet plotter.

The FLY option in CHEMX allows for the manipulation of

the molecular orientation. Alternatively the structures

can be read into the 3D2 program and their electrostatic

potential maps calculated , using the point charge

approximation. After writing out the displayed maps in

UIS format, they could be converted to a form which could
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printer.

The electrostatic potential maps ( EPMs ) were

compared by using the similarity program, SIM, and

adopting various approaches to compare them:

1) using EPMs calculated with either AMI or PM3

charges

2 ) using EPMs calculated on either the single or

double Connolly surface

3) comparing 'like' atoms or 'equivalent' atoms,

where:

'Like' = identical atoms only e.g. a carbon atom on

the test molecule with the same carbon atom on the

reference molecule, a hydrogen atom with another hydrogen

atom etc.

'Equivalent' = atoms which are in exactly the same

relative positions in the two molecules, but are not

necessarily the same element.

4) comparing average electrostatic potential values

or overall electrostatic potential values ( see Chapter 4

for an explanation of 'average' and 'overall'

electrostatic potential values ).

For the ab initio work, using GAUSSIAN 88, single

point calculations with the 3-21G basis set were run, on

AMI optimised geometries, to obtain a better

wavefunction. The reason for using the AMI rather than

MNDO or PM3 optimised structures, was because AMI has

been shown to give better results than MNDO and because

PM3 has not been extensively used to date. In some cases



73

the single or double Connolly surface was calculated and

input into the GAUSSIAN 88 program and the keywords

PROP=(GRID,POTENTIAL) used. This resulted in the ab

initio calculation of the electrostatic potential at the

specified surface points, which could then be read into

the 3D2 or 3DJ programs and displayed. On the FPS500,

the QUEST program ( 96 ) was used, which consists of a

modified version of the GAUSSIAN 80 {UCSF) program ( 97 )

and also the empirical molecular mechanics program AMBER

( 98 ). The modified GAUSSIAN 80 program uses an

algorithm which is around five times faster than the

equivalent routine in GAUSSIAN 82, hence the reason for

its use when QUEST was written. The work presented in

this thesis makes use of only the modified GAUSSIAN 80

part of the program, which also includes routines for the

calculation of the Connolly surface { or any multiple of

it ) using the MS program. This information can then be

used directly, within the program, to calculate the

electrostatic potential at these specified points. For

selected molecules, the ab initio electrostatic potential

maps are compared with their semi-empirically calculated

equivalents, which use the point charge approximation.

For a particular exemplary small molecule, maps have been

produced using the STO-3G, 3-21G, 4-31G, and 6-31G basis

sets. These have been compared with each other and also

with the maps obtained using Huzinaga's MINI1, MINI2,

MINI3 , MIDI1 , MIDI2 and MIDI3 basis sets ( 99 ) . These

are general basis sets which have to be input explicitly

into the GAUSSIAN programs, as opposed to the Pople basis
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simply by including the relevant keywords. MINI1, MINI2

and MINI3 are minimal-type basis sets, the first of which

consists of a three-term contraction of primitive

Gaussian-type orbitals for Is, 2s and 2p atomic orbizals.

The shorthand notation is (3,3/3) for the atoms B to Ne.

Similarly, MINI2 and MINI3 can be represented by (3,3/4)

and (4,3/3). Although these basis sets are of a mnimal

type, they give valence shell orbital energies which are

close to those given by double zeta basis sets. For the

MIDI basis sets, the main components of the outer shells

s2 and pi are split into two parts, one consisting of n-1

primitive Gauss ian-type orbitals ( GTOs ) and the other

of one primitive GTO. Hence the shorthand notations for

MIDI1 to 3 are as follows: ( 3 , ( 2 , 1 ) / ( 2 , 1 ) ) ;

(3 , (2 , 1 )/(3,1) ) ; (4,(2,1 )/(2,1 ) ). According to

Huzinaga's work, the MIDI1 basis set ( which would be

denoted as 3-21G in Pople's notation ), should provide

calculated results of similar quality to those by Pople's

4-31G.

In all of the calculations reported here, the

SCF=DIRECT option was used, which means that the

integrals are calculated as and when they are required,

rather than storing them for future use which involves

committing large amounts of disk space for each

calculation. The RHF, or restricted Hartree-Fock method

was used in all cases, as only closed shell systems were

being considered. In a typical Hartree-Fock single point

calculation, the route card is read in, followed by the
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Z-matrix. and the general basis set ( if a non-standard

basis set is being used ) . The one and two electron

integrals are computed, then the initial orbitals are

generated and the SCF equations are solved. The orbital

and wavefunction symmetries are then assigned, the

orbitals are printed out and the Mulliken population

analysis is carried out. The ab initio electrostatic

potential is calculated at the generated surface points

( or at surface points read in from a separate file ).

In the case of QUEST calculations, the charges are

calculated which correspond to the electrostatic

potential values and these are compared to the Mulliken

charges. Finally an archive entry is generated and the

data is saved in a checkpoint file. As all of the

biological molecules studied have little symmetry. no

symmetry constraints were imposed in any of the

calculations .
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6. RESULTS

This chapter is divided into two main sections, the

first of which will describe the semi-empirical

calculations which were carried out on the molecules of

the arachidonic acid cascade. This section is subdivided

into three parts, which consist of descriptions of the

results obtained for the arachidonic acid metabolites

themselves, the inhibitors of cyclooxygenase and the

inhibitors of lipoxygenase, respectively.

The second section of the chapter will contain an

account of the ab initio calculations performed during

this project. There will be a discussion of the

electrostatic potential maps obtained using different

basis sets, and a comparison of these with the MEPs

obtained using the point charge approximation, with semi-

empirical charges.

6.1 Semi-empirical calculations

6.1 Arachidonic Acid and its metabolites

( The molecular structures of the molecules discussed in

this section are shown in Figure 6.1 )

Arachidonic acid itself is a very flexible molecule,

only constrained by the cis conformation of the four

double bonds at positions 5, 8, 11 and 14 of the chain,

hence it has many possible minimum energy conformations.

In most cases, regardless of the starting structure, if

the optimisation was reasonably stringent ( i.e. if
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intermediate between the 'U' shape ana the extended chain

conformation. This result is in agreement with solution

nuclear magnetic resonance structural data { 100 ) .

There is no guarantee, of course, that the global minimum

of a quantum mechanical calculation, or indeed the true

lowest energy conformation of an arachidonic acid

molecule is the structure adopted in the active site of

an enzyme. In order to try to model a possible active

site conformation of arachidonic acid, a calculation was

carried out with a starting structure similar to the

conformation in the cyclooxygenase active site model

suggested by Gund and Shen ( 11 ). A very similar

structure to the one presented in their paper was

obtained, by using the 'fitting' routine in CHEMX to fit

the arachidonic acid chain to the optimised structure of

indomethacin. The 'fitting' routine in CHEMX involves

using a cursor to choose the 'equivalent' atoms from two

molecules which are to be superimposed. The bond angles

and dihedrals can also be varied by using the

'MODIFY/CURSOR' option. The reason for adopting this

method was because it corresponded closely to that

carried out by Gund and Shen. They optimised

indomethacin using the semi-empirical CNDO/2 method, then

manipulated their model of arachidonic acid to find a

conformation which could fit the receptor site of

indomethacin. The heat of formation found for this

conformation, using AMI, was ca 25 kJ higher than for the

previously optimised structure. This result suggests
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that if the active site conformation suggested by Gund

and Shen is correct, then some other energy or entropy

factor must be involved, which compensates for the higher

energy conformation adopted by arachidonic acid in order

to fit into the active site. Figure 6.2 shows the

electrostatic potential maps of arachidonic acid in the

'active site' conformation and in the visual AMI optimised

conformation. The electrostatic potential maps were

calculated on the double Connolly surface and the

negatively charged regions ( coloured red ) of the

carboxylic acid group and the four double bonds can be

clearly seen in both cases. The rest of the molecule is

fairly neutral or slightly positively charged ( i.e.

coloured yellow or green .) and no strongly positive (

blue ) regions are seen at all. The colours of the MEPs

correspond to the following ranges of electrostatic

potential:

Colour Range ( a.u • ) Range (kcalmol" 1

Red < -0.045 A 1 DO 00

Orange > -0.045 - < -0.030 > -28 - < -19

Buff > -0.030 - < •-0.015 > -19 - < -9

Yellow > -0.015 - < 0.000 > -9 - < 0

Light green > 0.000 - < 0.015 > 0 - < 9

Dark green > 0.015 - < 0.030 > 9 - < 19

Cyan > 0.030 - < 0 . 045 > 19 - < 28

Blue > 0.045 > 28



To assess whether the heats of formation calculated

for arachidonic acid using MNDO, AMI and PM3 ( see Table

6.1 ) were comparable to experimental values, a search

was made for experimental data in the literature ( 101 ).

Surprisingly, very little thermodynamic data are

available for biological molecules of this kind. Several

calculations were carried out on unsaturated fatty acids

and esters, which were similar to arachidonic acid and

for which data were available in the literature. These

included 9 octadecaenoic acid ethyl esters ( cis and

trans ) and eicosanoic acid ( see Table 6.2 ). For the 9

octadecaenoic acid ethyl esters ( E and Z ), the

calculated values are all higher then the experimental

values, and the closest values are those calculated using

the AMI method, with a difference of +3.8kcal ( 13.9 kJ

) . These experimental values correspond to the heat of

formation of the liquid esters, whereas the calculated

values correspond to the molecules in the gas phase,

which may explain why they are higher than expected. In

the case of eicosanoic acid, experimental values are

available for the gas, liquid and crystal phases. All

three values are recorded in Table 6.2, but only the

value for the gas phase was used for comparison. In this

case, both the AMI and PM3 results gave values which were

too low ( too negative ) , whereas the MNDO value was too

high ( too positive ) . The calculated value which was

closest to the experimental result was the PM3 value,

with a difference of only -1.6 kcal ( 6.7 kJ ). Had the

experimental value for the liquid ester been used for
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comparison, it would have appeared that the AMI result

was the closest value again. A reference was also found

for arachidonic acid itself ( 102 ), which gave the value

for the heat of formation as -412.30 kJ. The AMI and PM3

calculated values differ from this by -33.5 and +22.4 kJ

respectively. These results show that the use of semi-

empirical methods such as these for calculating the

energies of arachidonic acid metabolites should give

reasonable values.

6.1.1.1 Cvclooxygenase metabolites

Arachidonic acid is cyclised in the cyclooxygenase

active site to the prostaglandin endoperoxide PGG2, which

is then reduced to PGH2 by the peroxidase. These two

molecules were difficult to model because of the peroxide

bridge which tended to fly apart during the calculations,

particularly when using the PM3 method. Eventually the

crystal structure of norbornane was modified using CHEMX,

to give the basic skeleton of the PGG2/PGH2 ring system.

This was then optimised by itself, before adding the long

chains for a full optimisation. The MNDO, AMI and PM3

results are shown in Table 6.1. The PGG2 and PGH2

molecules are unstable in the body and have half-lives of

ca 5 minutes at 37° C and pH 7.5. The two endoperoxides

are roughly equipotent and have variable effects ranging

from vasodilation to vasoconstriction. They are rapidly

converted either enzymatically or non-enzymatically to

other potent prostaglandins, prostacyclin ( PGI2 ) or

thromboxane ( TXA2 ) . TXA2 is also an extremely potent

molecule, which promotes platelet aggregation and
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vasoconstriction. It has a very short half-life of 30

seconds at 37° C and pH 7.5, and breaks down rapidly to

the more stable thromboxane B2 ( TXB2 ). Prostacyclin is

similarly potent and unstable, with a half-life of 3

minutes - it acts as a vasodilator and inhibits

aggregation. It was also modelled by optimising the ring

structure first, then adding the chains for a full

optimisation at a later stage.

Previous theoretical studies carried out on

arachidonic acid metabolites include CNDO calculations

Cl03 , 104 ) which related the conformational flexibility

and molecular electrostatic potential distribution with

the contractile activity of prostaglandins F2 a , E2 , Bi

and TXB2.
, More recently, the same group employed

computer aided model building, using an empirical

potential energy function and energy minimisation

technique, to study the interaction of PGF2a with

dipalmitoyl-phosphotidyl choline ( 105 ) . Molecular

mechanics methods have also been used to study the

conformations of TXA2 and PGH2 ( 106 ) and also PGF10,

PGEi , PGAi , PGFia and PGBi ( 107, 108, 109, 110 ). To

our knowledge, the work presented here represents the

first report of systematic calculations on arachidonic

acid metabolites using more sophisticated semi-empirical

techniques. The results using the MNDO, AMI and PM3

methods are shown in Table 6.1.

The X-ray structures are known for prostaglandins E2

and F20 and also for thromboxane B2 ( 111, 112 ). Table

6.3 gives a comparison of AMI optimised selected internal
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coordinates with the equivalent X-ray values for the two

prostaglandins. A similar comparison of the MNDO

calculated and X-ray values for PGE2 and PGF20 was

previously reported by this group ( 113 ) and these

values are shown in Table 6.4. The X-ray and AMI

optimised structures have also been superimposed using

CHEMX and these are shown in Figures 6.3 and 6.4. It can

be seen that the X-ray ( labelled ) and optimised

structures are very similar. The largest differences are

ca 0.1 A for bond lengths and ca 5° for angles. The

dihedral angles show greater variation, with differences

of up to 15° . For most of the internal coordinates,

however, the agreement is extremely good. The

prostaglandin chains adopt the familiar 'hairpin'

conformation, which is characterised by the approximately

parallel arrangement of the alkyl portions of the a and w

side chains of the prostaglandin skeleton. A measure of

how far apart the chains are is given by measuring the

distance between the carbon atom of the carboxylic acid

group and the carbon atom of the opposite methyl group.

o

For PGE2 this distance is 5.03 A in the X-ray structure
0

and 4.41 A in the AMI optimised structure. For PGF2 the
o

COOH--CH3 distance is 4.95 A in the X-ray structure and
O

4.19 A in the AMI optimised structure. A similar result

is seen for the PM3 optimised structure i.e. the chains

are slightly closer together in both the optimised

structures. MNDO, on the other hand, predicts a COOH-CH3
o

distance of 6.27 A for PGF2 , probably because it

overestimates the repulsion between the atoms.
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The hairpin conformation was first suggested as a

result of molecular dynamics calculations on

conformations of PGEi in connection with preliminary X-

ray crystal data ( 114 ), and was also observed for a

heavy atom derivative of PGFio in the crystalline state

(115 ). The last three dihedral angles in Table 6.3 are

of particular interest as they give an indication of the

shape of the f ive-membered ring. In both cases the

torsion angles of the optimised structures are in keeping

with the X-ray structures i.e. the overall shape of the

ring is almost identical, however the angles are less

extreme, giving a more planar ring in both cases. The

ring conformations of the PGE2 and PGF20 X-ray structures

are described as a C9 half chair and a C12 envelope

• respectively. They differ distinctly at the C8

ring/chain junction, where for PGE2 the junction geometry

is ± synclinal, and for PGE2 it is +

synclinal/antiperiplanar. A comparison of the AMI

optimised five-membered ring structures of PGE2 and PGD2

gives equivalent values of -19.2°, 11.2° and 20.2° ( cf

the values of -18.3°, 10.5° and 19.6° for PGE2 from Table

6.3 ). The distance between the chains for PGD2 is also
0

comparable, at 4.5 A apart.

For thromboxane B2 the agreement of the internal

coordinate values between the X-ray and optimised

structures is also very good. Table 6.5 gives the

comparison of the coordinates and Figure 6.5 shows the

superimposed structures. In this case however, the AMI

calculation predicts a structure in which the chains are
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much further apart. The COOH--CH3 distance is 10.6 A,
o

whereas in the X-ray strucure it is 5.6 A. This is due

to a large difference in the torsion angle C5-C6-C7-C8,

which is 91.2° for the Xray structure and -143.7° for the

optimised structure, which causes the carboxyl chain to

twist out of the plane and away from the second chain.

In the crystal structure itself the chains are not

aligned, as in the prostaglandin 'hairpin' conformations,

and the calculations reported here suggest that the

chains may be still further apart in the gas phase. A

comparison with the previous CNDO/2 calculations carried

out by Kothekar et al ( 104 ) reveals that they found two

minimum energy conformers for TXB2 , one with the torsion

angle 5-6-7-8 at ca 90° and the other at ca -150° , which

is comparable to the value obtained here. They found the

global minimum to be the former conformation, which

agrees with the X-ray conformation. The difference in

energy between the two conformers is not given, but they

appear to be very close energy. A calculation was

carried out on the Xray structure of thromboxane B2 ,

using the AMI Harailtonian, and this gave a heat of

formation of -709.435 kJmol-1, which is considerably

higher than the value for the fully optimised AMI

structure ( recorded in Table 6.1 ). As there was no

information concerning the position of the hydrogen atoms

in the Xray structure, it was necessary to add these by

using the 'MODIFY/CURSOR' option in CHEMX. In order to

obtain the heat of formation recorded above, an

optimisation was then carried out, allowing the bond
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to vary, whilst holding the rest of the molecule fixed.

The full optimisations of thromboxane B2 were carried out

using the X-ray structure as the starting geometry and

the PM3 and MNDO calculations gave values for the torsion

angle 5-6-7-8 of -155.1° and -177.6°, which are analagous

to the AMI result. Hence, it would appear that the CNDO

method gives slightly different results to the MNDO, AMI

and PM3 methods for TXB2 . The less stable thromboxane

A2 , for which there is no crystal structure available, is
o

calculated as having COOH--CH3 distances of 13.7 A, 14.4
o 0

A and 14.5 A respectively, using MNDO, AMI and PM3, hence

it also has a more extended structure. The calculated

value of the C-O-C angle for the oxygen atom bridging the

six-membered ring, is 90.1° ( MNDO ), 89.0° ( AMI ) and

89.5° ( PM3 ).

The optimised structures of prostacyclin are almost

fully extended, with COOH--CH3 distances of 16.8 A using

MNDO, 17.4 A using AMI and 17.5 A using PM3. The angle

between the two five-membered rings was calculated at ca

110°. Unfortunately, no X-ray structures are available

for this molecule, so no structural comparisons could be

made. It is due to the presence of the second oxygen-

containing ring, that prostacyclin cannot adopt an

analagous conformation to the prostaglandins. Similarly,

the structures of the two endoperoxides, PGG2 and PGH2 ,

have more extended structures than the primary

prostaglandins, due to the increased strain in the five-

membered ring caused by the endoperoxide bridge. The
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distance between the two peroxide" oxygen atoms is

calculated as 1.324 A for PGG2 and 1.325 A for PGH2 using
o

AMI, and 1.309 A using MNDO, whereas the 0--0 distances
o

are calculated at about 1.6 A using the PM3 method. The

C9 carbon atom is bent between 35° and 40° out of the

plane of the rest of the ring in both cases. The

endoperoxide bridge is between 65° and 70° out of the

plane of the five-membered ring. An AMI thermodynamics

calculation ( described in Chapter 5 ) was carried out

for PGH2 , at 298K, giving the heat of formation ( -690.49

kJmol" 1 ), the enthalpy ( 75,562.2 Jmol"1 ), the heat

capacity ( ,434.7 J K"1mol"1 ) and the entropy ( 872.4 J

K"1mol"1 ). More importantly, the vibrational

frequencies for the molecule were calculated and compared

to the experimental infra-red spectrum of the PGH2 methyl

ester ( 116 ). The agreement between the two spectra

appears to be fairly good ( see Figure 6.6 ), with

calculated values for O-H stretching, C-H stretching, C=0

stretching and C=C bending falling in the regions 3500-

3470 cm"1, 3200-3000 cm"1, 2080 cm-1 and 1894 cm'1

respectively. Unfortunately, the reported infra-red

spectrum of PGH2 did not give quantitative values for the

absorptions, so a comparison could only be made 'by eye'.

It is thought that the flexible chain structures of

these arachidonic acid metabolites facilitates their

interaction with receptors. The primary prostaglandins

are thought to be active only if their chains lie in the

'hairpin' conformation, whereas the differences in

activity of prostaglandins and thromboxanes are thought
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to arise because of differences in their chain

orientations ( 117 ). The varying biological activities

of the prostaglandins are thought to be due to the

differing substitution of oxygen atoms or oxygen-

containing groups on the five-membered ring. It is

generally assumed ( 108 ) that the prostaglandin

metabolites express their diverse biological roles by

interaction with specific receptor sites, initiating a

series of amplifying events which culminate in a

recognisable physiological response. Binding sites

specific for PGE2 have been identified in a variety of

tissues and organs such as adipocytes, adrenal medulla,

uterus, kidney, skin etc. Two different receptors exist

for PGE2, one of which triggers the stimulation of

adenylate cyclase, whereas the other mediates its

inhibition. Prostacyclin ( PGI2 ) and prostaglandin D2

both inhibit platelet aggregation but they have been

shown to have different receptors. In the case of TXA2 ,

membrane proteins are known to interact with and mediate

its effects on platelets and vascular and bronchial and

smooth muscle.

The molecular electrostatic potential maps of the

molecules discussed so far have been calculated on the

single and double Connolly surfaces. The MEPs of

prostaglandins D2 , E2 , F2 a and H2 , calculated on the

single Connolly surface using the AMI method, are shown

in Figure 6.7 a)-d). The lightest areas are the most

negative regions, whereas the darker areas are regions of

positive potential. The negative regions corresponding



88

to the carbonyl, hydroxyl and endoperoxide ring

substitutions can be clearly seen in each case, and the

hydroxyl group in the 15 position is also very

noticeable. These groups are probably the most important

in determining which receptor site the particular

prostaglandin is attracted to. To give the best fit, it

is thought that these negatively charged regions would

come into close contact with specific positively charged

regions in the active site. The MEPs of prostaglandins

D2 and F2 b are very similar, whereas that of

prostaglandin E2 is noticeably different in overall

shape, which may explain why they are attracted to

different receptor sites. The substitution of a carbonyl

group at position 9 of the prostaglandin chain, as in

PGE2 , obviously has a major effect on the C8 ring/chain

junction, as previously suggested, and this subtly alters

the whole shape of the prostaglandin molecule.

