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ABSTRACT

Different biological effects elicited by different phorbol esters in mammalian
cells are thought to be due mainly to their differential interaction with, and

modification of, the cellular pool of PKC isozymes. However, in most investigations
only TPA, as the most potent tumor-promoting phorbol ester, has been used.

Inspite of observations that other phorbol esters exert more specific biological
effects in vivo, relatively few studies have been reported so far on their interaction

with individual PKC isozymes in vitro or in vivo.

In vivointeraction of different phorbol esters with PKC involves penetration
of the phorbol ester molecule into the inner layer of the cellular membrane and
binding to the regulatory domain of PKC followed by redistribution of the PKC
pool from the cytosolic to the membrane bound fraction. It is thought that PKC
redistribution ("translocation") is followed by an activation step and
phosphorylation of substrate(s).

Tigliane (TPA, PdBu, DOPP, DOPPA and Sap A) and daphnane (Thy A and
Rx) diterpenoids of the phorbol ester group, were investigated for their ability to
interact with purified recombinant protein kinase C (PKC) isozymes.
Representative compounds of distinct biological activity were chosen in an attempt
to establish a correlation between their in vivo effects and their ability to interact
with individual PKC isozymes.

Utilising PKC isozymes a, B, B,, ¥, 8, € and ¢ purified from a baculovirus /
Sf9 insect cell expression system and a phosphatidylserine / Triton X-100 mixed
micellar system as an in vitro cell membrane model, binding and activation of
PKC isozymes by seven different phorbol esters was studied. Binding affinity and
activation potency of individual compounds were found to correlate well with high
tumor promoting activity of TPA and PdBu on one side and with the non-
promoting action of DOPPA and Rx. However, the non-promoters DOPP and Sap
A and a second stage tumor‘ promoter Thy A were effective agonists of PKC
1sozymes.

To study the ability of some PEs to induce association of PKC isozymes with
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cellular membranes (i.e. "translocation"), a membrane fraction obtained from HL-
60 cells was used, in order to approach in vivo conditions. Although the ability of
the investigated PEs to induce "translocation" of PKC isozymes corresponded to
their ability to indﬁce PKC activation, the ability of micromolar Ca?
concentrations to induce membrane association of n-PKCs, ¢ and 6, was not in
agreement with our activation results and current theory of Ca** independency of
the n-PKC isozymes.

These results suggested that specific biological effects of different phorbol
esters could not solely be explained through differences in their interaction with
PKC isozymes in vitro. It is possible that an intracellular component, absent in an
artificial system, is responsible for modulation of phorbol ester effects in vivo.

Additionally a daphnane diterpene and a second stage tumor promoter
mezerein, was isolated from previously uninvestigated Daphne blagayana, a plant
indegenous to the Balkan. For the first time, detailed one and two dimensional
NMR (‘H, '*C, COSY and NOESY) experiments were conducted to confirm the
previously determined structure of mezerein. Computer assisted molecular
modelling and structure analysis enabled determination of molecular minimum
free energy and interatomic distances of the pharmacophore's functional groups.
These values were similar to those obtained for a highly potent tumor promoter
TPA. As an activator of individual PKC isozymes in vitro, mezerein appeared to
be different from TPA. Mezerein was relatively less potent (when compared with
TPA) as an activator of the novel PKC isozymes 6 and ¢. This suggested that
differences in biological activity of mezerein and TPA could be, in part, due to

differences in their ability to activate the PKC isozymes 6 and ¢.
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1.1. PHORBOL ESTERS
1.1.1. Chemistry

Phorbol esters (PEs) are naturally occuring tri- and tetra-cyclic diterpenoids
isolated from only two plant families; the Euphorbiaceae and Thymelaeaceae
(reviewed in 1-3). According to their hydrocarbon skeleton PEs can be divided into
three groups, Tiglianes, Daphnanes and Ingenanes (Figure 1.1.1. A, B. and C., p.
20).

