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_______________________________________________________________________________________ Abstract

Abstract

In this thesis the literature relating to phorbol esters as potent activators of protein kinase C 

(PKC) has been reviewed. A programme of work has been performed to examine the PKC 

isotypes present in Swiss 3T3 cells and human kératinocytes; to monitor the changes in 

expression, subcellular distribution or activity of PKC isoforms during treatment with a variety 

of phorbol esters and to relate the activation of PKC in the cell to specific physiological effects. 

The work has identified that the alpha, delta, epsilon and zeta isotypes of protein kinase C are 

present in both Swiss 3T3 cells and human kératinocytes. The effect of five phorbol esters (TP A, 

Dopp, Doppa, Thy A and Rx) on inducing mitogenesis in Swiss 3T3 cells was examined. All of 

the phorbol esters tested apart from Rx were found to be capable of stimulating mitogenesis to 

varying degrees. In the case of both Dopp and Doppa where the stimulation of mitogenesis was 

equipotent, Doppa was found to be metabolising to the more potent Dopp in the cell system after 

four hours incubation. The phorbol esters were each shown to translocate the different isotypes 

of PKC with different potencies. Some of the phorbols tested were shown to be unable to 

translocate some of the isotypes examined. Using the mixed micellar assay, peaks of stimulatable 

activity were examined in partially purified PKC obtained from Swiss 3T3 cells. A peak of 

phorbol ester stimulated activity was shown to coincide with the elution of PKC alpha. Other 

peaks of activity uncovered could not be attributed to a PKC isoform present in this cell system. 

The phosphorylation of the myristoylated alanine rich c kinase (MARCKS) protein was also 

examined following phorbol ester treatment. High doses of all of the phorbol esters tested were 

capable of phosphorylating the MARCKS protein. Finally the morphology of TP A treated cells 

was examined using scanning electron microscopy.
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Chapter One_________________________________________________________________ Introduction

Chapter One: Introduction

1.1 Phorbol Esters

Phorbol esters are naturally occurring tri- and tetra- cyclic diterpenoids derived from two 

plant families; the Euphorbiaceae and Thymelaeceae (Evans and Taylor 1983).

1.11 The plant family Euphorbiaceae

The Euphorbiaceae family is one of the largest and most diversified families of 

Angiosperms, containing about 8000 species in 300 genera (Webster 1987). The largest 

genera are Euphorbia and Croton that together account for 2500 species. The plants are 

widely distributed throughout the Northern and Southern hemispheres and range in 

morphological form from large desert succulents to trees and small herbaceous types. The 

vast number of morphological types makes their classification difficult. Pax and Hoffinan 

(1931) arranged the family into four subfamilies according to morphological 

characteristics:

Phyllanthoideae Ricinocarpoideae
Poranteroideae Crotonideae

It is from the subfamily crotonideae that the tumour promoting and pro-inflammatory

diterpenes are yielded. This family can be fiirther sub divided into Crotoneae and

Euphorieae. The Crotoneae contains the genus Croton from which the first 12,13-diesters

were isolated (Hecker, 1968).

1.12 The plant familv Thymelaeceae

The plant family Thymelaeceae consists of 90 genera and 500 species. The family is not 

as morphologically diverse as those of the Euphorbiaceae since they are found mainly in 

temperate/tropical regions as shrubs. The family can be divided into four subfamilies:

1
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Ganystyloideae Gilgidaphoideae
Aquilarioideae Thymelaeoideae

The uses of both these plant families are diverse and includes food, drugs, poisons, 

rubbers, oils and waxes (For a review see Brooks, 1988).

The phorbol esters can be divided into three groups Tiglianes, Daphnanes and Ingenanes 

according to their hydrocarbon skeletons (Figure 1.1). Compounds from these three 

groups have been found to be extremely irritant when applied to mouse skin and a number 

of derivatives have been found to be tumour promoting agents in mouse skin when using 

the Berenblum two stage protocol (Berenblum, 1941).

1.13 The Tigliane Diterpenes

The tigliane diterpenes were first isolated from seed oil of Croton tiglium L., 

Euphorbiaceae (Hecker, 1968). Phorbol is a tetra-cyclic diterpene whose structure was 

elucidated using X-ray crystallography and chemical methods (Crombie et al, 1968). It 

consists of a five membered A ring connected in a trans configuration to a seven- 

membered B ring. A six membered C ring is linked to a cyclopropane D system in a cis 

configuration. There are six oxygen fimctions present, one as a C-3 a, p unsaturated 

ketone and five forming hydroxyl groups at C-4 (tertiary, a or p), C-9 (tertiary a), C-12 

(secondary, p), C-13 (tertiary a) and C-20 primary. Phorbol has been used as a starting 

material for the semi-synthesis of a variety of phorbol derivatives. In the plant the tigliane 

esters can exist as esters of the frilly hydroxylated polyol, phorbol or as esters of various 

deoxyphorbol alcohols. Subsequently tigilane esters of deoxyphorbol have been isolated, 

including deoxy-, 4 deoxy-5-hydroxy-, 4,20-dideoxy-, 4,20-dideoxy-5-hydroxy-, 12 -
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Figure 1.1: The tigliane, daphnane and ingenane hydrocarbons
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deoxy-, 12-deoxy-5-hydroxy-, 12-deoxy-16-hydroxy-, 12,20 dideoxy-, and 16-hydroxy- 

analogues (Evans, 1986). The three nuclei most commonly found in the family 

Euphorbiaceae are esters of phorbol 4-deoxy phorbol- and 12-deoxyphorbol.

The first tigliane esters to be isolated and characterised were from seed oil of Croton 

tiglium (Hecker, 1968). These were phorbol 12,13 diesters and were characterised on the 

basis of the position of the long chain ester moiety into: the A series-long chain ester 

moiety at C-12 and a short chain ester moiety at C-13 and the B series-with the short 

chain ester moiety at C12 and the long chain ester moiety at C l3. Eleven irritant and 

tumour promoting esters were isolated of which compound (12-O- 

tetradecanoylphorbol 13-acetate (TPA)) was found to be the most biologically active.

1.14 The Daphnane Diterpenes

The daphnane diterpenes are found in both families Euphorbiaceae and Thymelaeceae. 

They are a group of tri cyclic compounds that have a structure similar to tigliane, 

however, unlike tigliane the structure shows a isopropylene side chain at C-13 (tigliane 

exhibits a cyclopropane ring, D). In plants the compounds occur naturally as ortho-esters, 

this is a consequence of the oc-orientated hydroxyl functions at C-9, C-13 and C-14 of the 

daphnane nucleus. Some daphnane group members have lost the C-6/C-7 double bond 

because of epoxidation and exhibit an extra C-5 (secondary, p) hydroxyl group (eg 

Thymeleatoxins and Mezerein). The biological activities of the daphnane esters are similar 

to the tigliane esters in that they possess pro-inflammatory properties (Resiniferatoxin 

(Rx) is the most potent irritant known to man), tumour promoting and anti-leukaemic 

activities. The structures of the different tigliane and daphnane phorbol esters used in this 

study are presented in Figure 1.2.
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1.15 The Ingenane Diterpenes

The ingenane diterpenes are found only in the genus Euphorbia {Euphorbiaceae) (Evans 

and Taylor, 1983). Ingenol was the first example of this group isolated and it is 

structurally related to phorbol. This parent diterpene exhibits a five membered A ring and 

cycloheptane ring B in the cis configuration. The C ring is also cis fused to the 

cyclopropane D ring. It differs from phorbol in that the C ring is attached to ring B at 

position C-10 (rather than C-9) and the structure exhibits a ketone bridge between C-8 

and C-10. The 12,13 diglycol group is absent but a secondary hydroxyl group is exhibited 

at C-3 of ring A and C-5 of ring B. Ingenane polyol esters shown to occur naturally are 

based on the following parent nuclei (Schmidt, 1986) ingenol, 5 deoxyingenol, 20 

deoxyingenol, 16-hydroxy-20-deoxyingenol, 13 -hydroxyingenol, 16-hydroxyingenol and 

13,19-dihydroxyingenol. Ingenanes are technically the most difficult to separate from one 

another and to characterise, since the parent polyols differ from one another only in the 

number and position of hydroxyl groups

1.2 Biological Actions o f Phorbol esters

1.21 Structure Activity Relationship

Diterpenoids of the phorbol ester group exert a wide range of biological effects including 

skin irritation, inflammation, tumour promotion, induction of cell differentiation and 

proliferation, platelet aggregation and muscle contraction. Their biological effects have 

been largely studied using the commercially available TPA and phorbol-12,13-dibutyrate 

(PDBu) as active derivatives and phorbol-12,13 -didecanoate (4-a-PDD) as an inactive 

control, since their preparation is limited by the plant material available. Studies on a 

range of phorbol derivatives have elucidated many requirements for activity (Table 1.1).
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Table 1.1: Structure/activity requirements for tumour promoting and hyperplastic 
activity of the phorbol esters

(i) 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 tumour promoters and hyperplasic agents).

(ii) Affecting the activity
-Increasing unsaturation in an ester moiety (C-12 and/or C-13) results in 
decreased complete tumour-promoting activity but increased two stage tumour- 
promoting activity.
-A tertiary hydroxyl group at the C-4 is necessary for complete tumour promoting 
activity. 0-methylation of the C-4 hydroxyl group results in the loss of complete 
promoting activity, although stage 1 tumour-promoting activity is retained.

(iii) 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 the same position reduces activity dramatically and 12-deoxy phorbol 
esters are anti tumour promoters).
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1.22 Tumour Promotion

The most widely published toxic effect associated with the phorbol esters are their tumour 

promoting effects (Evans and Edwards 1987). As early as 1941 Berenblum reported that 

oil from Croton tiglium applied with doses of a sub-threshold carcinogen was observed 

to potently promote the formation of papillomas on mice which became progressively 

dysplastic, aneuploid and finally malignant (Berenblum 1941). These historic findings 

promoted years of research on what became known as two stage carcinogenesis. This 

model states that when a carcinogen is applied to mouse skin in a single sub threshold 

dose (initiation), followed by repetitive doses of croton oil (promotion), premalignant 

lesions form called papillomas (Figure 1.3). This model was shown to be true in mouse 

but not in rat, rabbit, guinea pig nor pig skin (Shubik, 1950). It has subsequently been 

shown that the agents present in croton oil responsible for the tumour promoting effects 

were phorbol 12,13 diesters, with TPA being the most potent (Hecker, 1968). A 

schematic diagram of multistage carcinogenesis in mouse skin is depicted in Figure 1.4 

(Dimitrijevic, 1996). The promotion stage can be fiarther sub divided into stage 1 and 2 

promotion (progression/conversion)(Slaga et al 1980). Stage one only requires the 

application of a single dose of the tumour promoter (eg TPA) or non tumour promoters 

(eg hydrogen peroxide, calcium ionophore A 23187 and 4-methyl TPA) and is irreversible 

for 4-6 weeks. Stage two is initially reversible, but later becomes irreversible. A number 

of weak or non promoting agents such as mezerein and 12-deoxyphorbol-13 -2,4,6- 

decatrienoate are effective second stage promoters (Slaga et al 1981). For stage two to 

occur, multiple applications of the agents are required. It should be noted that most of the 

biochemical events important in promotion occur in this stage. In addition, stage two
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Figure 1.3: A schematic summary of tumour formation by the initiation and 

promotion components of the process (Taken from Boutwell et al, 1978)
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tumour promotion can be inhibited by fluocinolone acetonide, a-difluoromethylomithine, 

butylated hydroxyanisole (BHA), cyproterone acetate (CPA) and vitamin E and C (Slaga

1983) (Figure 1.5).

1.23 Cellular Changes associated with Tumour Promotion

Within a few hours of the application of TPA to mouse skin, localized oedema and 

erythema, characteristic of inflammation and irritation occurs. There is considerable loss 

of basal cells and an increase in the number of suprabasal cells. In some cases the 

epidermis separates itself from the dermis (Argyris, 1980, Parkinson 1985) and psoriasis

like scaling of the skin can occur. Twenty four hours after TPA treatment there is an 

infiltration of leucocytes (dermal oedema). At the same time there is a 5-11 fold increase 

in dark basal cells which are normally present in large numbers in embryonic skin. The 

loss of basal cells is accompanied by a peak in DNA synthesis and results in mitosis, which 

peaks after two days. There is an increase in the number of epidermal cell layers and an 

increase in the total number of epidermal cells (brought about entirely by an increase in 

the suprabasal cells). Both the basal cells and the suprabasal cells are enlarged and 

basophilic, the intracellular spaces are enlarged and there is a prominent stratum 

granulosum (Argyris, 1982). The epidermal hyperplasia response, without additional 

promoter treatment subsides and the epidermis regains its normal appearance in 2-3 

weeks. However, repeated promoter appHcations potentiate the response and the skin 

appears in a state of chronic inflammation and regeneratitive hyperplasia. The magnitude 

of the response generated, correlates closely to the tumour promoting ability of the 

compounds used. The production of epidermal hyperplasia is a characteristic response of 

damaged epidermis whether it resulted from cutting, radiation, U.V. light, ultra sound

11



Chapter One Introduction

STAGE ONE STAGE TWO

AGENTS: AGENTS:

INITIATION TPA  >
Calcium lonophore A23I87
HA
4-O-METHYL TPA 
WOUNDING

MEZEREIN 

DP-Tri D
(multiple applications)

I. DARK CELLS (STEM 
CELLS) ARE CRITICAL 
TARGET

1. STIMULATION OF 
DARK CELLS 
(PRIMITIVE SKIN 
STEM CELLS)

2. PROSTAGLANDINS

I. POLY AMINES

2. MAINTAINED CELL 
PROLIFERATION

1Ï II
DSfHIBn'ORS

FA
TPCK

RA
FA
DFMO
BHA
VITAMINE  
VITAMIN C 
CPA

Figure 1.5: A diagram of the various stages of skin carcinogenesis showing the important events in 
initiation and stage one and two of promotion, and where the various inhibitors are effective
Inhibitors: FA= Fluocinolone acetonide, RA= Retanoic acid, TPCK= tosyl phenylalanine chloromethyl 
ketone, DMFO= difluoromethylomthine, BHA= butylated hydroxylanisole, CPA- cyproterone acetate 
(Taken from Slaga. 1983).
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burning or the application of chemical irritants (Argyris, 1982). It has been shown that the 

tumour promoters cause epidermal hyperplasia but that agents that cause epidermal 

hyperplasia are not necessarily tumour promoters (eg EPP (ethyl phenyl propyiolate) and 

acetic acid). Examination of skin following treatment of these non promoting compounds 

revealed that they could not cause the sustained hyperplasia and cell proliferation seen 

typically with promoting agents, and that their effects were largely due to epidermal 

toxicity. It is known now that epidermal hyperplasia and cell proliferation alone can 

promote skin tumours, but only if the response is of a specific type, magnitude and 

duration in susceptible mouse strains (Arygris 1982). A summary of the morphological 

and biochemical responses of mouse skin to tumour promoters is given in Table 1.2.

