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SUMMARY

This project has been a collaborative effort involving the design, synthesis and testing
of analogues of the fungal metabolites viridin, demethoxyviridin and wortmannin.
Extraction methods of viridin, from Trichoderma viride were developed and initially
provided a lead compound for testing. Data relating to the anti-inflammatory activity
of wortmannin analogues was available in the literature and was used in a computer
modelling program SYBYL to build a structure activity relationship from which
activity of new analogues could be predicted. The crystal structure determination of
demethoxyviridin provided detailed structural information about these molecules.
This was used in modelling studies to guide the synthesis of new compounds, leading
to the synthesis of an analogue several hundred times more active than the original
lead compound. A patent has been applied for this compound and it is presently being
forwarded for cinical trials in animals for toxicity testing. The compounds were
shown to be cytotoxic in vitro and inhibit specific enzymes in the signal transduction
pathway. Preferential inhibition of mitogen stimulated cells was shown, indicating
that some degree of selectivity was built into the molecules, suggesting that future
compounds may have relatively few side effects due to their novel mechanism of

action.
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ABBREVIATIONS

ADA - adenosine deaminase

Al - anti-inflammatory

AMP - adenosine monophosphate

ATP - adenosine triphosphate

CoMFA - Comparative Molecular Field Analysis
DAG - diacylglycerol

EGF - epidermal growth factor

g-csf - granulocyte colony stimulating factor
GnRH - gonadotrophin releasing hormone
HL-60 - human leukaemic cells

HPLC - high performance liquid chromatography
IP3 - inositol-1,4,5-triphosphate

IR - infra-red

Leu - leucine

LH - luteinising hormone

LHRH - luteinising hormone releasing hormone
Met - methionine

MMS - Molecular Modelling System

MR - multiple regression

MS - molecular shape

NMR - Nuclear magnetic resonance

PA - phosphatidic acid

PAP - phosphatidic acid phoshohydrolase

PC - phosphatidylcholine

PDGEF - platelet derived growth factor

Phe - phenylalanine

PIP; - phosphatidyl inositol-4,5-biphosphate



ABBREVIATIONS (cont.)

. PLC - phospholipase C, phosphoinositidase

PLD - phospholipase D

PLS - partial least squares

PRESS - predictive sum of squares

QSAR - quantitative structure activity relationship
TK - tyrosine kinase

TLC - thin layer chromatography

TPA - tetraphorbol acetate

UV - ultra-violet



CHAPTER 1
INTRODUCTION




CANCER - PRESENT STAGE

Cancer is now one of the leading causes of death world-wide!. The emerging
role for cancer as a cause of mortality is due not so much to continuing
increases in cancer mortality but to the remarkable and consistent decline in
heart disease mortality over the past four decades, due perhaps to a
combination of a reduced prevalence of major risk factors (altered lifestyle,
better detection and treatment of hypertension, etc.) and improved treatment of
the various clinical manifestations of heart disease. As such, heart disease can
serve as a model for the impact of a combination of altered lifestyle and
improved treatment on mortality, which will hopefully soon be applied to

cancer.

Since 1973 increases in mortality of greater than 15% have occurred for lung
cancer, melanoma, non-Hodgkin's lymphoma, and multiple myeloma.
Increases in cigarette smoking from 1900 until the early 1960s transformed
lung cancer from a rare disease at the turn of the century to the current leading
cause of cancer death. The annual mortality rate of lung cancer in men has
finally levelled off after more than 50 years of unabated increase. In women,
lung cancer surpassed breast cancer as the leading cause of cancer death in
1986, these rates are expected to continue to increase for at least another 10
years. The increase in melanoma mortality parallels a larger increase in the
incidence of this disease, mainly caused by increased sunburning in fair
skinned populations, attributable to changing fashions and recreational habits

and also the recent much publicised depletion of the ozone layer.

The increase in mortality from, and the increased incidence of, non-Hodgkin's
lymphoma and multiple myeloma remain largely unexplained. Improved
diagnostic procedures may be part of the reason for this increase in

lymphoproliferative diseases. Immunocytochemistry can distinguish genuine



lymphomas from undifferentiated epithelial tumours that have metastasised to
lymph nodes from unknown primary sites, and distinguish more definitely
extra nodal primary lymphomas from cancers of other histologies that occur at
the same site. In younger age groups, however, much of the recent increased
incidence of certain types of lymphomas is due to the increased prevalence of
human immunodeficiency virus (HIV) infection, which is an established cause

of these cancers.
WHAT CAUSES CANCER?

Most recognised cancer causing substances have either direct genotoxic
effects on DNA (e.g. radiation) or increase cell proliferation (e.g. hormones)

or a combination of both (e.g. tobacco)2.

Increased cell proliferation appears to be the most important. Molecular
genetics has provided evidence that cell division is essential for the genesis of
human cancer and that an increased rate of cell division will increase cancer
risk. 'Increased’ may imply mitotic activity above the baseline rate or a
division of a subset of cells that would ordinarily not be dividing. Cell
division increases the risk of genetic errors of various kinds. Adducts or other
single-stranded DNA damage may be converted to gaps or mutations, and
mitotic recombination may result in more profound changes than those from a
single mutation. The development of a fully malignant tumour appears to
involve multiple stages - the activation or altered expression of proto-
oncogenes and the loss or inactivation of tumour suppresser genes, which
control normal cellular activity. The activation of proto-oncogenes, whether
by mutation, translocation, or amplification, requires cell division.
Inactivation of a tumour suppresser gene appears to involve first a mutational

event that inactivates one allele, followed by a deletion during mitosis that



results in homozygosity. Both the fixation of the initial mutagenic event and
the loss of the wild-type allele of the tumour suppresser (e.g. a hormone) can
act at all stages in the pathogenesis of a malignant phenotype. Removal of the
causativc agent (except very late) can prevent or delay full development of the

cancer.

Chemical and physical carcinogens leave traces of their activities on DNA
because of the specific patterns of base changes they induce. Knowledge of
the mutation patterns in genes believed to be involved in human cancer might
be able to be used to predict the likelihood that an exogenous DNA damaging
agent may be involved. It may ultimately be possible to predict what the agent
might be. For example, liver mutations typically are found at one nucleotide
pair of codon 249 of the tumour suppresser gene p53 in liver cancers
occurring in individuals who live in geographic areas where exposure to both
aflatoxin and hepatitis B (a probable and an established cause of liver cancer,

respectively) is common.

CURRENT TREATMENT

Despite a vast array of drugs now available to treat cancer, one main drawback
exists in a lack of selectivity, i.e. toxic side effects. Most drugs interfere with
the role of nucleic acids, blocking cell division. The synthetic phase of the cell
cycle is affected thus cell populations with a high mitotic index are most
susceptible, e.g. rapidly dividing malignant cells, bone marrow, gonads,
gastro-intestinal tract lining, hair follicles etc. The primary aim _of
chemotherapy is to prolong life, but treatment should be as free as possible
from pain and distressful side effects, thus optimum chemotherapy should
encompass a drug, or a range of mutually beneficial drugs which are potent, sor

that doses can be low, and free from toxicity, i.e. as selective as possible. The



particular type of cancer would also dictate the chemotherapeutic approach,
e.g. lung cancer, the commonest carcinoma, is relatively slow growing but

acute leukaemia cells are rapidly dividing.

Two main classes of product are used for the chemotherapy of neoplastic

disorders, the cytotoxic drugs and the sex hormones3.

CYTOTOXIC DRUGS

Cytotoxic drugs can be divided into 5 main groups;

1. Alkylating drugs

2. Cytotoxic metabolites

3. Antimetabolites

4. Vinca alkaloids and etoposide
5. 'Others’

Malignant disease is treated by surgery, radiotherapy, and/or chemotherapy.
Certain tumours are highly sensitive to chemotherapy but many are not, and
inappropriate drug administration in these circumstances can only increase

morbidity.

All of these drugs are designed to stop cell division in cancer cells. However,
normal cells, particularly those with a rapid rate of mitosis, can also be
affected. Toxic effects commonly observed are severe nausea and vomiting,
alopecia and bone marrow suppression. Myelosuppression necessitates
checking blood counts prior to each stage of treatment, with the dosage

. modified or treatment being delayed accordingly.



1. The alkylating drugs are among the most extensively used in cancer
chemotherapy. They act by damaging the DNA, thus interfering with cell
replication. They are not entirely selective for the cancer cells thus have many
side effects. These include extravasation, i.e. leakage of the drug into the
extravascular compartment causing severe tissue necrosis, hypercalcaemia,
hyperuricaemia which can result in uric acid crystal formation in the urinary
tract and associated renal dysfunction, nausea and vomiting, bone marrow
suppression, alopecia and interference in reproductive function. Although
many of these side effects are associated with most of the cytotoxic drugs,
there are two main problems associated with long term usage of alkylating
drugs. Firstly, gametogenesis is often severely affected and secondly,
prolonged use of these drugs, particularly when combined with extensive
radiation, is associated with a marked increase in the incidence of certain
types of cancer, i.e. of acute non-lymphocytic leukaemia. These drugs include

cyclophosphamide, chlorambucil and busulphan.