Substitution of a carbonyl group at position 11, as in

PGD2 , appears to have a far less dramatic effect on the

molecule, which remains similar in shape to that of

PGF2b• The prostaglandin H2 MEP clearly demonstrates its

more extended structure, caused by the presence of the

strained endoperoxide bridge.

The MEPs calculated on the single Connolly surface,

using AMI, are shown in Figure 6.7 e)-g) for TXB2 , TXA2

and PGI2 . The negatively charged' carboxyl groups can

clearly be seen, as the white areas on the extreme right

hand side of each map in the case of the thromboxanes,

and the extreme left-hand side for prostacyclin. The
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maps of TXB2 and TXA2 have been viewed from slightly

different angles, however it is apparent that the release

of the TXA2 epoxy bridge to form TXB2 changes the

conformation considerably. The alkyl chains in TXB2 are

able to draw closer together, whereas in TXA2 they are

forced apart by the strained ring. The oxygen atom of

the six-membered ring is clearly visible for TXB2 as a

negatively charged ( white ) area, whereas it is not

visible for TXA2. However, in TXA2, the oxygen atom of

the epoxy ring is very noticeable. The oxygen atom of

the 15-hydroxy group is clearly visible in both

molecules, but the 5-6 double bond appears to be more

negatively charged in TXA2 . The MEP of prostacyclin

bears some resemblance to that of TXA2 , however its

structure is more extended and the negatively charged

regions are in slightly different positions. The

greatest difference is in the region of the oxygen-

containing ring, in which the highly negatively charged

region spreads to the 5-6 double bond through

delocalisation of the charge.

6.1.1.2 Lipoxygenase metabolites

The lipoxygenase enzymes convert arachidonic acid to

hydroperoxy acids ( HPETEs ) which can then be reduced to

hydroxy acids ( HETEs ) . The hydroperoxy group can be

introduced at various points in the chain e.g. 5, 12 and

15 depending on the lipoxygenase enzyme involved. In

humans, the most important of these enzymes is 5-

lipoxygenase because it can also convert 5HPETE to

leukotriene A4 ( LTA4 ) , which is metabolised to either
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leukotriene EU ( LTB4 ) or C4 ( LTC4 ) , from which

leukotrienes D4 ( LTD4 ) and E4 ( LTE4 ) are obtained.

The conversion of LTA4 to LTC4 involves the addition of

one molecule of glutathione, therefore the structure of

glutathione was optimised separately first of all. The

optimised geometry was calculated using the AMI method

and using the X-ray structure ( 118 ) as a starting

geometry. The preferred conformations of glutathione

have previously been investigated by this group ( 119 ),

by performing quantum mechanical calculations using the

PCILO method ( Perturbative Configuration Iteraction

Procedure using localised orbitals ) . In this previous

study, the X-ray structure used was an older one,

published by W B Wright in 1958, which has since been

redetermined ( 118 ) with a few minor changes. The

glutathione molecule was studied in fragments, then as

the complete molecule, by varying particular torsion

angles, in 30° steps ( see diagram below ). In the

present study, no such restrictions were used, and the

molecule was fully optimised using the PRECISE option in

MOPAC. An optimised structure was obtained which was

similar to the X-ray structure, in that they both had an

'S-shaped' backbone, however there were slight

differences in the angle of rotation of the sulphur group

and the glycyl residue, particularly its carboxylic acid

group. Using the notation of Reference 119 ( see below)?
certain key angles were measured and compared.
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According to reference 119, the global minimum of the

complete molecule had values for the torsion angles <I?i

and of -60° to -30° and 90° to 120°, respectively. In

the present study, the torsion angles $i and l were

calculated at -85° and 64° respectively, compared to -87°

and -3° in the X-ray structure. The large difference in

values of the second of these torsion angles reflects the

differing rotational positions of the glycyl residue in

each case. The most stable arrangement for the sulphur

side chain is predicted in Reference 119 as having the

torsion angle X\ = 60° , whereas the present study and the

X-ray structure predict values of 50° and 70°

respectively. The glycyl torsion angles $2 and x z are

predicted as 180° and 180° or 0° for optimum

conformations in Reference 119, whereas with AMI the

corresponding values are calculated as -81° and 70° ,

which compare reasonably well with the X-ray values of -

84° and 11° . The discrepancy for the value of z is due

to the rotation of the glycyl carboxylic acid group.

Overall, the AMI method seems to give a closer agreement

with the X-ray structure, although as the methodology



used for the two studies is not equivalent, it is

difficult to compare the two sets of results. The

leukotriene molecules were constructed using the

optimised structure of glutathione and standard bond

lengths and angles for the rest of the molecule. As no

X-ray structures were available for the leukotrienes, and

no previous calculations on them could be found, the

molecules were constructed using the MODIFY option of

CHEMX, which allows atoms to be added to or removed from

a structure, and the angles, bond lengths etc. to be set

as desired. After complete optimisation of the LTC-i

molecule, the glutathione portion of the structure had

the following calculated torsion angles: $1 = -123° , 51 =

10° , Xx = 55° , $2 = -83° , T 2 = 70° .

The peptidoleukotrienes have very similar biological

actions, such as the ability to contract respiratory,

vascular and intestinal smooth muscles, and LTC4 and LTD4

tend to be equipotent in most cases. It is surprising,

therefore, considering their very similar biological

activities, that leukotriene C4 is rapidly converted to

LTD4 , which in turn can be converted to LTE4 . Specific,

separate binding sites have also been identified for LTC4

and D4 in a number of tissues, and it is known that

interaction of LTD4 with its receptor causes stimulation

of phosphatidylinositol turnover. LTE4 and LTD4 are

thought to have the same receptor. LTB4 is .a potent

chemotactic agent for neutrophils and eosinophils, and it

can cause plasma exudation in the presence of

polymorphonuclear leukocytes. It has binding sites which



are distinct from those of the peptidoleukotrienes. The

results of the MNDO, AMI and PM3 calculations carried out

on the leukotrienes , 5 and 12 HPETEs and 5 and 12 HETEs

are also shown in Table 6.1. It can be seen that the

peptidoleukotrienes ( C4 , D4 and E4 ) are more stable

than either LTA4 or LTB4, as shown by their lower heats

of formation. The optimised leukotriene structures

generally show more extended conformations than the

prostaglandin metabolites. The twenty-carbon-atom

backbone is usually slightly curved and contains planar

regions due to the four ( trans, trans, cis and cis )

double bonds. In the optimised structure of LTC4 , the

glutathione group lies between the two 'arms' of the

arachidonate chain, within the 'pocket' created by this

curved backbone. This may have implications for the

enzymic conversion of LTA4 to LTC4 i.e. the leukotriene

A4 chain may have to be in' a curved conformation for

conversion to take place, and the addition of the

glutathione side chain is probably highly specific, due

to the steric hindrance involved. The glutathione chain

lies slightly above the plane containing the backbone and

on the same side of the arachidonate chain as the curved

'arms'. The curved nature of the backbone, coupled with

the position of attachment of the glutathione group,

restricts the possible number of low energy conformations

of LTC4 , due to steric hindrance. As the size of the

side chain is reduced, on going from LTC4 to LTD4 and

then to LTE4 , the amount of steric hindrance is reduced,



which may be one of the driving forces for their

formation.

The molecular electrostatic potential maps of

leukotriene C4 and D4 calculated on the single Connolly

surface, using the AMI method, are shown in Figure 6.* h)

and 1. ) . The overall shape of the backbone is very

similar in each case, with the negative ( lighter )

regions clearly indicating the four ( trans, trans, cis

and cis ) double bonds. The remainder of the chain is

saturated and hence has a fairly neutral ( grey )

electrostatic potential, which is neither strdngly

positive or negative. The carboxylic acid group of the

main chain is twisted away slightly in each case, to

avoid steric hindrance with the carboxylic acid group of

the glutathione side chain. The two negatively charged

(white ) oxygen atoms belonging to the carbonyl groups of

the peptide linkages can clearly be seen for LTC4 , only

one of these being present in the case of LTD4. In place

of the glutamyl residue in LTC4, the positively charged

(dark ) NH2 group is seen.

In most cases, the PM3 optimised leukotriene

structures have more extended chains than the AMI

structures, with the exception of LTA4, in which case the

distance between the terminal groups is predicted as ca

O

15 A in both cases. The MNDO result for the distance
o

between the terminal groups of LTA4 is ca 16 A. The LTB4

optimised structure has the closest chains, with a COOH--
o o 0

CH3 distance of 14 A using MNDO, 11 A using AMI or 15 A

using PM3. It is surprising, considering the number of
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possible steric hindrances, that LTC-t is predicted as

having the shortest COOH--CH3 distance of the

pept idoleukotr ienes ( 16 A using MNDO, 15 A using AMI or

17 A using PM3 ). For LTD4 and LTE4 the distance is
9 o

calculated at ca 18 A using AMI and PM3 and ca 21 A using

MNDO. In all cases, the leukotriene hydroxy substituents

at position 5, and the epoxy group of LTA4 point

'outwards' rather than 'inwards' with respect to the

curve of the arachidonate backbone, which suggests a role

for groups of this kind in the interaction of these

molecules with their receptor sites.

The structures of 5HETE, 5HPETE, 12HETE and 12HPETE

have been optimised using the various semi-empirical

methods and the results are recorded in Table 6.1. The

preliminary results for these molecules, using the MNDO

method, were reported in Reference 113. The hydroxy

acids ( HETEs ) have lower heats of formation than the

hydroperoxy acids ( HPETEs ) , which suggests that they

may be more stable than their hydroperoxy analogs,

although as the kinetics of the situation are unknown to

us, this is difficult to predict. The optimised

structures of the 12-hydroxy and 12-hydroperoxy acids are

usually in an 'L-shaped' conformation, with the hydroxy

or hydroperoxy group close to the L-junction, and

pointing outwards. The average distance between the
o

terminal COOH and CH3 groups is ca 16 A using AMI and

PM3 . Using MNDO the chains are slightly closer together

at 14 A ( 12HETE ) and 12 A ( 12HPETE ). The optimised

conformations of the 5-hydroxy and 5-hydroperoxy acids,
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on the other hand, have either a 'U-shaped' stucture,
o <=>

with the terminal groups at 9 A apart and 11 A apart

(using AMI and MNDO ), or a hairpin-shaped structure, with

the terminal groups at only 5 A apart ( using PM3 ) . The

fact that conformations with the chains closer together

seem to predominate for the 5-substituted and not the 12-

substituted acids may explain why it is the 5-substituted

hydroperoxy acid which is utilised to form the

leukotrienes. It may also explain why the 12-hydroxy and

12-hydroperoxy acids do not act as competitive inhibitors

of leukotriene formation.

The electrostatic potential maps of 12HPETE and

5HPETE, calculated on the single Connolly surface, using

the AMI Hamiltonian, are shown in Figure 6.1- j ) and k. ) .

The very different overall shapes of the two molecules

are immediately apparent. The most obvious features are

the negatively charged carboxyl oxygen atom and the two

peroxy oxygen atoms in each molecule. As previously

noted, the 12-hydroperoxy substituent is positioned at

the 'corner' of the L-shaped 12HPETE molecule, pointing

outwards. The trans, cis, cis, cis arrangement of the

double bonds in 5HPETE appears to give a more uniform

negative charge distribution over the central portion of

the chain, whereas in 12HPETE the negatively charged

double bond regions are more fragmented.

6.1.1.3 Discussion

It is apparent from this study that the semi-

empirical methods which have been employed are
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particularly suitable for calculations on molecules of

this size, which contain between 50 and 90 atoms. The

total computing time required for the optimisations is a

matter of a few days per molecule using the Microvax, or

a couple of hours on the FPS500. The results obtained

for the heats of formation compare reasonably well with

experiment in the few cases known, and where the infra¬

red spectra are available, the agreement of the predicted

spectra with the known spectra is also good. The

optimised geometries obtained are very similar to the

known X-ray structures of these molecules, and the

relative stabilities of the molecules are reproduced

extremely well, whichever method ( MNDO, AMI or PM3 ) is

used ( see Figure 6.1-1)).

In almost all cases, the calculated heats of

formation decrease ( become more negative ) in the order:

MNDO > PM3 > AMI. For the heats of formation of the

arachidonic acid metabolites, the PM3 results are higher

than the AMI results by an average of 73 kJ ( 17.5 kcaj);
whereas using MNDO they are higher by an average of

125 kJ ( 30 kcal ). The comparisons with experimental

values suggest that the PM3 values may be the most

accurate, although it is difficult to tell, due to the

problem of comparing heats of formation of liquids and

gases in some cases. The average differences in heats of

formation are likely to be due to the differences in

parametrisation of the three methods. In some cases,

however, the differences are much larger or smaller than

expected, and this may be because completely different
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conformers have been found using the different methods.

In most cases, however, the differences in energy are

reasonably consistent between the three methods.

The dipole moments of the arachidonic acid

metabolites were also calculated using the three methods,

and the AMI amd PM3 results are shown in Table 6.6. It

can be seen that the HETEs have slightly higher dipole

moments than the HPETEs , and arachidonic acid has a

dipole moment value which is intermediate between the

two. PGE2 has a dipole moment which is considerably

larger than for either of the other primary

prostaglandins. This may be a result of the differing

conformation adopted by PGE2 , compared to PGD2 and PGF2 .

The dipole moment values for the endoperoxide

prostaglandins are also very high, in the region of ca

5.5 debyes. These dipole moments may also play a

significant role in determining whether a particular

arachidonic acid metabolite will interact with a certain

receptor site. In general the dipole moments predicted

using the PM3 method are lower than those predicted using

the AMI method, but for 12HETE, 12HPETE and PGE2 the

opposite is true. In some cases the agreement between

the two methods is extremely good, e.g. for PGG2 and

PGE2 , however in other cases, e.g. 12HPETE and PGF2 , the

values differ by ± 0.5 debyes. This may be due to

differences in the optimised structures, and hence in the

orientation of the dipole components, or it may be simply

due to differences in the parametristion of the two

methods.
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The calculations on arachidonic acid suggest that it

is more likely to adopt a 'U-shaped' structure than the

active site structure suggested by Gund and Shen, because

the energy difference between these two structures is

quite high. The MEPs of the prostaglandins show quite

clearly the slightly different structure adopted by

prostaglandin E2 , compared to the other two primary

prostaglandins. Also, the more extended structure

adopted by the endoperoxide prostaglandins can be seen.

The differences in the MEPs of thromboxane and

prostacyclin may explain why they interact with different

receptor sites and hence have different biological

activities.

Some interesting observations have been made

concerning the possible conformations of the leukotrienes

and the hydroxy and hydroperoxy acids, for which no X-ray

data are available, and on which no previous calculations

have been carried out. It has been suggested that the

leukotrienes adopt a curved structure, with the hydroxy

groups pointing outwards, and with the glutathione side

chain pointing inwards ( partially encircled by the

'arms' of the alkyl chains ). The MEPs of these

molecules show that the most prominent electrostatic

binding regions are the carboxylic acid groups, and the

carbonyl groups of the peptide linkages. As very little

is known about the receptor sites of the leukotrienes,

this information may be of use for any future research

into this area.
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In the case of the hydroperoxy and hydroxy acids, it

has been noted that the • 5-substituted acids adopt 'U-

shaped' conformations in which the chains are much closer

together, which may facilitate their conversion to

leukotrienes. The MEPs of these molecules show the most

prominent regions to be the carboxyl groups and the

peroxy or hydroxy substituents, which always point

'outwards' from the curved backbone.

The main difficulties arising during the study of

these arachidonic acid metabolites were due to the

strained rings of the less stable molecules. Also, the

AMI parameters for sulphur are not yet publically

available with MOPAC, therefore it was necessary to. use

MNDO parameters instead, which may have affected the

calculations on the leukotrienes slightly. Considering

the flexible nature of the arachidonate chain, and the

correspondingly large number of possible minimum energy

conformations for the various arachidonic acid

metabolites, the agreement with experimental values,

where known, is extremely good. In future studies on

flexible molecules of this kind, it might be useful to

use molecular dynamics techniques to assist in the

location of global minima.
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Figure 6.7 MEPs of :
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Figure 6 l")

Relative stabilities of molecules, calculated using different

semi-empirical methods



115

Table 6.1

Heats of formation of arachidonic acid metabolites using
different semi-empirical methods

Metabolite Heat of format ion/kJmo1" l

MNDO AMI PM3

AA -343.49 -445.79 -388 .82
(1.720) (0.212) (0.162)

PGD2 -970.65 -1106.11 -1034 . 98
(4.420 ) (1 . 582 ) (2.111)

PGE2 -953.78 -1076.86 -1026.21
(1.540 ) (0.301) (1 . 496)

PGF2 -1022.78 -1193.63 -1088.79
(7.350) (1.406 ) (1.323 )

PGG2 -465.64 - 5 61.4 0 -614.45
(0.960 ) (0.461) (0.363)

PGH2 -568.35 -674.12 -690.49
(6.520 ) (0.084 ) (0.221 )

PGI2 -1012.90 -1104.08 -1018.61
(1.030 ) (1.250 ) (2.198 )

TXA2 -794.73 -894.49 -339 . 72
(1.066 ) (0.599) (1.297)

TXB2 -1145.27 -1324.62 -1215.68
(6.490 ) ( 1 .804 ) (1.427)

LTA4 -366.81 -428.63 -372 .33
(4.038 ) (1.117) (1.123)

LTB4 -711.09 -812.31 -712 . 39
(0.661 ) (1.332 ) (1 .408 )

LTC4 -1518.25 -1702.24 -1614.28
(5.240 ) ( 1 . 449) (0.766)

LTD4 -982.64 -1123.72 -1040.64
(1.102 ) (1.131) (0 . 344)

LTE4 -851.61 -970.44 -878.95
(0.633 ) (0.135) (1.331)

5HETE -511.47 -641.05 -580 . 13
(3.130 ) (1.051) (2.157)

5HPETE -406.69 -525.83 -502 . 22
(5.800 ) (0.087 ) (1.845 )

12HETE -497.63 -631.01 -543 . 10
(6.510 ) (2.406 ) (1 .862 )

12HPETE -404.25 -514.53 -465.83

(7.440 ) (1.180 ) ( 3.259 )

( The gradient norm is shown in brackets )
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Table 6.2

Comparison of experimental and calculated heats of formation

Molecule aHf_/kJ^Hf /kcal^oi" Calculated AHf/kcal'-

MNDO AMI PM3

9-octadecenoic -775.8 -185.4 -148.3 -181.6 -157
acid ethyl ester (lq)
( C2 o H3 8 02 ) ( Z )

9-octadecenoic -773.2 -184.8 -148.9 -182.0
acid ethyl ester (lq)
( C2 0 H3 8 02 ) ( E )

Eicosanoic acid -812.4 -194.2 -181.2 -219.5
( C2 0 H4 0 02 ) ( g )

-940.0 -224.7

(lq)
-1011.9 -241.8
( c )
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Table 6.3

Comparison of the AMI and Xray values of the internal
coordinates for PGE2 and PGF2

Internal Coordinates PGE2 PGF2

X-ray AMI X-ray AMI
Bond lengths (A)
C 1 -021 1.196 1 .230 1.192 1 .234
Cl-031 1.256 1 .369 1 . 302 1 . 365
C8-C9 1 . 489 1.515 1 . 548 1 . 540
C9-09 1.235 1 . 230 1 .428 1.421
C9-C10 1 .464 1 . 504 1.527 1.531
C10-C11 1.511 1 .530 1 .532 1.532
Cll-011 1 . 405 1.417 1 . 440 1 .412
C5-C6 1 . 348 1.335 1 . 306 1 . 336
C13-C14 1 . 288 1 . 335 1.316 1 .335
CI 5-015 1 .446 1 .426 1.451 1 .426
Bond Angles (deg)
C4-C5-C6 124 . 9 126 . 9 127 . 0 125 . 0
C7-C8-C9 117.3 113.1 114.6 113.0
C8-C9-09 122 . 1 124 . 9 112 . 6 109 . 2
ClO-Cll-Oll 113.6 107 . 4 109 . 0 112 . 2
C14-C15-015 107.8 106 . 5 106 . 5 110.8
Dihedral Angles (deg)
C5-C6-C7-C8 -126.7 -117.6 140 . 8 15 6.9
C7-C8-C9-09 -33 . 3 -46 . 8 -90.0 -98 . 5
C9-C10-C11-011 -151 . 6 -133 . 0 -146.5 -135 . 4
C10-C11-C12-C13 163 . 9 141 . 9 160 . 4 145 . 2

C9-C8-C12-C11 -29 . 3 -18.3 -37 . 3 -25 . 9

C10-C9-C8-C12 13.7 10 . 5 -22 . 4 -18 . 8

C8-C12-C11-C10 3 5.5 19 . 6 38 . 5 23 . 5
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Table 6.4

Comparison of the MNDO and X-ray values of the internal
coordinates for PGE2 and PGF2

Internal coordinates PGE2 PGF2

X-ray MNDO X-ray MNDO

Bond lengths ( A)
CI-021 1 . 196 1 . 226 1 .192 1 . 230
CI-013 1 .256 1.365 1. 302 1 . 360
C8-C9 1 .489 1 . 546 1 . 548 1.578
C9-09 1 .235 1.222 1 .428 1 .398
C9-C10 1 .464 1.531 1.527 1.566
C10-C11 1.511 1.559 1.532 1.557
Cll-011 1 . 405 1 .395 1 . 440 1 .396
C5-C6 1 . 348 1.347 1 . 306 1 . 348