1.24 Biochemical changes associated with tumour promotion in mouse skin 

Following TPA treatment, there is an initial inhibition of nucleic acid and protein 

synthesis. This is short lived and is followed by enhanced rates of DNA, RNA and protein 

synthesis (Slaga et al, 1983). Treatment with a tumour promoter elevates levels of 

prostaglandin synthesis and consequently the levels of prostaglandins, thromboxanes, 

prostacyclins and hydroxy fatty acids become elevated (Slaga et al 1983). It has also been 

observed that TPA stimulates phospholipid metabolism since skin taken fi-om papillomas 

generated by the two stage protocol showed enhanced levels of phosphatidylcholine and 

phosphatidylethanolamine which are both substrates for phospholipase A2. The activity 

of ODC (ornithine decarboxylase), the first enzyme in polyamine biosynthesis (acting by 

decarboxylating ornithine to putrescine) is dramatically increased after treatment with 

tumour promoters in common with growth stimuh treatment. Studies have also shown 

that alterations to polyamine synthesis (eg changes in the levels of putrescine, spermidine
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Table 1.2: Morphological and biochemical responses of mouse skin to phorbol esters

and other tumour promoters

RESPONSES REFERENCES

Induction of inflammation and hyperplasia Boutwell (1964); Slaga et al
(1974)

Induction of dark cells Raick (1974); Raick (1973)

Induction of morphological changes in adult skin resembling
papillomas and carcinoma cells Raick (1974); Raick (1974)

An initial increase in keratinization followed by a decrease Raick (1974)

Increase in DNA, RNA and protein synthesis Baird et al (1971)

Increase in phospholipid synthesis Rckrsdineider et al (1972)

Increase in histone synthesis and phosphorylation Raineri et al (1973)

Increase in ornithine decarboxylase activity followed
ty increase in polyamines O’Brien et al (1975)

Decrease in histidase activity Colburn et al (1975)

Induction of embryonic proteins in adult skin Balmain (1976)

Increase in protease activity
Decrease in isoproterenol stimulation of cAMP Mufson et al (1977)

Decrease response of G1 chalone in adult skin K riegetal(1974)

Increase in protein kinase activity Verma et al (1980)

Increase in prostaglandin synthesis Bresnick et al (1979)
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and spermine) accompany modifications in growth control of normal and neoplastic cells. 

In addition to the induction of dark cells (primitive stem cells), treatment with tumour 

promoters induce other changes inducing an ‘embryonic-like-state’ in adult skin. These 

include the production of embryonic proteins, decrease in epidermal histidase (a cytosolic 

enzyme that catalyses the non-oxidative deamination of histidine to urocanic acid 

(Colburn et al, 1975)) and histidine decarboxylase, an increase in protease activity and a 

decrease in the response of the G1 chalone in adult skin.

The major cellular receptor for phorbol esters has been shown to be Protein Kinase C 

(PKC) (Takai et al, 1977) and this has suggested an important role for PKC in tumour 

promotion. Protein kinase C is normally activated by diacylglycerol which is produced by 

the stimulation of phosphatidyl inositol turnover following the interaction of certain 

hormones and growth factors with their receptors (Nishizuka, 1984). TPA and other 

phorbol esters have been shown to directly activate PKC by mimicking the action of 

diacylglycerol (DAG). However some epidermal tumour promoters such as anthracilin 

and benzoyl peroxide do not bind to protein kinase C (Delclos et al 1980), suggesting that 

the mechanism by which they mediate their effects differs to that of TPA. In addition 

anthracilin and benzoyl peroxide do not produce the same morphological effects as TPA 

in keratinocyte cultures (For a review see Parkinson, 1985).

Slaga (1980) found that mezerein, a weak or non promoting agent, induced many of the 

cellular events associated with TPA induced promotion. Thus TPA must be inducing 

something over and above those cellular events that mezerein also induced. To test this 

theory, initiated mice were given a limited treatment of TPA that would not promote 

tumours and these mice were repetitively treated with mezerein. This regimen was found
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to elevate mezerein to the status of an effective tumour promoter. This theory was also 

examined in vitro by comparing the effects of non promoting hyperplasiogenic agents and 

TPA on terminal differentiation in human kératinocytes. They found that their effects on 

normal and transformed kératinocytes were very different (Parkinson and Emmerson,

1984). Taken together, these results suggest that hyperplasia induced by the 

hyperplasiogenic agents is not sufficient for tumour promoter activity.

1.25 Inflammation

After the topical application of phorbol esters, the classical symptoms of severe 

reddening, swelling, pain, blistering and thickening of skin are observed. When ingested 

internally a burning sensation of the phorbol esters on mucus membranes, intense 

intestinal pain and severe purging/vomiting is experienced (Kinghom and Evans 1975). 

Similarly when phorbol esters come into contact with the eyes, conjunctivitis develops 

together with swelling of the eyelids and closure of the eyes due to oedema. This can 

result in blindness (Evans and Edwards, 1987 and references therein). It is this 

phenomenon of potent irritancy that has been used to screen plant material for the 

presence of phorbol esters. Using the mouse ear erythema assay (an individual all or 

nothing assay for the calculation of the dose of a challenging agent that induces a 

response in 50% of a group of test animals), the relative irritancies of the tigliane and 

daphnane phorbol esters was elucidated (Evans and Schmidt 1979). Three classes of 

irritants were identified: 1) the highly potent but non promoting and non persistent 

irritants (eg Tinyatoxin and Resiniferatoxin); 2) the highly potent but only moderately 

persistent compounds eg Doppa; 3) the highly potent persistent toxins such as TPA and 

Dopp (Evans and Schmidt 1979). Rx exhibits irritant ID50 values 100 times more potent
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than TPA in the mouse ear erythema assay and yet it barely activates rat brain PKC a in 

vitro (Ryves et al, 1991) and is not a tumour promoter (Hausen et al, 1979). Rx differs 

from PKC activating compounds in that it lacks a free C-20 hydroxyl group. Since the 

homovanillate substitution at this position resembles the polar head of the neurotoxin 

Capsaicin, it has been suggested that Rx can act as an ultrapotent analogue (Szallasi and 

Blumberg, 1989). Capsaicin, the pungent principle of red peppers causes diverse 

physiological effects including pain, neurogenic oedema and hypothermia where an acute 

response is followed by long lasting desensitization. Ryves et al (1989), discovered a 

second kinase associated with the phorbol esters, specifically Rx, which could account for 

the difference in promoting activity observed between Rx and TPA. This kinase has since 

been shown to be present in starch elicited mouse peritoneal macrophages. Rx kinase has 

been shown to be a phosphatidylserine dependent, but calcium ion inhibited enzyme, 

which can induce phosphorylation of the NADPH-oxidase complex, resulting in the 

generation of superoxides which may in turn influence the influx of ions to the cell (Evans,

1991).

1.26 Mitogenic Effects

The induction of epidermal hyperplasia is one of the characteristic actions of the phorbol 

esters. Phorbol esters in general can stimulate cell division in most cell types where the 

cells are or become growth inhibited. Specifically phorbol esters have been shown to 

induce proliferation in skin, fibroblasts and in both T and B lymphocytes. Extensive work 

has been carried out using various strains of mouse fibroblasts (such as NIK, Swiss etc) 

where upon the addition of TPA, mitogenesis can be stimulated up to 240% of control 

values (Sivak, 1972 and Sivak, 1977). Diamond et al (1974) reported that TPA in
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addition to increasing the saturation density of 3T3 cells, also extended by 24-48 hours 

the latent period before exponential growth began. However, several workers have noted 

a transient inhibition of DNA synthesis preceding the stimulatory action following the 

addition of TPA. Yuspa et al (1976) examined the effect of TPA on mouse epidermal cells 

and found that brief exposure of TPA to the cells (<1 hour) initially inhibited thymidine 

incorporation. Lymphocytes grown in suspension culture have a low basal rate of DNA 

synthesis and have been used extensively in mitogenesis studies. Three features of the 

mitogenic response have been studied in detail using lymphocytes: 1) the activity of TPA 

alone, 2) the nature of the cell sub-population stimulated, 3) synergistic action between 

TPA and other mitogens (Blumberg, 1980).

TPA has been shown to stimulate mitogenesis in lymphocytes although the degree of the 

response elicited varies. TPA can also be shown to influence the growth and activation 

of lymphocyte specialized sub-populations eg LAK (lymphokine activated killer) T 

lymphocytes, lymphoid supressor T lymphocytes and cytotoxic T lymphocytes. In 

addition the synergistic action exerted by the addition of phorbol esters with other 

mitogens can be seen using calcium ionophores, lectin, and concanavalin A (Kabelitz et 

al, 1982). Phorbol esters stimulate macrophages to produce a variety of cytokines and 

lymphokines which can in turn act on the lymphocyte populations as mitogens. The 

effectiveness of phorbol esters as mitogens, however, does not correlate with the degree 

of ability of tumour promoting activity since both non promoting and promoting phorbol 

esters are mitogenic in lymphocyte cultures.

1.27 Differentiation

Phorbol esters can be shown to both inhibit and stimulate differentiation of epidermal cells
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in culture. Hennings et al (1980) showed that an increase in calcium concentration can 

trigger differentiation in cultured kératinocytes and that calcium levels can affect the 

subcellular distribution of PKC. TPA has been shown to induce the expression of 

epidermal transglutaminase and accelerate the formation of the comified envelope (two 

important markers in terminal differentiation). It has also been shown to inhibit expression 

of early markers K1 and KIO, both in vivo and in vitro (Heyden et al, 1995). Phorbol 

esters can also inhibit terminal differentiation in neuroblastoma cells and inhibit 

differentiation of adipose tissue. Induction of differentiation following phorbol ester 

treatment can be observed in the cell line HL-60 (human promyelocytic leukaemia) cells 

where they form a macrophage like terminal cell, here its differentiation can be linked to 

the persistent activation of PKC (Ryves et al, 1994).

1.28 Other Effects of Phorbol Esters 

Platelet Aggregation

In 1974 Zucker and coworkers first demonstrated that TPA could induce a dose 

dependent aggregation of human blood platelets. It caused vacuole formation within 

storage granules and dilation of the open canicular system of platelets (Estensen and 

White, 1974). Studies examining the aggregating ability of a range of phorbol 

deoxyphorbol and hydroxyphorbol esters together with daphnane orthoesters, revealed 

that the daphnane orthoesters failed to stimulate aggregation in human platelet rich 

plasma. It also showed that the ability of the phorbol esters to induce platelet aggregation 

is structurally dependent. Using phorbol esters that possess different abilities to induce 

platelet aggregation, biochemical studies have revealed that their activity may correlate 

with phosphorylation of 47KD substrate (pleckstrin) by PKC.
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Nuclear Events

Phorbol esters have been found to alter gene expression in many systems (in mouse skin 

c-fos, c-myc and ornithine decarboxylase are induced by TPA as detected by increased 

mRNA levels (Verma et al, 1986)); Epstein-Barr virus and proteins of oncogenic herpes 

virus in transformed lymphoblastoid lines (Hausen et al, 1979); c-fos and c-myc in Swiss 

3T3 fibroblasts (Cochran et al, 1984) and the zinc binding protein metallothionein (Imbra 

and Karin, 1987). Most of these are also inducible by growth factors. The effect of TPA 

on gene regulation involves a variety of genes and cis acting transcriptional elements such 

as TRE (TPA response element), SRE (serum responsive element) and NF^B site. The 

TRE binds the fos/jun API transcription factor (Angel et al, 1987). Further experiments 

revealed that AP-1 is the transcription factor that mediates the nuclear effects of phorbol 

ester tumour promoters (Angel et al 1987). AP-2, another transcription factor, mediates 

transcriptional activation in response to two different signal transduction pathways, one 

involving PKC the other involving cAMP dependent PKA (Imagawa et al, 1987). AP-1 

is the product of c-jun proto-oncogene and is positively autoregulated, ie the gene 

product can positively stimulate the gene itself. In resting cells it is phosphorylated on 

serine/threonine residues at five sites which negatively regulates its DNA binding activity. 

The addition of TPA leads to the dephosphorylation of some of these sites restoring AP- 

1 binding activity, suggesting a possible activation of a protein kinase C-induced 

phosphatase. In contrast, two other TPA and serum inducible nuclear proto-oncogenes, 

fo s  and myc are controlled by negative autoregulation. By feeding back on its own 

promoter and stimulating its own transcription Jun/AP-1 could be responsible for 

prolonging transient signals induced by stimulation of cells surface receptors and
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activation of protein kinase C. The c-Ha-i?a5 oncogene can also activate the polyome 

enhancer in a manner similar to TPA, an effect mediated by the factor PEA-1. It is 

therefore likely that c-Hà-Ras participates in the same pathway as c-jun but at an earlier 

step mediated by its effects on DAG metabolism (Angel et al, 1988; Angel et al, 1988). 

Phorbol ester-induced phosphorylation and activation of Map kinase kinase and Erk 

kinase has been suggested (Alessandrini et al, 1992). Thus implying that phorbol esters 

can stimulate the MAP kinase cascade (Figure 1.6). In this pathway, receptor tyrosine 

kinases signal through GAP/Ras to cause phosphorylation and activation of raf-1. Raf-1 

then activates MAP kinase (Egan and Weinberg, 1993). Raf 1 has been shown to be 

activated by phosphorylation following treatment with TPA (Sozeri et al, 1992). Using 

baculovirus-synthesized recombinant proteins, Sozeri and coworkers demonstrated that 

phosphorylation of Raf-1 by PKC activates the kinase of raf-1. Another study 

demonstrated that raf-1 activation occurs when PKC a phosphorylates Ser 499 and Ser 

259, both in vivo and in vitro. This event has ramifications for carcinogenesis since 

overexpression of both PKCcc and rafl in NIH 3T3 cells permits anchorage independent 

growth (a sign of malignant transformation) whereas overexpression of either gene alone 

does not produce this effect (Kolch et al, 1993).Further upstream of this signalling 

pathway, PKC C has been shown to operate in a co-operative fashion with Ras and it has 

been postulated to integrate signals from both phosphatidylcholine-phospholipase C and 

phosphatidylinositol-3-kinase pathways (Berra et al, 1993 and Nakanishi et al, 1993). In 

addition PKC C has been reported to bind directly to Ras (Diaz-Meco et al, 1994). In 

fibroblasts elevated cyclic AMP (cAMP) levels modulate Ras function resulting in 

inhibition of MAP kinase (Wu et al, 1993) whereas elevated cAMP levels result in
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Figure 1.6: Schematic diagram of putative paths of signal transduction from the cell 
surface to the nucleus. Legend: PLC- phospholipase C, PI?2- phosphotidylinositol 4,5- 
biphosphate, IP3 - inositol 1,4,5 triphosphate, DAG-diacylglycerol, MEK- MAP/ERK 
kinase, ERK- extracellular signal related kinase, JNK- c-jun NH2 terminal kinase
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activation of MAP kinase in PCI 3 cells (Frodin et al, 1994). The raf substrate mitogen 

activated protein kinase (MAPK)/ extracellular regulated kinase (ERK) kinase (MEK) 

(Magnuson et al, 1994) phosphorylates and activates MAPK following raf mediated 

phosphorylation (Nishida, 1993). TPA has been shown to activate the Ras/ ERK 

signalling pathway (Nori et al, 1992; Thomas et al, 1992 and Troppmair et al, 1994). 