2. Cytotoxic antibiotics are also widely used. Many act as radiomimetics so
simultaneous use of radiotherapy is avoided as it can result in markedly
enhanced tissue toxicity. Doxorubicin is one of the most successful drugs,
and is used to treat the acute leukaemias, lymphomas and a variety of solid
tumours. It can be cardiotoxic at high doses so care is needed when treating
patients with previous history of heart disease. Epirubicin is structurally
related to doxorubicin and is thought to be slightly less cardiotoxic.
Bleomycin is used to treat the lymphomas, certain solid tumours and
malignant effusions. Dermatological toxicity is common, as is mucositis and
an association with Raynaud's phenomenon - an attack of marked
vasoconstriction of the extremities, affecting the hands and feet giving rise to
tingling, pain and sometimes ischaemic damage. Hypersensitivity reactions

are shown by chills and fevers commonly occurring a few hours after drug



administration, but which may be prevented by concurrent administration of a

steroid, e.g. hydrocortisone.

3. Antimetabolites are incorporated into new nuclear material or combine
irreversibly with vital cellular enzymes, preventing normal cell division.
Methotrexate inhibits the enzyme dihydrofolate reductase, essential for the
synthesis of purines and pyrimidines. It can cause myelodepression,
mucositis and rarely pneumonitis. It is contra-indicated if significant renal
impairment is present as the kidney is the route of excretion. Folinic acid
(‘rescue') is given to speed recovery from methotrexate toxicity. Other

antimetabolites include fluorouracil, and mercaptopurine.

4. Vinca alkaloids and etoposide interfere with microtubule assembly, causing
metaphase arrest. All vinca alkaloids have similar activity but vary in the site
of toxicity. Vincristine and vinblastine are commonly associated with
peripheral and autonomic neuropathy shown by peripheral paraesthesia
and loss of deep tendon reflexes. Recovery of the nervous system in these
cases is generally slow but complete. Etoposide is used to treat small cell

carcinoma of the bronchus, the lymphomas and testicular teratoma.

5. >Others' include carboplatin, cisplatin and procarbazine. Carboplatin is a
derivative of cisplatin with similar activity although it appears to be better
tolerated in some ways, i.e. less nausea, vomiting, nephrotoxicity and
neurotoxicity although it is more myelosuppressive and for this reason is not
used more frequently than 4 week intervals. Cisplatin is an alkylating type
drug but is extremely toxic. Procarbazine is a first line treatment in Hodgkin's
disease. Toxic effects include rash. It is also a mild monoamine oxidase

inhibitor.



SEX HORMONES

The sex hormones and antagonists are mainly used for the treatment of
prostatic and breast cancer. Hormonal treatment of advanced prostatic cancer
is based on the concept that hormone-dependent neoplasms will regress when
deprived of hormonal stimulation. In prostatic carcinoma, which in general is
androgen dependent, oestrogens are often effective but their use is limited by
cerebral and cardiovascular side effects. The anti-androgen cyproterone
acetate blocks adrenal and testicular androgens which provide the androgenic
stimulus to the prostrate. This is a more rational form of treatment for
prostatic cancer and has produced responses in patients who have relapsed
after oestrogen therapy and orchidectomy. Gynaecomastia is less of a problem
and the cardiovascular risk is decreased. Flutamide is also an anti-androgen
which acts by inhibiting androgen uptake and/or by inhibiting nuclear binding
of androgens in target tissue. In advanced prostatic cancer, flutamide produces
a response which is comparable to that achieved with oestrogen therapy and
when used in combination with a LHRH (luteinising hormone releasing
hormone) agonist, survival rate is prolonged. GnRH (gonadotrophin releasing
hormone) analogues such as buserelin, goserelin and leuprorelin are also
effective and are also without the limiting side effects of the oestrogens. They
produce a down-regulation of the receptors in the pituitary, preventing LH
(luteinising hormone) release therefore decreasing serum testosterone levels.
Anti-androgens, e.g. tamoxifen have largely replaced oestrogens for the
treatment of advanced breast cancer especially in post menopausal women.
Progestogens are second or third line treatment in breast cancer, and are also

used to treat endometrial carcinoma.



TOXICITY - RECENT ADVANCES

Selectivity for rapidly dividing cells results in many side effects, one of the
most commonly recognised by the general public is perhaps loss of hair,
alopecia, as a rcsuit of direct action at the hair follicles. This is often
temporary. Some of the more serious side effects include myelodepression,
i.e. damage to the blood forming elements of the bone marrow. Sterility and

teratogenicity can also arise as a result of permanent damage to the gonads.

Many clinical supportive measures are used to combat such serious side
effects. These range from simple measures such as placing ice packs on the
patients' heads, to more sophisticated measures such as bone marrow

transplant or use of haematopoetic growth factors.

Since 1987, a variety of these growth factors have been used to stimulate
white blood cell growth within the bone marrow before or after treatment, e.g.
the genetically engineered version of the natural colony stimulating factor
‘Neupogen' (g-csf) which also particularly stimulates neutrophil count. If
bone marrow rescue becomes possible in this way, treatment can become
bolder in terms of frequency and dosage of drug regimens. Transplants can
become either autologous i.e. the patient donates his own bone marrow which
is stored while he undergoes treatment, then transplanted back into the patient,
or it can be allogenic where the tissue is a close match, e.g. from the patient's
sibling. This is to minimise the chance of rejection or 'host-versus-graft'
reaction. Other supportive measures such as barrier nursing, which ranges
from the use of barrier creams to laminar air flow bed and positive pressure

ventilation rooms, can also contribute to a successful treatment.



One of the latest anti-cancer drugs to be released in this country is Nipent
(containing pentostatin and deoxycoformycin). The launch was announced by
Lederle Laboratories* and its intended use is for first line treatment of hairy
cell leukaemia. This is a rare, chronic leukaemia in which leukaemic cells
have characteristic projections or “hairs'. The disease accounts for about 2% of

all leukaemias and mainly affects middle aged men.

Speaking at a Lederle meeting on April 15th 1993, Professor Daniel Catovsky
(honorary consultant physician, Royal Marsden hospital, London) said that
pentostatin was a potent inhibitor of adenosine deaminase (ADA), an enzyme
known to play a key role in lymphocyte maturation and function. Although the
exact mechanism of action of the drug was unclear, it was possible that in
addition to ADA inhibition, it exerted its effects through inhibiting RNA
synthesis and increasing DNA damage.

Another current advance is the use of high dose cytotoxics with stem cell
transplants recently reportcds. 'Is more drug better? is a controversial issue
currently facing oncologists. Now that there are improved ways of reducing
myelotoxicity, the usual dose limiting toxicity of anticancer drugs, doctors are
able to give more intensive cytotoxic treatment, although so far there is no
proof that high dose therapy improves survival as randomised trials have

generally not yet been carried out.

High dose, intensive chemotherapy does, however, look very promising in
certain types of cancer. The best results seen so far have been with diseases
known to be responsive to chemotherapy, such as lymphoma, leukaemia,
testicular cancer and Hodgkin's disease. This type of chemotherapy has

become possible with the advent of improved supportive techniques -
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antibiotics, haematopoetic growth factors, bone marrow transplantation and,
more recently, peripheral stem cell transplantation - all of whom have been

designed to reduce myelotoxicity.

Peripheral blood stem cell transplantation is an alternative to bone marrow
transplantation for 'rescuing' patients after bone marrow has been destroyed
by high dose chemotherapy. The technique, which is still being evaluated, is
known as 'off the peg' bone marrow transplantation. Blood is removed before
the high dose chemotherapy and the stem cells are separated out, stored then
re-infused after treatment to repopulate the bone marrow. The normal low
yield of stem cells in the circulation is boosted by priming with mild
chemotherapy and haematopoetic growth factors, which stimulate migration
of stem cells into the blood. After reinfusion, growth factors are generally

given again, to boost recovery.

These recent clinical advances are an invaluable advantage for the patient, but

the problem of developing selectively toxic anti-cancer agents remains.
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DRUG DESIGN

The past century has witnessed the virtual realisation of one of man's ancient
dreams - the conquest of disease through the use of effective drugs. Much of
the drama of these discoveries arose from the opportunistic exploitation of
unexpected observations, that combination of chance and sagacity known as
serendipity. Recently, however, major new drugs have been developed

through the application of scientific thought.

In 1940 Charles Huggins® was responsible for the first ever demonstration of a
synthetic drug having induced an unquestionable improvement in a malignant
disease. As a professor of surgery at the University of Chicago, Huggins had
been collecting prostatic fluid from dogs for several weeks as part of an
enquiry into the effect of testosterone injections on prostatic fluid production.
It was during one such study that he noticed that castration consistently caused
regression of tumours which had spontaneously arisen in elderly dogs.
Realising these tumours were hormone dependent, he then administered
stilboestrol, a synthetic hormone with high oestrogenic potency, to produce
“chemical' castration. His success encouraged him to conduct a successful
clinical trial in patients with prostatic cancer which had spread into their

bones.

These pioneering investigations were later confirmed by others and Charles

Higgins was awarded the Nobel prize in 1966 for physiology and medicine.

More recent advances have been made using a more rational approach to drug

design. The work described in this thesis attempts to adopt this approach.
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INHIBITION OF SIGNAL TRANSDUCTION ENZYMES

The aim of this project was to design, synthesise and test various structural
analogues of the fungal metabolites which have been shown to have
phospholipase D inhibitory capacity. This enzyme is critical to signal
transduction in cells and its activation is a key step in the chain of events
leading to cell division. The project presents a novel mechanism of action of a
potential anti-neoplastic agent in the form of a signal transduction enzyme

inhibitor and represents a rational approach to drug design.

The majority of currently available cytotoxic agents interact with DNA as
their principal molecular source of action. Their general toxicity, as well as a
feeling that clinical activity of these agents has reached a plateau has impelled
cancer pharmacologists to consider novel targets for anti-cancer drug

development’:8.