Tigliane diterpenes

Detailed structure elucidation studies (ref. 1 and references cited therein)
revealed that the structure of the parent tigliane derivative, phorbol, was
composed of a semi-rigid carbon backbone arranged into 4 rings (Figure 1.1.1. A.).
The five-membered ring A is trans-linked to ring B and is non-planar. The seven-
membered ring B is stabilised into an "envelope" conformation and is trans-linked
to ring C. The cyclohexane ring C is in the "chair" conformation imposed by the
cis linkage to the small cyclopropane ring D. There are six oxygen atoms in the
phorbol stfilcture, one as C-3 o, unsaturated ketone and five forming hydroxyl
groups at C-4 (tertiary, o or B), C-9 (tertiary, o), C-12 (secondary, B), C-13
(tertiary, o) and C-20 (primary). Tigliane diterpenoids were isolated first from the
seed oil of Croton tiglium L., Euphorbiaceae (4). This oil contained phorbol diesters
esterified at positions C-12, C-13 and triesters esterified at C-12, C-13 and C-20.
C-12, C-13 and C-20 triesters are also termed "cryptic esters", since removal of C-
20 acyl group is required before these esters can induce an inflammatory response.
Subsequentlytigliane esters of deoxyphorbol have been isolated, including 4-deoxy,
4-deoxy-5-hydroxy, 4,20-dideoxy, 4,20-dideoxy-5-hydroxy, 12-deoxy, 12-deoxy-5-
hydroxy, 12-deoxy-16-hydroxy, 12,20-dideoxy and 16-hydroxy derivatives (reviewed
in ref. 1). Acid residues found in ester groups are highly variable, with saturated
and unsaturated aliphatic (of a different carbon chain length), and aromatic

residues being identified so far.
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TIGLIANE

INGENANE

Figure 1.1.1. Structures of Tigliane, Daphnane and Ingenane polyol diterpenoids.
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Daphnane diterpenes

The daphnane diterpenes are found in both plant families Euphorbiaceae

and Thymelaeaceae but their distribution is limited. Esters based upon 5-
deoxydaphnetoxin and la-alkyldaphnane nuclei are present only in the
Thymelaeaceae, resiniferonol esters are only present in the Euphorbiaceae, whilst
daphnetoxin and 12-hydroxydaphnetoxin esters are present in both plant families.
This may provide some chemosystematic evidence for a relationship between these

families (5).
The daphnane diterpenes have a slightly different carbon skeleton to the
tiglianes, with a cyclopropane D ring being opened to give the (B) 2-propenyl
residue in position C-13 (Figure 1.1.1. B.). In these compounds the hydroxyl groups
of the C ring (a hydroxyls of C-9, C-13 and C-14) in the molecule of a metabolic
precursor are linked in an orthoester bond to aromatic or aliphatic groups. Some
of the daphnane group members have lost the C-6/C-7 double bond as a result of
epoxidation and have an extra C-5 (secondary, B) hydroxyl group (e.g.
Thymeleatoxins and Mezerein) (2,5).

Ingenane diterpenes

The ingenane diterpenes are found only in genus FEuphorbia
(Euphorbiaceae) and their isolation has been found to be the most technically
difficult. The parent alcohol ingenol, exhibits a five membered A ring and
cycloheptane ring B in the cis configuration, the C ring is also cis fused to
cyclopropane D ring. The structure of the ingenane carbon skeleton also has many
basic differences to the tigliane nucleus, with ring C attached to ring B at position
C-10 (instead of C-9) and formation ofaC-9 ketone bridge between C-8 and C-10
(Figure 1.1.1. C.). The C, ;and C; ; double bonds, the C-4-B-tertiary hydroxyl group
and C-20 primary hydroxyl group are still present, but the arrangement of
hydroxyl groups is different'from the tigliane nucleus, in that the C-12 and C-13
hydroxyls are absent and two secondary (B) hydroxyl groups at C-3 and C-5 are
present. Hence different esterification profilesare seen when compared with the
tigliane and daphnane phorbol esters (ref. 1 and references therein). The ingenol

nucleus occurs naturally in various states of oxygenation, including: 5-
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deoxyingenol, 20-deoxyingenol, 16-hydroxy-20-deoxyingenol, 13-hydroxyingenol, 16-
hydroxyingenol and 13,19-dihydroxyingenol with the possibility of esterification
of all additional hydroxy groups.

Apart from tumor promoting activity of some ingenols (6), and antileukemic
activity of ingenol-3,20-dibenzoate (7), the biological effects of the ingenanes have
not been extensively studied and are in general considered to be of similar activity
to the tiglianes.

The structures of the different tigliane and daphnane esters used in the

present studies are presented in Figure 1.1.2, p. 24.
1.1.2. Biological actions of phorbol esters: structure-activity relationship

Diterpenoids of the phorbol ester group are known to exert a range of
different biological effects, including skin irritation and inflammation, tumor
promotion, induction of cell differentiation and proliferation, platelet aggregation
and muscle contraction. The biological-activity profiles, of different phorbol esters,
are known to be controlled by their structure.