Recently TPA has been shown to activate this pathway upstream of SOS involving serine 

phosphorylation of She in NIH 3T3 cells (Mahmoud et al, 1997).

Two non homologous genes denoted pro-\ and pro-1, were cloned from a mouse cell 

line, JB6 . This cell line is 100 fold more sensitive to the promotion of neoplastic 

transformation by phorbol esters than other, similar cell lines. These genes confer 

sensitivity to phorbol ester when introduced into ‘unsensitive’ cells. Transcripts of these 

genes have been shown to be located in mouse and human carcinoma cell lines, although 

their structure and function are as yet unknown (Burck et al, 1988).

Ionic and Electrophysiological effects

The phorbol esters have been found to influence the ionic parameters in a variety of cells 

such as those specialized for synaptic transmission as well as other non excitable cells. 

These effects are thought to be mediated through both PKC dependent and independent 

mechanisms. Dicker and Rozengurt (1981) showed that TPA can act in a similar manner 

to serum and vasopressin in that it can stimulate the Na^K' pump by increasing Na^ entry 

into the cells. An increase Na^ entry could in turn, induce calcium mobilization from the 

mitochondrial pool and hence increase cytosolic calcium concentrations leading to a 

further complex cascade of events.

The PKC modulation of ion channels has been suggested in cells where calcium and
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potassium levels are central to their physiology. Indeed, the L-type calcium channel have 

been found to be a PKC substrate in vitro (Nastainczyk et al, 1987). The enhancement 

by phorbol esters of electrically stimulated neurotransmitter release in a variety of 

neuronal tissue and excitable cells has also been documented (Yanagisawa et al, 1988). 

The ionic effects of some phorbol esters which are not found to activate PKC (eg 4-a- 

PDD) were similar to the phorbol esters that mediate their effects through protein kinase 

C (eg TPA). Some of the ionic effects of phorbol esters are therefore likely to be 

independent of PKC activation.

Secretion

Phorbol esters have a variety of effects on cell secretion. Some of these effects are slow, 

taking many hours to manifest, such as the enhancement of collagenase secretion in U937 

monoblast cells or the secretion of IL-1 by macrophages which reflects the induction of 

new genes. Rapid effects are seen in cells with specific secretory functions whose actions 

are primed and occur mainly through exocytosis. Exocytosis has been extensively studied 

in platelets (thromboxanes, serotonin, ATP, 5-HT, transferable aggregating substance - 

TAS) and neutrophils (O2' and H2O2) (Tauber, 1987; Huang, 1989).

Arachidonic Acid Metabolism

Arachidonic acid (AA) metabolism appears to play an important role in tumour promotion 

in mouse skin (Fischer et al, 1980; Furstenberger et al, 1982). Inhibitors of AA 

metabolism have been shown to inhibit TP As tumour promoting ability in mouse skin 

(Slaga et al, 1980; Fischer et al, 1982 and Nakadate, 1982). Many of the AA metabolites, 

prostaglandins and leukotrienes may also affect tumour promotion. Various 

prostaglandins and lipoxygenase products have been shown to stimulate ornithine
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decarboxylase and DNA synthesis in mouse epidermis (Furstenberger et al, 1984 and 

Nakadate et al, 1982). AA metabolites can also mediate inflammatory reactions, a process 

which is associated with tumour promotion (Goetzl, 1980; Goldman and Goetzl, 1984). 

AA has been shown in vitro to stimulate the production of superoxide anion radicals in 

inflammatory cells (Badway et al, 1981; Bromberg and Pick, 1983). The production of 

these oxygen radicals may further enhance tumour promotion.

1,3 Protein Kinase C 

1.31 History

Protein kinase C (PKC) (EC 2.7.1.37) was first described by Nishizuka and collègues 

(Inoue et al, 1977) who subsequently showed that the enzyme was reversibly activated 

by calcium and phosphatidylserine (Takai et al 1979). Diacylglycerol, a compound 

transiently generated by the receptor mediated turnover of membrane phospholipid, 

activates PKC by lowering the calcium concentration required for maximal activity. The 

finding that phorbol esters can activate PKC in a similar fashion to diacylglycerol and that 

the phorbol ester receptor and PKC co-purify, suggested that phorbol esters act by 

mimicking the action of diacylglycerol through the activation of PKC (Niedel et al, 1983). 

The activation of PKC has been implicated in a wide variety of cell responses including 

cell proliferation, regulation of gene expression, membrane transport and the excretion 

of hormones and neurotransmitters (Nishizuka, 1984). Subsequently, PKC has been found 

not to be a single molecular entity, but a family of closely related isoenzymes. The 

existence of these isoenzymes could provide an explanation for the wide range of 

processes in which PKC is implicated.
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1 32 PKC Family

The PKC family is, at present, the largest family of serine/threonine specific kinases. 

Currently the mammalian PKC family consists of twelve different members (oc, p i, p2, y, 

Ô, e, C, T|, 0, t(L) and p) and is encoded for by eleven genes (PKC pi and P2 are derived 

from a single gene by alternative splicing of the 3' exons) (Ono et al, 1987). The 

isoenzymes differ in their enzymatic properties (cofactor and activator dependency and 

substrate affinity) and in their tissue and intracellular distribution. According to their 

cofactor dependency and structure, the PKC isoforms are placed into three groups: The 

calcium and phospholipid dependent (conventional) isoforms (c-PKC;a, p l, P2 and y); 

the calcium independent (novel) isoforms (n-PKC; ô, e, r| and 0; the atypical isoforms (a- 

PKC; C and i/A). Finally PKCp which falls between nPKC and aPKC isoforms. The 

exception to this classification are the lower eukaryotes eg Yeast PRK-1 (PKN), and 

PRK-2 whose gene products all retain an extended amino terminus (Parker, 1994). 

Both the conventional and novel PKCs are responsive to TPA whereas the atypical PKCs 

are not. PKC X found in mice is 98% homologous to human PKC i and hence appears to 

be a homologue to PKC i. Ahmed et al (1990) have shown that a novel brain specific 

cDNA, neuronal chimerin (NC) expressed 'mKcoli, binds phorbol ester with high affinity 

stereo specificity and phospholipid requirement. A very close mouse homolog of PKCp 

has been discovered by Rozengurt and co-workers (1997), named PKD which is a protein 

which is 6 amino acids longer than PKC p.

1.33 Structure

The primary amino acid structure, deduced from Cana sequences can be divided into 

conserved (C1-C4) regions which are separated by variable (V1-V5) regions (Figure 1.7).
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All known PKCs contain these regions in a single polypeptide chain (molecular mass 

~80KDa) although the novel PKCs lack the conserved C2 region and the atypical PKCs 

lack one of the two cysteine rich ‘zinc finger’ motifs in the Cl region. The regions are 

organised into two functional domains, the C terminal regions C3-V5 have been defined 

as the catalytic site. The domain that binds magnesium adenosine triphosphate (Mg ATP) 

and the substrate. This catalytic domain is separated by the V3 region (hinge region) from 

the N terminal regulatory domain (VI-C3) which is approximately 30KDa. This domain 

is where cofactors and activators bind.

The VO Region

The VO region is an amino-terminal extension present in PKC ô, e, (  and r| but not in 

PKCa, P and y. VO may play a role in restricting the effector-dependent substrate 

specificity. Recently it has become clear that this extension is structurally related to the 

C2 region of the classical PKCs (Dekker and Parker, 1997).

The VI Region

The N terminal VI region of the cPKC isoenzymes is a short stretch of approximately 20 

amino acids. No function has been attributed to this region. In contrast, the VI region of 

the nPKC isoenzymes is rather extended and it has been suggested that it associates with 

acidic phospholipids after PKC activation providing additional stabilization at the 

membrane surface. This interaction could also prevent the pseudosubstrate region fi'om 

folding back into the kinase domain and hence inhibiting kinase-substrate interactions after 

activation.

The Cl Region

At the beginning of the Cl region there is a sequence motif which is similar to the
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consensus sequence xRxxS/TxRx found in the phosphorylation sites of prominent PKC 

substrates (Graff et al 1989, House and Kemp, 1990). Yet, in all of the PKC isoforms 

studied, the serine or threonine residue found in the substrate motif is changed to an 

alanine residue. Thus this motif cannot be phosphorylated and is therefore likely to 

represent a pseudosubstrate site that exhibits autoregulatory features (Soderhng, 1990) 

by blocking the catalytic (substrate binding) site. Thus a role has been implicated in 

maintaining the enzyme in the inactive form in the absence of an activator (House and 

Kemp, 1987). Indeed, pseudosubstrate peptides have been shown to act as efficient 

inhibitors of PKC both in vivo and in situ (House and Kemp, 1987); likewise synthetic 

peptides containing this sequence with alanine replaced by a serine residue can be used 

as in vitro substrates (Marais and Parker, 1989). By using these known pseudosubstrate 

sequences, the substrate specificity of PKC isoenzymes could be speculated.

The c-PKC isoenzymes a, pi and y show no distinct activity differences with respect to 

any of the pseudosubstrate (Marais and Parker, 1989). Hence it may be that the natural 

(holoprotein rather than peptide) substrates of PKC, contain the determinants (eg specific 

folding configuration) for substrate specificity (Kemp and Pearson, 1990).

The Cys-rich region within the Cl domain consists of two’zinc finger’ motifs (except the 

atypical PKCs which contain only one motif) each vsdth six cysteine residues and two 

histidine residues. This site confers the phorbol ester or DAG binding, since site-directed 

mutagenesis of two of these six cysteine residues to serine in rat brain PKCy, was 

sufficient to cause a loss of phorbol ester stimulation of kinase activity. Similarly a 

recombinant polypeptide fragment containing the Cl region binds phorbol esters in the 

presence of phosphatidylserine (eg n-PKCs), whereas that containing both Cl and C2
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regions require both calcium and phosphatidylserine (eg c-PKCs). Purified PKC pi has 

been shown to contain four tightly bound zinc ions that may stabilise a particular 

conformation by interaction with one histidine nitrogen and three cysteine sulphur atoms 

(Hubbard et al, 1991). Recombinant fusion proteins of glutathione S-transferase and the 

cysteine rich domains of PKC have been shown to bind zinc and phorbol ester. Upon 

removal of zinc, phorbol ester binding is inhibited (Ahmed et al, 1991). However, in the 

presence of phorbol esters, binding of additional zinc to PKC also enhances the 

attachment of PKC to the membrane cytoskeleton (Zalewski et al, 1990).

Zinc Finger Motif

The cysteine rich zinc finger motif of PKC, HXi2CX2CXi2.i4CX2CX4HX2CX7C(C6H2) has 

been found in over 200 proteins including transcription factors involved in the regulation 

of transcriptional activity such as the steroid hormone receptors and the yeast protein, 

GAL-4, in which zinc plays a structural role of co-ordinating cysteine residues and is 

essential for DNA binding (protein-nucleic acid interactions)(Ahmed et al, 1991). 

However, despite the presence of zinc fingers, no DNA binding activity has been 

demonstrated by the PKC isoforms. The regulatory subunit alone, generated by 

proteolytic cleavage in the V3 hinge region can, however, translocate to the nucleus 

(James and Olsen, 1992). Three other proteins, diacylglycerol kinase (Sakane et al, 1990), 

c-Raf kinase isoenzymes (Binder et al, 1992) and «-chimaerin (NC)(Ahmed et al, 1990) 

also exhibit no DNA binding activity despite the fact that they contain a zinc finger motif 

(Review Hug and Sarre 1993). The use of deletion mutants has shown that the Cys rich 

region is essential for DAG and phorbol ester binding (Bums and Bell, 1991). When the 

Cl region is expressed on its own (eg in E  coli) phospholipid dependent phorbol ester
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binding can be seen (Ono et al, 1989). PKC C only has one zinc finger and does not bind 

phorbol esters or DAG. Furthermore it is not activated by phorbol esters and does not 

translocate or down regulate in response to either phorbols or DAG (Ways et al, 1992). 

However, recent work suggests a role for phosphotidylinositol 3,4,5 triphosphate (PIP3) 

in PKC C activation (Nakanishi, 1993). A second a-PKC isoenzyme, PKCi, was found to 

have similar properties. This confirms the in vitro findings that PKC C exhibits a 

constitutive protein kinase activity (Liyanage et al, 1992) which maybe influenced in vivo 

by other external factors. In addition, it is interesting to note that all PKC isoenzymes 

seem to have a distinct distance of 15 amino acids from the end of the pseudosubstrate 

box to the beginning of the zinc finger motif. Although the significance of this definite 

region length is not known.

The human proteins NC, PKC and the BOKDa DAK (diacylglycerol kinase) are related 

at the primary sequence level as they share a cysteine rich domain (CRD) with the distinct 

motif described earlier. It is possible that the differences between phorbol ester binding 

ability exhibited by the c- and n-PKCs and between chimaerin and the a-PKC and DAG 

kinase, may in part be explained by differences in hydrophobicity. The first zinc finger of 

the cPKCs and chimaerin have a strong hydrophobic region around the third and the 

fourth conserved Cys residues. In contrast the first and second zinc fingers of the non- 

phorbol ester binding DAG kinase and the aPKCs are weakly hydrophobic in the third and 

fourth conserved Cys region and are strongly hydrophilic in the N-terminal region of the 

fingers. PKC ô, e, r\ and 0 have reduced hydrophobicity at the third to fourth conserved 

Cys region of their first zinc fingers relative to those of the cPKC group and chimaerin. 