The stimulation of cell proliferation by growth factors involves a series of
biochemical events which are regulated by the generation of intracellular
messengers in response to the binding of the mitogen to the cell surface
receptor. The signals implicated in the onset of mitogenesis are tyrosine
kinase activity and changes in the levels of the second messengers cyclic
AMP, DAG and inositol triphosphate. Transformation of cells by a number of
oncogenes has been shown to subvert the regulation of pathways controlling
second messenger concentration. Thus it is critical to the inhibition of the
growth of both normal and a range of transformed cell types to identify key
sites of regulation of these pathways which might serve as targets for

therapeutic intervention®.
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THE PHOSPHOINOSITIDE CASCADE

The phosphoinositide cascade evokes a wide variety of responses in many
kinds of cells!9. Like the adenylate cyclase cascade, it converts extracellular
signals into intracellular ones. The intracellular messengers formed by
activation of this pathway arise from phosphatidyl inositol 4,5-biphosphate
(PIP2), a phospholipid in the plasma membrane. PIP2 is formed by the
phosphorylation of phosphatidyl inositol (PI), a membrane constituent

synthesised from CDP-glycerol and inositol (see Fig. 1).
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inositol-4,5-biphosphate (PIP3).
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The binding of a hormone such as serotonin to a cell surface receptor leads to
the activation of phosphoinositidase (or phospholipase C). This membrane-
bound enzyme hydrolyses the phosphodiester bond linking the phosphorylated
inositol unit to the acylated glycerol moiety. Two messengers, inositol 1,4,5-
triphosphate (IP3) and diacylglycerol are formed by the cleavage of PIP2.
This hydrolysis is markedly stimulated by hydrolysis resistant analogues of
GTP and by AlF4-, suggesting that a G-protein carries the excitation signal
from the activated receptor to phosphoinositidase. The inhibition of this

cascade by pertussis toxin also points to the participation of a G-protein.

IP3 is a short lived messenger, lasting only a few seconds. It can be converted
to inositol by the sequential action of three phosphatases. The removal of the

5-phosphate group terminates its messenger role. Inositol 1,4-biphosphate is
hydrolysed to inositol 4-phosphate and then to inositol. Alternatively, IP3 can
be phosphorylated to inositol 1,3,4,5-tetrakisphosphate, which is then
hydrolysed to inositol 1,3,4-triphosphate, a different isomer from the one
formed by cleavage of PIP2  This 1,3,4-isomer can then be converted to
inositol by successive dephosphorylations. The phosphatase that acts on
inositol 1,3,4-phosphate is inhibited by millimolar concentrations of lithium
ions. It is interesting to note that lithium is used to treat manic-depressive
orders; it may exert its action by inhibiting the recycling of 1,3,4,-
triphosphate. Some of the compounds formed in the conversion of IP3 to

inositol may have messenger roles.

The action of IP3 has been investigated by microinjecting it into cells or by

adding it to cells whose plasma membrane has already been made permeable.

It has been found!! that IP3 causes rapid release of calcium from intracellular

stores- the endoplasmic reticulum and, in smooth muscle cells, the
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sarcoplasmic reticulum. The elevated level of calcium ions in the cytosol the
triggers processes such as smooth muscle contraction, glycogen breakdown,
and exocytosis. Indeed, the injection of IP3 into Xenopus oocytes suffices to
activate many of the early events of fertilisation. Submicromolar levels of 1P3
mobilise calcium ions from intracellular stores by directly opening calcium

channels in the membrane of the endoplasmic and sarcoplasmic reticulum.

For the purposes of this study, however, we are more interested in
diacylglycerol (DAG), the other messenger formed by the receptor triggered
hydrolysis of PIP2 and which activates protein kinase C (PKC). This 77kD
enzyme phosphorylates serine and threonine residues in many target
protcinslo. For example, the phosphorylation of glycogen synthase by protein
kinase C stops the synthesis of glycogen. This action of PKC nicely
complements the IP3-induced increase in the activity of glycogen

phosphorylase which is mediated by an incre;zse in the cytosolic level of

calcium ions. Indeed, most effects of DAG and IP3 are synergistic.

The phosphorylation of proteins has long been recognised as a pivotal step in
the generation and transduction of signals in the cellllo. Protein kinases, the
enzymes which catalyse protein phosphorylations and their complementary
protein phosphatases are able to modulate the biological activity of proteins in
a rapid and reversible manner!2. With the advent of molecular cloning
techniques the number of proven or putative receptors has risen, and the
finding that a large number of receptors of growth factors and products of
oncogenes are protein kinases underlines the important role that protein

phosphorylation plays in the cell.
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One of the protein kinases, protein kinase C (PKC), is known to have a crucial
influence on cell proliferation and differentiation!3. Research interest in PKC
has been stimulated by the finding that the enzyme is a cellular receptor
through which the tumour promoting phorbol esters such as 12-O-

tetradecanoyl-13-acetate (TPA) mediate their pleiotropic effect on cells14:15,

It has been shown that PKC is only active in the presence of calcium ions and
phosphatidyl serine!6. DAG greatly increases the affinity of PKC for calcium
ions and thereby renders it active at physiological concentrations of this ion.
The inactive enzyme is located mainly in the cytosol, whereas the active form

is membrane-bound.

DAG can be phosphorylated to phosphatidic acid, which reacts with CTP to
form CDP-diacylglycerol. Alternatively, it can be hydrolysed to glycerol and
its constituent fatty acids. Arachidonate, the C20-polyunsaturated fatty acid
that usually occupies the 2-position of the glyceryl moiety of PIP2, is the
precursor of a series of eicosanoid hormones, thus the phosphoinositide

cascade gives rise to many molecules that have signalling roles17:18,
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PKC ACTIVATORS

Protein kinase C (PKC) has been referred to as the Clapham Junction of
cellular signalling traffic19. It is widely distributed in the tissues and organs of
mammals and other organisms. The purified protein consists of a single
polypeptide chain with a molecular weight of around 77kD!9 and is composed
of two separate domains. The enzyme can be cleaved by calpain, a calcium
dependent protease, to produce two fragments with molecular weights of 51
and 26kD. The larger fragment is hydrophilic and contains the catalytic
domain but is active in the presence of calcium, phospholipid, and DAG,
while the smaller hydrophobic domain possesses the regulatory and membrane

binding functions.

The enzymatic reaction catalysed by PKC is the transfer of the -phosphate
group of ATP to seryl and threonyl, but not tyrosyl, residues of proteins.
Activated by DAG, PKC is the site of action for tumour promoting phorbol
esters13, of which TPA is the most potent. PKC phosphorylates many proteins

including the EGF receptor, the insulin receptor and rasp21.

Molecular cloning studies have revealed that PKC is in fact a family of
enzymes of which several isoforms have been described, thus it seems feasible
that the variety of PKC mediated cellular processes might be regulated by the
differential expression of PKC isoforms. As an important integrator in signal

transduction PKC is an especially attractive target for drug development.
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Activation of protein kinase C seems to be absolutely essential for mitosis20,
Protein kinase C activity can be down regulated in some cell lines by chronic
exposure to the tumour promoter TPA. The consequence of this is that the cell
is unable to enter mitosis in response to growth factor stimulation and is also
unable to divide in response to transfection by v-Ha-ras. Consequently
inhibition of C-kinase activity has been regarded as a key site for therapeutic
intervention of tumour states. However, despite some 10 years effort, no
specific inhibitor has been developed. Protein kinase C is activated
physiologically by DAG and is also the site of action of tumour promoting

phorbol esters.

The importance of PKC in controlling cell division and proliferation is
revealed by the action of the phorbol esters. These polycyclic alcohol
derivatives from croton oil are carcinogenic; they are known tumour
promoters. Phorbol esters activate PKC because they resemble DAG. The

activation is persistent because, unlike DAG, they are not degraded.

A number of naturally occurring terpenoid compounds structurally unrelated
to phorbol esters can activate PKC, e.g. mezerein, teleocidin, asplysiatoxin
and ingenol 3-tetradecanoate, act as tumour promoters, mimic some of the
other biological actions of these esters and compete with tritiated phorbol
dibutyrate for binding to the phorbol ester receptor. In general the biological
potency of the esters is paralleled by their PKC-activating activity. The
propensity of phorbol esters to activate PKC is governed by a strict structure
activity relationship. Computer molecular modelling of phorbol esters, related
tumour promoters and DAG has shown a marked similarity in the relative
position in space of certain heteroatoms and hydrophobic groups in these

molecules21,22,23,
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For phorbol esters, the pharmacophoric moieties are the hydroxyl groups at
C4, C9 and C20 (see Fig. 2) and the hydrophobic region filled by a long chain
acyl functionality attached to either the C12 or C13 positions. DAGs also fit
this model in a stereospecific fashion therefore one might expect that
exogenously added synthetic DAGs induce the same biological responses

observed with phorbol esters.
0]

>— (CH2)12CHa

o o)

CHa

20CH20H

FIGURE 2 - A Phorbol Ester (TPA).

Certain studies support this hypothesis, although some studies show a slight
discrepancy in results possibly due to the fact that DAGs are much weaker
activators of PKC than phorbol esters since they possess a much lower affinity
for the enzyme and unlike phorbol esters are metabolised rapidly by kinases

and lipases which renders DAG-mediated activation transitory.