C13-C14 1 . 288 1 . 347 1.316 1 . 347
CI 5-015 1 . 446 1 .403 1.451 1 . 405
Bond Angles ( deg )
C4-C5-C6 124.9 130.4 127.0 128 . 6
C7-C8-C9 117.3 116.0 114.6 116.1

C8-C9-09 122 . 1 124.7 112.6 109 . 8
ClO-Cll-Oll 113.6 110.0 109 . 0 116.0

CI 4-C15-015 10 7.8 107.0 106 . 5 110 . 6
Torsion Angles (deg)
C5-C6-C7-C8 -126 . 7 -131.9 140 . 8 126.2

C7-C8-C9-09 -33.3 -41.1 -90 . 0 -92 . 4

C9-C10-C11-011 -151.6 -140.4 -146 . 5 -144 . 9

C10-C11-C12-CI 3 163 . 9 148 . 2 160 .4 156.1



Table 6.5

Comparison of the AMI and X-ray values of the internal
coordinates for TXB2

Internal coordinates

Bond lengths (A)
Cl-011
CI-012
C8-C9
C9-C10
C9-09
CI1-01
CI1-02
CI 2-02
C13-C14
CI 5-015
C5-C6
Bond Angles (deg)
C4-C5-C6
C7-C8-C9
C8-C9-09
ClO-Cll-Ol
CI 1-02-C12
Dihedral Angles (deg)
C5-C6-C7-C8
C7-C8-C9-09
C10-C11-02-CI 2
02-C12-C13-C14
C9-C8-C12-02
C9-C8-C11-02

TXB2

X-ray AMI

1.154 1 .230
1 .360 1 .369
1 .480 1.536
1.417 1 . 524
1 . 564 1 .422
1.426 1.401
1.367 1 .426
1.317 1 .433
1 . 347 1 .334
1 . 405 1 .426
1 . 301 1.337

126 . 3 124 . 6
113.5 111.8
107 . 0 112 . 1
119.3 112.8
116.7 113.0

-142 . 9 -143.7
5 7.2 5 7.9
60 . 7 60 . 1

117.1 127 . 7
-56 . 9 -57.4

49 . 6 54 . 6
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Table 6.6

Dipole moments of arachidonic acid metabolites (in debyes),
calculated using different semi-empirical methods

Metabolites AMI PM3 (PM3-AM1)

Arachidonic Acid 1 . 98 1. 68 oCOO1

5HETE 2 .61 2 . 24 -0 . 37

5HPETE 1.43 1 . 26 -0.17

12HETE 2 . 60 2 . 78 + 0 . 18

12HPETE 0 . 78 1 . 29 + 0.51

PGD2 1.97 1 . 76 -0.21

PGE2 6.57 6.67 + 0 . 10

PGF2 to » Ol 1.65 -0 . 50

PGG2 5.02 4.98 -0.04

PGH2 5.99 5.72 -0 .27
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6.1.2 Cvclooxvgenase Inhibitors

( The molecular structures of the molecules discussed in

this section are shown in Figure 6.8a)

There are various groups of acidic non-steroidal anti¬

inflammatory drugs, including the salicylates, indomethacin

and its analogs, the substituted aryl aliphatic acids and

the fenamates. It has been suggested ( 120 ) that the

aromatic moieties of these drugs are sterically and

electronically similar to the polyene arachidonic acid

system, and may interact with a common binding site. Many

of these inhibitors consist of two non-coplanar hydrophobic

or aromatic moieties and an acidic group.

Some NSAIDs are reversible competitive inhibitors of

cyclooxygenase e.g. the acetylenic fatty acids and

ibuprofen, which have similar binding affinities for the

active site. Inhibitors which contain electronegative

substituents, such as fluorine or chlorine atoms, are

usually more potent, time-dependent, irreversible inhibitors

e.g. flurbiprofen, indomethacin and meclofenamic acid.

These irreversible inhibitors are thought to undergo initial

rapid, reversible, competitive binding, followed by a slower

progressive conversion of the synthase-inhibitor complex to

a form that is irreversibly impaired. Aspirin, another

irreversible inhibitor of cyclooxygenase, acts in a

different way by acetylating an amino acid residue that is

critical to the action of the enzyme. The covalently

modified enzyme thus formed is completely inactive and

inhibition can only be overcome by the synthesis of new

enzyme. All of the inhibitors which have an a-methyl acetic
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acid side chain are more active if the acidic chain has an S

configuration. The R enantiomer is always much less active,

often by several orders of magnitude, which shows the

stereospecificity of the binding site.

A third group of inhibitors is the reversible non¬

competitive type, which consists of molecules with anti¬

oxidant or radical-trapping properties e.g.

nordihvdroguaiaretic acid. Cyclooxygenase is sustained by

the continual presence of lipid peroxide, which induces a

free radical chain reaction, and hence can be blocked by the

addition of radical scavengers.

NSAIDs have the common property of causing

gastrointestinal irritation, which is thought to arise

following the removal of protective prostaglandins present

in the gastric mucosa, which leaves the tissues susceptible

to injury. Drugs with weak to moderate activity, such as

salicylic acid and 5-( 2 , 4-dif luofpphenyl) salicylic acid

(diflunisal ) , have been found to diminish gastric lesions

resulting from high levels of indomethacin and other NSAIDs

( 121 ). This effect is thought to be due to their ability

to prevent the transport of indomethacin to the active site

of stomach cyclooxygenase or due to competition with

indomethacin for a common site on the enzyme.

The non-steroidal anti-inflammatory drugs inhibit

cyclooxygenase but not lipoxygenase, which has the same

substrate requirements and a similar initial oxidation step,

therefore it is unlikely that the substrate and the NSAIDs

are interacting with exactly the same site ( otherwise the

NSAIDs would probably also inhibit lipoxygenase ). For this



reason, the existence of two sites on the eyelooxygenase

enzyme - the catalytic site and a supplementary one - has

been postulated by several authors ( 121, 122 ). Some

authors argue that all NSAIDs can interact with both of the

sites, and that interaction with the supplementary site is

necessary but not sufficient for the efficacy of the drug.

Weaker inhibitors are thought to interact more effectively

with the supplementary site, and hence prevent inhibition by

stronger inhibitors, such as aspirin or indomethacin. The

supplementary site is proposed to be a highly lipophilic

area of the enzyme, whose occupancy is essential for

potency. Another more recent theory, which is described in

Chapter 2, postulates that inhibitors such as indomethacin,

flurbiprofen and meclofenamate interact with one portion of

the fatty acid site, whereas acetylation of SerQ°6 by

aspirin occurs in a separate portion of the fatty acid site.

As it has been shown that indomethac in does not act by

inhibiting the initiation of the cyclooxygenase ( by its

product ), this model postulates that drugs of this type act

by partially occluding the fatty acid binding site and

causing less favourable binding of arachidonate, and hence a

slower cyclooxyxgenase reaction.

6.1.2.1 Indomethacin and its analogs

Geometry optimisations have been carried out on all of

the molecules shown in Figure 6.8a,using the MNDO, AMI and

PM3 semi-empirical methods. The heats of formation in

kilo joules per mole are shown in Table 6.7. The Mulliken

charges obtained from the AMI calculations were used to

calculate the electrostatic potential maps of the molecules
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( using the point charge approxiamtion described in Chapter

4 ). The molecular electrostatic potentials were calculated

on both the single and double Connolly surfaces, as it has

been shown that the HEP calculated using a point charge

model becomes more accurate with increasing distance from

the molecule, gradually reducing to an exact point charge

potential ( 123, 124 ). The electrostatic potential map of

indomethacin on the double Connolly surface, using AMI

charges, is shown in Figure 6.8 s. A second view is also

shown, which was obtained by rotating the molecule through

180° about the ( vertical ) y-axis. The maps of several

other indomethacin analogs are shown in Figure 6.9 and the

diagram below indicates the key areas for comparative

The molecules were initially compared only 'by eye', using

the information obtained from Reference 120, concerning the

relative potencies of the molecules as cyclooxvgenase

inhibitors. At this stage, only indomethacin, MK825, the

para-fluoro analog, MK715, the desmethyl metabolite, MK410



and the alcohol derivative were considered. The policy

adopted throughout this work, concerning activity data, was

to compare only the activities measured by the same research

group, for a particular set of inhibitors. This was to

eliminate any errors which could have been introduced by

using activity data measured using different systems and

different experimental conditions, for comparative work.

The experimental procedures for obtaining data of this kind,

are extremely sensitive to temperature, substrate

concentration, pH etc., therefore unless the conditions are

chosen to be identical, the results from different research

groups are unlikely to agree quantitatively. The activity

data used for the indomethacin analogs were obtained using

bovine seminal vesicles as the cyclooxygenase source, and

the activities are quoted as IDso values, in pM. The IDso

value is defined as the amount of inhibitor required to

reduce the enzyme activity by half.

Looking at the 'front' view of the indomethacin MEP

first of all, there seem to be five areas of interest.

Region A is negatively charged and represents the protruding

end of the carboxylic acid group, which is on the

'underside' of the molecule as we are viewing it. Region B

is a broad positive band which is more apparent in the

strongest inhibitors ( e.g. indoraethacin, MK825 and the

para-fluoro analog ) . For the least active molecule ( the

alcohol derivative of indomethacin ) , region B is

considerably reduced in size. Region C is a negative area,

apparent in all of the molecules, although it is diminished

in the desmethyl metabolite and is much stronger in MK410.
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Region D is a large positive region which covers the lower

phenyl substituted ring - this is considerably less positive

in two of the least active molecules ( MK715 and the alcohol

derivative ). The negative region, E, is due to the

presence of the carbonyl oxygen. It is not seen in the case

of MK715 ( the indene isostere of indomethacin ), which has

a carbon-carbon double bond in this region. It is also not

seen in the case of MK410, which has an aliphatic chain,

which explains why the bulk of the negative charge is

localised in region C in this molecule. Looking at the

reverse side of the molecules, the most negative region is

A, corresponding to the carboxylic acid group. This is

present in all of the analogs, but is considerably modified

in the case of the alcohol derivative, due to the lack of

the carboxy carbonyl. The negative region, E, is due to the

oxygen atom of the non-acidic carbonyl group. This region

merges with region A, and again it is not apparent in the

case of MKT 15 and MK410. The negative band stretches across

and around the molecule, to form region C on the other side.

Region D, which consists of the substituted ring, is

positively charged, more so in the case of the most active

analogs.

The electrostatic potential map of indomethacin bears

no real resemblance to the MEP of arachidonic acid in the

proposed active site conformation suggested by Gund and

Shen. This would seem to indicate that the indomethacin

analogs are unlikely to fit exactly into the substrate

active site. However, the proposal that the carboxylic acid

moieties would bind to the enzyme initially, followed by the
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the subsequent 'folding on' of the rest of the substrate or

inhibitor, would seem feasible. In both cases, the

carboxylic acid group protrudes from the 'underside' of the

structure and is the most negatively charged region of the

molecule. It is possible that in the case of the

inhibitors, positive electrostatic forces could initially

guide this negatively-charged, carboxyl part of the molecule

into the relevant 'pocket' of the enzyme site. Next,

hydrogen-bonding could take place e.g. to an arginine

residue, to form the irreversible enzyme-inhibitor complex.

It is also possible that the indomethacin binding site may

only partially overlap with the substrate active site,

perhaps in the region of the carboxy binding centre.

Interestingly, the electrostatic potential map of the

'underside' of aspirin ( Figure 6.10 ) bears some

resemblance to the 'underside' of indomethacin, although the

alternative 'front' views bear no resemblance to each other

whatsoever. The 'underside' of aspirin has a similarly

negatively-charged 'A' region and positively-charged 'B'

region. It also has a positive 'base' region, although it

obviously does not have the substituted benzene ring below.

This result would seem to support the theories of Humes et

al ( 121, 122 ) who suggest that all NSAIDs interact with

the same site on the cyclooxygenase enzyme which is distinct

from, but related to the catalytic site. The similarity of

the MEPs of indomethacin and aspirin does not seem to back

up the more recent suggestion, by Kulmacz, that they have

completely separate binding sites ( 9 ). However, it is

possible that the two sites are very similar, but that
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indomethacin is too bulky to fit into the aspirin binding'

site .

In order to obtain more quantitative information about

the similarities of the MEPs of the indomethacin analog's,

the similarity index program ( described in Chapter 4 ) was

used to compare the molecules. The reference molecule was

chosen to be indomethacin itself, as it was the most active

member of the series. The similarity index of each analog

with indomethacin was calculated, using both single and

double Connolly surfaces. In each case 'like', 'like

overall' ( L.O. ), 'equivalent' and 'equivalent overall'

(E. 0. ) results were compared, where:

a) 'Like' means the similarity index is calculated by

comparing like atoms only e.g. C to C, H to H, 0 to O.etc.

b) 'Equivalent' means the similarity index is

calculated by comparing like and equivalent atoms e.g. CI to

F, 0 to S, C to H etc. as long as they are in exactly the

same relative positions

c) 'Overall' means the similarity index is obtained not

by comparing only the average electrostatic potential on

each atom, but by multiplying together the similarity

indices obtained by comparing the negative, positive,

standard deviation and average electrostatic potentials, to

give an 'overall' value.

The electrostatic potential similarity indices ( EPSIs)

were plotted against the activity data obtained from

Reference 120. The square of the correlation coefficient

(r2 ) was recorded in each case, which gave an indication of
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how good the fit was to a straight line. The R2 values for

the single Connolly surface comparisons were as follows:

1) 0.749 using 'like' atoms only for comparison

2) 0.785 using 'like' atoms only and the overall value

for the similarity index

3) 0.824 using 'equivalent' atoms for comparison

4) 0.794 using 'equivalent' atoms and the overall value

for the similarity index

Figure 6.11 shows the graph obtained by plotting the EPSIs

obtained using equivalent atoms against the activity of the

indomethacin analogs as eyelooxygenase inhibitors. Table

6.8 shows the EPSI values for indomethacin and its analogs

using the single Connolly surface.

Very similar results were obtained for the R2 values

using the double Connolly surface comparisons:

1) R2 'like'
,

= 0 . 686

2 ) R2 'like overall' = 0.822

3 ) R2 'equivalent' = 0.840

4) R2 'equivalent overall' == 0.847

Figure 6.12 shows the graph obtained by plotting the EPSIs

using equivalent atoms and the overall value, against the

activity of the indomethacin analogs as cyclooxygenase

inhibitors. Table 6.9 shows the EPSI values found using the

double Connolly surface for comparison. The correlation

between the activity of these molecules and their EPSIs is

extremely good, which suggests that they interact with the

same site of the cyclooxygenase enzyme, and that

electrostatic forces play an important role in determining

their activity. The fact that the desmethyl metabolite and
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the alcohol derivative have unexpectedly high values for the

EPSI i.e. they actually have lower activities than would be

expected from their EPSI values, suggests that the

modifications made to the indomethacin structure do not

affect the electrostatic potential a great deal. It seems

likely that forces other than electrostatic ones are coming

in to play in the case of these two analogs. Perhaps the

carboxylic acid groups normally present is involved in a

chelate-like form of binding with, for example, an arginine

residue of the cyclooxygenase binding site, whereas in the

case of the alcohol derivative, this type of binding would

be impossible as it requires the presence of two oxygen

atoms. In the case of the desmethyl metabolite, it is

possible that the smaller hydroxy group does not fit the

'methoxy pocket' in the binding site as well or as closely

as the usual methoxy group. It may also be possible for the

hydroxy group to hydrogen bond with a nearby acceptor group,

preventing it from fitting exactly into the 'methoxy pocket'

as it should.

As the electrostatic potential maps of the indomethacin

analogs studied so far had been shown to correlate well with

their activities, it was decided to optimise three more

analogs, for which activity data were available from the

same research group. The molecules chosen were the sulphide

metabolite of sulindac, the cyanide derivative of

indomethacin and the drug MK555. The experimental IDs o

values for these inhibitors were 2.2 pM, 3.0 pM and lOpM

respectively. The predicted IDso were then obtained by

using the graph in Figure 6.12. This was achieved by
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calculating the overall EPSIs of the three analogs with

indomethacin, using the double Connolly surface and

considering' equivalent atoms, then reading off the

corresponding activity data from the graph. The predicted

activity values were 2.8 uM, 1.6 pM and 2.6 pM respectively.

The predicted activity of the sulphide metabolite o f

sulinaac is very close to the true activity measured using

this system. Sulindac has been used as an anti-arthritic

agent with clinical efficiency comparable to that of

indomethacin, but with an improved patient tolerance. In

man, as well as in animals, the sulphide metabolite of

sulindac has a long serum half-life of eighteen hours and is

considered to be the active species of sulindac.

The cyanide analog of indomethacin is predicted as

having a higher activity than that measured experimentally,

the discrepancy being similar to that obtained for the

desmethyl metabolite. This result reinforces the suggestion

that the part of the binding site which accommodates the

methoxv group of indomethacin is highly specific, and the

linear cyanide group may give a less appropriate fit

sterically, even though it has a suitable charge

distribution. MK555 is incorrectly predicted as having

moderate to weak activity, similar to the activity of MK410.

The fact that MK555 is shown experimentally to have a much

lower activity than expected indicates that either the

addition of an a-methyl group to the carboxylic acid chain,

or the replacement of the non-acidic carbonyl group with a

methylene group causes a large reduction in the potency of

the inhibitor. It is perhaps relevent to mention at this



132

stage that the indene isostere of indomethacin, MK715, is

pharmacologically very similar to indomethacin and

comparably active in vitro. Electronically and

stereochemically 1-benzylid enyl indene is isosteric with N-

benzoyl indole and X-ray crystallographic studies have shown

that the configuration of the cis isomer of MK715 is almost

identical to that of indomethac in, and is five times more

active than the trans isomer. The benzyl analogs, MK555 and

MK410, require much higher doses ( ca 2g per day i than

indomethacin and MK715 to show clinical efficacy and this

may be due to the fact that the benzyl group can move much

more freely and is not fixed in the favourable conformation

adopted by indomethacin. The fact that MK410 is more active

than MK555 indicates that the SCH3 substitution is a

favourable one. With these results in mind, the following

indomethacin analogs have been suggested as possible new-

inhibitors of indomethacin:

O
CHZCOOH

ch3o

CH^CCOH

CH,S

To our knowledge, the only previous quantum mechanical

calculations published for molecules of this kind were those

carried out by Gund and Shen ( 11 ), in which quantitative

details of the CNDO optimised structures were not given.



Agreement with the present calculations is, however,

apparent concerning the orientation of the carboxylic acid

group. Their study also showed that indomethacin and its

indene isostere, MK715, adopt analagous conformations.

Table 6.10 gives the AMI and PM3 calculated values of the

dihedral angle, o, which determines the twist of the benzyl

ring ( see figure 6.Ja for the definition of o ). The twist

of the ring is predicted as being constant amongst all of

the analogs, even those with the more flexible methylene

group linkage to the ring e.g. MK555 and MK410. The PM3

results differ from the AMI values by about -20° in every

case, and the range of values obtained using PM3 is only 7° ,

whereas for AMI the largest and smallest values are 13°

apart. These results suggest that the position of the

benzyl ring is likely to be important for the indomethacin

analogs when they interact with the cyclooxygenase active

site .

Further calculations were carried out on the AMI

optimised structures of the most and least active analogs of

indomethacin, using the VECTORS option in MOPAC. The

VECTORS keyword allows the full printing of the eigenvectors

in the calculation's output and hence gives more detailed

information about the individual molecular orbitals. The

energies of the highest ocuupied molecular orbital ( HOMO )

and the lowest unoccupied molecular orbital ( LUMO ) of each

indomethacin analog, in electron Volts, are shown in "Table

6.11. The analogs are in decreasing order of activity, but

there appears to be no correlation between the energy of the

HOMO or of the LUMO with the activity. The HOMO energies
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are all very similar, and the lowest ( most negative ) of

these is the HOMO of the cyanide analog. The LUMO energies

are also very similar, except for those of MK410 and MK555,

which have considerably higher ( less negative ) energies.

This difference may be connected to the fact that these two

molecules have a methylene linkage to the benzyl ring.

The most active analog, indomethacin itself, is shown

by the VECTORS calculation ( using the AMI optimised

geometry ) as having a HOMO which is predominantly

distributed over the heterocyclic five-membered ( indole i

ring. There is also some electron density over the oxygen

atom of the methoxy group, and over the three nearest carbon

atoms of the benzene ring to which it is attached. In all

cases the bonding is predominantly Tt-bonding. These results

suggest a role for the indole ring and the methoxy group in

the interaction of this molecule with cyclooxygenase. The

LUMO, on the other hand, is distributed exclusively over the

lower benzyl ring ( mainly sigma bonding ) and over the

carbonyl group ( it-bonding ) . This very distinct separation

of the HOMO and LUMO charge densities suggests that the

fused ring system of the molecule acts as an electron

donator, whereas the benzyl ring and the carbonyl group may

accept electrons.

The least active analog, MK555, has very similar HOMO

and LUMO density distributions to indomethacin, however a

few differences can be seen. The HOMO has a greater

distribution over the fused benzene ring and the oxygen atom

of the methoxy group, and slightly less density over the

indole ring. The LUMO has a similar density distribution
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over the lower benzyl ring, but nothing to replace the

charge density which was distributed over the carbonyl group

in indomethacin.

Surprisingly, there are more noticeable differences to

indomethacin in the indene isostere ( MK715 ) HOMO and LUMO

distributions. The HOMO density is similarly spread over

the oxygen atom of the methoxy group, and the same three

carbon atoms of the benzene ring and the atoms of the five-

membered ring. In this case, the nitrogen atom of the five-

membered ring has been changed to a carbon atom, which is

attached to the connecting carbon atom via a double bond.

The HOMO density spreads out further over this double bond,

and hence differs from indomethacin and MK555. The greatest

difference, however, is in the LUMO, which is no longer

confined to the benzyl ring, in fact it lies predominantly

in the region of the five-membered ring and the connecting

double bond. It would appear that this double bond may have

an important role to play in the interaction of-MK715 with

its receptor.