The second zinc fingers of PKC a, P, y, ô, e and q are weakly hydrophobic or neutral at
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their third and fourth conserved Cys region, yet have moderate hydrophobicity at the mid 

portion of their sequences. Since PKC deletion constructs containing one or the other zinc 

finger expressed in insect cells, bind pH]PDBu tightly (Kd=21-41nM), but 10- to 20- fold 

less than native enzyme (Bums and Bell, 1991) and because individual zinc fingers from 

PKC can bind phorbol ester, its binding may be controlled by the overall hydrophobicity 

of each finger. The binding of a single PE molecule to native PKCs may sterically block 

a second PE binding site on the second zinc finger. However, the possibility of having two 

nonequivalent second-messenger sites in c and n-PKCs has been hypothesised to explain 

the differential effects of several PKC activating tumour promoters (Kraft et al, 1988). 

Binding studies using phorbol esters and related molecules provided indirect evidence for 

the presence of a high and low affinity binding site. Calcium dependent activation was 

proposed to occur via ligand binding to the low affinity site whereas subsequent 

membrane insertion would result from additional binding to the high affinity site 

(Kazanietz et al, 1992).

Cysteine Rich Region

A study of PKC ô’s second cysteine rich region (Cys2 residues 231-280) and the Cys2 

complexed with phorbol-13-acetate provided a description of the PE binding to the 

cysteine rich region of the PKC molecule (Zhang et al, 1995). According to this model 

the Cys2 domain of the PKCô consists of two small P sheets and a short C terminal a 

helix. The model proposes that phorbol esters bind between residues 239-242 and 251- 

254 in a groove between two pulled apart P strands (formed by the main chain from 239- 

242 and 250-254 and the side chains of Met-239, Pro-241, Thr-242, Leu-250 and Leu- 

254) at the tip of the domain. The four rings of the phorbol molecule are inserted length
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wise into a narrow groove between the two P strands with the C20 hydroxyl group buried 

in the bottom (formed by the side chains of Tyr-238, Leu-251 and Gln-257). In the 

absence of phorbol binding, the gap between the strands contains bound water molecules 

that form bridging hydrogen bonds. Bound phorbol ester displaces these water molecules, 

with the C3, C4 and C20 oxygens replacing the lost bridging hydrogen bonds. Five 

hydrogen bonds are formed between three of the phorbol oxygens and the protein. The 

C3 oxygen accepts a hydrogen bond to the main chain amide of Gly-253. The C4 

hydroxyl donates a hydrogen bond to the Gly-253. This could explain the diminished 

activity of 4-deoxyphorbol esters and changed activity of 4-0-methyl phorbol esters. The 

C20 hydroxyl accepts a hydrogen bond from the main chain amide of Thr-242 and 

donates a bifurcated hydrogen bond to the main chain carbonyls of Thr-242 and Leu-251, 

acting as an interstrand bridge. It has been suggested that C20 hydroxyl is analogous to 

the 3-hydroxyl of diacylglycerol. The C12 hydroxyl faces outward from the binding site, 

and lack of interaction involving the C12 hydroxyl could explain the high affinity of 12- 

deoxyphorbol esters. Neither C9 hydroxyl nor the C l3 acetyl hydrogen bond with the 

protein, but form an intramolecular hydrogen bond instead, and are important because 

removal of either one of these polar moieties would leave the other with an unsatisfied 

hydrogen bond in the lipid phase. Since both of the normal positions of estérification point 

away from the protein, the tails of long chain phorbol esters probably do not interact 

directly with the protein. The surface of the Cys2 domain is layered. The top third of the 

proposed Cys2 surface is composed almost entirely of hydrophobic residues and is 

completely devoid of charged groups. The middle third is composed entirely of positively 

charged side chains. The chain termini are close together at the bottom third of the
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domain suggesting that connections to the soluble domains are well above the membrane. 

The layered surface observed suggests that the Cys2 domain buries itself top down 6-8Â 

into the bilayer, with some of the basic side chains from the middle of the domain 

positioned to interact with acidic phospholipid head groups. The partitioning of the PKC 

activator domain into the membrane is strongly favoured by the presence of phorbol esters 

or diacylglycerol. This behaviour can be explained by the structure of the activator binding 

site and by the nature of the protein surface. Membrane insertion of the unliganded 

activator binding site would have lead to either loss of hydration between the unzipped 

strands or to the insertion of bound water molecules into the membrane along with the 

protein. Either of these situations involve several unsatisfied hydrogen bonds at the 

protein membrane interface, which is highly unfavourable. In contrast, phorbol ester 

binding satisfies the hydrogen bonding potential of the activator binding groove, with the 

activator forming a hydrophobic cap over the exposed polar main groups.

When an activator is bound, the domain can bury completely its hydrophobic exterior 

surface in the membrane without sufrering an unfavourable loss of hydrogen bonds in the 

groove. Only the water insoluble long chain phorbol esters are potent PKC activators, 

since these compounds are completely partitioned into the membrane, PKC-PS binding 

is directly linked to membrane association by the protein. The structure of protein kinase 

C domains is shown in figure 1.8.

The C2 Region

The C2 region is believed to confer to calcium dependency, since activation of the novel 

and atypical PKC isoenzymes and PKCp, which lack this region, is insensitive to calcium 

(Ono et al, 1988). This region does not contain a sequence motif typical of calcium
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Figure 1.8: Structure of protein kinase C’s domains. Æ Cl domain. The ribbon surface diagram of 
amino acids 231-280 in the second Cys-rich domain of protein kinase C Ô with bound phorbol ester 
(green). Conserved Cys (yellow) and His (purple) that coordinate the two zinc atoms of each of the 
cysteine rich repeat are indicated. The arrow indicates the C12 position of the phorbol ester that is fatty 
acet) lated in bioactive phorbol esters. B C2 domain. The ribbon diagram of residues 167-240 from the 
C2 domain of synaptotagamin is shown. The five aspartates in the calcium binding site are indicated in 
pink, the bulky hydrophobics in the back face in purple and the adjacent two P that are positively charged 
and likely constitute the acidic lipid binding surface are in blue. Residues are shown in orange and 
conserved in all C2 domains. C. Catalytic (C3 and C4) domain. The modelled structure of residues 340- 
632 of protein kinase C P2 with bound pseudosubstrate (residues 9-28) is shown. The upper lobe, involved 
primarily in nucleotide binding, is mainly p sheet (pink) and the lower lobe, containing the substrate 
binding cavity is predominantly a helix (teal blue). Indicated are ATP (cream), two magnesium atoms 
(red dots) and the pseudosubstrate (green) with the orange dot representing the alanine at the 
phosphoacceptor position. The yellow loop at the entrance to the catalytic site (below ATP) is the 
activation loop; phosphorylation here aligns residues for catalysis. (Taken from Newton. 1995)

35



Chapter One_________________________________________________________________ Introduction

binding domains (eg such as E-F hand binding motif, found in Calmodulin) but calcium 

binding sites may form from appropriately spaced amino acid side chains or through co

ordination with bound phosphatidylserine (Bums and Bell, 1991). However, homologies 

of the C2 domain of the cPKC’s with sequences of phospholipase A2 (Clark et al, 1991), 

phospholipase C-y (Stahl et al, 1988) and two synaptic vesicle calcium dependent 

proteins (synaptotagamin (p65)) (Perin et al, 1990) and a novel phorbol ester binding 

protein (w«c-13) that was cloned from Caenorhabditis elegans, have been reported. 

The crystal structure of the N terminal C2 domain of rat synaptogamin I has been 

elucidated (Sutton et al, 1995). Synaptogamin has two C2 domains, the folds of which 

are eight stranded p sandwiches with a novel connectivity pattern of P strands. The 

connecting region between strands 5 and 6 accommodates the only helical segment in the 

structure (other than a Gly rich helix tagged before the N terminus of the C2 domain 

construct). The calcium binding ligands come from two loops separated in the amino acid 

sequence, but proximal in the tertiary structure. In the N terminal C2 domain they include 

sidechains of Asp 230, Asp 232, Asp 178, the backbone carbonyl at Phe 231 and a water 

molecule. Both carboxylates of Asp 230 can coordinate the calcium ion. The co

ordination sphere also induces a partially ordered Asp 172. The crystal structure of the 

calcium free form is identical to the calcium bound form except for the different 

orientation of the sidechain Asp 232. The sequence identity between PKC alpha and the 

N terminal C2 domain of synaptotagamin is 34%.

The V3 Region

The V3 or hinge region separates the regulatory from the catalytic domain. This region 

is sensitive to proteolytic cleavage by trypsin or the calcium dependent neutral proteases
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(calpain I and H). Proteolysis leads to a constitutively active kinase (Huang et al, 1986). 

PKC a is more resistant to proteolytic digestion that PKC p and y (Huang et al, 1989), 

although further experimental evidence will be needed to determine whether or not the 

V3 region of the different PKC isoforms exhibits certain features that modulate the 

susceptibility to proteolytic cleavage. Recent findings suggest that the hinge region (and 

the catalytic domain) may be involved in nuclear targeting of PKC a (James and Olsen, 

1992).

The C3 Region

The C3 region contains the ATP binding motif GlyXGlyXXGlyX^gLys consensus 

sequence for ATP binding (Kemp and Pearson, 1990). However, in PKC C the glycine 

residue at position 264 is replaced by a alanine residue (Hug and Sarre, 1993). The lysine 

residue that contributes to the predicted ATP binding site was thought to be essential for 

kinase activity and thus PKC C which has an isoleucine group instead of a lysine group, 

was predicted to have no kinase activity (Hug and Sarre, 1993). However human PKC 

zeta purified fi"om recombinant baculovirus-infected insect cells does show kinase activity 

(Liyanage et al, 1992).

The V4 Region

The V4 region is a short insert seperating C3 and C4 regions and is found in PKCy but 

not in other isoenzymes.

The C4 Region

The C4 region contains the substrate binding site and the phosphate transfer region. The 

central element in the phosphate transfer region is the sequence DFG which is highly 

conserved amongst protein kinases (Kemp and Pearson, 1990). The aspartate residue is
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thought to be responsible for the transfer of phosphate groups to the substrate. In all PKC 

isoenzymes there is a conserved distance of 105-108 (113 in PKCy) amino acids between 

the end of the ATP binding site and the beginning of the phosphate transfer region (Kemp 

and Pearson, 1990). PKC C exhibits a slight deviation from the consensus sequence DFG 

with a substitution of phenylalanine by tyrosine. The activity of protein kinase C can be 

regulated by its substrate. The consequences of PKC activation are determined by the 

isoform which is activated and the nature of the substrate phosphorylated. Activated 

protein kinase C recognises a primary consensus sequence present in the substrate. 

Serines (S) and threonines in the vicinity of basic amino acids, lysine (K) and arginine (R) 

have been shown to be targets of PKC phosphorylation (eg SAT-X-K/R; K/R-X-S/T; K/R- 

X-X-ST; K/R-X-S/T-S-S/T-S-K/R and K/R-X-X-S/T-X-K/R (Azzi et al, 1992). 

Arginine rich polypeptides such as protamine sulphate bind to protein kinase C and 

activate the enzyme to phosphorylate them in the absence of lipid or calcium (Leventhal 

and Bertics, 1993). Proteolysis studies have shown that protamine sulphate activates 

protein kinase C by exposing the enzymes pseudosubstate, in the absense of hinge 

exposure (Orr and Newton, 1994). Thus hinge exposure which accompanies membrane 

binding and the uncovering of pseudosubstrate that accompanies activation are 

independent conformational changes. Modelling of protein kinase C’s kinase core based 

on that of protein kinase A revealed a cluster of acidic residues at the entrance to the 

substrate binding cavity that is conserved in all protein kinase Cs. It is possible that the 

arginine rich sequences bind here thus neutralising charges that are involved in anchoring 

the pseudosubstrate in the substrate binding cavity.
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The V5 Region

The V5 region at the C terminal is relatively poorly conserved between PKC isoenzymes. 

This region also covers the different sequences in the PKC P gene splice variants. These 

two exons encode the C-terminus of the PKC pi and p2 proteins.

1.34 PKC Activation Model

Initial studies with partially purified PKC fi'om rat brain indicated that several components 

were essential for the activation of the enzyme. In addition to calcium (although later 

studies identified that some members of the PKC family could be activated in the absence 

of calcium), two other physiological co-factors were identified as lipid soluble effectors; 

phosphatidylserine and diacylglycerol. Phosphatidylserine is the most effective acidic 

phospholipid at supporting PKC activity. The presence of specific functional groups 

within the phospho-L-serine polar head groups is critical for the successful binding and 

activation of PKC. Both the carboxy and amino moieties are important for activation; 

modification of either functional group lowers the ability to support PKC activity. The 

distance between the phosphate moiety and the carboxy and amino functional groups as 

well as the stereospecificity for L-serine are all important features. On the basis of specific 

interaction of PKC and PS it was concluded that each PKC molecule makes three or more 

points of contact with free carboxy, amino and phosphate groups in a stereospecific 

manner. Other acidic phospholipids such as phosphatidic acid, phosphatidylglycerol, 

cardiolipin and phosphatidylinositol are less effective in supporting kinase activation since 

they lack the essential free carboxy and amino acid moieties of PS.

The neutral lipid diacylglycerol (DAG), is also required in conjunction with calcium and 

phosphatidylserine for maximal activation of protein kinase C. It also displays a high
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degree of specificity for its activation since sn-1,2-DAG is active but neither sn-2,3-DAG 

nor sn-1,3-DAG are. Analog studies have shown that both oxygen esters (1,2 positions) 

and the primary hydroxyl group (3-position) are essential for DAG function. Whilst the 

acyl chain length of over six carbons is important the composition of the acyl chain does 

not appear to be important.

Figure 1.9 shows a hypothetical mechanism of cPKC activation by membrane bound 

lipids. The figure shows three steps, in the sequence of events leading to PKC activation. 