All DAGs able to bind to and activate PKC in vitro have a 1,2-sn

configuration, and neither the sn-2,3-DAG enantiomer nor the 1,3-DAG
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diastereomer are active8. The observed stereospecificity was also observed in
intact cells, suggesting that a highly specific DAG-protein interaction is

necessary for the activation of PKC.

Structure activity studies have shown that virtually any modification of the
glycerol backbone of DAG results in a strong decrease in activity?3. Examples
of such modifications are the addition of a single carbon atom in the glycerol

backbone or modifications of the hydrophilic residues of the DAG.

The structures of those compounds which inhibit PKC are seemingly as
diverse as those exhibited by PKC activators23. Agents with PKC inhibiting
properties have been found among ether phospholipids, dialkyl and
alkylacylglycerols, lipoidal amines and an array of heterocyclic compounds
such as aminoacridines, staurosporine and sangivamycin. In general these
kinase inhibitors are neither selective for PKC nor are they, with the exception
of staurosporine and certain related microbial products, very potent inhibitors.
The mechanisms by which they inhibit PKC activity are manifold and are not

completely understood.

It was originally thought that the source of agonist stimulated DAG was the
phospholipase C-catalysed breakdown of PIP2 however it is now clear that
this only provides a minor component of the elevation in this second
messenger system in response to mitogen stimulation in a range of cell
tyﬁcsz“, e.g. fibroblasts, smooth muscle cells and neutrophils. The major and

sustained source of DAG ( and indeed that generated in response to mitogens

that do not stimulate PIP2 breakdown e.g. EGF), is PC24 (see Fig. 3).
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FIGURE 3 - The phospholipase D pathway

Stimulated PC breakdown has been observed in a number of cell types in
response to a range of mitogens, i.e. bombesin, vasopressin, prostaglandin F2
alpha, PDGF, EGF, thrombin, endothelin and serum!3. It has also been
observed in response to stimulation with tetraphorbol acetate (TPA). In
contrast to the breakdown of PIP2, PC hydrolysis is catalysed by a
phospholipase D type enzyme. The lipid product of this reaction is
phosphatidic acid (PA). PA has been demonstrated to be mitogenic in its own
right, but it can be converted to DAG by the action of phosphatidate
phosphohydrolase. The regulation of PLD activity appears to be accomplished

in both a receptor-dependent and independent manner25.
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Phosphatidylcholine (PC) is found almost exclusively in eukaryotic cell
membranes and can account for up to 50% of the total cellular phospholipid

content10,

PC from mammalian tissues normally contains a saturated fatty acid residue at
the C1 position and an unsaturated fatty acid residue at the C2 position of the
glyceryl moiety. Different species of PC have varying proportions of fatty
acids e.g. stearic, arachidonic, linoleic, oleic thus phosphosphodiesteric
cleavage of PC can lead to multiple species of DAG with important
ramifications in cell activation. The fact that PC is a widespread receptor-

linked process suggests that its importance in signal transduction is critical.

In addition to being activated by a diverse range of growth factors, an increase
in PC breakdown has been shown in cells transfected by ras and src
oncogenes. This raises the possibility that PLD is a convergent point in the
action of both growth factors and certain oncogenes and therefore
pharmacological intervention at the level of PLD may lead to the inhibition of
the proliferation of both normal and cells transformed by a range of
oncogenes. Consequently the identification of inhibitors of PLD may lead to

the generation of novel, specific anti-cancer drug.

Although phospholipase D (PLD) activities of plant origin have been known
since 1948, the existence of mammalian PLD acting on PC was first detected
in 1975 using a microsomal preparation of the brainl0. Subsequent studies
have demonstrated PC-preferring PLD in homogenates and membranes from
various tissues and cells including lung, liver, adipose tissue, epithelial cells,
HL-60 cells and spermatozoa, with lung and brain being the richest sources.

Mammalian PLD from various systems exhibits a transphosphatidylation
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activity. Requirements of calcium, fatty acids and detergents for PLD

expression vary from cell to cell, suggesting again that multiple forms exist.

It has been demonstrated that growth factors can stimulate PC breakdown
through activation of PLD. This conclusion can be derived from a range of
studies demonstrating the appearance of [3H-choline] labelled cells before any
choline phosphate is detectable. Since cells contain high levels of choline
kinase and the resting level of choline phosphate in equilibrium labelled cells
is 506 times higher than that of choline, it is likely that the rise in choline
phosphate is due to the phosphorylation of the liberated choline (i.e. from

choline hydrolysis) rather than a PLC activity being stimulated.

The most conclusive demonstration of agonist stimulated PLD activity has
been by Pai et al.26. This group labelled HL-60 cells with an alkyl-[32P] lyso-
PC, which was incorporated into the membrane of these cells and rapidly
acetylated. They then demonstrated that stimulation with N-formyl-Met-Leu-
Phe caused the generation of a]kyl-[32P] PA. Since the cellular pool of ATP is
not labelled under these conditions, the alkyl-[32P] PA must be formed
through PLD catalysed hydrolysis of alkyl-[32P] PC.

The lead compound for this study is the compound viridin, a fungal
metabolite from Trichoderma viride2?? which has potent cytotoxic activity, at
first thought to be through inhibition of PLD. It is now thought, however, that
its activity may be mediated through an as yet undefined tyrosine kinase
which may or may not have a direct action on levels of PLD in cells. Although

it is not clear at which point in the second messenger system these compounds
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are acting, it is obvious that they are potent and structurally novel compounds,

and a potential lead into a new generation of effective anti-cancer drugs.
This project has therefore involved:

1. the growth, isolation, purification and characterisation of the fungal

metabolite viridin using a modified version of known techniques;

2. identification of all structurally similar compounds using the search

facilities by computer of the Crystallographic database CSSR;

3. determination of the crystal structure of demethoxyviridin;

4, partial synthesis of hibiscone C, a partial analogue of viridin;

5. similarity modelling of all compounds using HYDRA and MMS;

6. building a QSAR model of previously synthesised analogues of wortmannin

with known anti-inflammatory activity data;

7. correlating this model with synthesised analogues of demethoxyviridin to

predict activity of new compounds;

8. testing new compounds for cytotoxic and PLD/tyrosine kinase inhibitory
activity;
9. using these results to predict which compound will be the most active,

hence which should be synthesised next;

10. synthetically modifying the most active analogue in order to optimise

stability and other pharmacochemical properties such as lipophilicity .
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LEAD COMPOUNDS

In neutrophils the respiratory burst induced by f-met-leu-phe, a chemotactic
peptide, was shown to be dependent on PLD activation?8 . The main
consequence of phagocytosis in granulocytes and mononuclear phagocytes is
this sudden, large increase in non-mitochondrial oxygen consumption
commonly called the respiratory burst. In this process, oxygen is reduced to
superoxide by an oxidase located in the plasma membrane while cytosolic
NADPH is oxidised. The nature of the respiratory burst is still unknown. A
flavoprotein and a b-type cytochrome were proposed as the components of
what could function as an electron transport acceptor with oxygen as the final

acceptor.

The triggering of the phagocyte by particles depends on the interaction of
opsonic molecules and other surface determinants with plasma membrane
receptors. The transduction sequence leading to the activation of NADPH
oxidase is likely to involve an enhancement of cytosolic calcium, the
breakdown of inositol phospholipids with generation of inositol triphosphate

and DAG, and activation of PKC.

This respiratory burst is inhibited by the fungal metabolite wortmannin?2?,
produced by Penicillium dangeardii.. This compound is a structural relation of

viridin, produced by Trichoderma viride 30 (see Fig. 4).
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FIGURE 4 - Lead compounds

PLD activity can be readily quantified in intact cells by measuring the
formation of phosphatidylalcohols, which are produced in a unique PLD-
dependent transphosphatidylation reaction. Recent work by Wellcome
Research Laboratories has indicated that in cytochalasin B-primed
neutrophils, superoxide production stimulated by f-met-leu-phe, is totally

dependent on PLD activation?8. Wellcome have also shown that
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demethoxyviridin and wortmannin block phospholipase C and D activation in
the human neutrophil?3. Consequently, a modified viridin molecule (see Fig.
4) was synthesised, tested and found to have inhibited PLD activity in

neutrophils, Swiss 3T3 and NIH 3T3 cells.

OH

HO

FIGURE 5 - A modified viridin structure [4].

Addition of this analogue to the medium of the cells inhibited the
incorporation of [3H]- thymidine into the DNA of both control and
transformed cells. There was no effect of the compound on agonist stimulated
PIP; hydrolysis and it appeared to have no effect on cellular morphology over
the 24 hour period examined. These results suggest that PLD activity is
essential for proliferation and that its inhibition by these compounds can

prevent the growth of normal and transformed cells.

This was therefore the basis of the project to design a novel anti-cancer agent.
A wortmannin or viridin derivative with maximum PLD inhibitory activity
was sought to have optimum physicochemical features such as stability, and

lipophilicity. These compounds were shown to have a preferential activity on
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malignant dividing cells suggesting a desired selectivity of action may be

present.



MYCOLOGY

The two main lead compounds viridin and wortmannin are metabolites of

the fungi Trichoderma viride and Penicillium dangeardii respectively.