The biological actions of the phorbol esters at nano-molar concentrations
suggested the existence of specific binding sites to mediate such actions. Specific
receptors were shown to have a wide distribution in intact cells, mouse epidermis
and membrane fractions (9-11) as well as soluble fractions (12). TPA and other
phorbol esters were then shown to directly activate a phospholipid dependent,
serine / threonine protein kinase, termed Protein Kinase C (PKC) in vitro (13) by
substituting for diacylglycerol in increasing the calcium affinity of the enzyme (see
later, Section 1.2.). Subsequently the phorbol ester binding activity and PKC
activity were found to co-purify to apparent homogeneity in mouse, rat and bovine
brain (14-18). In vitro work showed that the phorbol ester binding was dependent
on phosphatidyl serine (PS) and calcium and could be competitively inhibited by
diacylglycerol (19-22, and Section 1.2.).

The identification and isolation of this enzyme as the receptor site for tumor
promoting PEs (144,13-17) and the involvement of this enzyme in intracellular

signal transduction has intensified research into the biochemical mechanisms of
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cancer. The use of phorbol esters as selective and potent PKC activators has
contributed to making the PKCs among the most thoroughly studied families of
protein kinases in cellular signalling.

However, the recent discovery of other PE binding molecules like chimaerins
(n(al), a2, B1 and B2)(145-147), Vav (457) and unc-13 (148) suggests that not all
pharmacological effects of PEs may be channelled through activation of PKC

kinases.

The biological actions of the phorbol esters have largely been investigated
with commercially available preparations and has been limited by the availability
of source plant material. Consequently investigators have largely concentrated on
TPA and PdBu as active derivatives and 4-a-PDD as an inactive control.

Comparative studies conducted on a range of phorbol derivatives have
elucidated many structural requirements for biological activity (e.g. for tumour
promotion requirements see Table 1.1.1., p. 26). Substitution of the primary
hydroxyl group at C-20 (e.g. esterification), decreases bioactivity in proportion to

the type of substitution (23,24).The conformation of the C-20, CH,OH group seems to
be important since changes (e.g. double bond shift from C-6/C-7 to C-7/C-8) result
in a loss of activity. Similarly a configurational change (3 OH to a OH) or
derivatisation on the C-4, results in lessening of activity. The importance of such
hydrophylic groups appears to involve orientating the phorbol ester to facilitate
interaction with PKC binding site groups and/or with phospholipid head groups
in the membrane. The phorbol esters also require lipophilic moieties in the
molecule (typically as part of the ester groups at C-12 and C-13) whose function,
at least partly, is to allow anchorage and spatial organisation in the lipid bilayer
and is a function of saturation (including the presence of aromatic groups) and
acyl chain length.

Similar studies on diacylglycerols have revealed an optimum length for acyl
chains (6-10 carbon atoms) and the presence of the free hydroxyl group at C-3 of
the glycerol backbone as being essential for activity (25).
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s/
CH3(CHy)12

Figure 1.1.2. Structures of phorbol esters used in our studies. TPA, 12-O-
tetradecanoylphorbol-13-acetate; PdBu, phorbol-12,13-dibutyrate; DOPP, 12-
deoxyphorbol-13-phenylacetate; DOPPA, 12-deoxyphorbol-13-phenylacetate-20-
acetate; Sap A, Sapintoxin A; Thy A, Thymeleatoxin A; Rx, Resiniferatoxin.
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The synthetic diacylglycerol analogue sn 1-oleoyl-2-acetylglycerol (OAG) has
also been found to be a good activator of PKC and similarly the monoesters of
ingenol at the C, suggest that a single ester acyl group is sufficient for activity
and is not restricted to the C-12 or C-13 position on the phorbol esters (26).

The trans-configuration of the A and B ring linkage is also considered
necessary for activity. Esters of 4a-phorbol, because of cis A/B ring fusion, have
a different shape to the trans phorbol derivatives and this alteration in
stereochemistry has been proposed as the reason for lack of biological activity of
these compounds. However, a-Sapintoxin (cis) has been found to be biologically
active at high concentrations (27).

Computer assisted modelling techniques have recently been employed to
compare energetically favourable structures of different phorbol esters and
diacylglycerols (28). Interestingly according to this study the C-1 ester and C-3
hydroxyl group in diacylglycerols correspond to the C-13 ester and C-9 hydroxy
group (rather than C-20)(29), of the phorbol derivatives in terms of spatial
positioning. Furthermore it was suggested that the C-4 group (and possibly other
parts of the molecule such as C-20) which did not have a correlating group in the
diacylglycerol molecule, may play functional roles on separate receptors or impose
selectivity for PKC isoforms.