(1) In an inactive state PKC resides in the cytosol with the pseudosubstrate motif buried 

in the catalytic domain. The initial PKC association with the membrane is mediated 

through CalB (calcium dependent lipid binding site) motif and is shown in the presence 

of calcium and acidic phospholipids, but in the absence of DAG. This interaction is most 

likely driven by electrostatic forces, although when phosphatidylserine is in the presence 

of calcium, additional forces are implicated. (2) Upon association, in particular with 

phosphatidylserine, a conformational change exposes the hinge region and this brings the 

Cl region closer to the membrane allowing subsequent interactions with DAG. In this 

state the kinase is not active since the pseudosubstrate domain has not yet been exposed 

(3) DAG binding within the cysteine rich regions promotes co-operative binding to PS by 

increasing the affinity for PS, but not for other anionic phospholipids. Additional 

interactions within the Cl region promote insertion of the protein into the hydrophobic 

core of the membrane, which releases the autoinhibitory pseudosubstrate motif from the 

catalytic domain and activates the kinase. Despite the presence of two potential 

interaction sites for DAG in the Cl region, only one molecule appears necessary for 

activation. Binding of one DAG molecule within the Cl region is indicated although no
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preference is given to either of the cysteine rich motifs. Subsequent binding of the 

pseudosubstrate motif to the membrane through electrostatic forces could provide 

additional stabilization and/or prevent this region from frirther interference with catalytic 

activity. Activation of PKC by DAG is believed to result from two effects elicited by 

diacylglycerols (1) The affinity of PKC for phosphatidylserine increases and this 

strengthens PKC association with the membrane (2) DAG together with 

phosphatidylserine promote a conformational change that exposes the pseudosubstrate 

domain. This model can be modified to account for the behaviour of the calcium 

independent n-PKCs These PKCs lack the C2 region of the regulatory domain and hence 

their association with the membranes is not dependent upon intracellular calcium 

concentrations. In comparison to the c-PKCs the n-PKCs have a large VI region and this 

may modulate the substrate section of the catalytic domain, even after activation of PKC. 

An alternative theory suggests that the n-PKC isoenzymes may already be associated with 

membrane or cytoskeletal elements in an inactive state awaiting activation. Additional 

evidence for this can be seen in many different cells where the n-PKCs are found 

predominantly in the particulate fraction (eg delta and epsilon).

This model does not adequately explain the activation of PKC by effectors that do not 

appear to exert their effects in the presence of membranes (such as arachidonic acid and 

other fatty acids). The binding of phorbol esters to PKC does not appear to produce a 

significant conformational change within the activator binding domain. It appears instead 

to cover the polar interior of the groove to complete a continuous hydrophobic surface 

over a large portion of the domain, thus altering the nature of the protein surface and 

stabilizing the membrane inserted state.
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1.35 PKC Autophosphorylation and phosphorylation

Most discovered protein kinases exhibit pronounced autophosphorylation which is often, 

but not necessarily, linked to modulation of their activity (Miller and Kennedy, 1986). 

Autophosphorylation has been reported for all known PKCs and analysis of its role in the 

kinase activity has been studied using cPKCs. It has been reported that 

autophosphorylation affects TP A (Huang et al, 1986) and calcium binding although it 

appears not to be a prerequisite for PKC activity but rather a concomitant event. 

Autophosphorylation has been shown to increase the PKCs sensitivity to calcium. It also 

increases its rate of histone HI phosphorylation and increases the enzyme’s sensitivity to 

down regulation. PKC P2 was used as a model to study autophosphorylation in greater 

\detail (Flint et al, 1990) and this study has revealed some interesting features: (1) All of 

the residues phosphorylated were found in variable regions of both the catalytic and 

regulatory domains of PKC eg VI (Ser 16, Thr 17), V3 (Thr 314, Thr 324) and V5 (Thr 

634, Thr 641). (2) the surrounding amino acid sequences did not exhibit any consensus 

sequence nor any similarity to the pseudosubstrate/substrate consensus motif. (3) the 

distribution of autophosphorylation sites over the N terminus, the hinge region and C 

terminus indicates a close proximity of these regions to the catalytic centre of PKC.

By using comparative phosphoamino acid analysis, it can be shown that PKC a and C can 

almost exclusively phosphorylate serine residues whereas PKC p2 phosphorylates 

primarily threonine residues (Hug and Sarre, 1993). Since all of the sites for 

autophosphorylation in PKC P2 lie in important regions involved in the PKC activation 

model, it has been suggested that autophosphorylation of these sites locks PKC into an 

open, active conformation which is unable to fold back around the hinge region into an
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inactive form. This conformation correlates with the irreversible membrane associated 

PKC induced in the presence of phorbol esters (Bazzi and Nelsesteun, 1989), where such 

an open conformation may make PKC more susceptible to proteolytic degradation and 

provide an explanation for down regulation.

1.36 Tissue. Cellular and Subcellular Distribution of PKCs

PKC show distinct tissue, cellular and subcellular distribution (Table 1.3). In most cases 

more than one isoform is expressed in each tissue type eg a, p, y, ô, e and C are highly 

expressed in brain (Nishizuka, 1988). PKC y seems to be exclusively expressed in brain 

and spinal cord (Nishizuka, 1988); PKC r|, 0 and X are most abundant in skin and lung, 

skeletal muscle (Osada et al, 1990), ovary and testis. It has been suggested that because 

of the relative abundance of the PKC isoforms, a, ô and C that their function is essential 

to general cell function. Since the other isoforms are only found in certain tissue types 

their function is thought to be more tissue specific. Examination of the cellular localization 

of PKC isotypes in the brain, revealed that they are expressed differentially in different 

regions. Immunological analysis of the brain showed that PKCy was expressed 

predominantly in the dendrites, cell bodies and axons of Purkinje cells. This suggested a 

role for PKC y in presynaptic and postsynaptic functions (Huang et al, 1987). PKC pi 

is localized in the cerebellar granule cells and PKC a in granule and Purkinje cells. Most 

other neurons in the brain contain PKC a, P and y. By using In situ hybridization 

histochemical analysis with probes against PKC cc, p, y and e a distinctive pattern of 

expression of these respective mRNAs in various brain regions has been elucidated 

(Young, 1988). In addition PKC e has been shown to play a role in neural differentiation 

and plasticity. PKC e is highly expressed in the nervous system and is localized in the
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Table 1.3: PKC isoforms in mammalian tissues

PKC Isoform Amino Acid 
Residue

Molecular Weight 
(daltons)

Tissue Expression

a 672 76,799 Universal

pi 671 76,790 Some Tissues

P2 673 76,933 Universal

Y 697 78,366 Brain only

Ô 673 77,517 Universal

€ 737 83,474 Many Tissues

n 683 77,972 Lung, Skin, Heart

8 707 81,571 Mainly Skeletal Muscle

C 592 67,740 Universal

X \ 586 67,200 Ovary,Testis (Lung, Brain, 
Kidney, Testis)

V- 912 102,000 Low in normal tissues, 
elevated in tumour cell lines
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Golgi apparatus, axons and presynaptic nerve terminals in immunoreactive neurons. The 

role of PKC p appears to be to associate with the B-cell antigen receptor complex and 

thus regulate lymphocyte signalling. PKC r|, which is expressed highly in skin cells is 

thought to mediate transcriptional activation of human transglutaminase 1 gene. PKC 0 

has been shown to selectively stimulate the transcription factor complex AP-1 in T 

lymphocytes and to be selectively activated during T-cell activation.

Subcellularly various PKC isoforms have been found to be associated with the nucleus, 

some of which translocate to this organelle upon activation; PKC pi has been found in 

liver nuclei (Rogue et al, 1990), PKC a and p in neutrophil nuclei (Perletti et al, 1991) 

and PKC a and y in brain nuclei (Buchner et al, 1992). Phorbol esters have been shown 

to induce the translocation of PKC a (Leach et al, 1989) to 3T3 fibroblast nuclei and PKC 

P to HL60 nuclei (Hocevar and Fields, 1991). Constructed PKC a proteins consisting of 

a deletion of the regulatory domain or deletion of C-terminal parts of the catalytic domain 

have been shown to localize in the nucleus of transfected COS-1 cells (James and Olsen,

1992). The presence of a nuclear targeting sequence in the hinge and N-terminal part of 

the catalytic domain in PKC oc has been suggested. Phorbol ester treatment of PKC-ot- 

transfected COS-1 cells resulted in the translocation of PKC a to the nucleus, which 

suggested that binding of activators to PKC induces a conformational change in protein, 

thereby exposing the nuclear targeting sequence (James and Olsen, 1992). In addition, the 

presence of PKC r| has been reported in the cell nucleus of several human tumour cell 

lines, where prolonged treatment of TP A on its own is not sufficient for PKC r| down 

regulation.

In general the c-PKCs have been found to associate with the cytoskeleton (Jaken et al,
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1989) and myofilaments (Liu et al, 1989). PKC a  in rat embryo fibroblasts (REF) is 

associated with focal contacts of the cytoskeleton and can be seen to co-localize with 

vincilin and talin. Activation of PKC by phorbol ester treatment of REF cells results in 

actin filament depolymerization and reorganization of vincilin (Jaken et al, 1989). Many 

of the cytoskeletal proteins also act as PKC substrates eg vincilin (Werth and Pastan 

1984), filamin (Kawamoto and Elidaka, 1984), profilin (Hansson et al, 1988), desmin 

(Inagaki et al, 1988), MARCKS and troponin T (Mahoney and Huang, 1994 and 

references therein). Using cells overexpressing particular PKC isotypes and by the 

technique of immunofluorescence the subcellular localization of protein kinase C isotypes 

can be determined (Goodnight et al, 1995). In unstimulated cells, diffuse cytoplasmic 

staining patterns predominated although discrete localizations of PKC alpha to the 

endoplasmic reticulum, PKC delta to the golgi and PKC epsilon to punctate structures in 

the endoplasmic reticulum were apparent. Stimulation by phorbol esters caused the 

redistribution of PKC isotypes to cell membranes. In addition certain PKC isotypes 

redistributed to specific sites. In particular PKC epsilon was concentrated in the 

perinuclear zone and PKC beta two colocalized with actin filaments. Localization is seen 

in both stimulated and unstimulated cells suggesting that the PKC isotypes are targeted 

before stimulation and this targeting is isoenzyme specific.

In order to investigate the roles of the individual PKC isoenzymes in the control of the 

cells. PKC isoenzyme cDNAs have been stably overexpressed in mammalian cell systems. 

The results suggest that some of the PKC isoenzymes are involved in malignant processes 

since they appear to regulate many of the events of cell cycle control. Overexpression of 

PKC C has shown that it is required for the maturation of X.laevis oocytes and the
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mitogenic activation of NIH-3T3 mouse fibroblasts. Overexpression of PKC ô in NIH- 

3T3 cells have shown that alterations in its levels in the cell significantly changes the 

morphology and increases can cause the cells to grow more slowly and show a decreased 

cell density at confluence. In contrast the overexpression of PKC e did not significantly 

alter the cells morphology but causes an increase in the growth rate and an increase in the 

cell density of confluent cultures. However, overexpression of PKC p in cells affects the 

physiological pattern of phosphorylation of endogenous proteins in transfected cells which 

may lead to changes in the cell’s function, morphology and proliferative capacity 

(Johannes et al, 1994). Overexpression of PKC pi in R6 cells caused exaggerated 

morphological changes in response to TP A, anchorage independent growth and a higher 

saturation density. In addition, when transfected with c-H-Ras oncogene these cells 

displayed increased susceptibility to malignant transformation (Hoshina et al, 1990).

In most cell lines PKC a is located in the cytosol and is translocated to the cellular 

membrane and down-regulated upon treatment with TPA. PKC P also appears to be a 

cytosolic isoenzyme which is sensitive to down-regulation by TPA. PKC ô seems to be 

differentially distributed in the cell eg it is located in the cytosol in human platelets but 

associated with the particulate fraction in R6 fibroblasts. PKC e also appears to be 

differentially distributed. In GH^C  ̂ pituitary gland cells it is located in the cytosolic 

fraction and is down regulated by TPA. In contrast, PKC e is membrane associated in 

U937 cells and resistant to down-regulation by TPA. PKC C has only been reported in the 

particulate fi'action in HL-60 cells, in all other cell lines it is present as a cytosolic enzyme. 

Again translocation and down regulation by TPA appears to be dependent on the cell 

type. Rat 6 fibroblasts are sensitive to TPA treatment whereas HL-60 cells are resistant.
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The sensitivity towards TPA treatment induced translocation seems quite contradictory 

since PKC C neither binds to nor can be activated by phorbol esters.

Resting cells (unstimulated) have characteristic profiles of intracellular PKC isoenzyme 

distribution. Treatment of these cells with specific (eg hormones, growth factors or 

cytokines) or unspecific (eg serum and phorbol esters) stimuli results in a redistribution 

of the isoforms. After prolonged treatment, proteolytic degradation and down regulation 

can be observed. The translocation of isoenzymes from the cytosolic to the particulate 

fraction is held to correlate with that particular PKC isoform’s activation. In some cell 

types certain PKC isoforms are constitutively present in the particulate fraction and it is 

unlikely that this indicates a permanent and persistent activation. Recently receptors for 

activated C kinase (RACKs) have been identified which are thought to contribute to the 

subcellular localization of PKC. RACKl, a homolog of the p subunit of G proteins has 

been cloned. RACKS of30-36KDa were purified from the cell particulate (cytoskeletal) 

fraction of rat, heart and brain (Mochley-Rosen, 1991). These proteins bind activated 

cPKCs in the C2 domain suggesting that this binding occurs after cell stimulation. It is 

likely that specificity is determined in part by differential localization of isoenzyme specific 

RACKs providing anchorage of each isoenzyme close to its physiological substrates. For 

example, RACKs specific for PKC e are expected to localize the enzyme to cross striated 

structures, thus conferring a unique anchoring site and presumably a unique function for 

this enzyme (Mochley-Rosen, 1995).

Puls and co-workers (1997) have recently discovered a cytoplasmic and membrane 

associated protein called zeta-interacting protein (ZIP) which interacts with the regulatory 

domain of PKC C but not the classical c-PKCs. ZIP shows no homology to previously
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described PKC binding proteins. The most prominent motif in ZIP is the ZZ motif, a 

recently discovered novel zinc finger found in several proteins including the Drosophila 

Refi2)ç protein and distrophin. However binding to PKC C does not involve the ZZ motif 

Binding to PKC C was mapped N-terminal to the ZZ domain in a region containing a 

consensus sequence YXDEDX5SDEE/D (where X is any amino acid), shared thus far by 

four different proteins. The two homologous proteins scdl (Schizosaccharomyces pombe) 

and Cdc24 (Saccharomyces cerevisiae) contain this motif in a region, that interacts with 

a Ras-type (rasl/RsrI) and a Rho-type GTPase (cdc42sp/Cdc42). The p40phox subunit to 

the p67phox subunit of the NADPH oxidase has been mapped to a region in p40phox 

containing this motif. ZIP forms dimers, which could account for the abnormal subcellular 

localization and aggregation of ZIP when expressed in mammalian cells in the absence of 

PKC C- For several PKC binding proteins a role as anchoring proteins that mediate 

distinct localization or translocation of the respective protein kinase has been suggested. 