EXPERIMENTAL

VIRIDIN

Trichoderma viride was obtained from Kew Mycological Institute in London
as a freeze dried culture in test tubes. These were used to inoculate seed tubes
that were then stored for 7 days at 250C. A water suspension was produced by
adding a few ml of water to each seed tube and gently scraping to rub spores
from the growing fungus into the suspension. The solutions were bulked,
homogenised and used to inoculate Roux bottles containing Raulin-Thom
medium3! with extra tartaric acid added as in the literature method. The
ingredients of this medium are shown below. The resulting suspension was

green and soup-like.
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Deionised water
Glucose

Tartaric acid
Ammonium tartrate

Di-ammonium hydrogen
orthophosphate

Potassium carbonate
Magnesium carbonate
Ammonium sulphate
Zinc sulphate

Ferrous sulphate

H,0O
CH,OH(CHOH)4CHO
(CHOHCOOH),

(CHOH.COONH4)2

(NH4)2HPO4

K2CO3
MgCO3
(NH4)2S04
ZnS04.TH,0

FeS04.7H,0

51
250g
13.3g

13.3g

2.0g
1.35g
0;85 g
0.25¢g
0.45g
0.45g

TABLE 1 - Raulin Thom medium.

This process was carried out under as sterile conditions as possible. These,
along with two media control bottles, were then stored in the dark. These
conditions were chosen after a trial batch was grown in the dark after this fact
being mentioned but not explained in the literature, resulting in an increase in
viridin yield from 23mg/l to 85mg/l with an increased purity of 91%
compared to 65% when grown in the light. The pH was monitored daily. The
fungus was cropped off after 21 days and extracted continuously with ethyl
acetate. The pH at time = zero, and of the control bottles throughout the

experiment was 2.9. The pH of the inoculated broth, however, fell gradually to

a resulting value of 2.60.
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The purified extract yield from the broth varied from batch to batch but was
usually around 80mg/l. In the initial stages of this project the mycelium, left
after filtering, was dried and subjected to continuous soxhlet extraction, but
this gave no compounds of sufficient interest. The concentrated crude extract

was purified by chromatography as follows:

One 1m silica plate was prepared for each 500mg crude sample. 50g of silica
(GF254) was made into a slurry with approximately 200ml deionised water.
This was then spread onto 1m glass plates and the concentrated sample
painted onto the dried plate in layers. The plates were immersed in a solvent
tank containing 70:30 light petrol:ethyl acetate, the solvent ratios being
previously determined by TLC. The plates were run once and the appropriate
bands scraped off and washed several times with ethyl acetate. Viridin (Rf=
0.47) was positively identified by melting point (222-224°C), high field NMR
and mass spectrometry32 (for experimental data see Appendix 5). Its purity
was later determined by HPLC. The literature also revealed that 8-viridin (Rf=
0.36) could be separated from pure viridin. This was done by chromatography
on a small silica plate with 10:1 toluene:methanol as solvent. B-viridin was

positively identified by NMR: and melting point (140°0C.).
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WORTMANNIN

The first few batches of Penicillium dangeardii received from Kew were
discovered to be contaminated. The fungus was eventually isolated and grown
under similar conditions as Trichoderma viride . The growth was bright
yellow and the texture was of rubber when scraping the seed tubes for scaling
up and inoculation into larger batches. When isolated, however, the main
compound was produced in extremely low yield and did not give convincing
TLC, NMR or mass spectrometry results. After several unsuccessful attempts
to rectify this, a sample of wortmannin was donated by Sandoz for analysis at

the Beatson Institute by HPLC.

DEMETHOXYVIRIDIN

The viridin samples initially isolated and purified were used for initial testing.
As the results looked promising, more compound was required for analogue
synthesis. SmithKline Beecham kindly donated a large sample of
demethoxyviridin, which enabled several analogues to be made and tested.

The demethoxyviridin comes from the fungus Nodulisporum hinnuleum.

HPLC ANALYSIS

HPLC analysis of viridin, wortmannin and B-viridin (see Fig. 4) was carried

out at the Cancer Research Campaign Beatson Laboratories, CRC Department
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of Medical Oncology, University of Glasgow. Separate reverse phase HPLC
assays were developed for the analysis of wortmannin and its breakdown
products. Both assays used a C18 pBondpack column (Sum x 25um) and a
photodiode array detector at 200-500nm. For wortmannin, the mobile phase
was methanol: acetonitrile: water (1:1:2), pH7, flow rate of 1ml/minute. For
the breakdown products the mobile phase consists of methanol: acetonitrile:
0.01M sodium acetate (1:1:2) at pH4. Fig. 6 shows resulting HPLC traces of

wortmannin before and after 20 minutes had elapsed.
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FIGURE 6 - HPLC analysis of wortmannin.

Above -wortmannin, below - no wortmannin is seen after 20 minutes, some

traces of degradation products are seen.



PEAK %AREA %AREA
t=0 minutes t=20 minutes
1 3.04 3.84
2 (solvent peak) 62.44 88.95
3 121 6.17
4 (breakdown product) 1.53 1.04
5 (wortmannin) 31.77 -

TABLE 2 - Results from HPLC analysis of wortmannin.

Wortmannin was seen to degrade extremely rapidly, after 20 minutes there
was no measurable peak 5. Peak 4, however, increased several times in area
and was thought to be the major breakdown product. More of the substance
represented by peak 3 was also seen, this was thought perhaps to be a minor
degradation product. These breakdown products have been observed, unlike
the parent compound, to show strong absorption at 440nm. This was used as
the basis for an assay of the increase in degradation of wortmannin with time

to determine half-life (see Fig. 7).

At physiological pH, wortmannin was found to degrade rapidly and
completely with a half life of less than 10 minutes (figure 7). The breakdown
of wortmannin is a pH dependent process since degradation can be prevented
by acidifying aqueous solutions of the molecule (pHS5). For cytotoxicity assays
where dilutions are made at pH 7.4, wortmannin has been shown to be fully
degraded by the time the drug is added to the cells. The breakdown product of
wortmannin may therefore be crucial in the activity, and our understanding of

the cytotoxic activity, of these compounds.
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Unfortunately, sample size was not sufficient to allow isolation and analysis

of these products.
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FIGURE 7 - Decomposition of wortmannin shown by increase in breakdown

products.

39



Cytotoxicity studies have been carried out by co-workers at the Beatson
Institute in Glasgow. It was found that wortmannin is cytotoxic to Swiss 3T3
cells with an ID5( of 41.3 + 1.9 uM and inhibits phospholipase D (figure 8).
The inhibition of phospholipase D was measured by co-workers in the
Biochemistry department at Glasgow. This test was based on a
transphosphatidylation assay. It is known that PLD catalyses the cleavage of
the terminal diester bond of phospholipases (see Fig.9). It's preferred substrate
~ is phosphatidylcholine, thus generating phosphatidic acid (PA) and choline
(Cho). PA will then be hydrolysed by phosphatidic acid phosphohydrolase,
and break down to generate diacylglycerol. If cells are labelled with
[3H]palmitic acid, which is taken up by the cells as Rj of the PC, then
stimulated in the presence of butanol, a butylated adduct is preferentially
formed which cannot be hydrolysed by the PA specific enzymes, and can then

therefore be counted by scintillation counting after extraction (see Fig.10).
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o} o “ R1  Phosphatidylcholine PC

FIGURE 9 - Hydrolysis of phosphatidylcholine by PLD.

Rj= usually saturated fatty acid, Ry = *palmitic acid
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FIGURE 10 - PLD assay.

Demethoxyviridin showed significant cytotoxity against a panel of cell lines
including Swiss 3T3s, mink cell lines, ovarian and breast tumour cell lines
(table 3)34. It appeared to be most toxic to ovarian tumour cells. B-viridin was
also later tested in Swiss 3T3s and found to be several times more active than
viridin (see Fig. 11). After 5 days in a 1um solution of inhibitor, B-viridin
showed 7 x 10-4 cells remaining whereas viridin showed in the order of 10 x

10-4. Thus B-viridin was a more potent inhibitor of cell growth.
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Cell lines Demethoxyviridin IDsp(tm)
Swiss 3T3 34.0+1.2

Mink type I 114.0+1.0

Mink type II 130.0+6.0

Mink type III 142.7+3.0

Mink type IV 113.7+2.0

Ovarian tumour type I 20.510.5

Ovarian tumour type II 32.010.6

Ovarian tumour type III 26.810.4

Breast tumour 123.319.0

TABLE 3- Cytotoxicity data for demethoxyviridin.
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FIGURE 11 - Inhibition stimulated cell growth by B-viridin.
Bombesin = mitogen

FCS = foetal calf serum, growing medium for cells
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Figure 12 shows results of the viridin light study where it was shown that
growing the fungus in the dark increases the viridin yield and purity. The first

peak is thought to be 8-viridin.

It was seen that the viridin extracted from the fungus grown in the light had
about 32% impurity, thought to be 8-viridin. From the dark sample, however,
the B-viridin content was only 9% (see Table 4). 8-viridin was later tested and
found to several times more active than viridin (see later). Although the
percentage B-viridin was higher when the fungus was grown in the light, the
combined sample extracted was much greater from the dark. It was therefore

decided not to change the extraction conditions at this stage.

PEAK LIGHT DARK
1 (B-viridin.):
AREA 0.555 0.127
% 32.18 9.05
2 (viridin.)
AREA 1.060 1.275
% 61.48 90.62

TABLE 4 - HPLC analysis results of viridin light study.
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FIGURE 12 - HPLC analysis of viridin light study.
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STRUCTURALLY RELATED COMPOUNDS

The Chemical Databank System (CDS) at Daresbury Laboratory provides a
reliable service for the retrieval of chemical data, the graphical display of

structures and the analysis of numerical data.