A more recent study of the structural basis of PKC activation by
diacylglycerols and a range of different tumour promoters (DAGs,
debromoaplysiatoxins, tiglianes, ingenanes, bryostatins and teleocidins), based on
experimental rather than on computer driven hypotheses proposed a different
scenario for PKC activation using the DAG structure as a template (30). Here the
structural components found to be responsible for tumor-promoting activity of
tiglianes were C-3 ketone (as hydrogen bond acceptor), C-9 (as hydrogen bond
acceptor) and C-20 (as hydrogen bond donor), the hydroxylic group in the tigliane
structure (e.g. TPA) and C-9 ketone (as hydrogen bond acceptor), C-20 hydroxylic
(as hydrogen bond donor) and C-3 ester carbonyl group (as hydrogen bond
acceptor) in ingenanes (e.g. Ingenol-3-O-tetradecanoate). On minimalist grounds
and on the basis of structure-activity studies, it was assumed that the interaction

of only three hydrophylic atoms is required. However, it was postulated that
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secondary interactions with other hydrophylic atoms may occur and that, in
addition, épatially corresponding hydrophobic moieties were obviously required, if
only to ensure that the activator is membrane soluble. This model (and deduced
pharmacophores) was found to be consistent with all the structure-activity

observations on the DAGs and tumour promoters.

Table 1.1.1. Structure / activity requirements for tumor-promoting and
hyperplastic activity of the phorbol esters.

(1) Required for activity:

- trans-configuration of the A/B ring linkage (cis-isomers are inactive).

- Free primary hydroxyl group at C-20.

- At least one ester group at C-12 or C-13.

- Oxygen (ether or hydroxyl) bearing group at C-4 (4-deoxyphorbol esters are

inactive as tumor promoters and hyperplastic agents).

(2) Affecting the activity

- Increasing unsaturation in an ester moiety (C-12 and/or C-13) results in
decreased complete tumor-promoting activity but increased stage 2 tumor-
promoting activity.

- A tertiary hydroxyl group at the C-4 is necessary for complete tumor-promoting
activity. O-methylation of the C-4 hydroxyl group results in the loss of complete

promoting activity, although stage 1 tumor-promoting activity is retained.

(3) Not necessary for activity:

- Cyclopropane (D) ring.

- Secondary hydroxyl group at C-16.

- Ester group at C-12 is not required for activity (although a secondary hydroxyl
group at same position reduces activity dramatically and 12-deoxy PEs are anti

tumour-promoters).
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Tumor promotion

From a medical point of view the most interesting biological action of
phorbol esters is tumour promotion. As early as 1941 Berenblum reported that oil
from Croton tiglium applied with small doses of carcinogen was observed to
potently promote the formation of skin tumors (papillomas) on mouse (31), which
become progressively dysplastic, aneuploid and finally malignant (32-34). This led
to the establishment of a two-stage model for carcinogenesis (35) where the
carcinogen is applied in a single subthreshold dose (initiation) followed by
repetitive application of the croton oil (promotion) leading to formation of
premalignant lesions called papillomas. The effect was found to occur in mouse but
not rat, rabbit or guinea pig skin (36). Subsequently the phorbol-12, 13-diesters
were found to be the agents in croton oil responsible for its tumor-promoting
activity (121), with TPA being the most potent. Tumor-promoting phorbol esters
have been found among tigliane, daphnane as well as ingenane derivatives.
Structure / activity relationships for phorbol ester induced tumour promotion
beyond those noted in Table 1.1.1., are ill defined. C-12 deoxygenation leads to
production of weak (non) promoters. Unsaturation of the acyl ester side chain is
thought to impart second stage promoting ability (73). Methylation of C-4 OH
imparts first stage promoting ability and C-4 deoxy PEs (e.g. Sap A) are not active

as tumour-promoters.

A schematic representation of multistage carcinogenesis in mouse skin is
depicted in Figure 1.1.3., p. 28. The initiation stage of mouse skin tumorigenesis
is effected by single application or exposure to a subcarcinogenic dose of a skin
carcinogen such as 7,12-dimethylbenz[a]anthracene (DMBA). The initiation occurs
as a result of interaction of a reactive form of a skin carcinogen with the DNA of
an epidermal target cell and is a rapid process that produces no apparent
morphological alterations in epidermis (37 and references therein). As a result of
interaction of a reactive carcinogenic intermediate with DNA one can measure a
transient inhibition of epidermal DNA synthesis. This interaction ultimately leads
to mutations in critical target genes of epidermal stem cells. The c-Ha-ras, and to

a limited extent, N-ras genes have been identified as target genes for certain tumor
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