It has been proposed that ZIP may mediate interactions between PKC a cytokine 

receptor (eg EBI-3) and a tyrosine kinase (eg Ick) (Puls et al, 1997). Van Dijk and 

coworkers (1997), have shown that diacylglycerol generated by the reaction between 

phosphatidylcholine and phospholipase C (P choline is the by-product formed) can 

activate the MAP kinase pathway independent of Ras and phorbol ester sensitive PKC but 

instead by PKC C-

It can also be shown that tumour cells exhibit a specific isoenzyme expression. The 

normal human melanocytes do not express PKC a, p and y where as primary and 

metastatic melanomas express PKC a, which suggests a connection between this 

isoenzyme and transformation. R6 rat embryo fibroblasts normally express PKC a, ô, e
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and C, but their transformation by specific oncogenes leads to significant alterations in the 

expression of some of these isotypes. The c-H-Ras-transformed R6 fibroblasts showed 

an increase in the expression of PKC a  and ô, a decreased expression of PKC e and an 

unaltered expression of PKC (. However transformation of R6 cells by myc, neu/erb B2 

or mos oncogenes induced no significant changes in PKC mRNA. This suggests that only 

some of the oncogenes affect PKC expression and that individual PKC isoenzymes play 

different roles in mediating cellular transformation by these oncogenes (Goodnight et al, 

1994).

1.37 Inhibitors of Protein Kinase C

The regulatory and catalytic domains can both be targeted by inhibitors such as 

sphingosine (Hannun et al, 1986), which targets the regulatory domain and staurosporine, 

which targets the catalytic domain (Tamaoki et al, 1986). Several PKC inhibitors that 

interact with calcium and acidic phospholipids such as trifluoroperazine, dibucane and 

melittin also inhibit calmodulin dependent protein kinases. The inhibitors that interfere 

with the interaction of DAG or phorbol esters with PKC such as calphostin C (Bruns et 

al, 1991), cremophor EL and AMG (l-O-alkyl-2-O-methylglycerol) also inhibit the 

binding of phorbol esters to PKC in vitro. Sphingosine which competes with calcium, 

phospholipid and DAG has been identified as a potent but non selective inhibitor of PKC. 

Staurosporine, a potent alkaloid inhibitor of PKC obtained from Streptomyces actuosus 

has an IC50 (50% inhibition) of 3nM (Omura et al, 1977 and Tamaoki et al, 1986). It 

interferes with ATP binding to the catalytic domain (Nakadate et al, 1988) and is not 

specific to PKC since most protein kinases utilize ATP. Recently a new class of potent 

and selective PKC inhibitors was identified. One of these inhibitors phenylamine-
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pyrimidine (PAP) and its derivatives have been shown to be selective for PKC a. Where 

a quantitative correlation exists between inhibition of PKC a and the antiproliferative 

effect against T24 human bladder carcinoma cells.

As well as these naturally derived compounds an oligonucleotide inhibitor of human 

PKC a  expression has been identified and has been shown to inhibit some phorbol ester 

mediated responses in human lung (A549) carcinoma cells (Dean et al, 1994). The TPA 

mediated induction of cell-adhesion molecule ICAM-1 was decreased by PKCa knock 

out. More surprisingly many phorbol ester responses including the induction of both MAP 

kinase and JUN kinase activity remained intact in these cells (Dean, 1997). Since these 

cells express more than one PKC isoenzyme it is hypothesized that these kinase pathways 

are not regulated by PKCa. The PKCa targeting oligonucleotide was also found to be a 

potent inhibitor of the growth of numerous xenografied human tumour cell in vivo.

1.38 Substrates of PKC

To mediate the cellular response, PKC phosphorylates and hence activates a variety of 

effector proteins. The target residues on the proteins to be phosphorylated are serine and 

threonine (Pearson and Kemp, 1991). The protein substrates contain motifs 

(xRxxS/TxRx) that are able to confer specificity to phosphorylation by PKC. Thus 

histones HI or Ills, myelin basic protein, protamine sulphate or any other protein 

containing the phosphorylation site motif can act as substrates of PKC. In situ studies 

using orthophosphate labelling of TPA stimulated cells, has revealed the existence 

of a large number of putative physiological substrates (For a review see Kikkawa and 

Nishizuka, 1986). These can be divided into three classes (reviewed in Hug and Sarre, 

(1993): 1) Proteins involved in PKC activation and signal transduction such as EGF, Ras
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and GAP, T cell and insulin receptors; 2) Metabolic pathway proteins; 3) Proteins 

involved in regulatory functions concerning gene expression such as transcription and 

translation factors (Meek and Street, 1992). In addition, several other protein kinases 

such as S6 kinase or Raf kinase may also act as PKC substrates.

Three prominent substrates; myristolated alanine rich C kinase substrate (MARCKS) 

(Rozengurt et al, 1983), DNA topoisomerase I (Pommier et al, 1990) and lamin B 

(Hombeck et al, 1988), are believed to be involved in the control of cell proliferation. 

MARCKS belongs to a group of calmodulin (CaM) binding proteins (as well as 

neuromodulin and neurogranin). MARCKS can bind CaM in the presence of calcium 

whereas neuromodulin and neurogranin bind in the absence of calcium. It is an elongated 

acidic protein of Mr 28-32 kDa which on SDS-PAGE exhibits an apparent molecular 

mass of 80-87kDa (Albert et al, 1987). The phosphorylation of MARCKS by PKC leads 

to its translocation from the membrane to the cytosol (Wang et al, 1989). It also appears 

to have a role in reversibly linking the actin cytoskeleton to the plasma membrane (Rosen 

et al, 1990), since the same domain of MARCKS that bind calmodulin also interacts with 

actin, thus suggesting a role for MARCKS protein in PKC mediated cell motility and 

secretion (Hartwig et al, 1992). The phosphorylation of the MARCKS protein has 

subsequently been widely used as a marker of PKC activation in intact cells (Rozengurt, 

1983 and Blackshear, 1986).

DNA topoisomerase I and lamin B are nuclear proteins which are thought to be involved 

in the control of DNA synthesis. It has been suggested that they act as substrates post 

translocation of activated PKC isoenzymes to the cell nucleus.

Neuromodulin (GAP-43, B-50 and F-1) has an Mr 24kDa and is a central nervous system
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(CNS) specific phosphoprotein that appears to play a role in neuronal growth, synaptic 

plasticity, neurotransmitter release and phosphoinositide metabolism (For a review see 

Coggins and Zwiers, 1991). Like the MARCKS, protein it is a CaM binding protein which 

is thought to sequester CaM under low calcium conditions and promote dissociation of 

CaM under elevated calcium to activate CaM dependant processes. Neurogranin is a 

Mr 15-19 kDa CNS specific PKC substrate whose expression in developing rat brain 

parallels that of PKC y with both of these proteins found concentrated in the cell bodies 

and dendrites of cortical and hippocampal neurons (Watson et al, 1990).

Many receptors involved in signal transduction pathways have been shown to act as 

substrates for PKC. The EGF receptor is phosphorylated by PKC on Ser 654 resulting in 

down regulation (Hunter et al, 1984; Downward et al, 1985). More recently 

phosphorylation sites have been identified on the human insulin receptor, where it has 

been suggested that its phosphorylation by PKC may result in a decreased signalling 

capacity (Ahn et al, 1993; Chin et al, 1993). Several of the G protein coupled receptors 

are also phosphorylated by PKC (Houslay, 1991) eg acetylcholine receptor 

phosphorylation results in an increased rate of desensitization (Hopfield et al, 1988). 

For some substrates, differential phosphorylation in vitro by different PKC isoenzymes 

has been reported. In vitro PKCa, pi and y effectively phosphorylated glycogen synthase 

kinase -3P (GSK-3P) (Goode et al, 1992). By inactivating it, GSK-3p was prevented 

from inactivating c-jun by phosphorylation, permitting Q-jun to dimerize with c-fos and 

form an active AP-1 transcription activator. PKC p2 was shown to be much less efficient 

at phosphorylating GSK-3p and PKC e did not appear to phosphorylate GSK-3p at all 

(Goodnight et al, 1994).

54



Chapter One_________________________________________________________________ Introduction

Protein kinases also phosphorylate a number of transcription factors including c-jun 

(Boyle et al, 1991), c-fos (Abate et al, 1991), CREE (Yamamoto et al, 1988), SRF 

(Graham and Gilman, 1991), SPl, Oct2, Myb, Max, Myogenin (Li et al, 1992), HSF, Gal-

4 (Ahmed et al, 1991), ADRI, C/EBPoc and P (Mahoney et al, 1992), and the vitamin D 

(Hsieh et al, 1991) receptor (Review Mahoney and Huang, 1994). Phosphorylation of 

these proteins, which results in changes in their DNA-binding or regulatory properties, 

establishes a link between activation of PKC and regulation of transcription. The tumour 

suppressor protein p53 was shown to be a PKC substrate in vitro and in vivo (Baudier 

et al, 1992). Its subcellular localization depends on the cell cycle; p53 is found in the 

cytoplasm during the G1 phase accumulating in the cell nucleus at the beginning of the

5 phase. It returns to the cytoplasm again after the initial steps of DNA synthesis 

(Shaulsky et al, 1990). Myogenin is a muscle specific factor which is phosphorylated by 

PKC in vitro and in vivo (Li et al, 1992). It is phosphorylated at a threonine residue 

within the DNA binding domain and causes loss of myogenin DNA binding activity, thus 

leading to repression of the myogenic program (Li et al, 1992). Fos, another transcription 

factor is phosphorylated by PKC in vitro but this phosphorylation does not affect DNA 

binding activity (Abate et al, 1991). Fos is also phosphorylated by a number of Ser/Thr 

kinases (Abate et al, 1991). I-kB is a 35kDa protein which is able to bind to NF-kB, a 

ubiquitous intracellular mediator of inducible and tissue specific gene expression (Lenardo 

and Baltimore, 1989). The inactive complex I-kB/NF-kB is phosphorylated by PKC on 

the inhibitor protein (Ghosh and Baltimore, 1990). The NF-kB then moves to the nucleus, 

where it exerts specific DNA binding (Baeuerle et al, 1988). NF-kB is a transcription 

factor regulates a variety of genes including immune related and viral genes.
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Mitogen activated protein (MAP) kinase is a 42 KDa serine / threonine protein kinase 

which is activated by protein kinase C. A significant property of MAP kinase activation 

is the requirement for both threonyl and tyrosyl phosphorylation within the protein kinase 

sub domain VIII (Cobb et al, 1991). MAP kinases specifically phosphorylate jun  sites 

responsible for the positive regulation of the transacting activity of c-jun. MAP kinase 

activation of c-jun may underlie the common stimulation of this transcription factor by 

mitogens, growth factors and oncogenes (Azzi et al, 1992). PKC e specifically mediates 

enhancement of MAP kinase activation and neurite growth by phorbol esters in PC 12 

cells. Wooten et al (1996) showed that an increase in intracellular cAMP led to a rapid 

stimulation of atypical PKC activity. They also linked PKC C activity directly to MAP 

kinase signalling pathway (Diaz-Meco et al, 1994). It is possible that activation of PKC 

C by PKA brought about by elevated cAMP provides an alternative route to activation of 

MAP kinase in cells that express C and other atypical PKC isoforms (Wooten et al, 1996). 

In addition, following TPA treatment of cells, activated PKC ô may be preferentially 

phosphorylated by src family tyrosine kinase and receptor tyrosine kinases, a reaction that 

in vitro requires phosphatidylserine and diacylglycerol (Li et al, 1994). In well 

differentiated Rat FOE hepatoma cells TPA has been shown to enhance the tyrosine 

phosphorylation of many proteins including FAK, paxillin, ErbB2 and ErbB3 (Emkey and 

Kahn, 1997). Where Erb B2 and Erb B3 are members of the epidermal growth factor 

family of tyrosine kinase receptors (Beerli et al, 1995). Following TPA treatment PKC 

Ô is preferentially phosphorylated by tyrosine kinase. PKC Ô is a 76 kDa protein in 

activated cells, and then phosphorylated in tyrosine residues (Tyr 52 and 187). This 

reaction requires phosphatidylserine and diacylglycerol in vitro (Kadotani et al, 1997).
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Treatment of a variety of different cell types with TPA, platelet derived growth factor 

(PDGF), Substance P and Carbachol results in stimulation of PKC ô tyrosine 

phosphorylation. This results in either an increase or decrease in enzyme activity 

depending on the substrate used (Haleem-Smith et al, 1995). Thus tyrosine 

phosphorylation may present a mechanism by which substrate preferences of this PKC 

isotype are governed.

Recently Zhou and co-workers (1997) have described an 106 kDa nuclear protein 

nucleolin, which can act as a specific substrate for PKC zeta. Treatment of PC 12 cells 

with nerve growth factor resulted in the translocation of PKC zeta. In addition, there was 

phosphorylation of a protein that was localised within the nucleoplasm of nuclei isolated 

from PC 12 cells. Nucleolin is a major constituent of nucleoli of exponentially growing 

cells and fonctions in the organisation of nucleolar chromatin, packaging of pre rRNA, 

rDNA transcription and ribosome assembly by shuttling between the nucleus and 

cytoplasm (Zhou et al, 1997).

1.39 PKC-Its role in signal transduction

PKC functions as a critical component of the signal transduction pathways that cells 

utilize to recognise and respond to a variety of extracellular signals.

Upon cell stimulation, diacylglycerol is immediately produced from the hydrolysis of 

inositol phospholipids; most rapidly from phosphatidyl inositol biphosphate (PIP2) as a 

result of phospholipase C (PLC) activation. This DAG molecule disappears quickly and 

a second wave of DAG appears which results from the hydrolysis of phosphatidylcholine 

(since the fatty acid composition of this DAG matches that of phosphatidylcholine) 

(Figure 1.10). This sustained elevation is seen in response to growth factors, cytokines
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Figure 1.10: Time Course of generation of DAG, cis unsaturated fatty acids and 
LysoPC from PIPj and PC (DAG, diacylglycerol, PIP2, phosphatidyl inositol bi
phosphate, PC, phosphatidylcholine,, LysoPC, Lysophosphatidylcholine, FF As, Fatty 
acids)
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and phorbol esters. Mitogenic signals have been shown to sometimes only initiate this 

second phase of diacylglycerol elevation, although both types of diacylglycerol produced 

are capable of stimulating PKC in vitro. The diacylglycerol produced from 

phosphatidylinositol hydrolysis is rapidly converted to phosphatidic acid by the action of 

DAG kinase, and frirther to PI, PIP, and PIP2 (PI turnover). The DAG produced from 

phosphatidylcholine hydrolysis is a poorer substrate for DAG kinase and is slowly further 

degraded by DAG lipase. It has been suggested that the slow degradation of the DAG 

that is produced from phosphatidylcholine may take part in the sustained activation of 

PKC.