A graph was plotted of the dipole moments of the

indomethacin analogs against their activities as

cyclooxygenase inhibitors. The squares of the correlation

coefficients found using AMI and PM3 values were 0.522 and

0.301 respectively, which shows no significant correlation.

An attempt was also made to correlate ionisation potentials

of the inhibitors with their potencies, but again, no

significant correlation was found.

6.1.2.2 The Fenamates
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In the case of the fenamates, complications arose

because the optimised conformations were not all equivalent,

as they were for the indomethacin analogs. The angle

between the planes of the two aromatic rings, 0, ( see

Figure 6 .-8a ) was calculated at 54° and 53° ( using AMI ) in

the case of mefenamic acid and flufenamic acid respectively,

whereas for meclofenamic acid, o was calculated as 80° .

This difference is not altogether surprising, as

meclofenamic acid has two bulky ortho substituents

(chlorine atoms ) which restrict the rotation of the lower

aromatic ring, due to steric hindrance. Also, the

substituted aryl aliphatic acid dichlofenac, which has a

very similar structure to that of meclofenamic acid, has a

slightly larger value of 104° for the equivalent dihedral

angle, 0. Niflumic acid, on the other hand, has no ortho

substituents, and its AMI optimised conformation has an

angle of -53° between the two rings, which means that the

second ring is in a completely different plane compared to

the ring conformations of the other fenamates. This may be

due to the presence of the lone pair on the nitrogen atom of

the first ring, which could repel the ortho hydrogen atoms

of the second ring. The distance between the nitrogen atom

and the nearest hydrogen atom is 2.6 A in the optimised

structure of niflumic acid. Using CHEMX, if the angle of

twist, 0, between the two rings is fixed at 0°, this

distance is reduced to 1.9 A. If 0 is set at +53° , the

distance between the N and H atoms is 2.9 A ( without

optimisation ), which suggests that an equivalent minimum

energy structure to that adopted by mefenamic and flufenamic
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acid exists. Considering the close contact of the N and

ortho H atoms at 0° , the barrier to rotation, and hence to

interconversion of the two structures, is likely to be very

high. The electrostatic potential maps of the fenamates

(see Figure 6.13 ) calculated on the double Connolly surface,

were compared with one another and also with dichlofenac

Figure 6.16 ), and a certain amount of resemblance could be

seen. All of these molecules have a negatively charged

[red/orange ) region at the top right section of the maps,

corresponding to the carbonyl group of the carboxylic acid

moiety in each molecule. In every case this is flanked on

the left hand side by a more positive ( dark green i region.

In the case of niflumic acid this region is more strongly

positive ( blue ). The lower halves of the five maps differ

the most, with dichlofenac, mefenamic acid and meclofenamic

acid having differing distributions of positively charged

(green ) base regions, and niflumic acid and flufenamic acid

having negatively charged ( orange ) base regions due to the

presence of their CF3 groups.

The most active molecule, niflumic acid, has an

optimised conformation in which the lower ring is twisted

around by ca 77° compared to the conformations of mefenamic

acid and flufenamic acid, hence its CF3 group is in a

completely different position compared to the CF3 group of

flufenamic acid. As a consequence of this, the MEPs differ

considerably in their orientation in this region. The

optimised structure of niflumic acid was very similar to its

X-ray structure, so it is likely that the global minimum has

been found for this molecule, but that it has a different



138

ring orientation to the conformations corresponding to the

global minima of the other molecules in this group. Any

attempts made to show a correlation between the

electrostatic potential maps and the activities of this set

of inhibitors, were thwarted by the fact that the most

active molecule, niflumic acid, which was used as a

reference, was the only member of the group to have a

nitrogen-containing ring. This difference seemed to

overshadow any other changes made to the rest of the

structure, so the similarity indices for mefenamic acid and

meclofenamic acid ( and also for dichlofenac when it was

included ) with niflumic acid were always very low. The

exception was flufenamic acid, for the obvious reason that

its structure was identical to that of niflumic acid, except

for the nitrogen atom only, so its EPSI values were

consistently higher. The EPSIs calculated on the double

Connolly surface, using AMI charges, are shown in Table

6.12. Two sets of activity data were obtained ( 124, 125 .) ,

the first of which gave IDso values in pM, using bovine

seminal vesicles as the enzyme source, and the second also

gave IDs o values in pM , but used sheep seminal vesicles.

The values for niflumic acid, meclofenamic acid, mefenamic

acid and flufenamic acid using these two methods are as

follows: 0.3 pM and 1.2 pM; 0.6 pM and 15 pM; 0.7 pM and 2.1

pM; 0.8 pM and 2.5 pM respectively. The activities measured

are very different depending on the method used, and the

order of activity is not reproduced at all. Dichlofenac is

shown as having an activity of 0.3 pM using sheep seminal

vesicles and 1.7 pM using bovine seminal vesicles, both from
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Reference 124. The activity data may not, therefore, be

reliable. One reason for this could be the differing

stabilities of the molecules - from the heats of formation

calculated it can be seen that mefenamic acid and

meclofenamic acid are apparently much less stable than

niflumic acid and flufenamic acid, and may have a shorter

lifetime in the body. However, as the kinetics of the

situation are unknown to us, we cannot draw firm conclusions

about the relative stabilities of these molecules. A

further point which should be mentioned is that the MEP of

the inhibitor BW755C ( Figure 6.14 ) bears some resemblance

to that of flufenamic acid, hence they may interact with the

same site on cyclooxygenase. The MEP of phenidone, on the

other hand, shows no resemblance to any of the MEPs of the

fenamates.

Calculations were carried out on the AMI optimised

structures of niflumic acid, flufenamic acid and

dichlofenac, using the VECTORS option of MOPAC. The

calculated energies, in eV, of the HOMOs and LUMOs in each

case are given below:

6homo £lumo

Niflumic acid -9.11086 -0.91706

Flufenamic acid -8.70993 -0.71371

Dichlofenac -8.94376 -0.49463

These results show that niflumic acid has the lowest { most

negative ) energies in both cases. The HOMO and LUMO

density distributions were very similar for the two

fenamates and the predominant regions are shown below:
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The dashed areas shown in the LUMO diagram indicate areas

where the two density distributions differ slightly. In

niflumic acid, there is more density centred on the nitrogen

atom of the upper ring, whereas in flufenamic acid there is

little density over the equivalent carbon atom, and some

density moves down into the lower ring. In the case of

dichlofenac, the HOMO density distribution is almost

identical to that of the two fenamates, which lends support

to the suggestion that it may interact with the same site in

cyclooxygenase.

6.1.2.3 Substituted aryl aliphatic acids

The final group of cyclooxygenase inhibitors which were

compared using their electrostatic potential maps were the

substituted aryl aliphatic acids. These molecules have very

varied structures ( see Figure 6.8a ), so they were aligned

by fitting their upper phenyl rings and acidic groups, in

order to compare them. The electrostatic potential maps

calculated on the double Connolly surface, using AMI

charges, are shown in Figure 6.15. The only striking

similarity is between the MEPs of ibuprofen and naproxen,

which have similar orientations of their carboxylic acid

groups and hence similar negatively charged ( red ) regions
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at the top of the maps. The weakly positively charged

regions ( green ) are also in similar positions in the two

molecules. The map first obtained for ketoprofen t Figure

6.15a ) did not show much resemblance to the maps for

ibuprofen and naproxen ( Figure 6.15c and d ). However if

the carboxylic acid group in the optimised structure of

ketoprofen was rotated so that it had an analagous

orientation to ibuprofen and naproxen, the MEP of ketoprofen

showed a much greater resemblance to the MEPs of these two

molecules ( Figure 6.15b ). An optimisation of ketoprofen,

using this orientation as a starting structure, gave a final

heat of formation which was lower than that obtained

previously, by 14.3 kJ ( 3.4 kcal ).

Calculations on ibuprofen and naproxen using the

VECTORS option of MOPAC revealed that the HOMO density

distribution in these molecules is very similar. The

distribution is predominantly over the benzene ring and the

two carbon atoms connected para to the carboxylic acid side

chain. In naproxen these two atoms form part of the second,

lower benzene ring, and the density extends to the oxygen

atom of the methoxy group. The LUMO distributions are not

as alike, because in naproxen the density is distributed

fairly evenly between the two rings, whereas in ibuprofen it

lies exclusively over the only benzene ring.

The MEP of dichlofenac ( Figure 6.16a ) bears no

resemblance at all to the MEPs of the other aryl aliphatic

acids. However, as previously suggested, its MEP is very

similar to the MEPs of the fenamates, hence dichlofenac may

interact with the same part of the cyclooxygenase active
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site as the fenamates. The MEP of dicnofenac in an

analogous orientation to the fenamates is shown in Figure

6.16b.

At first, flurbiprofen appeared to have an MEP which

was completely different from any of the other molecules.

However, by rotating the indomethacin maps ( Figure 6.83 ) by

+40° and -40° respectively, around the y axis, a great deal

of similarity could be seen with the 'forward facing' and

'reverse facing' MEPs of flurbiprofen. See Figure 6.17.

The carboxylic acid group of flurbiprofen is positioned on

the 'underside' of the molecule in a similar orientation to

the indomethacin carboxylic acid group ( Figure 6.17 c and c£

These similarities suggest that flurbiprofen may occupy

the 'pocket' in the binding site which accepts the acidic

group, the indole ring and the chlorine-substituted ring of

indomethacin. The HOMO and LUMO of flurbiprofen do not show

the 'partitioning' of the density distribution into the

upper and lower rings, respectively, which is apparent in

the HOMO and LUMO of inodmethacin. Both the HOMO and LUMO

density distibutions of flurbiprofen appear to be evenly

spread over both rings. However, in the case of both

molecules there is no density at all over the carboxylic

acid chain.

An attempt was made to compare the MEPs of ketoprofen,

flurbiprofen, naproxen and ibuprofen, using the similarity

index program, but little or no correlation was found, which

reinforces the suggestion made above that they do not all

interact with the cyc'ooxygenase active site in the same way.

The activity data, in IDs 0 values, used to try to correlate
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the EPSIs with the potency of these molecules, was taken

from Reference 124. The data was obtained using sheep

seminal vesicles and the order of activity is as follows:

ketoprofen ( 0.12 pM ), dichlofenac ( 0.3 pM ), flurbiprofen

( 0.7 pM ), ibuprofen { 1.5 pM ), naproxen ( 6.1 }iM ). It

is noticeable that flurbiprofen has a similar activity to

indomethacin, measured using the same system.

6.1.2.4 Discussion

The heats of formation obtained for the indomethacin

analogs decrease ( become more negative ) in the order AMI >

MNDO > PM3 , which is dif ferent -from the order obtained for the

arachidonic acid metabolites ( MNDO > PM3 > AMI ). The

average difference between the AMI and MNDO results for the

indomethacin analog's was +65.6 kJ ( +15.7 kcal ), whereas

the average difference between the PM3 and MNDO results was

-31.8 kJ ( -7.6 kcal ). This highlights the differences in

parametrisations between the methods. The calculations in

the previous section were on molecules which contained only

C, H and 0, for which MNDO and AMI were originally

parametrised, whereas the indomethacin analogs contain atoms

such as CI, F, S etc.. The parametrisations for these

elements were added at a later stage with the MNDO and AMI

methods, whereas for PM3 they were optimised together with

C, H and 0. For the fenamates, the heats of formation

decrease in the order MNDO > AMI > PM3. The average

difference between the MNDO and AMI heats of formation is

+21 kJ ( +5.1 kcal ), whereas the average difference between

the PM3 and AMI values is -32.7 kJ ( -7.8 kcal ). Finally,

for the substituted aryl aliphatic acids, the heats of
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formation decrease in the order MNDO > AMI ~ PM3, where the

average difference between the MNDO and AMI values is +23.5

kJ ( +5.6 kcal ) and the average difference between the PM3

and AMI values is only -2.6 kJ ( -0.6 kcal ). The slightly

less consistent differences in heats of formation for the

last two groups may be due to the fact that some of these

molecules contain only C, H and 0 atoms, whereas others in

the same group contain F, CI etc.

The use of electrostatic potential maps to study

inhibitors of the enzyme cyclooxygenase has shown how they

can be used to decide whether molecules in different

chemical groups are likely to interact with the same active

site:

e.g. MEPs have been used to show7 that the binding sites

of indomethacin and its analogs, aspirin and flurbiprofen

may overlap

e.g. MEPs have been also used to show that dichlofenac

is likely to bind to cyclooxygenase in the same way as the

fenamates

Providing that good activity data are available,

correlation with EPSIs can be seen for analogs which are

very similar in structure. Any large deviations in the

structure from the most active reference molecule, however,

means that this method is no longer feasible. Activity data

are often conflicting, as results are difficult to measure

accurately. The electrostatic potential 'model' of an

inhibitor does not take into account any other forces than

electrostatic forces, hence if a certain substituent is

particulary important for binding or hydrogen bonding etc.
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the model may not recognise its importance, and deviation

from correlation can occur.

Within these limits, the electrostatic potential model

can be used to predict the activity of molecules which are

structurally similar to the most active one in the series.

In the particular case of indomethacin and its analogs, the

importance of the carboxyl group, the methoxy group and the

cis configuration of MK715 have been observed, and it is

apparent that electrostatic forces are an important factor

in determining the potency of drugs of this kind.
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Figure o.11

Correlation of E.S.P.I, with activity for indomethacin and its analogs
Single Van der Waal's surface

y = 1.0342 - 6.8705e-2x RA2 = 0.824

ACTIVITY / ,uM
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Figure o .12

Correlation of E.P.S.I. with activity for indomethacin analogs
Double Van der Waal's radius

ACTIVITY / uM
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Figure b .15 MEPs of:

a) Mefenamic acid

b) Plufenamic acid

c) Weclofenamic acid

d) Niflumic acid
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Figure b.14 MEPs of:

a) BW755C

b) Phenidone
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Figure 6.15 MEPs of:

a) Ketoprofen (l)

b) Ketoprofen (2)

c) Ibuprofen

d) Naproxen
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Figure 6.16 MEPs of:

a) Dichlofenac (l)

b) Dichlofenac (2)
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Figure b.l? IvIEPs of:
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Table 6.7

Heats of formation of cyclooxygenase inhibitors using
different semi-empirical methods

Inhibitor Heat of formation/kJmol" l

MNDO AMI PM3

Aspirin -616.36 -591.02 -606.00
(4.28) (0.06) (1.38)

Indomethacin analog s :

MKT 1 5 -260.39 -228.71 -256 . 20
(1.01) (0.57) (0.19)

Indomethacin -443.97 -366.43 -468.96
(3.89) (1.65) (1.37)

MK5 5 5 -303.68 -274.02 -367.26
(2.73) (1.65) (1.01)

Para_fluoro analog -607.65 -526.31 -622 . 69

(0.64) (1.35) (0.84)
Desmethyl analog -476.96 -391.77 -496 . 90

(1.31) (1.20 ) (1.40)

MK8 2 5 -246.33 -169.34 -323.59
(2.14) (2.03) (0.34)

MK410 -297 . 18 -227.91 -339.36
(0.83) (2.30) (1.05)

Sulindac -285.73 -219.87 -257.21
(3.68) (0.44 ) (0.65)

Alcohol analog -280.99 -201.07 -296.22
(1.96) (0.15) (0.76)

Cyanide analog -144.23 -85.94 -179 .48

(0.97) (1.20) (0.76)

Fenamates:
Mefenamic acid -170.55 -205.71 -226.32

(0.90) (0.86) (1.08)
Flufenamic acid -755.46 -800.40 -817.15

(1.88 ) (0.06) (1.29)
Meclofenamic acid -193.35 -201.67 -233.32

(1.59) (0.93) (1.07)
Niflumic acid -728.84 -725.88 -787.52

(0.67) (0.13) (0.51)

Substituted aryl aliphatic acids:
Dichlofenac -171.85 -196.37 -222 .48

(0.59) (0.82) (0.13)
Ketoprofen -321 . 34 -332.43 -341 . 11

(2.15) (0.56) (0.71)
Flurbiprofen -385.25 -398.63 -388.15

(1.64 ) (0.62) (0.63)

Naproxen -396.20 -411.79 -400 .53
(1.30 ) ( 1 .09 ) (0.51)

Ibuprofen -374.13 -427.16 -418 . 92
(0.63 ) (0.08) (0.04)



Miscellaneous joint inhibitors:
NDGA -646.26 -672.30 - 6 6 7.95

(5.18) (1.24 ) (1.45)
AA861 -176.72 -162.65 -161.85

( 1.67 ) (2.53) (2.49)

Benoxaprofen -301 .89 -202.02 -268.29
(3.56) (0.35) (2.31)

ETYA +126.74 +164.14 +194.93
(2.91 ) (2.09 ) (2.03)

BW75 5C -307.62 -240.81 -360.53

(0.72) (1.26) (1.71)
Phenicione +38.91 +131.97 +33.06

(0.59) (1.46) (0.62)
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Table 6.8

Electrostatic potential similarity indices for indomethacin
and its analogs - Single Connolly Surface

Molecule

Indomethacin
MK82 5
Parafluoro analog
Desmethyl analog
MKT 15
MK410
Alcohol analog

Like Like overall

1 . 000 1 . 000
0 . 999 0 . 994
0 .991 0.975
0 . 983 0 . 962
0 .959 0 . 896
0 .918 0 . 836
0 . 943 0 . 878

Eouiv Eauiv.overal1

1 . 000 1 . 000
0 . 998 0 . 994
0 . 987 0.947
0 . 983 0 . 962
0.876 0.770
0.837 0.705
0.851 0 . 743

Table 6.9

Electrostatic potential similarity indices for indomethacin
and its analogs - Double Connolly Surface

Molecule Like Like overall Eciuiv Eauiv. overall

Indomethacin 1.000 1.000 1.000 1.000
MK825 0.S66 0.895 0.967 0.897
Parafluoro analog 0.990 0.971 0.986 0.931
Desmethyl analog 0.947 0.884 0.947 0.884
MK715 0.846 0.654 0.769 0.551
MK410 0.716 0.462 0.712 0.466
Alcohol analog 0.827 0.542 0.739 0.488



Table 6.11

AMI calculated orbital energies for indomethacin analogs
(electron Volts)

Molecules £H 0 M 0 6L U M 0

Indomethacin -8.766 -0.709
MK82 5 -8.207 -0.658
Parafluoro analog -8.771 -0 . 751
Desmethyl analog -3.770 -0.731
MKT 15 -8.656 -0.982
MK410 -8.313 -0.085
Sulindac -8.675 -1.072

Cyano analog -9.065 -0.973
Alcohol analog -8.535 -0.569
MK555 -8.379 -0.194
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Table 6.12

Electrostatic potential similarity indices for the Fenamates
- Double Connolly Surface

Molecule Like Like overall Eauiv Eauiv.ove

Niflumic Acid 1 .000 1 .000 1 .000 1 .000
Meclofenamic Acid 0.659 0.438 0. 502 0.256
Mefenamic Acid 0.610 0.455 0 .518 0 .299
Flufenamic Acid 0.914 0 . 737 0.896 0.697
( Dichlofenac 0.595 0 .398 0 .393 0.187)



6.1.3 Lipoxygenase inhibitors

( The structures of the molecules discussed in this

section are shown in Figure 6.18 )

Various classes of lipoxygenase inhibitors are

known, some of which act as dual cyclooxygenase and

lipoxygenase inhibitors. One such group is the

acetylenic fatty acids and in particular 5,8,11,14-

eicosatetravnoic acid, which acts as a suicidal substrate

with both enzymes. Other dual inhibitors include 3-

amino-1-(3-trifluoromethvlphenyl)-pyrazoline ( BW755C )

and phenidone ( a phenylhydrazone ) , whose mechanisms of

action are not clear. A large group of inhibitors known

as the catechols are thought to act as radical scavengers

and ferric chelators. This group includes quercetin,

related flavonoids and nordihydroguaiaretic acid ( NDGA)

which is a dual anti-oxidant inhibitor of

cyclooxygenase and lipoxygenase. An interesting study

was carried out by Spaapen et al ( 126 ), in which the

properties of a complex of iron ( III ) soybean

lipoxygenase-1 and nitrocatechol were examined. They

showed that 4-nitrocatechol forms a green 1:1 complex

with the ferric form of lipoxygenase and that this

inhibitor and the substrate ( 13 Ls-hydroperoxylinoleic

acid ) compete for the same binding site. It is thought

that the reason a pseudo-noncompetitive inhibition is

observed is because the enzyme-inhibitor complex is

formed very slowly. On prolonged incubation the green

complex converts into a brown species and the nature of

the inhibition changes from reversible to irreversible.



The catechols are therefore regarded as active site

probes, and the observation that NDGA inhibits the

dioxygenation reaction competitively is in line with this

conclusion. From the different shapes of the titration

curves of the inhibition, it has been concluded that the

mechanisms of action of the ferric chelators and the

pyrazolines e.g. BW755C, are different. It is also

thought that the catechols seem to combine in their

molecules the property of an active site probe ( via

their chelating properties ) and that of a radical

scavenger. This would explain why all anti-oxidants do

not act as lipoxygenase inhibitors, presumably because

the intermediate radicals which arise during the

catalytic cycle of lipoxygenase remain enzyme bound and

are hence inaccessible to most radical scavengers.