A retrieval system written at Daresbury provides a common method of access
to a number of databanks and has a number of special features e.g. fast
chemical structure retrieval facilities. The local software supports chemical
connectivity searching facilities for five of the databases. The performance of
this system depends on the pre-processing of data to produce structured
indexed files. The service can be used form any terminal which can be
connected to JANET, the Joint Academic Network. One of the databanks
which can be accessed in this way is CSSR (Crystal Structure Search
Retrieval), the Cambridge Structural Databank, which contains crystal
structure data for about 90,000 organic and organo-metallic compounds. The
program runs at Daresbury and provides fast retrieval of structural and
bibliograhic information on the VAX computer at Glasgow, allows logical
manipulation of retrieved material, and display of results. Using an
appropriate graphics terminal and the associated program VIEW, labelled
stick diagrams or stereo-pairs of molecules can be displayed. These may be

scaled or rotated, and bond length and angle calculations made.

An important feature of this program is its ability to use molecular fragments
designed by the user in order to search for structures which contain these

fragments or certain characteristics of them. A query structure is an
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arrangement of atoms and bonds which is stored as a connection table which
specifies how the atoms are connected. This table may be displayed as a

conventional chemical diagram.

Using this program, the query structure in figure 13 was designed as a
representation of the key chemical features of viridin and wortmannin. The
crystal structures of viridin34 and wortmannin35 had been previously

determined.

o \ o)

o)

FIGURE 13- Query structure [5] used to search Cambridge database.

This structure was used to search all the compounds in the database. Similar

compounds of interest are shown in figure 14 :

Halenaquinone - a pentacyclic polyketide isolated from a marine sponge
Xestospongia exigua, first collected in Palau in the Western Caroline

islands36,
Demethoxyviridiol - a metabolite of the fungus Nodulisporum hinnuleum. 37

Hibiscone C - an extract from the Blue Mahoe, Hibiscus elatus, the national

tree of Jamaica38.
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1. Halenaquinone [6]

2. Demethoxyviridiol [7]

3. Hibiscone C [8]

FIGURE 14 - Structural analogues found from CSSR search.



The co-ordinates of these compounds were stored in files and transferred to
Glasgow via JANET. The co-ordinates of viridin had been published and
those of wortmannin were requested and donated by Sandoz. The
photosynthesis of hibiscone C had been documented and was carried out with

a view to producing rigid structure analogues (see Chapter 5).

Further literature searching revealed several similar compounds for which the

crystal co-ordinates were not known (see figure 15) :

Virone [9] - is produced by Trichoderma viride grown at a higher

temperature than that which produces viridin39.

Viridiol [10] - a minor metabolite when the fungus is grown at the normal

room temperature40,41,
Wortmannolone [11] - is produced by Penicillium dangeardii3.

Demethoxyviridin [3] - produced by Nodulisporum hinnuleum 37 (see Fig.4)
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2. Viridiol
(10]
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HO

3. Wortmannolone
[11]

FIGURE 15 - Virone, Viridiol and wortmannolone
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Démethoxyvin'din [3] was also donated by Wellcome and the crystal structure

determined. (see Chapter 4).



CHAPTER 3
COMPUTER MODELLING
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COMPUTER MODELLING

In studies of quantitative structure activity relationships (QSAR), the relative
potencies of a series of drugs are subjected to analysis with the hope that
biological potency will be described by a mathematical equation. QSAR is an
actuarial or statistical method in which only objective data are used with no
intrusion of models or mechanistic hypotheses. The equation that is obtained
not only accounts for the relative potencies of the compounds, but from it are
deduced predictions of the potencies of untested compounds. The method thus
has the capability of yielding new (structurally related) drugs with desired
potency, perhaps drugs with enhanced potency or fewer side effects.45
Computers are also an invaluable aid to this method in terms of sheer
magnitude of calculations and of visualisation of techniques and results on

powerful graphics workstations.

In a series of structurally related compounds, some analogies seem to be
traceable although there are always exceptions. For example, it is widely
accepted that substitution of an aromatic ring by chlorine in a biologically
active molecule 'deepens' activity.#4 This has been explained by invoking the
Hammet substitution of chlorine and the push-pull electron density changes
brought about by the substitution. It may be, however, that the chlorine atom
blocks aromatic hydroxylation and thereby prevents metabolic removal of the
active species. Although such speculation anticipate more contemporary ideas
of drug action, the problems existed 85 years ago and seemed to resist
solution. In 1893 the French physiologist Charles Richet tried to formulate
SAR mathematically* but this procedure had to wait another six years when
Hans Horst Meyer and E. Overton published studies in which narcotics were
ranked according to their solubility in blood and lipids44 (i.e. water and

organic solvent). These theories of a relationship between the physical
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properties of a compound and its biological properties were taken up by others
and revived decisively by Corwin Hansch in 196444, The lipid theory was
followed by ideas concerning other physical properties such as ionisation and
a proposal by Linus Pauling that narcotics interfere with clathrate formation of
ice crystals in the central nervous system and thereby prevent normal nervous
transmission of pain impulses#4. These proposals, whether right or wrong at
the time, were but rare attempts to rationalise an increasingly unruly

accumulation of therapeutic data that defied explanation.

The programs used to study viridin, wortmannin and their analogues in an
attempt to elucidate structural information from them which could be
correlated with biological potency were MMS45 (molecular modelling

system), HYDRA#46, ORTEP47, PYTHON48 and SYBYL.49
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MMS, HYDRA AND ORTEP

Files with the crystal co-ordinates for the structural analogues available were
converted from fractional to orthogonal co-ordinates using a locally written
converting program GX-PDB5!. These were transferred to the UNIX system
for use on the Silicon graphics IRIS computer. Using the program MMS
(Molecular Modelling System), a template molecule file was prepared and
atom labels matched to those of the co-ordinate file. The molecule could then

be displayed and manipulated in real time on the terminal.

More than one molecule can be displayed at a time hence qualitative
comparisons can be drawn. For example, the A and B rings of hibiscone were
slightly buckled in the opposite direction to both viridin and wortmannin.
Ring C of halenaquinone and viridin were also angled away from each other
although rings A and B were more or less identical. Figure 16 shows viridin
(yellow) and wortmannin (blue) face on and translated slightly from their
docking positions. What cannot be seen from this angle, however, is shown in
Figure 17 where the molecules are shown side on and are seen to curve in
slightly different directions. This may account for slight changes in potency of

enzyme inhibition due to molecular recognition at the enzyme site.

Some basic overlap experiments were carried out to assess molecular
similarity between the compounds for which crystal structures were known,
namely viridin, hibiscone C, demethoxyviridin and wortmannin. The co-
ordinates of the former two compounds were easily available in the literature,
the crystal structure of demethoxyviridin was determined (see Chapter 4) and
the co-ordinates of wortmannin were kindly donated by Sandoz of
Switzerland on direct request. The atoms overlapped (Figure 18) in each

compound were chosen because it has been shown that the unique ABE ring
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FIGURE 16 - Viridin (yellow) and wortmannin (blue) - face on and translated.



FIGURE 17 - Viridin (yellow) and wortmannin (blue) - Side view.
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system is crucial for activity. The results of these experiments are shown in

Table 5.

Figure 18 - Atoms overlapped and thought to be crucial for activity

Molecule 1 Molecule 2 Average Max. displacement
displacement (A)
A)
Viridin Wortmannin 0.033 0.052
Viridin Demethoxyviridin 0.013 0.018
Viridin Hibiscone C 0.026 0.039
Wortmannin Viridin 0.033 0.052
Wortmannin  |Demethoxyviridin 0.024 0.044
Wortmannin Hibiscone C 0.053 0.104
Hibiscone C Viridin 0.026 0.039
Hibiscone C Wortmannin 0.053 0.104
Hibiscone C  |Demethoxyviridin - -
Demethoxyviridin Viridin 0.013 0.018
Demethoxyviridin| Wortmannin 0.024 0.044
Demethoxyviridin | Hibiscone C - -

TABLE 5 - Results of overlap experiments

The average displacement is the average distance between corresponding

atoms of molecule 1 and molecule 2 after overlapping according to the query

structure in Figure 18. The maximum displacement is the greatest single
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distance between these corresponding atoms. Thus these measurements are a

crude measure of structural similarity.

Presuming demethoxyviridin is most potent, from test results (see later) and
that the furan ring system is indeed necessary for activity, from the
wortmannin analogue study, the results from Table 5 would predict a
decreasing order of potency:

Demethoxyviridin

Viridin

Hibiscone C

Wortmannin

This assumes that the most structurally similar compound to the most active
compound will be next in order of potency. Viridin is closest in structure to
demethoxyviridin, as expected and seen from the results in Table S, and

hibiscone C is closer in structural distances than wortmannin to viridin.

Although activity data for the hibiscone C part structure analogue turned out
to be disappointing, i.e. the compound was not at all active in the test systems
used, demethoxyviridin was shown to be more active than viridin which in

turn was more active than wortmannin.

Figure 19 shows an example of docked viridin and demethoxyviridin. It can
be seen that although the two molecules are largely identical, when the ABE
ring system is docked, rings C and D are slightly out of alignment. This
difference in shape, in addition to the loss of aAmcthoxy group, may account

for the difference between the two molecules in activity at the receptor site.



FIGURE 19 - Overlap of viridin and demethoxyviridin.



By loading an appropriate symmetry file, the molecules could be displayed as
crystal packing diagrams (figure 20) where the regular zigzag arrangement of
the structure can be seen, perhaps mimicking interactions taking place at the
receptor site. The electron density of the molecule can also be generated by
creating dot surfaces (figure 21) and space filling models (raster diagrams)

(figure 22) can be depicted using the program HYDRA.