The distinct phases of DAG produced in response to mitogens in Swiss 3T3 cells are 

thought to lead to the selective activation of PKC ô and e. In the prolonged phase of 

activation during late G1 (and beyond) there is a steady decline in the level of PKC ô and 

e expression. Whether the activation of these PKC isotypes or their induced depletion 

contributes to the cell cycle progression still remains to be elucidated.

The action of DAG lipases on DAG also leads to the activation of the arachidonic acid 

cascade which can regulate many physiological processes through its conversion to 

various eicosanoids. Several cis unsaturated fatty acids and lysophosphatidylcholine (the 

primary products of phosphatidylcholine hydrolysis catalysed by phospholipase A2), 

potentiate PKC activation and therefore contribute to signal transduction through the 

PKC pathway. Protein kinase C is allosterically activated by DAG and phosphatidyl 

serine. The enzyme is also activated by a number of other seemingly unrelated compounds 

such as short chain phosphatidylcholines and protamine sulphate. Both of these 

compounds were shown to expose Argl9 of the pseudosubstrate to proteolysis.
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Molecular modelling of the catalytic core suggests that this residue is surrounded by a 

cluster of acidic residues when the pseudosubstrate is bound to the substrate binding site, 

which accounts for its resistance to proteolysis when PKC is inactive. Other activators of 

protein kinase C include components of the glycerolipid metabolism pathway. Cardiolipin 

is able to activate PKC ot, p2 and e (Kochs et al, 1993), also cis-unsaturated fatty acids 

were found to activate PKC e and C but not PKC ô. Arachidonic acid and lipoxin A, and 

other lipoxygenase metabolites are capable of activating PKC p, y and e, even in a 

calcium independent manner. PKC a can be activated by arachidonic acid only in the 

presence of calcium, whilst PKC P2 and Ô do not respond at all (Shearman et al, 1989; 

Bums et al, 1990). Surprisingly, phosphatidylinositol 4,5 biphosphate can substitute for 

DAG (Chauhan et al, 1991) as an activator of PKCa, p2 and y (Lee and Bell, 1991; 

Kochs et al, 1993), but not of P2 (Lee and Bell, 1991) and phosphatidylinositol can 

replace phosphatidylserine as a cofactor of activation, at least for PKC a and pi (Kochs 

et al, 1993). A schematic diagram of the pivotal role of PKC in signal transduction 

pathways in given in Figure 1.11.

For signalling to the nucleus, tyrosine kinases associated with growth factor receptors 

activate MAP kinases through a series of provocative protein-protein interactions 

involving Ras and Raf-1. It is widely accepted that stimulation of G-protein coupled 

receptors also activates MAP kinases via the PKC signalling pathway (Blenis, 1993; 

Nishizuka, 1995). The PKC a isoform has been proposed to phosphorylate and activate 

Raf-1, which in turn activates MAP kinases through a protein kinase cascade. However, 

the detailed PKC signalling pathway or network leading to MAP kinase activation has not 

yet been established. It has been proposed that, in T and B lymphocytes (MacDonald et
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al, 1993), PKC links with MAP kinases at the point of Ras activation (Downward et al, 

1990; Harwood et al, 1993). In addition, it has been recently shown that in COS-7 cells 

the Py-dimer of Gi protein is capable of activating MAP kinases in a Ras dependent 

manner but the mechanism of this activation is, as yet, unclear (Faure et al, 1994).

1.4 The Biological Activation o f  Protein Kinase C

Since the discovery of the phospholipid dependent Ser/Thr protein kinase, PKC twenty 

years ago by Nishizuka and coworkers and its subsequent identification as the major 

receptor for phorbol esters a large diverse range of physiological and pathological 

signalling mechanisms have been attributed to PKC. Membranes are composed of 

complex mixtures of lipids and proteins whose dissimilarities create distinct organised 

domains, even within fluid membranes. These exist as compositions, whose mixing of 

lipid components is at a threshold for activation of membrane proteins. Slight 

perturbations in concentration of lipid and proteins, surface pH, concentration of divalent 

cations or electrostatics may trigger or modify local regions of membrane immiscibility 

and domain formation. PKC appears to require compositionally distinct DAG containing 

domains for activity, and domains in which substrates and phosphatidylserine are both 

localised. Activation at a domain interface may represent a means by which the temporal 

generation of diacylglycerols within the plane of the membrane activates PKC and then 

deactivates the enzyme when the domain dissipates or the diacylglycerols are metabolised 

(Arnold et al, 1997). Cellular responses often persist for a long time, and the sustained 

activation of PKC may be essential in these processes. Physiologically the maintenance of 

PKC activation can be brought about by several pathways, however, unusually persistent 

activation of PKC such as that caused by phorbol esters, stable overexpression or
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alteration in lipid metabolism may result in the pathological response such as 

tumorigenesis and an abnormal cell cycle.

The specific function of each isoenzyme of the PKC family has yet to be elucidated 

although the complexity of mechanism (cofactor activator dependency, substrate 

specificity, intracellular localisation and phosphorylation) involved in the regulation of 

PKC activity, could in part, explain the multitude of roles that PKC plays in the 

regulation of a number of cellular functions. However, the well coordinated regulation of 

PKC activation is essential for normal cell functions. Different membrane phospholipids 

are now being discovered as their role in transmitting information from a variety of 

extracellular signals across the membrane is elucidated.

PKCs are (mainly) soluble proteins that require anionic phospholipids for activity and are 

known to phosphorylate a number of cytoskeletal membrane and nuclear proteins. 

Indications are that before activation they are located close to substrates. The activation 

of PKC is required for PKC-RACK interaction which may be important in the 

redistribution of PKCs to membrane sites for phosphorylation of additional substrates. 

Activation leads to phosphorylation and decreased binding of the phosphatidylserine 

binding protein substrates. Decreased tethering to phosphatidylserine binding protein may 

promote PKC membrane interactions, and RACKS may facilitate targeting to specialized 

membrane sites and enhance catalytic activity. Thus, the localization and diversity of the 

PKC isoenzymes and the anchoring proteins present, seem account for the many different 

functions they regulate. PKCs are mainly soluble proteins that require anionic 

phospholipids for activity and are known to phosphorylate a number of cytoskeletal, 

membrane and nuclear proteins. Indications are that before activation they are located
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close to substrate.

1.5 Research Objectives

The objectives of this study are to:

1. Examine the PKC isotypes present in Swiss 3T3 cells and human kératinocytes using 

rat brain as a control tissue. Rat brain was chosen to be studied as a control tissue type 

since it is readily available and has been previously shown in this laboratory to contain 

high levels of PKC isotypes. Swiss 3T3 cells were chosen since many mitogenesis and 

growth studies have been performed in fibroblast cells. Human kératinocytes were 

intended to be studied since they are a more complicated cell system than the fibroblasts 

and would allow greater extrapolation to the human system.

2.Monitor the changes in expression, sub cellular distribution and activity of PKC 

isoforms following treatment with phorbol esters using the above cell types. The phorbol 

esters were chosen according to their biological activities (to cover a range of differing 

activities). TP A is a complete tumour promoter and was used as a standard in all of the 

experiments. Dopp is a potent anti-tumour promoter (Szallasi et al, 1993) but is pro- 

inflammatory. Doppa is a non tumour promoting compound but is pro-inflammatory 

(Kiley et al, 1994). Rx is an orthoester related to thymeleatoxin (a second stage tumour 

promoting agent (Brooks et al, 1989)) which is the most pro-inflammatory agent of the 

group studied here but is a non tumour promoting agent. Previously these phorbol esters 

have been shown to activate different subsets of pure PKC isotypes (Ryves et al, 1991). 

However it would be interesting to see which isotypes they activate in the cells used here 

since it has been reported that some aspects of activation are cell specific.

3. Relate the activation of PKC in the cell to specific physiological effects- specifically
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mitogenesis of Swiss 3T3 cells, since phorbol esters are known to induce mitogenesis in 

many cell types (Review Blumberg, 1980). By examining the different phorbol ester 

effects on growth we may be able to relate this mitogenic effect to activation of specific 

PKC isotypes which may provide information on the specific role of individual PKC 

isotypes.
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Chapter Two: Materials and Methods

2.1 Materials

2.11 Chemicals

From Sigma Chemicals Co, Poole, UK

Ammonium Persulphate, Hydrochloric Acid, Ethylene diamine tetraacetic acid 
(EDTA), Ethylene glycol bis (b-amino ethyl ether)- N,N,N’, N’-tetra acetic acid 
(EGTA), 12-0-tetradecanoyl phorbol-13-acetate (TPA), Trypan Blue Stain, 
Bovine Serum Albumin (BSA), Trypan Blue, Trizma (TRIS), Dimethylsulphoxide, 
Bradford’s Reagents (Kit), Piperazine-N, N ’-bis [2-ethanesulfonic acid]- Pipes 
free acid. Phosphate Free DMEM, Pepstatin A, Bacitracin, Sodium Fluoride, 
Hoechst Reagent, Calf DNA, Trypsin/EDTA, Benzamidine, Leupeptin, PMSF, 
SDS, Gluteraldehyde, Histone Ills, ATP, Temed, Sucrose

From Merck- BDH, UK

Trichloroacetic acid (TCA), Glass Filters (GFC), Magnesium Chloride-6-hydrate, 
0.25mm Aluminium backed 60 F254 silica gel plates. Glycerol, Calcium Chloride 
Sodium Chloride

From Romil Chemicals Ltd, Shepshed, UK

HPLC grade solvents (MeOH, CHCI3, and Acetone)

From Whatman, UK

Filter Paper 3MM ChR

From Gibco BRL, Paisley, Scotland

Foetal Calf Serum (FCS) Batch No;06q5061f, Dulbeccos modified essential 
medium (DMEM), (xl) Sterile Phosphate Buffered Saline (PBS), (xlO) Phosphate 
Buffered Saline without calcium chloride and magnesium chloride, Kanamycin 
(lOOx)

From ICN Biomedicals, Oxfordshire, UK

Tris Glycine Buffer (Western Blot Buffer), Tris Glycine SDS Buffer (Running 
Buffer), Tween-20, Phosphorus HCl Free, Thymidine (Methyl ̂ H) Sp Act 2.0 
Ci/mmol
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From Lipid Products, South Nuffield, Surrey, UK

L-alpha phosphatidyl serine (PS), chloroform solution (20mg/ml) stabilized with 
3% Methanol

From Alexis Corporation, UK

Dithreothreitol (DTT)

From National Diagnostics, UK

Protogel

From Amersham International, UK

Molecular Weight Markers, ECL Western Blotting System ( Reagents 1 and 2) 
ATP Ŷ P̂, Hybond C Extra, Hyperfilm

From Leeds Photographic, London, UK

Developer D19 and Unifix (fixative)

From DAKO, UK

Swine Anti-Rabbit Immunoglobulins

From Taab Labs, Reading, UK

Hexamethyldisilazane (HMDS)

From LC laboratories, Alexis Corporation, UK

Dpp (Dopp) 12-deoxyphorbol-13 -phenylacetate, Dppa (Doppa) 12-deoxyphorbol- 
13 -phenylacetate-20-acetate, Thymeleatoxin, Resiniferatoxin

From Imperial Cancer Research Fund (ICRF) Laboratories, London

Swiss 3T3 cell Stocks: Passage No.3

2.12 Plasticware

National Diagnostics, Greiner, SLS, Gibco (NUNC), BDH
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2.13 Apparatus

pH Meter; 
Vortex:

Bath Sonicator: 
Filtering: 
Centrifuge: 
Ultracentrifuge:

Mettler Delta 340 from Mettler Toledo, England 
Rotamixer Hati, Hook and Tucker Instruments Ltd, 
England
Ultrasonics Ltd, Division of Dawe Instruments Ltd 
Millipore
Biofuge A, West Germany 
Beckman Ultracentrifuge

Radioactive Counting:Beckman LS6000TA, Liquid Scintillation Counter
Laminar Flow:
Incubator:
Microscope:
Electrophoresis:
FPLC:

HPLC:

TLC:

2.2 Methods

Gelaire, UK
Digital Incubator CO2 22-/240V, Flow Laboratories 
Nikon TMS Inverted Microscope, USA 
HoefFer Mighty Small, Pharmacia, Sweden 
Protein Chromatography was conducted on a Fast Protein 
Liquid Chromatography System (FPLC) (LCC 500 plus. 
Frac-100 fraction collector, Pharmacia, Uppsala, 
Sweden)using hand packed hydroxyapatite columns. 
High Performance Liquid Chromatography (HPLC) of 
phorbol esters was conducted on a system composed of : 
two Altex pumps controlled by an Altex 421 controller 
(Altex, Berkeley, CA, USA) and Waters 991 photodiode- 
array detector (Millipore, UK). For analytical HPLC an 
Apex Silica Column (4.6mm x 25cm, 5pM particle size, 
Jones Chromatography, UK) was used.
TLC plates (0.25mm Aluminium backed 60 F254)

2.21 Swiss 3T3 Cell Culturing

Swiss 3T3 cells (ICRF-London) were grown in DMEM supplemented with 10% heat 

inactivated foetal calf serum and 1% kanamycin in a 10% carbon dioxide humidified 

atmosphere at 37°C. Cells were maintained within 80cm^ tissue culture flasks containing 

approximately 10ml of culture medium which was changed twice weekly. Just prior to 

confluence, cells were subcultivated. The media was removed and the cultures were rinsed 

with 5ml of PBS, the cells were then incubated with 2.0ml of trypsin/EDTA at 37°C. The 

cultures were gently shaken to dislodge the cells at which time the action of trypsin was
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inhibited by the addition of 10ml of 10% DMEM (450ml DMEM, 50ml FCS and 5ml 

kanamycin) and the cell suspension was transferred to a falcon tube. The cells were 

pelleted by centrifiigation at 2000xg for 5 minutes, the supematent was discarded and the 

cells resuspended in fresh medium and plated onto new flasks. Cells were kept in 10% 

DMEM until 24 hours prior to experimentation when the medium was changed to 1% 

DMEM (500ml DMEM, 5ml foetal calf serum, 5ml kanamycin).