Other inhibitors are known which are far more

selective for lipoxygenase, and these include 2,3,5—

trimethyl 6-( 12-hydroxy-5,10-dodecadiynyl ) 1,4

benzoquinone ( AA861 ) and 3,4,2',4'tetrahydroxychalcone,

which have a potency of inhibition for cyclooxygenase

less than 1/50 of that for 12-lipoxygenase of mouse

epidermis ( 127 ) . Another report ( 128 ) describes

AA861 as a selective, competitive inhibitor of the 5-

lipoxygenase reaction, which does not affect 12-

lipoxygenase or fatty acid cyclooxygenase below a

concentration of 10 pM. This study was carried out using

5-1ipoxygenase of guinea-pig peritoneal polymorphonuclear

leukocytes, which illustrates the great quantitative

differences in the inhibitory potencies of various drugs
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towards different lipoxygenases. The molecules

benoxaprofen ( 129 ) and AC-51 i 130 ) have also been

shown to be selective inhibitors of lipoxygenase. All of

the molecules described above will be discussed in this

section, but this thesis will concentrate particularly on

the flavonoids, such as quercetin, which are potent

inhibitors of 5-lipoxygenase. The flavonoids have been

shown to inhibit other steps in the metabolism of

arachidonic acid, such as those controlled by the

cyclooxvgenase and phospholipase A2 enzymes. However,

they are assumed to act primarily as lipoxygenase

inhibitors, because they are less active towards

cvclooxygenase and must be at high concentrations to

affect phospholipase A2. They are less potent inhibitors

of 12-1ipoxygenase than of 5-lipoxygenase. The main

exception is flavone itself, which acts as a selective

inhibitor of cyclooxygenase.

Ludwig et al carried out a kinetic analysis in order

to model the reaction mechanism of reticulocyte

lipoxygenase ( 131 ) . The kinetic features of the

lipoxyenase activity included an initial lag phase which

was dependant on the substrate concentration ( linoleic

acid in this case ) and which could be abolished by

precincubation with small amounts of the product

hydroperoxy acid. Higher concentrations of the product

produced reversible product inhibition. As the kinetic

features observed had also been found for plant

lipoxygenase, a common mechanism was proposed for the
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dioxygenation of linoleic acid, assuming a single binding

site of the lipoxygenase for both substrate and product:

ES ^ h EP ^ E
A

*
-

, e*S

P

E*p

k.

£ SO

CO'

s-

k3
E = enzyme

= activated enzyme

S = substrate, linoleic acid

P = product, 13Ls hydroperoxyoctadecadienoic acid (13-

HPOD )

The model postulates that the inactive ferrous enzyme, E,

is activated irreversibly by the product, P, to the

active ferric form, E* , via an enzyme-product complex,

EP. Competition of the substrate, S, and the product, P,

for E accounts for the substrate inhibition found

experimentally. The substrate binds to E* and hydrogen

is abstracted in an irreversible reaction connected with

a reduction of enzyme iron and the formation of an enzyme

bound linoleic acid radical. Oxygen is thought to bind

stereospecifically to this radical, and the enzyme bound

alkoxy radical thus formed can pick up an electron from

the ferrous enzyme iron, which results in the

irreversible formation of E* and the final product, which

then dissociates. The competition of P and S for E*

explains the reversible product inhibition observed, and
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at low oxygen concentrations the enzyme bound linoleic

acid radical may irreversibly dissociate, leaving the

inactive ferrous enzyme. The rate-limiting step is

thought to be the hydrogen abstraction step, k2 , and the

reticulocyte lipoxygenase has a high affinity for oxygen

( kio ) which explains why hydroperoxidase activity will

only occur at low oxygen concentrations. The enzyme in

the resting state has a higher affinity for the product

(km p ) than for the substrate, which explains why small

concentrations of product abolish the initial lag phase.

The reversible product inhibition is explained by the

suggestion that the substrate ( km s ) is bound more

strongly than the product ( kip ) to the activated

enzyme , E* .

As all the lipoxygenases studied so far are

activated by their product hvdroperoxy acid, have an

initial lag phase and are all dependant on the oxygen

concentration, it is likely that they have similar

mechanisms of action. As described in the introductory

chapter of this thesis, several highly conserved regions

have been observed for various different lipoxygenases,

in particular five conserved histidine residues and six

more conserved acidic and basic residues in the proposed

iron-binding domain. An interesting study was carried

out on a nitric oxide complex of ferrous soybean

1ipoxygenase-1 ( 132 ) using electron paramagnetic

resonance spectroscopy, in which it was shown that the

substrate ( linoleic acid ) apparently binds very closely

to the iron in ferrous lipoxygenase, giving rise to
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competition between NO and linoleic acid for binding.

The study also suggested that the two species occupy

overlapping sites on the enzyme and that the binding of

the substrate in such proximity to the metal lends

support to the proposal for a vital role for the iron in

the mechanism of lipoxygenase. Detailed magnetic

susceptibility experiments have not produced evidence of

direct coordination of dioxygen to the ferrous iron.

The heats of formation obtained following the

optimisation of these inhibitors using the three semi-

empirical methods MNDO, AMI and PM3 , are listed in Table

6.13. The results for the dual cyclooxygenase and

lipoxygenase inhibitors ( NDGA, ETYA, BW755C and

phenidone ) are listed in the preceding section.

6.1.3.1 The flavonoids

The flavonoids are phenolic compounds found in

plants, which are responsible for much of the natural

colouring in nature. We ingest about one gram of

flavonoids in our daily diet, as they are present in

fruits, vegetables, grains, nuts, stems, leaves, flowers

and wine. Flavonoids are important for normal plant

growth and development and for defence against infection

and injury. They are known to be the active ingredients

of many 'folk' medicines used throughout the world, and

are particularly well known for their therapeutic

potential in the treatment of diabetes, cancer, allergic

reactions and inflammatory and viral infections.

Several X-ray structures are available for the

flavonoids, which were used as suitable starting
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structures for the semi-empirical optimisations. The

comparisons of the X-ray and AMI optimised structures of

quercetin, naringenin, hesperetin and silybin are shown

in Tables 6.14-6.17. The following scheme is used for

labelling the atoms:

Of particular interest is the angle of twist, o, between

the exocyclic 'B' ring and the plane of the rest of the

molecule. Table 6.18 gives the calculated value of this

dihedral angle for several flavonoids, after optimisation

with the three different semi-empirical methods. The

three methods give varying degrees of twist for the

torsion angle, o, but are fairly consistent within each

method e.g. the MNDO values are all in the region of 86°

for flavonoids with a double bond in the 2-3 position,

whereas using the AMI and PM3 methods the equivalent

values are 27° and 45° respectively. This range of

minimum energy conformations found suggests that rotation

of the phenyl ring may be a low energy process. Rotation

calculations were therefore carried out for various

molecules, by fixing a at values of 20° , 40° , 60° etc.

and optimising the rest of the molecule at each point.

The values of the heats of formation obtained were

plotted against the value of 0 in each case. The



resulting rotation profiles of quercetin, naringenin and

hesperetin are shown in Figures 6.19-6.21.

X-ray crystal structure determinations show

quercetin to be planar ( 133 ) and the hydroxyl groups to

lie in the same plane. Naringenin, on the other hand,

has a saturated C2-C3 bond and, as a result. the

heterocyclic ring is buckled in the X-ray structure and

the exocvclic phenyl group lies extensively twisted out

of the plane of the rest of the molecule. Previous

theoretical potential energy calculations ( 134 ) have

indicated the existence of a minimum energy conformation

for flavones at a torsion angle of 22.8° about the C2-C11

bond ( near to the value of 23.8° found experimentally

for 7,8 benzoflavone ) . These calculations also showed

that at zero torsion angle the potential energy is 2.9 kJ

above this calculated minimum, therefore it is thought

that a small energy barrier must be overcome if the

molecule is to be completely planar. In solution the C2-

Cll torsion angle is expected to lie somewhere in the

range ± 40°.

Further X-ray crystallographic studies ( 135 ) on

flavones, flavanones and their derivatives have shown

that the twist of the phenyl group lies below 31° in

flavones with a hydrogen on C3 , but is increased to 46°

when a bulky atom such as bromine is present in this

position. Methoxy and benzoyl groups are shown to be

distorted out of the plane of the rest of the molecule.

The C2-C11 bond is slightly shorter in the more planar

molecules, possibly due to some double bond character,



176

whereas it is increased in length in the case of the

flavanones. The twist angle is also increased, so that

the exocvclic ring is almost perpendicular to the flavone

ring system.

Looking at the results obtained for flavones using

the different methods, the MNDO calculations predict

values for the torsion angle, o, of ca 85°, which may be

because the MNDO method tends to overestimate the

repulsion between the atoms. The AMI calculations, on

the other hand, predict values of ca 27° , which agree

well with the previous theoretical calculations by Rossi

et al and with the experimental value for 7,8

benzoflavone. The rotation profile of quercetin, using

AMI, shows minima at o = 25° , 160° , 210° and 340f :he

lowest if these being at 25° and 340° . The difference in

energy between the predicted lowest energy structures and

the X-ray structure ( o = 7° ) is less than 2.0 k J.

Hence the AMI calculations give much better agreement

than MNDO with the X-ray structure of quercetin. The PM3

results are particularly interesting, because although

the trend shows the value for o to be about 45° for most

flavones, the molecules with an OH group in the 3 postion

have larger values for o of ca 60°.

2'
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Morin is different to the other flavones, as it has

calculated values of a = 90° ( MNDO ) , 35° ( AMI ) and

84° ( PM3 ) . This is probably because it has a hydroxy

group in the 2' position, which will cause greater steric

hindrance between the exocyclic ring and the planar

flavone ring system.

The flavanones, which have a double bond in the 2-3

position, are predicted by the three semi-empirical

methods as having very different structures to the

flavones. The angle of twist of the exocyclic ring is

predicted as ca 128° using MNDO, between 135° and 165°

using AMI, and ca 125° using PM3 . The AMI rotation

profile of naringenin is 180° periodical due to the fact

that there is only one substituent on the phenyl ring,

which is a hydroxy group in the 4' position. Two

possible minima are seen, at o = 145° and 320° ( -40° ),

which have very similar energies. The latter of these

two corresponds fairly closely to the X-ray structure of

naringenin, which has a value for 0 of -61.4° . The

rotation profile of hesperetin is non-symmetrical, due to

the presence of the 3' hydroxy group as well as a bulkier
I

4' methoxy group. Again, two minima were found, which

had analagous orientations to the minima of naringenin:

0 = 150° and 0 = 320° ( -40° ). The X-ray structure of

hesperetin has a value for 0 of -33.5°, which is close to

the second of these two minima, however our study showed

the first minimum to be the one with the lowest energy.

By using different starting structures, both minimum
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energy conformations were found, and the difference in

energy between the two structures was calculated at 1.3

kJ. The barriers to rotation for naringenin and

hesperetin are 5 kJ ( 1.2 kcal ) and 6.3 kJ ( 1.5 kcal )

respectively. The barrier to rotation for quercetin is

slightly higher, at 10.5 kJ ( 2.5 kcal ), which supports

the hypothesis that the C2-C11 bond of flavones has some

double bond character. The fact that the AMI calculated

C2-C11 bond length is 0.04 A shorter for quercetin than

for the flavanones naringenin and hesperetin, also

supports this theory.

A calculation was run on the AMI optimised structure

of quercetin using the VECTORS option of MOPAC. The

results showed that the HOMO consisted chiefly of the pz

or'oitals of the C atoms and hydroxy O atoms at the 3' and

4' positions of the flavone exocyclic ring, and also the

pz orbitals of the hydroxy oxygen atom attached to

position 3, and the C3 , C2 , CI' and C2 ' carbon atoms.

This information supports previous speculations that the

C2-C3 double bond, the 3-hydroxy group and the catechol

'B' ring are important for the inhibitory activity of

quercetin. The electron density of the LUMO is spread

mainly over the heterocyclic ring, particularly over the

carbonyl group and the 01 oxygen atom. The bonding is

mainly sigma bonding again, as indicated by the

predominance of pz orbitals contributing to the LUMO.

A calculation was also run on the AMI optimised

structure of taxifolin, using the MOPAC VECTORS option.

This showed that the HOMO and LUMO charge density



distribution was markedly different for the flavanones,

compared to the flavones. The HOMO of taxifolin was

distributed exclusively over the exocyclic ring and the

catechol oxygen atoms. There was no HOMO density over

the C2-C3 bond or the hydroxy group at position 3. The

LUMO was also very different, as the density had shifted

from the heterocyclic ring to the fused benzene ring, in

particular the C9-C10 double bond, and also the hydroxy

group at position 7. The only similarity with the LUMO

of quercetin was the remaining charge density over the

carbcnvl group, which may be important for interaction

with the active site of lipoxygenase.

The increase in saturation of the C2-C3 bond on

going from flavones to flavanones has a dramatic effect

on the HOMO and LUMO, which may explain why flavanones

are much less active than the flavones as lipoxygenase

inhibitors. Some key features are retained, namely the

charge density around the catechol hydroxy groups in the

HOMO and the carbonyl group in the LUMO. The hydroxy

group at the 3 position seems to be more important for

the flavones, whereas for flavanones, the hydroxy group

at the 7 position may play an important role.

Calculations were carried out on the AMI and PM3

optimised geometries of quercetin and apigenin, using the

keywords FORCE and THERMO(298,298), which gave the

vibrational frequencies and the thermodynamic properties

of these molecules. The comparisons of the AMI and PM3

calculated spectra of these two molecules are shown in

Figures 6.22-6.23. The calculated spectra can only give
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information about the wavenumber of the peaks, not the

intensity, however the absorption patterns can be

compared in each case.

Considering the spectra for quercetin first of all,

the 0-H stretching and C-H stretching regions ( 3500-3000

cm"1 ) and ( 3300-2700 cm'1 ) seem to be better

represented in the AMI spectrum. The PM3 spectrum

appears to overestimate the 0-H stretching by about 300

cm"1 . In the C=0 stretching region ( normally 1850-1650

cm"1 ), the experimental C=0 stretch is particularly low,

at ca 1650 cm"1 , and the AMI spectrum overestimates this

considerably more than the PM3 spectrum. The aromatic

C=C stretching ( 1600cm"1 in the experimental spectrum )

is overestimated by ca 150 cm"1 in both calculated

spectra. The PM3 spectrum shows more definite 'bands' in

the fingerprint region, which seem to correspond well to

the experimental absorption peaks. The AMI spectrum, on

the other hand, describes the area of weak absorption

(900-1100 cm"1 ) well, with a single peak just above 1000

cm"1 . The strong C-H bending of substituted benzene

rings ( 600-800 cm"1 ) is reproduced well in both

calculated spectra.

For the spectra of apigenin, very similar patterns

are seen. The PM3 spectrum overestimates the 0-H

stretching again, but the C-H stretching is better

represented. The AMI spectrum overestimates the C-H

stretching slightly. Once again the C=0 stretching and

aromatic C=C bending is overestimated in both cases, but

much more so in the case of AMI. Also, the area of weak
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absorption ( ~ 1000 cm-1 ) is predicted better by the AMI

spectrum again, but it is shifted to the left in this

case .

6.1.3.2 Electrostatic potential maps

Table 6.19 gives the values obtained by various

groups for the relative potencies of the flavonoids. The

IC5 o values and the orders of activity are not

consistent, and vary depending on the source of the

activity data. However, as a general rule for the

hydroxy flavonoids, quercetin, fisetin, and myricetin

seem to be the most active, followed by kaempferol and

morin, then taxifolin. Apigenin, chrysin, naringenin and

hesperetin all seem to have fairly low activity, and

flavone and flavanone are the least active.

The electrostatic potential maps of the hydroxy

flavones were generated on their double Connolly surfaces

using AMI charges ( see Figure 6.24 ). The regions of

particular interest are shown in the diagram below:



Region A is a large negative ( orange ) region which may

be important for binding. If this area is too strongly

negative e.g. for chrvsin or apigenin, this seems to have

a detrimental effect. Regions B and C are two closely

spaced positive regions, seen at the top of the maps,

which merge in some cases. If they are too widely spaced

e.g. in morin, the inhibitor becomes less potent. Region

D is generally neutral, however it is more negative in

the case of myricetin, which does not seem to diminish

its activity. For chrysin and apigenin, this area is

more positive, which has the effect of lowering the

inhibitory activity of these particular flavonoids.

Region E is always positively charged, but at varying

degrees ( cf morin and myricetin ). This variation does

not seem to affect the potency of the molecules. Region

F, on the other hand, is strongly positive and appears to

be very important for activity, as both chrysin and

apigenin have smaller ' F' regions and are the least

active of this groups of flavonoids.

A second group of flavonoids was studied, which

contained high proportions of methoxy groups, in the

place of hydroxy groups. The MEPs of these flavonoids on

the double Connolly surface, are shown in Figure 6.25.

Similar maps were obtained to the first group, and the

particular areas of interest are indicated in the diagram

belowT:
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The negatively charged 'A' region is once again

inevidence, but in this group it appears to be more

strongly negative e.g. for cirsiliol and pedalitin, which

are the most active analogs. The positive 'B' and 'C'

areas appear to have merged together more, but can still

clearly be seen in most cases. The neutral area, D, is

present in all five flavonoids, but is reduced in the

case of the least active, F28. The positive pocket, E,

down the left-hand side is extremely similar in almost

every case to the previously studied flavones, with the

exception of F2 , which has an extra methoxy group in this

postion. This methoxy group seems to cause the large

negative area to be extended across the molecule,

slightly lowering the activity of this analog. F81, on

the other hand, has a much smaller negative area, which

may be the reason for its reduced activity. In the case
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of F28, the negative area is not extended towards the

catechol ring, which may be detrimental to its potency.

Region F is positively charged, and in most cases covers

a slightly larger area than in the previous group of

flavonoids, however it is not as strongly charged. An

extra neutral area, H, has appeared with these

f lavonoids, which is reduced in the case of the least

active molecule, F28. It is difficult to rationalise how

quercetin could be less active than F23, unless the more

negative area 'A' is, the more active the molecule is,

and the importance of areas B, C and D is greater than

previously thought.

The least active group of these flavonoids is the

flavanones ( Figure 6.26 ). They also have large

negative 'A' regions and small, strongly negative 'F'

regions, except for the least active of this group, which

does not have a strongly positive F region. Most of the

flavanones have an additional small, positively charged

region on the right-hand side, above the 'A' region,

which splits the negatively charged region into two

parts. The joint cyclooxygenase and lipoxygense

inhibitors, phenidone, also has a prominant strongly

negative region, which is split, as in the case of the

flavanones. Phenidone also has a positive 'base' region,

similar to the 'F' region seen for all of the other

flavonoids.

The similarity index program was used to compare

some of the molecules in the two most active groups of

flavonoids. The first set of comparisons were made
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between fisetin, quercetin, myricetin and apigenin.

According to the activity data from Reference 136, the

most active of these four flavonoids is fisetin,

therefore it was used as a reference molecule. The usual

policy was adopted, of using both AMI and PM3 charges to

calculate the electrostatic potential maps, of

calculating the single and double Connolly surfaces and

of comparing like and equivalent atoms. The average and

overall electrostatic potential similarity indices were

recorded in each case, and these are shown in Table 6.20.

The calculated values for the EPSIs were plotted against

the activity of the flavonoids in each case, and the

squares of the correlation coefficients were recorded

and are shown in Table 6.21. Figure 6.27a shows the graph

obtained using PM3 charges , single Connolly surfaces,

'average' EPSIs and comparing equivalent atoms. Figure

6.27s shows the graph obtained using AMI charges, double

Connolly surfaces, average EPSIs and also comparing

equivalent atoms. Extremely good correlation is seen for

these molecules, whichever method is used, but the best

results seem to be obtained when using AMI charges,

comparing equivalent atoms and using 'average' EPSIs.

When comparing the single Connolly surface maps, better

correlation is obtained with PM3 charges, but when

comparing the double Connolly surface maps the AMI

charges give better results.

The second set of comparisons were made between

cirsiliol, pedalitin, F2 , F81 and F28 , using cirsiliol as

the reference molecule. The EPSIs calculated using the
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various different methods are shown in Table 6.22, and

the R2 values obtained by plotting the EPSIs against

activity are recorded in Table 6.23. Figure 6 . 21c. shows

the graph obtained using AMI charges, single Connolly

surfaces, average EPSIs and comparing 'like' atoms only.

Figure 6.2^p shows the graph obtained using PM3 charges,

single Connolly surfaces, average EPSIs and comparing

'like' atoms only. With this group of flavonoids, good

correlation was only obtained using the single Connolly

surface and comparing 'like' atoms only. The best

results were seen when the average EPSIs were used,

rather than the overall EPSI values. The results

obtained for this and the previous set of flavonoids were

previously published by our research group ( 139 ).

A further correlation study was carried out using

the activity data obtained from Reference 138, using

neutrophil 5-1ipoxygenase . This reference gives a

slightly different order of activity to some of the other

references, in that chrysin is predicted to be more

active than kaempferol, and morin is predicted as having

an extremely low activity ( cf reference 137, where morin

is predicted as having a similar potency to quercetin and

fisetin ). In this set of data, quercetin is predicted

as being considerably more active than fisetin, whereas

in most other references they are predicted as having

very similar activities ( except in Reference 137 ). The

reference molecule used for comparison in this study was

thus quercetin rather than fisetin. The EPSIs obtained

using single and double Connolly surfaces are shown in
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Tables 6.24 and 6.25. The molecules are listed in

decreasing order of activity, according to Reference 138.