Using enlarged versions of crystal packing diagrams and distance calculations,
possible hydrogen bonds could be identified between molecules in adjacent
unit cells. These could be represented pictorially using a graphics terminal

linked to the main VAX and the program ORTEP.

Figure 23 shows the unit cell of demethoxyviridin. The distances between
atoms O(20') and O(24'), the hydroxyl and the carbonyl groups, was
calculated to be 2-83A, indicative of possible hydrogen bonding between these
two atoms. A distance of 2-83A was also calculated between O(18') and O(20)
thus these molecules lie in a zigzag arrangement (seen in Figure 24) linked by
two hydrogen bonds. This arrangement may be important as it may mimic the
way in which the molecules approach the receptor site. Viridin, unit cell
shown in Figure 25, is linked by a single hydrogen bond. The carbonyl groups
of the AB rings do not seem to be involved in bonding in this molecule but a
similar zigzag arrangement is seen (figure 26). There are no apparent
hydrogen bonds in the unit cell of wortmannin (figure 27) and the combined
unit cell arrangements show the molecules lining up in a pairwise manner
(figure 28). Hibiscone, similarly, does not show any signs of obvious H-
bonding (figure 29) but does show a slight zigzag pattern in the crystalline
form (figure 30).
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FIGURE 20 - Crystal packing diagrams of viridin (above) and wortmannin

(below).
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FIGURE 21 - HYDRA generated Van der Waals surface display of viridin.
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FIGURE 22 - HYDRA generated raster display of vindin.



FIGURE 23 - Unit cell of demethoxyviridin.
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FIGURE 24 - Repeated unit cell of demethoxyviridin.
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FIGURE 25 - Unit cell of viridin.
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FIGURE 26 - Repeated unit cells of viridin.
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of wortmannin.
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FIGURE 28 - Repeated unit cells of wortmannin.
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FIGURE 29 - Unit cell of hibiscone C.
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FIGURE 30 - Repeated unit cells of hibiscone C.
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STATISTICAL METHODS IN QSAR

One of the most important considerations in QSAR studies is the statistical
analysis of the correlation of the observed biological activity with structural
parameters. The coefficients of these parameters that establish the correlation
with the biological activity can be obtained by a regression analysis. Since the
models are constructed in terms of multiple additive contributions, the method
of solution is also called multiple linear regression3!. This method is based on

three requirements:

(i) the independent variable (structural parameters) are fixed variates and the
dependent variable (biological activity) is randomly produced,

(i) the dependent variable is normally and independently distributed for any
set of independent variables,

(iii) the variance of the dependent variable must be the same for any set of

independent variables.

The biological activity satisfies the second and third requirements, since each
measurement is done independently. Upon repeated measurements the values
will be normally distributed, and will have an equal variance. In the usual
situation, m observed values are fitted to an equation with » variables and p

parameters by a least squares procedure.
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This procedure defines the best fit by requiring that the sum of differences
between the observed and the calculated values can be minimal. Goodness of

fit can then be defined by three quantities:

(i) the multiple correlation coefficient, r,
(ii) the standard deviation of regression, s,

(iii) the overall test F value for the test of coefficient significance.

The correlation coefficient gives an indication of the correspondence of
observed and calculated values. Its square, r2, can be interpreted as the
fraction of variance in the observed data which is explained by the correlation.
The standard deviation of the regression is a measure of the scatter of the
experimental values from the mean. The overall F value indicates how much
better is the correlation (within a certain degree of significance level) from the

correlation in which all the coefficients are taken as zero.
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PYTHON

Initial studies were done using the program PYTHON available from Oxford
Molecular and data from a paper publishing results of anti-inflammatory data
of a series of wortmannin analogues?9. This paper describes how the measure
of inhibition of the respiratory burst in cells can be used as a direct measure of
the anti-inflammatory potency of a compound. The program was used in York
as part of a molecular graphics course. A spreadsheet was prepared using

initially seven of the wortmannin analogues (see figure 31).

The columns entered included the log of the given IC5(0 value (log A),
indicator variables, Verloop values (i.e. a measure of the size and direction of
each substituent), lipophilicity (I]) -related to log P, the latter two values

being calculated automatically by the program.

Several graphs were plotted. No direct correlation was seen with activity and
Verloop values or initially with lipophilicity so two rows were excluded from
the table as they were structurally more different than the others. These five

points were plotted and analysis done yielding the equation:

y= 0.077x1 + 1.059x2 + 0.913x3 + 1.855

where y = log activity
X1 = indicator variable 1
x2 = indicator variable 2

x3 = [1 (lipophilicity)

(Indicator variable 1 was the presence of an acetoxy group on R; and indicator

variable 2 was the presence of a substituent other than H on R3.)
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OH
R4

Molecule 1 | [1] |R1=0Ac |R2=0 R3=H R4=closed ring
Molecule 2 |[12] | R;=0Ac |R2=0 R3=0Ac | R4=closed ring
Molecule 3 |[13] | R1=0Ac |R2=0 R3=H =NHCgHj5
Molecule 4 |[14] | R1=H R7=0 R3=H R4=closed ring
Molecule 5 |[15] |R;=H Ro=0 |R3=H R4=0OH
Molecule 6 |[16] | Rj=OAc |R=OH |R3=H R4=closed ring
Molecule 7 |[17] |R;=H R2=0OH |R3=H R4=closed ring

Figure 31 - Seven wortmannin analogues whose known anti-inflammatory
data is used in a initial model using the program PYTHON. Molecules 3 and 5
were eventually discarded from the study due to significant structural

differences i.e. the closed furan ring was seen to be critical for activity and a

valid model.
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This equation gave an R value of 0.989 i.e. the r2 value was around 0.85
which meant that 85% variance was explained by this equation. The F value

was 14.85 with 3 degrees of freedom.

From this PYTHON model activities could be predicted (see Table 6).

MOLECULE ACTUAL PREDICTED
ICsp ICso
1 1.447 1.377
2 2.436 2.436
4 1.892 1.962
6 1.230 1.300
7 1.954 1.885

TABLE 6 - Predictions of activity from PYTHON results.

These initial results were very exciting in that they showed that a valid
statistical model could be formed for this set of compounds and could possibly
be used to predict the activities of as yet unsynthesised and untested
compounds. Both the order and value of predicted potency were correct within

statistical limits.
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SYBYL

The program PYTHON was only available during the course of a one week
training seminar at York so the same theories were applied to the more
sophisticated methodology and graphics equipment available at Glasgow. The
program used was SYBYL by Tripos and the main methods used included
CoMFA techniques and general QSAR methodology.

A major goal in chemical research is to predict the behaviour of new
molecules, using relationships derived from analysis of the properties of
previously tested molecules. Relationships derived primarily by empirical
analysis of a data table, whose compounds are numerical property values and
whose rows are compounds, usually taking the form of a linear equation, are

called quantitative structure activity relationships (QSAR).

Especially in biological applications, it has long been agreed that the most
relevant numerical property values would be shape dependent. Work on
comparative molecular field analysis (CoOMFA) began 12 years ago>2 with two
additional observations: (1) at the molecular level, the interactions which
produce an observed biological effect are usually non-covalent; and (2)
molecular mechanics force fields, most of which treat non-bonded covalent
interactions only as steric and electrostatic forces, can account precisely for a
great variety of observed molecular properties. Thus it seems reasonable that a
suitable sampling of the steric and electrostatic fields surrounding a set of
ligand or drug molecules might provide all the information necessary for
understanding their biological properties. However, the emergence of a
practical CoMFA methodology had to await a new method of data analysis,

partial least squares (PLS), which can derive robust linear equations from
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tables having many more columns than rows and a number of advances in the

methodology of molecular graphics.

One of the studies using CoMFA was published in 1992 by a group of
workers at Sterling Winthrop in New York33 . They showed that the CoOMFA
analysis of eight compounds related to disoxaril for which X-ray structures of
the molecule bound to HRV-14 had been determined resulted in a strong
positive correlation of activity with steric effects of the compounds,
particularly toward the pore end of the compound binding site, and no
correlation with electrostatic effects. These results confirm what had been
previously found, that the activity of these compounds was highly dependent
upon their hydrophobic nature expressed as log P or lipophilicity. The
CoMFA study also confirmed results from the comparison of a series of active
and inactive compounds using volume maps which showed that bulk at the
pore end of the molecule was conducive to high levels of antiviral activity

while excessive bulk around the ring led to poor activity.

Other 3D QSAR methodologies have been described. The molecular shape
(MS) approaches, developed independently by Simon et al’4:55 and by
Hopfinger36, compare net rather than location-dependent, differences in
molecular connectivities, volumes and/or fields. A second approach, the
distance geometry method of Crippend7, provides validation of a site-point
hypothesis, a list of binding set co-ordinates and properties that must be
proposed by the investigator. In related work, for exploring binding modes of
ligand to receptors, Goodford advocates the display of probe-interaction
'grids', similar to those used in COMFA38, while Hansch, Blaney, Langridge et
al>® have shown the complementarity of QSAR and molecular graphics in

understanding enzyme inhibitory data.
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CoMFA (Comparative Molecular Field Analysis) is a technique used only in
the SYBYL program. It is a method which uses multivariate regression
techniques to seek relationships between properties such as biological activity
and various 3D structural features such as molecular shape and charge

distribution.