The order of activity correlates to a certain extent with

the electrostatic potential similarity indices, but there

are a few discrepancies, which prevent good R2 values

from being attained, when the values are plotted against

each other. The first discrepancy is a minor one, which

is only seen in a few cases : the similarity of fisetin

with quercetin is occasionally higher than for hypolaetin

with quercetin i.e. fisetin is sometimes predicted as

having a higher activity. This is not surprising,

considering the activity data obtained from other

sources, which suggest that fisetin and quercetin are

similar in potency. The main discrepancy is with

chrysin, which has much lower EPSIs than all of the other

molecules i.e. it is expected to have a much lower

activity. Again this is not all that surprising,

considering that Reference 137 predicts that chrysin has

a lower activity than morin and kaempferol by one order

of magnitude. The final discrepancy is with morin which

has higher EPSIs than expected i.e. it is expected to

have a much higher activity and hence a much smaller ICso

value than 160 pM. Once again other activity data

suggests that morin is considerably more active than it

is predicted to be in Reference 138. The correlation

coefficients obtained are far more significant if the

data for chrysin and morin are not included in the plots

of electrostatic potential similarity indices against

activity. The squares of the correlation coefficients
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obtained in this manner, using double Connolly surfaces,

are shown below:

AMI LA = 0.817 PM3 LA = 0.669
LO = 0 . 832 LO = 0.669
EA = 0 . 688 EA = 0.771
EO = 0 . 625 EO = 0.515

Of course, as mentioned earlier, the flavonoids have

different orders of activity depending on which system is

used to determine the activity data, and it is impossible

to tell how reliable the data is. Some differences in

activity may be due to real, differing potencies of the

inhibitors with different lipoxygenases, whereas other

apparent differences may be caused by the conditions of

the experiment e.g. temperature , pH etc.

6.1.3.3 Discussion

The heats of formation of the flavonoids decrease

(become more negative ) in the order AMI > PM3 > MNDO,

and there is a fairly consistent difference of about +38

kJ ( 9 kcal ) between the AMI and PM3 results, and -61 kJ

( -15 kcal ) between the MNDO and PM3 results. The fact

that the differences are reasonably consistent suggests

that they are mainly due to the different

parametrisations of the three methods.

Comparisons of the X-ray and optimised structures of

various flavonoids have shown that the geometries are

very similar. The importance has been recognised of the

angle of twist, o, between the exocyclic ring and the

planar flavone system, and the values of 0 obtained using
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the AMI and PM3 methods seem to agree best with

experimental values.

Investigat ions into the charge density distributions

of the HOMOs and LUMOs of the various flavonoids has

revealed the importance of the C2-C3 double bond, the 3-

hydroxy group, the carbonyl group and the catechol 'B'

ring, in their inhibitory actions against lipoxygenase.

For flavanones, the most important regions appeared to be

the C9-C10 double bond, the 7-hydroxy group, the carbonyl

group and the catechol 'B' ring.

Infra-red spectra of quercetin and apigenin were

predicted using the AMI and PM3 methods, and these agreed

reasonably well with the experimental spectra in both

cases. Attempts at correlation of the activity of these

flavonoids with their ionisation potentials and dipole

moments failed ( not shown ). However, very good

correlation was seen for electrostatic potential

similarity indices with inhibitory potency. These

results varied slightly depending on the group of

flavonoids studied and the source of the activity data.
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Figure 6.19

Rotation Profile of Quercetin

Dihedral angle ( degrees )



Figure 6 .20
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Figure 6.21

Rotation Calculation on Hesperetin
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Figure 6.22 Infra red spectra of Quercetin
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Figure 6.25 Infra red spectra of Apigenin
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figure 6.24 MEPs of:
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b) Quercetin

c) Myricetin
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Figure 6.26 MEPs of :
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Figure o.26 MEPs of:
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Correlation of E.P.S.I with activity for flavonoids (fisetin etc.)
Double Connolly surface

1.1 -i

y = 0.99861 - 4.2671 e-2x RA2 = 0.985

Aiil

0e+0
—i—

1 e+O 2e+0 3e+0 4e+0 5e+0
1

6e+0

ACTIVITY /juM



Figure o .2?t

Correlation of E.P.S.I with activity for flavonoids (cirsiliol etc.) - AM1
Single Connolly surface
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Figure 6. 2>c

Correlation of E.P.S.I with activity for flavonoids (cirsiw ate.) - PM3
Single Connolly Surface
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Table 6.13

Heats of Formation of Lipoxygenase inhibitors in kJmol
calculated using the MNDO, AMI and PM3 methods

Molecules MNDO AMI PM3
Flavones:

Myricetin -1216.9 -1066 . 9 -1119.7
Quercetin -1025.6 -899 . 6 -946.7
Morin -1029 . 3 -889 . 7 -948 . 8

Kaempf erol -829 . 9 -716 . 4 -766.1
Fisetin -830 . 4 -703 . 2 -741 . 7
Cirsiliol -951.1 -832 . 5 -870.1
Pedalit in -985.1 -868 . 0 -902.9
F28 -1027.5 -905.5 -947.8
F2 -1098 . 2 -966 . 8 -1008 . 7
F81 -899 . 4 -769 . 1 -807 . 8

Apigenin -639.3 -542 . 6 -595.7
Baicalein -629 . 2 -537.0 -577.8

Chrysin -437 . 2 -355.8 -405.6
Flavone -36 . 7 + 28 . 2 -6 . 8
Flavanones:
Flavanone -91.1 -71 . 8 -85.4
Taxifolin -1058 . 0 -995.0 -1006 . 9

Naringenin -692 . 2 -640 . 3 -671 . 2
Hesperetin -853 . 7 -797.7 -822 . 4

Silybin -1378.2 -1313.5 -1301 . 4

AC_5_2 -581 . 3 -561 . 2 -568.0
Chalcones:

AC_5_1 -739.9 -755.1 -788 . 3

3,4,2',4'tetrahydroxy- '-669.5 -598 . 1 -615 . 9
chalcone
Miscellaneous:
AA8 61 -176.7 -162 . 6 -161.8

Benoxaprofen -301 . 9 -202 . 0 -268 . 3



Table 6.14

Comparison of X-ray and AMI optimised structures for
Quercetin

X-rav AMI Dif f

Bond Lengths (A):
C2-C11 1 . 48 1 .46 -0 . 02
C2-C3 1 . 36 1 . 36 0 . 00
C3-C4 1.45 1.47 + 0 .02
C4-C10 1.42 1 . 45 + 0 . 03
C4-04 1 .27 1 .25 -0 . 02
Bond Angles (deg):
C3-C4-C10 117 115 -2
C2-01-CS 121 119 _2
C3-C2-C11 128 128 0

Dihedral Angles (deg):
01-C2-C11-C16 7 26 + 19
C3-C2-C11-C12 7 26 + 19
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Table 6.15

Comparison of X-ray and AMI optimised structures for
naringenin

X-rav AMI Diff
Bond lengths (A):
C2-C11 1.51 1 . 50 -0.01
C2-C3 1.51 1 .52 + 0.01
C3-C4 1 . 50 1 . 50 0 . 00
C4-C10 1 .43 1.46 + 0.03
C4-04 1. 26 1 . 24 -0 . 02
Bond Angles (deg ) :
C3-C4-C10 118 116 -2
C2-01-C9 116 115 -1
C3-C2-C11 113 112 -1
Dihedral Angles (deg ) :
01-C2-C11-C16 -61 -46 + 15
C3-C2-C11-CI 2 -116 -103 + 13
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Table 6.16

Comparison of X-ray and AMI optimised structures for
hesperetin

X-ray AMI (AMI-Xrav)
Bond Lengths (A)
C2-C11 1.51 1 . 50 -0 .01
C2-C3 1.48 1 . 52 + 0 . 04
C3-C4 1 .51 1. 50 -0 .01
C4-C10 1.43 1 .46 + 0 .03
C4-04 1 . 23 1 . 24 + 0.01
Bond Angles (deg)
C3-C4-C10 116 116 0
C2-01-C9 115 115 0
C3-C2-C11 115 113 -2
Dihedral Angles (deg)
01-C2-C11-C16 27 22 -6
C3-C2-C11-C12 -33 -39 -6
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Table 6.17

Comparison of Xray and AMI structures for silybin

X-ray AMI ( AM 1 -

Bond Lengths (A)
C2-C11 1.51 1 . 50 -0 .01
C2-C3 1 .52 1 . 54 + 0 . 02
C3-C4 1 .53 1 . 53 0 . 00
C4-C10 1 .42 1 . 46 + 0 . 04
C4-04 1 .26 1 . 24 -0 . 02
Bond Angles (deg)
C3-C4-C10 117 115 -2
C2-01-C9 114 117 + 3
C3-C2-C11 114 115 + 10
Dihedral Angles (deg)
01-C2-C11-C16 60 -48 -108
C3-C2-C11-C12 121 12 -109
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Table 6.18

Calculated values of the angle of twist ,<3, of the
flavonoids' exocyclic ring, using MNDO, AMI and PM3 methods

(degrees)

Flavonoid MNDO AMI PM3

Myricetin 90 . 1 26 . 3 60 . 2
Quercetin 75.9 26.4 58.9
Mor in 89 . 9 35.0 83 . 8

Kaempf erol 81 . 6 26 . 4 5 9.7
Fiset in 88 . 0 27.2 58 . 4
Cirsiliol 85 . 4 26 . 4 45 .4
Pedalit in 84 . 6 28 . 7 44 . 7
F28 90 . 3 27 . 4 45 . 4
F2 81.3 26.4 44 . 3
F81 8 5.3 28 . 7 4 5.9

Apigenin 89 . 8 27.3 44 . 7
Baicalein 90 . 4 2 7.5 45 . 8

Chrysin 88 . 4 27.7 4 5.9
Flavone 86 . 4 28 . 6 46 . 6

Flavanone 128 . 9 114.6 125 . 2
Taxifolin 125 . 9 165 . 0 123 . 6

Naringenin 129.9 134. 7 124 . 2

Hesperetin 129 . 6 149.4 127 . 6
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Table 6.19

Activity data for flavonoids

Inhibition of fish gill 12-li~poxygenase Reference

ICs 0/yM
Fisetin 0 . 25
Quercetin 0 . 40

Myricetin 2 . 00
( NDGA 2.50)
Apigenin 5 . 00

136

Inhibition of 5-lipoxygenase from rat basophilic leukaemia
cells

ICso/yM
Quercetin )
Fisetin )

Myricetin ) 0.1-1.0
Morin )

Kaempferol )

Taxifolin 1.0 137

Apigenin )
Chrysin ) >10.0
Naringenin )
Hesperetin )

Flavanone ) >>10.0
Flavone )

Inhibition of 12-1ipoxygenase from human platelets

ICs 0/yM
Myricetin ) 1-10
Quercetin )

Fisetin 10-100 137

Kaempferol )
Morin ) >100

Inhibition of 5-1ipoxvgenase from rat peritoneal leukocytes

ICs0/yM
Quercetin 3.5
Hypolaetin 4.5
Fisetin 11

Myricetin 13
Naringenin 16 138
Chrysin 18
Kaempferol 20
Flavone 32
Rutin 45
Morin 160



Table 6.20

Electrostatic potential similarity indices for flavonoids

AMI
Single Connolly Surface

Flavonoids
Fisetin

Quercetin
Myricetin
Anigenin

Like(av) Like(ov) Eauiv(av) Eauivlo v

1.000 1.000 1.000 1.000
0.993 0.951 0.961 0.873
0.985 0.924 0.894 0.741
0.934 0.839 0.795 0.535

Double Connolly Surface

Flavonoids
Fisetin
Querce tin
Myricetin
Apigenin

Like(av)
1 . 000
0.976
0.957
0.831

Like(ov) Equiviav) Eauiviov)
1.000 1.000 1.000
0.923 0.966 0.882
0.873 0.918 0.771
0.670 0.784 0.559

Single
PM3

Connolly Surface

Flavonoids
Fisetin
Quercetin
Myricetin
Apigenin

Like(av)
1 . 000
0 . 991
0 . 986
0 . 922

Like(ov)
1 . 000
0 . 956
0.937
0.827

Eauiviav
1 . 000
0 . 953
0 . 898
0 . 770

Eauivio v

1 . 000
0 .868
0.754
0.518

Double Connolly Surface

Flavonoids
Fisetin
Quercetin
Myricetin
Apigenin

Likeiav )
1 .000
0 . 964
0 . 949
0 . 796

Like(ov)
1 . 000
0 . 909
0 .871
0.614

Equiv(av)
1 . 000
0 . 945
0 . 909
0.756

Equivlov
1 . 000
0 . 854
0 . 762
0 .524



Table 6.21

A measure of the correlation betweeen activity and
electrostatic potential similarity index for flavonoids

(fisetin etc.)

AMI R2

Single Connolly Surface:
Like (average) 0.962
Like (overall) 0.927
Equivalent (average) 0.965
Equivalent (overall) 0.928

Double Connolly Surface:
Like (average) 0.961
Like (overall) 0.958
Equivalent (average) 0.985
Equivalent (overall) 0.939

PM3 R2

Single Connolly Surface:
Like (average) 0.938
Like (overall) 0.945
Equivalent (average) 0.972
Equivalent (overall) 0.938

Double Connolly Surface:
Like (average) 0.947
Like (overall) 0.947
Equivalent (average) 0.960
Equivalent (overall) 0.923



Table 6.22

Electrostatic potential similarity indices for flavonoids

AMI

Single Connolly Surface

Flavonoids
Cirsiliol
Pedalit in
F2
F81
F23

Like f av ) Like(ov
1
0
0
0
0

000
977
979
961
956

1
0
0
0
0

000
953
9 5 5
908
917

Equivlav
1 . 000
0 .971
0 . 897
0 . 960
0 . 936

Eauivlov)
1
0
0
0
0

000
938
821
904
871

Double Connolly Surface

Fiavonoids
Cirsiliol
Pedalit in
F2
F81
F28

Like(av
1 . 000
0.951
0.927
0 . 904
0 . 936

Like(ov) Eauiv(av) Eauiviov)
1 .000
0 .896
0.837
0 . 731
0 .862

1 . 000
0.951
0.881
0 . 895
0.937

1 . 000
0 . 885
0 . 746
0 . 708
0 . 849

PM3
Single Connolly Surface

Fiavonoids
Cirsiliol
Pedalit in
F2
F81
F28

Like(av) Like(ov) Eauivlav) Eauivlov)
000

, 977
984
969
960

1 . 000
0 . 958
0 . 956
0 . 909
0 . 941

1
0
0
0
0

000
973
907
969
938

1 . 000
0 . 948
0 .832
0.897
0 . 893

Double Connolly Surface

Fiavonoids
Cirsiliol
Pedalit in
F2
F81
F28

Like Iav)
1 . 000
0 . 946
0 . 928
0 .930
0 . 939

Like Iov)
1 . 000
0 . 884
0 . 832
0 . 778
0.877

Eauivlav
1 . 000
0 . 946
0 . 886
0. 910
0 . 937

EauivIov)
1 . 000
0 .877
0 . 739
0 .724
0 . 865



Table 6.23

A measure of the correlation between activity and
electrosttic potential similarity index for flavonoids

(cirsiliol etc.)

AMI R2

Single Connolly Surface:
Like (average) 0.754
Like (overall) 0.660
Equivalent (average) 0.132
Equivalent (overall) 0.228

Double Connolly Surface:
Like (average) 0.319
Like (overall) 0.283
Equivalent (average) 0.132
Equivalent (overall) 0.181

PM3 R2

Single Connolly Surface:
Like (average) 0.724
Like (overall) 0.436
Equivalent (average) 0.141
Equivalent (overall) 0.197

Double Connolly Surface:
Like (average) 0.247
Like (overall) 0.204
Equivalent (average) 0.113
Equivalent (overall) 0.119
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Table 6.24

Electrostatic potential similarity indices for flavonoids

AMI

Single Connolly Surface

Flavonoids Like(av) Like(ov) Eauivf av) E a u i v ( o v )
Quercetin 1 . 000 1 . 000 1 . 000 1 . 000
Hvpolaetin 0 . 993 0 .979 0 . 943 0 .871
Fisetin 0 . 993 0 . 952 0 . 961 0.873
Myricetin 0 . 989 0.957 0 . 922 0 .830
Chrvsin 0 . 962 0.878 0 . 809 0 . 602

Kaempf erol 0 . 986 0 .962 0.935 0 . 846
Mor in 0 . 965 0 . 920 0.861 0 . 698

Double Connolly Surface

Flavonoids Like(av) Like(ov) Eauivf av) Eauiv(ov1

Quercetin 1 .000 1. 000 1 . 000 1 . 000

Hypolaetin 0.972 0 . 930 0.959 0 . 906
Fisetin 0 .977 0 . 925 0.965 0 . 883

Myricetin 0 . 965 0 . 930 0 . 929 0 .852

Chrysin 0.887 0 .714 0 . 828 0 . 626

Kaempferol 0.965 0 .910 0 . 941 0 .877
Morin 0.910 0 . 797 0 . 868 0.727



Table 6.25

Electrostatic potential similarity indices for flavonoids

PM3

Flavonoids
Ouercetin

Hypolaetin
Fisetin

Myricetin
Chrvsin

Kaempf erol
Morin

Flavonoids
Quercetin
Hypolaetin
Fisetin

Myricetin
Chrysin
Kaempferol
Morin

Single Connolly Surface

Like(av)
1 .000
0 . 996
0 . 991
0 . 993
0 . 967
0 . 990
0.978

Like(ov) Eauiv(av) Eouiviov
1 ,

0
0 .

0
0 -

0
0

000
992
956
976
8 7 6
966
941

1 . 000
0 . 941
0 . 953
0 . 935
0 . 804
0 . 940
0 . 895

1 . 000
0.870
0 .868
0.356
0.597
0 .854
0 . 742

Double Connolly Surface

Like(av)
1 .000
0 . 980
0 . 964
0.977
0 .899
0 . 965
0 .922

Like(ov)
1 . 000
0 . 952
0 . 909
0 . 946
0 . 730
0 . 910
0 . 801

Eauiv(av) Eouiv(ov)
1 . 000
0 . 962
0 . 945
0 . 947
0 . 844
0 . 939
0 . 893

1 . 000
0.891
0 . 854
0.873
0 .653
0 . 883
0 . 741
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6.2 Ab initio calculations

6.2.1 Pvranone

The pyranone ring of the flavones was selected as a

suitable model for study using SCF ab initio techniques.

It was hoped that studies on this part of the f lavonoid

skeleton would provide some more insight into the

activity of these molecules. Also, the study of a

smaller molecule such as this , which contains fewer

atoms, would enable us to compare the results of ab

initio calculations directly with those obtained using

semi-empirical techniques. The policy adopted was to

carry out single point ab initio calculations using

different basis sets, on the AMI optimised geometry of

the pyranone ring. The wavefunction obtained in each

case was used to rigourously calculate the electrostatic

potential map of pyranone. These ab initio maps were

then compared with the maps obtained using the MNDO, AMI

and PM3 optimised geometries and charges, with the point

charge approximation. Finally, single point calculations

were run on some of the complete f lavonoid molecules,

using the 3-21G basis set and the AMI optimised

geometries.

Previous calculations have been carried out on the

chromone double ring of the flavonoids using the ST0-3G

basis set ( 140 ) and on 4H-pyran-4-one and its sulphur

analogs, using the 3-21G basis set ( 141 ). These

studies involved the full optimisation of the geometries

using ab initio methods. In the present study, it was



found that the semi-empirically optimised geometries were

as good as or better than the 3-21G optimised structure

reported in Reference 141. See Table 6.26. A previous

semi-empirical study has been carried out on pyranone

using the MNDO method ( 143 ) , and the bond lengths

obtained are identical to those reported here. The

average differences between the experimental geometry and

the optimised geometries recorded in Table 6.26 were

0.014 A ( 3-21G ), 0.013 A ( MNDO ), 0.013 A ( AMI ) and

0.008 A ( PM3 ). In every case the semi-empirically

calculated bond lengths for pyranone are overestimated,

whereas the ab initio values recorded in Table 6.26 are

mostly underestimates. The AMI optimised geometry which

was used for the single point calculations is listed in

Table 6.27. The C4-C7 and C2-C1 bond lengths are

considerably shorter than the other C-C bond lengths,

which suggests that this structure contains two distinct

double bonds, rather than having any aromatic character.

The basis sets used for the single point

calculations were Pople's STO-3G, 3-21G, 4-31G and 6-31G

basis sets ( 55 } and Huzinaga's MINI-1, MINI-2, MINI-3,

MIDI-1, M1D1-2 and MiDl-3 basis sets ( 99 ) . The number

of basis functions, the number of primitive Gaussians and

the value of the total energy for each single point

calculation is shown in Table 6.28. The Mulliken charges

and dipole moments calculated using the semi-empirical

and ab initio methods are shown in Tables 6.29 and 6.30

respectively. Mulliken charges are very basis set

dependent and this can be seen very clearly by comparing,



223

for example, the ST0-3G and 6-31G charges. The split-

valence basis sets predict a much more negative charge on

the two oxygen atoms, in particular the heterocyclic ring

oxygen. The semi-empirical charges are similar to those

predicted using the minimal basis sets ( MINI-1 to MINI-3

and ST0-3G ). However for the carbonyl group, the three

semi-empirical methods all predict a higher charge on the

carbon atom than on the oxygen atom. All other methods

predict a higher charge on the electronegative oxygen

atom. In general, the semi-empirical and minimal basis

set charges tend to be much smaller in magnitude than

those predicted using the split-valence basis sets,

however the general trends are in reasonable agreement.

The calculation of dipole moments is also very basis

set dependent. The experimental value for the dipole

moment, measured using the Stark effect ( 142 ) is 3.79 ±

0.02 Debyes. The comparison of the experimental dipole

moment with the calculated dipole moments for pyranone

reveals that the higher quality basis sets tend to

slightly overestimate the dipole moment ( 6-31G, 4-31G,

MIDI-1 and MIDI-2 ) . The minimal basis sets give the

least accurate predictions of the dipole moment, and

underestimate it by more than one Debye in almost every

case. The semi-empirical methods also underestimate the

dipole moment, but these values are considerably better

than the minimal basis set ab initio values. The semi-

empirical methods have been parametrised for molecules of

this kind, using experimental values, such as dipole

moments, so it is not surprising that they give good
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predictions. The PM3 and AMI values for the dipole

moment are considerably closer to the experimental value

than the MNDO result. The best ( closest to experiment )

calculated value of the dipole moment is that obtained

using the MIDI-3 basis set, and the values obtained using

the MIDI-1 and 3-21G basis sets are also very good.

Ab initio calculations also provide details of the

quadrupole moments and rotational constants of a

molecule, which can be compared with experimental values,

where known. The experimental values for the quadrupole

moments and rotational constants were measured from the

microwave spectrum of 4-pyrone ( 144 ). Table 6.31 shows

a comparison of the experimental values with the

quadrupole moments and rotational constants calculated

using the MINI-1 and MIDI-1 basis sets.

The electrostatic potential maps on the double

Connolly surface of pyranone were calculated rigo rously

using the ST0-3G, 3-21G, 4-31G and 6-31G basis sets are

shown in Figure 6.28. The 3-21G, 4-31G and 6-31G are all

very similar, and show a strongly negative region around

the carbonyl oxygen and another, smaller negative region

around the cyclic oxygen atom. In the 3-21G map this

second, negative region is diminished slightly in size.

The ST0-3G map has similar overall characteristics to the

other three, but the region around the carbonyl oxygen is

less strongly negative. The regions around the H8 and

Hll protons are also less strongly positive, as shown by

the lighter green colour ( cf the 3-21G map, in which

these areas are dark green in colour ) . These maps were
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compared with those obtained using Huzinaga's MINI-1,

MINI-2 and MINI-3 basis sets ( Figure 6.21* ) and MIDI-1,

MIDI-2 and MIDI-3 basis sets ( Figure 6.29s ). All of the

MINI maps look similar to the map obtained using Pople's

ST0-3G minimal basis set, and all of the MIDI maps look

the same as those obtained using Pople's 6-31G double-

zeta-type basis set. It would appear from these results

that a 3-21G or MIDI1 basis set reproduces perfectly well

the map obtained using a higher quality basis set such as

6-31G. As 3-21G and MIDI-1 have identical numbers of

basis functions and primitives, there is nothing really

to choose between them. However, a Huzinaga MIDI-2 basis

set would be a good alternative to the more commonly used

Pople 4-31G basis set, as it gives an equivalent

electrostatic potential map, similar charges and dipole

moment, but requires 18 fewer primitives, and hence less

computing time. Similarly, a MIDI-3 basis set could be a

viable alternative to a 6-31G basis set, considering that

it gives a similar electrostatic potential map, similar

charges and in fact a better dipole moment, using 42 less

primitives in this case.

Figure 6.30 shows the electrostatic potential maps

of pyranone, on the double Connolly surface, calculated

using semi-empirical charges and the point charge

approximation. The overall characteristics of the ab

initio maps are reproduced well, and in fact the semi-

empirical maps are more like the maps obtained using the

split valence basis sets than those obtained using the

minimal basis sets, which is very encouraging. The
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carbonvl oxygen atom is surrounded by a more negative

region, particularly in the case of the AMI map, but the

ring oxygen atom has a less negative region of

electrostatic potential surrounding it ( it is coloured

green, whereas a yellow area was seen when using the ab

initio maps ). The AMI map also predicts slightly more

positive regions around the HS and Hll protons.

It seemed surprising, at first, that the semi-

empirical maps showed slightly higher ( greater magnitude)

electrostatic potential values, considering how the

values were calculated using the much lower semi-

empirical Mulliken charges. It seems that the point

charge approximation method tends to overestimate the

electrostatic potential values, which compensates for the

lower semi-empirical charges. Hence, the semi-empirical

maps bear a marked resemblance to the rigourously

calculated ab initio maps. If ab initio charges are used

with the point charge approximation, electrostatic

potential maps are obtained for which the electrostatic

potential values are too high. Figure 6.31 shows the

maps obtained using the point charge approximation with

MINI-1 , MINI-2 , MINI-3 and 3-21G Mulliken charges, for

pvranone. The 'MINI' maps already have electrostatic

potential values which are higher than for the semi-

empirical maps, even though the Mulliken charges obtained

using minimal basis sets are not all that different from

semi-empirical charges. If we go to the 3-21G basis set,

however, the maps begin to look very different indeed -

the H8 and Hll hydrogen atoms are now surrounded by an



227

area of strongly positive electrostatic potential ( dark

blue ) and the ring oxygen atom is now strongly negative

( orange ).

A calculation was run on the AMI optimised structure

of pyranone using the VECTORS option of MOPAC. The HOMO

was examined and compared to the HOMO obtained using a 3-

21G basis set ( and the AMI optimised geometry ) . The

wavefunctions were extremely similar, because in both

cases the coefficients, or eigenvectors, corresponding to

the two double bonds had opposite signs ( + /- ) to the

eigenvectors of the carbonyl group and the heterocyclic

ring oxygen atom ( -/ + ). This reinforces the suggestion

that the pyranone molecule is a non-aromatic syscem,

which contains two-localised double bonds, and localised

lone pairs on the oxygen atoms.

6.2.2 Flavonoids

A series of single point calculations, using the 3-

21G basis set, were carried out on the AMI optimised

geometries of various flavonoids, and the total energies

obtained, in atomic units, are recorded in Table 6.32.

Also recorded are the number of basis functions required

for each 3-21G single point calculation. The calculated

dipole moments are listed for each molecule, and can be

compared to the equivalent AMI values. Reasonably good

agreement is obtained in most cases, although the AMI

values are consistently lower than the 3-21G values.

Judging by the results obtained for the dipole moment of
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pyranone , the 3-21G values are more likely to be closer

to the experimental dipole moments for these molecules.

Unfortunately, due to lack of disk space, we were

unable to calculate the electrostatic potential maps of

the flavonoids rigo rously, using the 3-21G basis set.

However, Table 6.33 shows a comparison of the charges

obtained for quercetin, using the 3-21G basis set, with

those obtained using the AMI method, and the differences

seen are very similar to the equivalent differences

calculated with the pyranone molecule. In particular,

the charges on the pyranone ring part of the flavonoid

are similar to those calculated with the pyranone ring

alone in both cases. It would seem likely, then, that a

3-21G rigo rously calculated electrostatic potential map

of quercetin would be similar to its AMI electrostatic

potential map, calculated using the point charge

approximation. If this were true, then the work

described in the previous section, in which the

electrostatic potential similarity indices of various

flavonoids were correlated with their activity, may have

given very similar results if the maps had been

calculated using ab initio techniques. In fact, some

work has recently been carried out by this group on

various small molecules ( from ethylene up to 5-

hydroxytryptamine ), in which good agreement was found

between the AMI point charge calculated electrostatic

potential maps and the ab initio rigo rously calculated

electrostatic potential maps ( 87 ) .
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6.2.3 Discussion

These results have illustrated that the geometries

and dipole moments of pyranone, and the dipole moments of

some flavonoid molecules, calculated using semi-empirical

methods, are comparable to those obtained using the ab

initio techniques described. It has been demonstrated

that the charges obtained for pyranone using semi-

empirical methods are comparable to those obtained using

minimal basis sets, but are much lower in magnitude to

those obtained using split-valence basis sets. The

latter has also been demonstrated for one flavonoid

molecule, quercetin.

It has been noted that the electrostatic potential

maps obtained using semi-empirical charges and the point

charge approximation, are very similar to those

calculated rigo rously using split-valence basis sets.

This has been explained by the suggestion that the point

charge method for calculating electrostatic potential

maps tends to overestimate the values of the

electrostatic potential, which apparently compensates for

the weaker semi-empirical Mulliken charges.

It has also been suggested that Huzinaga's split

valence MIDI basis sets may provide a viable alternative

to the popular Pople split-valence basis sets. The MIDI2

and MIDI3 basis sets in particular, use fewer primitives

and may provide some saving in computer time. The

results obtained for dipole moments and electrostatic

potential maps using the MIDI basis sets are certainly
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equivalent, if not better than those obtained with the

Pople basis sets,-in the cases described here.
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Table 6.26

A comparison of experimental and calculated bond lengths for
pyranone ( in Angstroms )

Bond Lengths (A) Expt. 3-2 1G (diff) MNDO (dif f)

C1-C2 1.463 1 .469 +0.006 1.489 + 0 .026
C2-C4 1 .344 1 .321 -0.023 1 .362 +0.018
C4-06 1 . 358 1.373 +0.015 1.363 +0.005
Cl-07 1 .226 1.219 -0.007 1 .228 + 0 . 002
C2-H8 1 .079 1.065 -0.014 1 .089 + 0 .010
C4-H10 1 .032 1.070 -0.012 1 .096 +0.014

Bond Lengths ( A ) Exnt. AMI (diff) PM3 (diff)

C1-C2
C2-C4
C4-06
Cl-07
C2-H8
C4-H10

1 .463 1 . 467 +0.004 1 .474 +0.011
1 . 344 1.347 +0.003 1 . 345 +0.001
1 . 358 1.379 +0.021 1.367 + 0 . 009
1.226 1 . 238 +0.012 1 . 226 + 0 . 000
1.079 1.099 +0.020 1 .095 + 0 .016
1 .082 1 . 102 +0.020 1.093 +0.011

0,



Table 6.27

AMI optimised geometry

Bond Lengths (Angstroms):
C1-C2 1.347
C2-C3 1.467
CI -05 1.379
C2-H6 1.100
Cl-Hll 1.102
C3-C9 1.238

Bond Angles (degrees):
C3-C2-C1 121. 2
C5-C1-C2 123'. 7
C4-C3-C2 113.4
C7-05-C1 116.8
H6-C2-C1 121.4
HI1-C1-C2 127.1
09-C3-C2 123.3
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Table 6.28

Single point calculations on pyranone using different basis
sets

Basis set No. of contracted No. of Total energy

basis fns. Pr imit ives ( Hartrees )

ST0-3G 39 117 -336.9678
3-21G 71 117 -339.4497
4-31G 71 156 -340.8514
6-31G 71 170 -341.2052
MINI-1 39 117 -338.9465
MINI-2 39 138 -339.1631
MINI-3 39 128 -340.2992
MIDI-1 71 117 -339.2334
MIDI-2 71 138 -339.5389
MIDI-3 71 128 -340.5891
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Table 6.29

Calculated atomic charges for pyranone

MNDO AMI PM3
1 C 0 .1200 0.0181 0.0619
2 C -0.2212 -0.2936 -0.2875
3 C 0.3005 0.2946 0.3604
5 0 -0.1939 -0.1391 -0.1159
6 H 0.0962 0.1692 0.1396
8 H 0.1053 0.1798 0.1284
9 0 -0.3072 -0.3035 -0.3294

MINI-1 MINI-2 MINI-3
1 C 0.0610 0.0632 0.0634

C -0.2170 -0.2026 -0.2151
3 C 0.2222 0.2390 0.2241
5 0 -0.3310 -0.3605 -0.3353
6 H 0.1084 0 . 1835 0.1797
8 H 0.1872 0.1938 0.1864
9 0 -0.3148 -0.3547 -0.3179

MIBI-1 MIDI-2 MIDI-3
1 C 0.2450 0.1673 0.3143
2 C -0.3278 -0.3818 -0.2596
3 C 0.3898 0.3334 0.3855
5 0 -0.6941 -0.6194 -0.6956
6 H 0.2531 0.2898 0.1806
8 H 0.2555 0.2872 0.1910
9 0 -0.5483 -0.4409 -0.5434

ST0-3G 3-21G 4-3 1G 6-31G
1 C 0.0865 0 . 2079 0.2377 0.2186
2 C -0.1130 -0 . 4031 -0.2380 -0 .2987
3 C 0.1803 0.5500 0 .4917 0.4598
5 0 -0.2194 -0 . 6844 -0 . 7377 -0.7158
6 H 0.0802 0.2812 0 . 2418 0 . 2513
8 H 0.0902 0.2893 0.2510 0.2558
9 0 -0.2490 -0.6166 -0 . 6400 -0.5994
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Table 6.30

Calculated dipole moments of pyranone, using different semi-
empirical and ab initio methods

Method Dipole Moment.u (debves) D i f f ( Ue x n

MNDO 3.337 -0.453
AMI 3 .564 -0.226
PM3 3.551 -0.239
MINI-1 2.735 -1.055
MINI-2 2 . 883 -0 . 90 7
MINI-3 2. 731 -1.059
MIDI-1 3 .818 +0.028
MIDI-2 4 . 005 + 0 .215
MIDI-3 3 . 78 3 -0.007
ST0-3G 2 . 425 -1 .365
3-21G 3.752 -0.038
4-31G 3 . 981 +0.191
6-31G 4 . 005 +0.215
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Table 6/31

Rotational Constants and Quadrupole Moments of Pyranone

Exot. MINI 1 MINI 2

Rotational A = 5859.17 5804.72 5804.72
Constants B = 2715.09 2681.57 2681.57
(MHz ) C = 1855.55 1834.22 1834.22

Quadrupole XX = -15.2 ± 2 . 7 -35.44 -31.01
Moments YY = -38.6 ± 3 . 0 -42.53 -41.43
(Debve A) ZZ = +53.8 ± 4 . 0 -54.75 -58 .4

O



Table 6.32

Single point calculations on flavonoids , using the 3-21G
basis set

Flavonoid Total Energv Basis fns. Diode AMI aicole
( a . u . )

rA <_

Moment Moment

Myricetin -1166.19 227 3 . 527 2 . 598

Quercetin -1091.76 218 1.750 1 . 249
Morin -1091.76 218 3 . 728 3 . 486

Kaempf erol -1017.32 209 0.573 0 . 689
Fisetin -1017.31 209 3.558 2 . 492 '
Cirsiliol -1169.36 244 1 .004 0 . 966
Pedalitin -1130.56 231 1 . 804 1 . 020
F28 -1091 .76 218 2 . 345 1 . 542
F2 -1282.60 266 1.125 1 . 102
F81 -1208.15 25 7 1 .490 1 . 611

Apigenin -942.88 200 4 . 095 3 . 438
Baicalein -942.88 200 3 .074 2 . 74 9

Chrysin -868.44 191 3 .267 2 . 877
Flavone -719.54 173 4 . 008 3 . 5 6 5
Flavanone -720.70 177 2 . 286 2 . 096

(The structures of the molecules in this table can be seen

in Figure 6.18)
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Table 6.33

Comparison of calculated charges for quercetin, using the
3-21G basis set and the AMI method

Atom Charges
3-2 1G AMI

1 C 0.4522 0.1759
2 C -0.2683 -0.3143
3 0 -0.7614 -0.1206
4 C 0.4212 0 . 1024
5 C -0.2904 -0.2373
6 C 0.4278 0.1788
7 C 0.6000 0.3100
8 C 0.2641 -0.0967
9 C 0.4813 0 . 2266
10 c -0.3162 -0 . 3015
11 0 -0.6860 -0 .3635
12 0 -0.7401 -0.2484
13 H 0.4217 0.2444
14 c -0.1233 -0.0537
15 H 0.2916 0.1764
16 0 -0.7214 -0.2366
17 H 0 . 2659 0.1623
18 0 -0 . 7519 -0 . 2467
19 c -0 .1922 -0.0857
20 c -0 .2374 -0.1243
21 c -0.2375 -0.1465
22 c 0 .3221 -0.0164
23 c 0.3785 0.0889
24 H 0 .2676 0.1510
25 H 0.2873 0.1627
26 H 0 .2718 0.1583
27 0 -0.7477 -0.2714
28 0 -0 . 7352 -0 . 2432
29 H 0 . 4022 0.2307
30 H 0 .4331 0.2660
31 H 0.4055 0 . 2323
32 H 0.4152 0 . 2400
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CONCLUSIONS

The work presented in this thesis has shown that semi-

empirical methods are particularly suitable for calculations

on molecules containing between 20 and 100 atoms. The heats

of formation calculated compare well with experiment in the

few cases known, and the geometries obtained are generally

similar to the known X-ray structures. The agreement of the

predicted infra red spectra with experimental spectra is

also very good, and the relative stabilities of molecules

are reproduced consistently between the three different

methods (MNDO, AMI and PM3 ) . Any differences in the values

for the heats of formation, dipole moments etc. are thought

to be due to the differences in parametrisation between the

methods, rather than due to the possibility of completely

different minima having been found. The values of the heats

of formation found using the three different methods are not

necessarily in the same order when you are comparing

different groups of compounds e.g for the arachidonic acid

metabolites, the values for the heats of formation tend to

decrease in the order MNDO > PM3 > AMI , whereas for the

flavonoids, the values tend to decrease (become more

negative) in the order AMI > PM3 > MNDO. The values seem to

be dependant on whether only C, H and O atoms are present or

whether CI, F or S etc. are introduced, hence this

phenomenon is also thought to be due to differences in

parametrisation.

Of particular interest are the calculations which have

been carried out on the leukotrienes, and the hvdroperoxy

and hydroxy acids, because to our knowledge, no previous
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calculations hve been carried out on these molecules. The

difference in conformation of the 5-substituted and 12-

substituted metabolites has been suggested as the possible

reason why it is only the 5-substituted molecules which can

be further converted to biologically active molecules ( the

leukotrienes ).

The use of molecular electrostatic potential maps has

been shown to be a powerful technique, which allows you to

consider whether two different molecules can interact at the

same site, and to consider which regions are the most

prominent for binding at the active site. It has been shown

that, providing the activity data are reasonable,

correlation with activity can be seen with the electrostatic

potential maps of analogs which are similar in structure to

the most active (reference) molecule. However, if there are

large deviations in structure between the molecules, the

model may not give sensible results.

In the indomethacin series, the importance of the

carboxyl group, the methoxy group and the cis configuration

of the MK715 analog have been highlighted, by studying the

results of semi-empirical calculations on these molecules,

and by comparing their electrostatic potential maps. For

the flavonoids, the importance has been noted of the angle

of twist, 0, between the exocyclic ring and the planar

flavone system. The C2-C3 double bond, the 3-hydroxy group,

the carbonyl group and the catechol ring have also been

shown to be important for the potency of the flavonoid

molecules as inhibitors of lipoxygenase.
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The results of the ab inito calculations carried out on

pyranone and the flavonoids have shown that the geometries

and dipole moments are comparable to those obtained using

semi-empirical methods. Also, the electrostatic potential

maps produced using semi-empirical charges and the point

charge approximation appear to be similar to the EPMs

produced using split-valence ab initio techniques and

calculating the electrostatic potential rigo rously. This

is thought to be due to the fact that the point charge

method overestimates the values of the electrostatic

potential, which compensates for the semi-empirical Mulliken

charges, which tend to be lower than the ab initio

calculated charges.

The ab inito studies carried out have also shown that

Huzinaga's split-valence MIDI basis sets can provide a

viable alternative to the more popular Pople split-valence

basis seets. In fact, as fewer primitives are required when

using Huzinaga's MIDI basis sets, they can represent a

significant saving in computer time, whilst providing

equivalent, if not better, results.

If more time had been available for this research

project, it would have been worth investigating the possible

use of molecular dynamics techniques for studying the

conformations of the more flexible molecules e.g. the

arachidonic acid metabolites. This might have shed further

light on the possible conformat ions of arachidonic acid in

the cvclooxygenase active site.

If this project were to be continued further, it would

be worthwhile using a more sophisticated method for the
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alignment of the molecules, rather than just using the CHEMX

'fitting' routine. One alternative method would have been

to use a package such as the QCPE Steric and Electrostatic

Alignment program (146), which holds one molecule stationary

and overlays the second molecule, by starting from various

random positions. A series of 'best fits' are obtained, in

decreasing order of energy, and the fitting procedure can be

chosen to be predominantly steric or electrostatic.

Alternatively, the Oxford Molecular 'Automatic Similarity

Package' (147) could have been used, which incorporates a

'fitting' procedure as well as calculating the similarity

indices between molecules. This program has the added bonus

that it offers an alternative index to the Carbo index,

namely the Hodgkin index (148 ) , which has been shown to give

a better measure of similarity than the Carbo index.

Unfortunately, this program was purchased by our group only

a short time before my project came to end, so there was not

enough time to incorporate its use into this work.

Finally, if more time and resources had been available,

it would have been possible to rigo rously calculate the

molecular electrostatic potential maps of the larger

molecules, such as the flavonoids, and these could have been

compared directly with the equivalent semi-empirical maps.

It would have been interesting to see whether the

correlation with activity that was seen with the semi-

empirical point charge maps, was reproduced using

rigo rously calculated ab initio molecular electrostatic

potential maps.
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APPENDIX A Atomic Units

In order to simplify quantum mechanical equations,

it is common practice to use a system of dimensionless

units, known as atomic units ( a.u. ). Using this

system, the atomic unit of mass is the rest mass of an

electron, me = 9.1091 x 10~28 g_

The atomic unit of length is the radius of the first

Bohr orbit in hydrogen, when the reduced mass (p ) is

replaced with the electron rest mass ( me ):
a„ = -ft 2 = 0.52917 x 10~8 cm
° 2

me e

Where "h is Planck's constant divided by 2tz . All bond

lengths can thus be given in terms of aQ, and one atomic

unit of length is equal to 0.52918 A.

The atomic unit of time is defined as the time

required for an electron to travel one atomic unit of

length in the first Bohr orbit, or aQ-ft/e2.
The atomic unit of energy is chosen as e2/a0, which

is twice the ionisation potential of the hydrogen atom if

the reduced mass of the electron is replaced by the rest

mass.

The charge on the electron, e, represents one atomic

unit of charge, and an atomic unit of angular momentum is

given by h.