Critical to a preparation of a CoOMFA analysis is the building of a database of
compounds similarly aligned and with their electron density and charge
distribution calculated. Once minimised conformations of all the structures are
in hand, the next step in the CoMFA process is to establish a mutual spatial
alignment of the molecules within a series. This can be done by computing the
fields associated with each of the molecules and then minimising the RMS
differences between them by adjusting their positions (using the “Field Fit'
technique in SYBYL). With the wortmannin and viridin structures, however,
the structural similarity was such that the molecules were aligned carefully by
hand, using a process that seemed more intuitive and overlapping the ABE

fused ring system of each compound.

The non-bonded energy fields associated with any structure are determined in
CoMFA by first placing the structure in a 3-D lattice and then computing the
steric (Lennard Jones) and electrostatic interactions within the molecule that
are experienced by a probe atom®0 e.g. C+ at all of the lattice points around the
molecule. A lattice grid spacing of 2A in the x, y and z directions was used.
These data are built into a CoMFA table which has 1 row per 'standard’
compound and hundreds or thousands of columns to carry all the CoMFA
energy filed data. The statistical task at this stage is to establish by regression
analysis over the whole set of compounds a relationship between these

variables on the one hand, and the biological activity data on the other hand.
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The biological activity data were entered in the CoMFA table as 1/InICsq

values.

Due to the very large number of independent variables in this system, the
standard techniques of multiple regression cannot be applied directly and
Partial Least Squares (PLS) analysis is employed to derive linear equations
from the data. The quality of any model derived can be determined by a cross
validation technique, sometimes referred to as the 'leave-one out' method. It
measures the true predictive capability of a model by removing a subset
(cross-validation group') of one or more structures from the set of standard
compounds (the training set'), re-entering them as unknowns and predicting
their activity. The sum of the squared differences between predicted and actual
activities is compared to the standard deviation of the actual activities to yield
a 'cross-validated r2' as a measure of predictivity. This value can range from
negative numbers to a maximum of +1.0. A cross-validated r2 of above 0.4 is
said to be statistically relevant and one of 1.0 corresponds to a perfect model,
i.e. all predictions are 100% accurate. A value of 0 indicates that no statistical
relationship exists between the CoMFA fields and the activities, and the
predictions are no better than random numbers whose average is the mean of
the measured activities. Negative values result from an inverse relationship
between the actual and predicted activities and can be regarded as worse than

no model at all.

In all cross-validation runs performed in the course of these studies, the
number of cross-validation groups was chosen to equal the number of
structures in the CoMFA table, i.e. the activity of each structure was predicted
individually from all other structures. This guarantees reproducibility and
comparability of subsequent cross-validation runs. The standard deviation

threshold for exclusion of columns from the PLS analysis
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(MINIMUM_SIGMA) was set to 0.5 for cross-validation runs, and to 0.0 for

the final non-crossvalidated analyses.

CoMFA models can be built using a number of components in the linear
equation derived by the PLS analyses. This number corresponds to the level of
detail at which the PLS analysis has been conducted on the molecular fields,
and is analogous to the number of coefficients in conventional multiple
regression. Up to n-1 components can be used, with n the number of structures
in the CoMFA dataset. In the crossvalidation runs, a crossvalidated r2 value is
calculated for each value = in the specified range of components (x = 1...m,
m< n-1). CoMFA QSAR models which allow the prediction of the activity of
novel compounds are derived from (final) non-crossvalidated runs. For these
models, one specific number of components had to be chosen. A number is
usually chosen which is lower that the one yielding the highest cross-validated
r2, since the number of components at which the usually steep initial increase
of the crossvalidated r2 starts to level off has proven to yield better predictive
CoMFA models. Higher numbers of components tend to ‘overfit' the CoMFA
model to irrelevant minutiae of the molecules in the dataset and may lead to

less accurate predictions.
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SYBYL - EXPERIMENTAL

While no actual cytotoxicity test results were yet available, a model was
formed using the wortmannin analogues previously synthesised. This was
based on the assumption that anti-inflammatory data would be related in some
way to cytotoxicity data, and also comparable initial test result data showing

that both wortmannin and viridin had potent cytotoxic potential.

The wortmannin analogues were built in SYBYL and energy minimised. Each
molecule was added to the same database. Del-re charges$! were calculated
for each molecule which was then aligned by hand using the virtual dial
system so that a good 3D alignment was easily possible. Each molecule was
held in this orientation by the option FREEZE_VIEW and re-added to the
database. A new spreadsheet was made and each molecule to be in the
CoMFA study was added. From the menu option in this spreadsheet, the
alignments of the molecules were defined by the command sequence CoMFA
ALIGNMENT DEFINE AS_IS MOLECULE_NAME
MOLECULE_ALIGNMENT_NAME END. This defines each molecule to be
critically aligned as the frozen conformation and allows the flexibility of
different conformations if desired. The option AUTOCoMFA is then selected
which automatically calculates the electrostatic and steric fields for each
molecule, stores this information in the spreadsheet where it can be
EXRACTed and analyses the results by multivariate analysis. A good initial
estimate of whether the analysis is successful or not is the critical value of r2

which should be greater than 0-4.

An initial study was carried out using a selected group of compounds ([1],

[12], [13], [14], [16], [17]) which were reasonably structurally similar. These
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were placed in a table and an automatic CoMFA run was carried out. The

resulting electrostatic and steric map can be seen in Figure 32.

The r2 value for this analysis was 0.611. The relative contributions from each

variable are shown in Table 7:

Norm. Coefficient| Fraction (%)

1. Autocomfa (STERIC) 0.830 58.2
2. Autocomfa (ELECTROSTATIC) 0.597 41.8

TABLE 7 - Relative contributions from steric and electrostatic variables.

From the electrostatic map shown in blue and yellow (Fig. 32), the yellow
regions represent areas where increased negative charge would lead to
increased activity, and the blue regions represent regions where increased
positive charge would lead to increased activity. The most strikingly apparent
result from this study was the suggestion that a chemical group, e.g.
containing a nitrogen or other atom which could easily protonate, substituted
on the acetoxy group on ring C of wortmannin would lead to increased
activity. The steric map is usually shown in red and green where the red
regions represent areas where less bulk would lead to increased activity. In
this case the green regions were more apparent, showing areas where
increased bulk would lead to increased activity, in particular the acetoxy
group mentioned above and the carbonyl substituent on ring D. Substitution at
these two groups was therefore seen as a priority for the organic chemists
working separately on this project, providing a clear lead to be assessed.

Similar studies using molecules 1-10 with extremely careful alignment gave
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an r2 value of 0.624 (final non crossvalidated 12 = 0.957) (see later). The
results of each study can be easily validated by a number of different

techniques such as bootstrapping, crossvalidation, factor analysis and

partial least squares.
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FIGURE 32 - Electrostatic (blue and yellow) and steric (green) maps from

wortmannin CoMFA study.

Blue - increase positive charge
Yellow - decrease positive charge

Green - increase bulk
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BOOTSTRAPPING

In many SYBYL/QSAR analyses, confidence intervals (mean and standard
deviation) for the parameters to be estimated can be calculated by a modern
validation method, the bootstrap. The name is derived from the old saying
about pulling yourself up by your own bootstraps. The idea is to simulate a
statistical sampling procedure by assuming that the original data set is the true
population and generating many new data sets from it. These new data sets
(called bootstrap samplings) are of the same size as the original data and are
obtained by randomly choosing samples or rows from the original data, where
repeated selection of the same row is allowed. The statistical calculation is
performed on each of these bootstrap samplings, new values being calculated
for each of the parameters to be estimated. The difference between the
parameters calculated from the original data set and the average of the
parameters calculated from the bootstrap samplings is a measure of bias of the
original calculation. The calculated variance of the parameter estimates the
accuracy with which any of the parameters can be estimated from the input

data. This process is shown in figure 3362,
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FIGURE 33 - The bootstrapping process



88

CROSSVALIDATION

Crossvalidation is an approach for selecting which model, among several with
different levels of complexity, is most likely to have predictive value. It is
particularly useful in PLS (Partial Least Squares), to establish the number of

components which optimally distinguish signal from noise.

In contrast with the classical statistical techniques such as the F-test,
crossvalidation substitutes modern computational power for the theoretical
assumptions about data distributions. Crossvalidation assesses the probable
predictive power of a particular model by the brute force method of attempting

predictions of all the input target data values.

As shown in figure 3423, crossvalidation proceeds by omitting one or more
rows of input data, re-deriving the model, and predicting the target property
values of the omitted rows. The rederivation-and-prediction cycle continues
until all target property values have been predicted exactly once. The root
mean square error of all target predictions, the press (predictive sum of

squares), is the basis for evaluating the current model.
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FIGURE 34 - The crossvalidation process




In SYBYL/QSAR, the intensity of the crossvalidation process is controlled by
selecting the number of groups, or the number of times the crossvalidation
process is to be carried out while predicting all rows (at each stage of model
development). If the number of groups is set to zero, crossvalidation is not
performed. With the minimum number of groups, two, compounds will be
divided into two groups, as equally sized as possible, and a model derived
from each half will be used to predict target property values for the other half.
The number of groups typically used in these studies is five, meaning that
each target property value will be predicted by a model based on about 80% of

the available data.

Currently, crossvalidation group membership is random, and cannot be
controlled or even observed by the SYBYL/QSAR user. This randomness
means that values of press and hence crossvalidated r2 will vary from run to
run. Only by setting the number of crossvalidation groups equal to the number
of compounds,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>