When atomic units are used, one sets e = ft = me = 1

in quantum mechanical expressions, for example the

kinetic energy operator -ft2V2/2m becomes - V2.
2



APPENDIX 3 3DJ PROGRAM

INCLUDE 'SYS$LIBRARYrGKSDEFS.FOR'
parameter (maxat=300,maxsurf=10000)

CHARACTER*20 CFILE,INFILE
character380 file
CHARACTERS ATYP(maxat)
CHARACTERS ATLAB(maxat)
CHARACTER"1 NINE,ZERO
character*6 srotx,sroty,srotz

integer ws_id,raster_y,error,meters,raster_x,
3 default

integer buff,dgreen,red,blue,cyan,orange,yellow,
3 black,white,magenta,green

real o sq y pts,o scale y

dimension coord(3,maxat),trans(3,maxat)
dimension geom(3,maxat)
dimension xcoord(2),ycoord(2),xmpt(2),ympt(2)
dimension perpt(3,maxsurf),surft(3,maxsurf)
dimension iatnum(maxat),iconn(8,maxat),

3 icoit(maxsurf),cvrad(maxat)
dimension iatno(maxat),charge(maxat),result(50)
dimension px_1 (5),py_1 (5),px_2(5),py_2(5),

" px_3(5),py_3 (5),sq_x_pts(5),r_sq_y_pts(5),
" o_sq_jr_pts(5) ,b_sq_y_pts(5) ,y_sq_y_pts(5),
r' 8L_sq_y_pts (5), d_sq_y_pts( 5), c_sq_y_pts (5),
3 bl sq y pts(5)

COMMON /TRANSFORM/ SCL(4,4),RX(4,4),RY(4,4),RZ(4,4),
» UNIT(4,4),T(4,4),W(4,4)

COMMON /OCTAGON/ OCTXPTS(9),OCTYPTS(9)
common /surface/ surf(3,maxsurf),

3 perp(3,maxsurf)
common /espot/ epot(maxsurf),nespot(maxsurf)
common /potcon/ icol(maxsurf)

DATA NUM_OCT_PTS /9/,WS_ID/l/
DATA white/1/,black/0/,RED/2/,GREEN/3/,blue/4/,

« cyan/5/,magenta/6/,yellow/7/,BUFF/8/,DGREEN/9/,
« ORANGE /10/

DATA 0RANGE_R_INT/0.86/,0RANGE_G_INT/0.50/,
« ORANGE_B_INT/0.00/, BUFF_R_INT/1.0/,
» BUFF_G_INT/0.7 0/, BUFF_B_INT/0.00/,
* DGREEN_R_INT/0.0/, DGREEN_G_INT/0.56/,
« DGREEN_B_INT/0.0 0/
data d/30.0/,s/1.0/,xe/100.0/,ye/100.0/,

3 xl/0.0/, yl/0.0/,zl/1.0/
data px_1 /0.0,0.75,0.75,0.0,0.0/
data py_1 /0.0,0.0,0.25,0.25,0.0/
data px_2 /0.75,1.0,1.0,0.75,0.75/
data py_2 /0.0,0.0,1.0,1.0,0.0/
data px_3 /0.0,0.75,0.75,0.0,0.0/
data py_3 /0.25,0.25,1.0,1.0,0.25/



data text_start^x/0T15/, text^staFEIy0 • T57
data rotx_start_x /O.15/,rotx_start_y /0.1/
data roty_start_x /0.30/,roty_start_y /0.1/
data rotz_start_x /0.45/,rotz_start_y /0.1/
data larger /0.05/
data num sq pts /5/
data sq_x_pts /O.75,0.8,0.8,0.75,0.75/
data r sq v pts /O.875,0.875,1.0,1.0,0.875/
data o 3q y pts /O.750,0.750,0.875,0.875,0.750/
data b sq y pts /O.625,0.625,0.750,0.750,0.625/
data y sq y pts /O.5,0.5,0.525,0.625,0.5/
data g_sq_y_pts /O.375,0.375,0.5,0.5,0.375/
data d sq y pts /O.25,0.25,0.375,0.375,0.25/
data c_sq_y_pts /O.125,0.125,0.25,0.25,0.125/

data bl sq y pts /0.0,0.0,0.125,0.125,0.0/
data abc /0.05/
data scale_x /0.825/,r_scale_y /0.925/,

- o_scale_y /O.8/,b_scale_y /0.675/,
" y_scale_y /0.55/.g scale v /0.425/,
w d_scale_y /0.3/,c_scale_y /0.175/,
- bl_scale_y /0.05/

DATA KUMPTS/2/,wider/3.0/
NINE='91
ZERO='0'
SCALE=1

C
CALL GKS$OPEN_GKS ('SYS$ERROR:')
CALL GKS$OPEN_WS (WS_ID,'Julies 3d2 program',

* GKS $K_vsII_gpx)
CALL GKS$ACTIVATEJ7S(WS_ID)
CALL GKS$SET_COLOR_REP (WS_ID, BLACK, 0.0, 0.0, 0.0)
CALL GKS$SET_COLOR_REP (WS_ID,ORANGE,ORANGE_R_INT,

» 0 RANGE_G_IMT,ORANGE_B_INT)
CALL GKS$SET_COLOR_REP(WS_ID,BUFF,BUFF_R_INT,

* BUFF_G_INT,BUFF_B_INT)
CALL GKS$SET_COLOR_REP(WS_ID,DGREEN,DGREEN_R_INT,

* DGREEN_G_INT,DGREEM_B_INT)
CALL GKS$SET_FILL_INT_STYLE(GKS$K_INTSTYLE_SOLID)
call gks$inq max ds size(gks$k vsll gpx.error.meters,

* device_max_x,device_max_y, raster_x,raster_y)
call gks$set_ws_viewport(ws_id,0.0,device_max_x/2.0,

* 0.0,device_max_y/2.0)
C

100 FORMAT(A)
WRITE(6,100) ' Input the name of the file (.epm)'

C
C READ IN THE EPM FILE
C

200 READ(5,100)FILE
C istat = str$trim(file,file,lenfile)
C open(50,file=file(1:lenfile),status='old',
C s form='unformatted',iostat=iostat,readonly)

OPEN(50,FILE=FILE,STATUS='OLD',FORM= 'UNFORMATTED',
* READONLY)

natoms=0
ncount=0
read(50)ncount

! formatC1x,i8)
read(50)smallest_ep,biggest_ep
read(50)big,small

! format(1x,f8.3,1x,f8.3)



***** read colours,xyz surface points ***
«" xyz perpendicular points,no. of atoms
*a* xyz coordinates,atomic numbers ***
*** atom labels,electrostatic potentials ***
**« corresponding atom no.,charges ***

read(50)(icol(j),j=1,ncount)
format(1x,i8)
read(50)((surf(k,l),1=1,ncount),k=1,3)
format(3(1x,f8.3))
read(50)((perp(k,l),l=1,ncount),k=1,3)
read(50)natoms
read(50)((coord(k,l),1=1,natoms),k=1,3)
read(50)(iatno(j),j=1,natoms)
read(50)(atlab(j),j=1,natoms)
write(6,112)(atlab(j),j=1,natoms)

12 format(1x,a5)
read(5C)(epot(j),j=1,ncount)
format(1x,f8.3)
read(50)(nespot(j),j=1,ncount)
format(1x,i8)

read(50)(charge(j),j=1,natoms)
read(50)result
format(1x,f8.3)

WRITE (6,100)' What orientation do you want to use?'
READ (*,*)R0TX,R0TY,R0TZ
WRITE(6,102)' WHAT SCALE FACTOR ?'
READ(*,«) AEC

transform***

CALL SETR0T (SCALE,R0TX,R0TY,R0TZ)
call dumpsurf(10,1,ncount)

DO 208 K=1,NCCUNT
IC0LT(K)=IC0L(K)
CALL TRANSF(SURF(1,K),SURF(2,K),SURF(3,K),

* SURFT(1,K),SURFT(2,K),SURFT(3,K))
CALL TRAMSF(PERP(1,K),PERP(2,K),PERP(3,K),

* PERPT(1,K),PERPT(2,K),PERPT(3,K))
208 CONTINUE

order the coords *Kfi

SURFT(3,NC0UNT+1)=995999.0
NT=NC0UNT
I0fJE=1
CALL 0RDER3(SURFT,I0NE,NT,PERPT,IC0LT)
XMAX=surft(1,1)
XMIN=xmax

YMAX=surft(2,1)
YMIN=ymax
DO 8 L=2,NCCUNT
IF(SURFT(1,L).GE.XMAX)XMAX=SURFT(1,L)
IF(SURFT(1,L).LE.XMIN)XMIN=SURFT(1,L)
IF(SURFT(2,L).GE.YMAX)YMAX=SURFT(2,L)
IF(SURFT(2,L).LE.YMIN)YMIN=SURFT(2,L)

8 CONTINUE



if (xmax-xmin .gt. ymax-ymin) then
delta = (0.5 + abc)3(xmax-xmin)

else
delta = (0.5 + abc)3(ymax-ymin)

end if
XS = 0.5 3 (xmin + xmax) - delta
XB = 0.5 3 (xmin + xmax) + delta
YS = 0.5 3 (ymin + ymax) - delta
YB = 0.5 3 (ymin + ymax) + delta

PRINT 3, XB, YB, XS, YS

call gks$set_window(1,xs,xb,ys,yb)
call gks$set_viewport(1,0.0,0.75,0.25,1.0)
call gks$select_xform(1)
DIAG=(Xb-Xs)/100
D=80C
S=1.0

draw picture - only fwd facing octs 333

BO 209 KI=NC0UNT,1,-1
IF(PERPT(3,KI).IT.0)then

GOTO 209
ELSE
CALL OCTS(SURFT(1,KI),SURFT(2,KI),SURFT(3,KI),

3 PERPT(1,KI),PERPT(2,KI),PERPT(3,KI),XE,YE,XL,YL,ZL,
3 ICOLT(KI),D,S,DIAG)

end if

print 3, Icolt(ki)
IF (IC0LT(KI).EQ.1)TEEN

CALL GKS$SET_FILL_C0L0R_INDEX(RED)

ELSE IF (IC0LT(KI) .EQ.2)THEN
CALL GKS$SET_FILL_COLOR_INDEX(ORANGE)

ELSE IF (ICOLT(KI).EQ.3)THEN
CALL GKS$SET_FILL_C0L0R_INDEX(BUFF)

ELSE IF (ICOLT(KI).EQ.4)TEEN
CALL GKS$SET_FILL_C0L0R_INDEX(YELLOW)

ELSE IF (ICOLT(KI).EQ.5)THEN
CALL GKS $SET_FILL_C0L0 R_INDEX(GREEN)

ELSE IF (ICOLT(KI).EQ.6)THEN
CALL GKS$SET_FILL_C0L0R_INDEX(DGREEN)

ELSE IF (ICOLT(KI).EQ.7)THEN
CALL GKS$SET_FILL_COLOR_INDEX(CYAN)

ELSE IF (ICOLT(KI).EQ.8)THEN
CALL GKS$SET_FILL_COLOR_INDEX(BLUE)

ELSE
END IF
CALL GKS$FILL_AREA(NUM_OCT_PTS,OCTXPTS,OCTYPTS)

209 CONTINUE
DO 3 N=1,NATOMS
ATYP(N) = ATlab(N)(1:2)

IF(ATYP(n)(2:2).GE.'0'.AND.ATYP(n)(2:2).LE.'9')
3 ATYP(N)=ATlab(N)(1:1)
write(6,l6)atyp(N)

16 format(1x,a5)
3 CONTINUE

do 13 n=1,natoms
if(atyp(n).eq.'0')cvrad(n)=0.74
if(atyp(n).eq.'H')cvrad(n)=0.37
if(atyp(n).eq.'N')cvrad(n)=0.74
if(atyp(n).eq.'F')cvrad(n)=0.72
if(atyp(n).eq.'CI')cvrad(n)=0.99
if(atyp(n).eq.'C')cvrad(n)=0.77

13 continue



do 6 jat=1,natoms
do 7 iat=1,jat
if (jat.eq.iat)goto 7
cvij=(cvrad(iat)+cvrad(jat))*1.1
call dist(coord,jat,iat,dij)
do 1000 next1=1,8
if(iconn (nextl,jat).eq.0)goto 1001

1000 continue
1001 inext1=next1

do 2000 next2=1,8
if (iconn (next2,iat).eq.0)goto 2001

2000 continue
2001 inext2=next2

if (dij.lt.cvij)then
iconn (inextl,jat)=iat
iconn (inext2,iat)=jat

write(6,12)dij, cvij
end if

12 format(2(f6.2,1x))
7 continue
6 continue

do 14 ib=1,natoms
write(6,11)(iconn(ia,ib), ia=1,8)

11 formatC1x,8(i2,1x))
14 continue
c

c draw stick picture
c

BMINUSS=BIG-SMALL
EDBMS=80.0/BMINUSS
DO 1=1,NATOMS

XSCA=C00RD(1,1)
YSCA=C00RD(2,I)
ZSCA=C00RD(3,I)
GE0M(1,I)=(XSCA-SMALL)«EDBMS+10.0
GEOM(2,I)=(YSCA-SMALL)»EDBMS+10.0

GE0M(3,I)=(ZSCA-SMALL)«EDBMS+10.0
END DO
call gks$set_window(1,xs,xb,ys,yb)
call gks$set_viewport(1,0.0,0.75,0.25,1.0)
call gks$select_xform(1)
call setrot(scale,rotx,roty,rotz)
DO 4 K=1,NATOMS
CALL TRANSF (GE0M(1,K),GE0M(2,K),GE0M(3,K),

* TRANS(1,K),TRANS(2,K),TRANS(3,K))
4 CONTINUE

call gks$set_pline_linewidth( wider )
C CONSIDER EACH ATOM IN TURN, <NAT0MS> IN TOTAL

DO 17 J = 1, NATOMS
C SET COLOUR TO BE USED FOR LINES EMANATING FROM CURRENT ATOM
C SINCE THIS ONLY APPEARS IN ONE POSITION, NO NEED FOR SUBROUTINE.

IF (ATYP(J).EQ.'0')THEN
CAL L GKS$SET_PLINE_C0LO R_INDEX(RED)

ELSE IF (ATYP(J).EQ.'H')THEN
CALL GKS$SET_PLINE_C0L0R_INDEX(cyan)

else if (atyp(j).eq.'N')then
call gks$set_pline_color_index(blue)

else if ((atyp(j).eq.'F').or.(atyp(j).eq.'CI'))then
call gks$set_pline_color_index(dgreen)

ELSE
C FOLLOWING CATCH-ALL TO SET COLOUR FOR ANY OTHER ATOMS including C

CALL GKS$SET_PLINE_C0L0R_INDEX(GREEN)
END IF
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G

e

c

c

c

G

CONSIDER EACH LINK, UP TO A MAXIMUM OF 8, BETWEEN CURRENT ATOM <J>
AND OTHER ATOMS. LIST IS TERMINATED BY VALUE OF 0 (OR REACHING
MAXIMUM OF 8)

DO LI = 1, 8
L = iconn(LI, J)
IF (L .EQ. 0) GO TO 17

DRAW LINK BETWEEN CURRENT ATOM <J> TO MID-POINT BETWEEN IT AND ATOM <L>.
COLOUR IS SET ACCORDING TO THAT OF CURRENT ATOM. OTHER HALF OF LINK
WILL BE DRAWN WHEN LINKS FOR ATOM <L> ARE CONSIDERED.

XCOORD(1)=TRANS(1, j)
YC00RD(1)=TRANS(2, j)
XCOORD(2)=0.5 * (TRANS(1,J) + TRANS(1,L))
YCOORD(2)=0.5 - (TRANS(2,J) + TRANS(2,L))
CALL GKS$POLYLINE(NUMPTS, XCOORD, YCOORD)

END DO
CONTINUE
call gks$update_ws(ws_id,gks$k_perform_flag)

set world coordinates back to default (0,1),(0,1)

call gks$select_xform(unity)

draw title and scale *»»#

call
call

gks$set_text_color_index (yellow)
gks$text (text_start_x,text_start_y,file)

write(unit=srotx,fmt='(f6.2)')rotx
write(unit=sroty,fmt='(f6.2)')roty
write(unit=srotz,fmt='(f6.2)')rotz
call gksitext (rotx_start_x,rotx_start_y,srotx)

(ro ty_star t_x, ro ty_s tar t_y, sro ty)
(rotz_start_x,rotz_start_y, srotz)

call
call
call
call

call
call
call
call
call
call

gks$text
gks$text
gks$text
gks$text
gks$text
glcs$text
gks$text
gks$text
glcs$text
gks$text

(seale_x,r_scale_y,
(seale_x,o_scale_y,
(scale_x, b_scale_y,
(scale_x,y_scale_y,
(scal e_x, g_scal e__y,
(s cale_x,d_scale_y,
(scal e_x, c_scale_y,
(scale_x, bl_scale_y >

-0.045')
-0.030')
-0.015')
0.C00' )
0.000')

+0.015')
+0.030')
+0.045')

c

c *£-*» draw coloured squares

call gks$set_fill_color_index(red)
call gks$fill area(num sq pts.sq x pts.r sa v pts)
call gks$set_f ill_color_index(orange)
call gksSfill area(num sq pts,sq_x_pts,o sq y pts)
call gks$set_fill_color_index(buff)
call gks&fill area(num sq pts,sq_x_pts,b sq y pts)
call gks$set_fill_color_index(yellow)
call gks$fill area(num sq pts.sq x pts,.y sq y pts)
call gks$set_fill_color_index(green)
call gks$fill area(num sq pts, sq_x_pts,g_sq_y__pts)
call gks$set_fill_color_index(dgreen)
call gks$fill area(num sq pts.sq x pts.d sq y pts)
call gks$set_fill_color_index(cyan)
call gks$fill area(num sq pts.sq x pts.c sq y pts)
call gks$set_fill_color_index(blue)
call gks$fill_area(num_sq_pts,sq_x_pts,bl sq v pts)
call gks$set_pline_color_index(green)
call gks$polyline (5,px_1,py_1)
call gks$polyline (5,px_2,py_2)
call gks$polyline (5,px_3,py_3)
call gks$update_ws(ws_id,gks$k_perform_flag)
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READ(57s)
300 CALL GKS$DEACTIVATE_WS(WS_ID)

CALL GKS$CLOSE_WS(WS_ID)
CALL GKS$CLOSE_GKS()
end

c

subroutine dist(coord,jat,iat,dij)
c

parameter (maxat=300)
dimension coord(3,maxat)
dis= (coord(1, jat)-coord(1, iat) )fil}2

® +(coord(2,jat)-ccord(2,iat))aa2
H +(coord(3,jat)-coord(3,iat))aa2
dij=sqrt(dis)
return
end

SUBROUTINE OCTS(X,Y,Z,XP,YP,ZP,XE,YE,
* XL,YL,ZL,INDEX, D,S,DIAG)

C

C X,Y,Z SURFACE COORDINATES
C XP,YP,ZP UNIT VECTOR PERP. TO SURFACE
C XE,YE COORDS OF VIEWPOINT
C D DIST FROM VIEWPOINT TO SCREEN
C S SCREEN SIZE
C XL,YL,ZL LIGHT VECTOR
C
C This routine draws a coloured octagon at (x,y,z)
c angled according to (xp,yp,zp)
c

COMMON /PERPDAT/ V,XPYPDV,XPZPDV,YPDV,ZPDV,XINC,YINC
COMMON /OCTAGON/ 0CTXPTS(9),0CTYPTS(9)

c

IF ( YP .EQ. 0 .AND. ZP ,EQ. 0 ) RETURN
c

PID8=3.14159/8.
RAD=DIAG
SPID8=RAD*SIN(PID8)
CPID8=RAD»COS(PID8)
DOTPL=(XPaXL)
DOTPL =DOTPL+(Y PaYL)
DOTPL=DOTPL+(ZPaZL)

C IF (DOTPL.GT.0.0) SHADE=.TRUE.
DS=D/S

C IF (SHADE) THEN
C CALL LLSFIL(-15)
C GOTO
C END IF
C
c ****# 1ST POINT OK OCTAGON ****
C

XINC = -SPID8
YINC = -CPIDS
V = SQRT(YP«YP+ZP«ZP)
XPYPDV=(XP-YP)/V
XPZPDV=(XP«ZP)/V
YPDV=YP/V
ZPDV=ZP/V
CALL PERP(X,Y,Z,X1,Y1,Z1,XE,YE,D,DS)
0CTXPTS(1)=X1
0CTYPTS(1)=Y1
OCTXPTS(9)=X1
0CTYPTS(9)=Y1
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c
c **a* 2ND POINT ON OCTAGON *•**
C

XINC = SPID8
YINC = -CPID8
CALL PE RP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS)
0CTXPTS(2)=X2
0CTYPTS(2)=Y2

C
C »*** 3RD POINT ON OCTAGON
C

XINC = CPID8
YINC = -SPID8
CALL PERP(X,Y,Z,X3,Y3,Z3,XE,YE,D,DS)
OCTXPTS(3)=X3
OCTYPTS(3)=Y3

C
c ««*5K 4XK POINT ON OCTAGON
C

XINC = CPID8
YINC = SPID8
CALL PERP(X,Y,Z,X4,Y4,Z4,XE,YE,D.DS)
OCTXPTS(4)=X4

OCTYPTS(4)=Y4
C
c 5TH POINT ON OCTAGON **»*
C

XINC = SPID8
YINC = CPID8
CALL PERP(X,Y,Z,X5,Y5,Z5,XE,YE,D,DS)
OCTXPTS(5)=X5
OCTYPTS(5)=Y5

C
c saft* 6TH POINT ON OCTAGON »*«*
C

XINC = -SPID8
YINC = CPID8
CALL PERP(X,Y,Z,X6,Y6,Z6,XE,YE,D,DS)
OCTXPTS(6)=X6
OCTYPTS(6)=Y6

C
c 7TH POINT ON OCTAGON ***»
C

XTNC = -CPID8
YINC = SPID8
CALL PERP(X,Y,Z,X7,Y7,Z7,XE,YE,D,DS)
OCTXPTS(7)=X7
OCTYPTS(7)=Y7

C
c «*s* 8TH POINT ON OCTAGON ****
C

XINC = -CPID8
YINC = -SPID8
CALL PERP(X,Y,Z,X8,Y8,Z8,XE,YE,D,DS)
OCTXPTS(8)=X8
OCTYPTS(8)=Y8
RETURN
END
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