2.22 Analytical HPLC of phorbol esters and phorbol ester detection 

HPLC was performed to assess the purity of the phorbol esters used in the study and to 

determine whether Doppa had metabolised to Dopp in cell culture conditions. When the 

purity of the phorbol esters was examined, all of the phorbol esters were suspended in a 

solution of chloroform. The phorbol esters were shown to each have characteristic peaks 

using this system and this was employed to determine the metabolism of Doppa in cell 

culture conditions. Swiss 3T3 cells were grown to confluence in 30mm dishes. Doppa was 

added to 6ml of 1% FCS DMEM (495ml DMEM, 5ml FCS and 5ml kanamycin) with a 

final concentration of 1 pM. After incubation fi'om 0-96 hours the culture (cells with media 

or media alone) were extracted three times with 10ml of diethylether and the combined 

extracts were dried with anhydrous sodium sulphate. The extract was then evaporated 

under a stream of nitrogen and redissolved in 50pl of chloroform for HPLC analysis. 

Standard solutions of Dopp and Doppa (l-5nM) were employed for comparison. In both 

cases the samples were run through an Apex Silica Column (4.6mm x 25cm, 5pM particle 

size). Isocratic elution was carried out with a mobile phase of chloroform/methanol (99:1) 

at a flow rate of Iml/min. All solvents used were HPLC grade and were degassed by 

sonication for 30 minutes prior to use. Absorbances between 230 and 400nm were
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detected and the data examined using PDA software (version 6.22). This allowed spectral 

and chromatographic profiles to be recorded simultaneously. Where phorbol ester purity 

was examined, an accurate assessment was made by examining the spectrum index, 

contour or 3D-topographical plot; techniques which are not possible with fixed length 

detectors.

2.23 Preparation of Cytosolic. Particulate and Cytoskeletal Fractions 

To prepare the fractions of Swiss 3T3 cells for PKC isoenzyme analysis, a cell suspension 

was obtained by scraping two 80cm^ flasks of cells into SOOpl of homogenisation buffer 

(20mM TRIS, 250mM sucrose, 5mM EDTA, lOmM EGTA, 5mM DTT, ImM 

benzamidine, 0.1 units/ml aprotinin, O.lmg/ml leupeptin and ImM PMSF pH 7.5). The cell 

suspensions were sonicated (three x ten second bursts at full power) and the samples were 

centrifuged at 100 OOOxg for 35 minutes at 4 °C in a Beckman Ultraflige. The resulting 

supernatant was added to an equal volume of double strength laemmli buffer (20% 

glycerol, 125mM TRIS, 4%w/v SDS, 2% w/v DTT, Bromophenol blue 0.001%; pH 6 .8) 

and boiled for 5 minutes to form the cytosolic fraction. The remaining pellet was 

resuspended in 500pl of homogenisation buffer containing 1% triton X-100 and sonicated 

as above. After incubation on ice for 30 minutes, the samples were centrifuged at 12 

OOOxg for 10 minutes. The supernatant was added to an equal volume of double strength 

laemmli buffer and boiled for five minutes to form the triton soluble particulate fraction 

(Ps). The remaining pellet was resuspended in 250pl of homogenisation buffer with 1% 

triton X-100 and sonicated as above. An equal volume of double strength laemmli buffer 

was added and boiled for 5 minutes to form the triton insoluble cytoskeletal fraction (Pi). 

All three fractions were stored at 4°C until use.
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2.24 Partial Purification of PKC Isotypes

To partially purify the PKC isotypes ten flasks of ceils were scraped into 1ml of 

homogenisation buffer (on ice). The cell suspension was sonicated (as described 

previously) and spun at 100 OOOxg for 35 minutes at 4°C. The resulting supernatant was 

aliquoted and stored in liquid nitrogen until further use.

A hydroxyapatite column was packed and allowed to stand overnight (5g HYAP). The 

prepared cytosolic fraction was run through the column with 20mM phosphate buffer. 

Protein kinase C was found to bind to the column, therefore the unbound protein was not 

collected. Protein was eluted from the column using a gradient of 20mM to SOOmM 

phosphate buffer pH 7.5 (flow rate 1 ml/minute). PKC was found to elute between 40mM 

and 140mM phosphate concentrations (Kikkawa et al, 1987). 1ml fractions were collected 

over a period of 36 minutes and mixed with 200pi storage buffer (glycerol, triton X-100 

2%) and then divided into three portions. 300pl was added to an equal amount of double 

strength laemmli buffer and boiled for five minutes. The remaining SOOpl was divided 

equally between two eppendorfs and these fractions were cooled in liquid nitrogen and 

stored at -80 °C until use.

2.25 Thymidine Uptake

Swiss 3T3 cells were grown in 24 well plates for use in the thymidine assay, as this 

enabled a large number of samples to be tested. The cells were grown as described 

previously in 10% DMEM until 24 hours prior to use when their media was changed to 

1% DMEM. The cells were exposed to different phorbol esters for different time periods 

in fi’esh 1% DMEM. After incubation for the required time, the cells were pulsed for four 

hours with radio labelled thymidine (0.5pCi /ml: specific activity 20Ci/mmol) in 1%
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DMEM. After incubation the excess thymidine was removed from the cells with two 

washes of ice cold PBS (xl strength) and ice cold 5% Trichloroacetic acid (TCA) was 

added to the cells to remove the TCA soluble thymidine. After 30 minutes incubation the 

TCA was removed and the cells were re-washed with 5% TCA. After 5 minutes the TCA 

was removed and 1ml of 0.3N sodium hydroxide containing 0.1% SDS was added to each 

well and left to equilibrate for 30 minutes. The contents of each well was then added to 

8ml of scintillant and counted.

2.26 Scanning Electron Microscopy ISEMl

Cells were grown in 3cm petri dishes on sterilized glass coverslips. Prior to confluence the 

cells were treated with the appropriate sample concentration and incubated. After 

incubation the cells were washed twice in ice cold PBS and stored fixed in gluteraldehyde 

(3%). After four days the cells were exposed to osmium tetraoxide (2%) to fix the lipids. 

The slides were dehydrated using an alcohol gradient of 70% alcohol for 15 minutes 

followed by three washes with absolute alcohol. Once dehydrated the coverslips were 

stored in acetone before a 3 minute exposure to HDMS (Critical Point Drying). The 

coverslips were stuck to SEM stubs using 4 spots of carbon cement (Leit C) before being 

coated with gold using a sputtercoater Emitech K550 2min at 2mA. The samples were 

then examined using SEM..

2.27 Preparation of Gels

SDS Page gels were used in both Western Botting and in the examination of the 

phosphorylation of the MARCKS protein (see methods 2.28 and 2.29). The gels were 

prepared in advance and stored in running buffer until use. Ten gels were commonly 

prepared at one time using a Hoeffer multi caster.
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10% Running Gel: 10% Acrylamide Mix (37.5g/L), 1.5M TRIS pH 8.8, 0.1% SDS,

0.05% Ammonium persulphate, 0.1% TEMED 

4% Stacking Gel: 4% Acrylamide Mix (37.5g/L), 0.5M TRIS pH 6 .8, 0.1% SDS,

0.1% Ammonium persulphate, 0.2% TEMED

2.28 Phosphorylation of 80K/ MARCKS protein

To phosphorylate the MARCKS protein present in 3T3 cells, Swiss 3T3 cells were grown 

to confluence in 3 cm petri dishes. The cells were washed in pre-warmed, pre-gassed 

phosphate free DMEM and 600pl of this medium containing ^^P-phosphate (200pCi/ml: 

specific activity 400-800mCi/ml) was added to each dish. The cells were then incubated 

at 37°C for 4 hours. The phorbol esters were added for 20 minutes prior to termination 

of the reaction when the radioactive medium was aspirated off and the cells washed twice 

with ice cold tris buffered saline (ISOmM NaCl, lOmM TRIS pH 7.4). Each dish of cells 

were scraped into 120pl of Triton/Pipes buffer (lOOmM PIPES, pH 6.9, 0.5% Triton X- 

100 ImM EGTA, lOmM NaF, 50pM PMSF, 3.5 pg/ml aprotinin, Ipg/ml pepstatin, 

Ipg/ml bacitracin). The contents of each dish were transferred to a microfuge tube and 

boiled for 5 minutes and then allowed to cool. The cells were spun at 12 OOOxg for 3 

minutes. The supernatant was removed and added to an equal volume of double strength 

laemmli buffer. The sample was boiled for five minutes and spun again at 12,000xg for 3 

minutes. Equal amounts of sample were loaded onto a gel (10% Running, 4% Stacking, 

Size 10cm x 8cm) and run at 80mA for 1.5 hours using rainbow molecular weight markers 

as a guide. The gels were allowed to dry in air for 5 minutes prior to analysis using a 

phosphorimager. Autoradiographs were also performed by placing the gels on preflashed 

film for 15 hours. During exposure the film case was stored at -80°C.
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2.29 Western Blotting

The fractions previously prepared and stored in laemmli in section 2.23 and 2.24 were 

subjected to SDS-PAGE. Gels with a 4% stacking gel and a 10% running gel (10cm x 

8cm) were prepared in advance and used with Hoeffer Minigel apparatus. In the first lane 

rainbow molecular weight markers and a rat brain standard were run. 60 pi of the prepared 

samples were run in each well at 80 mA for approximately 2 hours. When separation was 

complete the gels were trimmed and allowed to equilibrate in degassed Western Blot 

Buffer together with an appropriate amount of Hybond paper. To blot the gels onto the 

hybond paper, six pieces of damp filter paper were placed either side of the hybond/gel 

sandwich. The blotter was set to 1IV for 2 hours. After blotting, the blots were placed 

in blotto (10% Skimmed Milk Powder in PBS, Azide 0.1%). During this time the 

appropriate antibody and competitor were mixed and incubated at 37°C. The antibodies 

and their corresponding peptide competitors were generously donated by Dr P.Parker, 

ICRF, London. The antibodies were raised in rabbits with the exception of a and p, 

which were raised in mice. Since the antibodies were polyclonal the corresponding peptide 

competitors were added to block the PKC signal in competitors blots thus allowing the 

easy identification of the PKC band. Antipeptide antisera to the predicted -COOH 

sequences of a, p, y, e, ô and C PKCs were prepared as described (Marais et al, 1991, 

Olivier et aim 1991 and Ways et al, 1991). After 20 minutes the blots were washed for 

three x five minute washes with washing buffer (0.2% Tween- 20 w/v in x l PBS). The 

antibody was diluted in 2ml of BSA buffer (3% BSA in washing buffer) and added to the 

blots which were then sealed in a plastic bag. The antibody/competitor blot was treated 

in the same way (ensuring that all air bubbles were removed from the bags). The bags
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containing blots were stored flat overnight at 4°C. After 12 hours the blots were removed 

from the bags and washed three times for five minutes each with washing buffer. The blots 

were transferred to new bags and incubated for one hour at room temperature with the 

second antibody (1/200 dilution Swine Anti Rabbit Immunoglobins in BSA buffer). The 

second antibody is HRP conjugated which allows visualisation by ECL™, Amersham. 

After incubation the blots were removed from the bags and washed three times in washing 

buffer as before. ECL™ was then used to visualise the bands (3.5ml of each solution 

exposed to the blots for 1 minute), the probed blots being exposed to pre flashed film for 

8 minutes prior to development. ECL™ is a light emitting non-radioactive method for the 

detection of immobilized antigen conjugated with horseradish peroxidase-labelled 

antibodies. The horseradish peroxidase and hydrogen peroxide (present in ECL™ 

reagents) catalyse the oxidation of luminol (present in ECL™ reagents) under alkaline 

conditions. In this excited state the luminol decays to ground state via a light emitting 

pathway allowing detection using autoradiography film.

To validate the method a positive control of rat brain was used since this was shown to 

contain all of the isotypes tested. In addition a sample exposed to SOOnM TPA ( a 

concentration shown to translocate PKC) was used. Rainbow molecular weight markers 

allowed identification by molecular weight. A pink band was visualised at the 66kDa 

marker and a green band visualised at the 97kDa band. These were marked on the blots 

with graphite to allow easy identification when comparing the blots with the original data.

2.30 Reprobing Western Blots

The blots were stripped of antibodies by incubation in 3.5M magnesium chloride in PBS 

for 30 minutes. They were shaken in blotto and the method continued as above to reprobe
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the blots with other antibodies.

2.31 Protein Kinase C Assay

PKC activity was assayed by measuring the incorporation of from ^^P-y-ATP into 

histone. The partially purified samples obtained from the FPLC (method 2.24) were 

thawed prior to use. Using this method it was possible to assay 18 fractions (one phorbol 

ester +/- calcium in duplicate). The assay consisted of ;

BSA buffer: 2mg/ml BSA. 0.1% Azide 

Micelle Mix: 28.5mM TRIS, 2.4%w/v Triton X-100 pH 7.5 

Histone Mix: 4mg/ml Histone 

TCA 10%w/v and 25 % w/v 

Assay Buffer: 28.5mM TRIS, 6.63mM EGTA pH 7.5 

Calcium Chloride IM 

Magnesium Chloride IM

Phosphatidyl Serine 0.75mg/ml diluted in micelle mix 

Phorbol Ester 1 pM/RI A tube 

The assay mixtures were prepared by mixing:

MIX 1 Assay Buffer 20ml
ATP (cold) 200pM 2 .2mg

M IX2 MEXl 16ml
Magnesium Chloride 320pl

MIX3 M IX2 8ml
Calcium Chloride 816pl

pH 7.5 

pH 7.5

50pl of histone mix, 25pi of micelle mix and 25pl enzyme were added to each 

radioimmunoassay tube. Radio labelled ATP (specific activity >4000Ci/mmol) was added
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to mixes 2 and 3 and 100^1 of each (mix 3 to + calcium tubes, mix 2 to -calcium tubes) 

was added to the appropriate RIA tubes to initiate the assay. After a known time (6-8 

minutes) the assay was terminated by the addition of 1ml of 25% TCA 100 pi of BSA 

buffer was added to each tube to act as a protein carrier. The contents of the tubes were 

filtered onto GFC papers using a millipore manifold and washed twice with 10% TCA (2 

X 5ml). The wet papers were counted for radioactivity using the open window Cerenkov 

method.

Table 2.1: Final Concentrations of reagents used in PKC activation assay

Substance Final Concentration

TRIS 25mM

Triton X-100 3mg/ml

Histone 1 mg/ml

PS 0.75mg/ml

PE IpM

EGTA 5.ImM

CaClz 5.ImM

MgCl^ lOmM

ATP lOOpM

32P-Y-ATP ~300,000cpm/assay

Final Volume 200pl

2.32 Bradford’s Protein Determination

The Bradford’s method for determining protein concentration was employed. This assay 

is based on the reaction of amino acids present in the protein (primarily Tyrosine, 

Tryptophan and to a lesser extent Cystine, Cysteine and Histadine) with copper in an
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alkaline solution (copper tartrate solution). The copper treated protein reduces the Folin 

reagent present giving rise to the characteristic blue colour (Bradford, 1976). A standard 

curve was constructed using bovine serum albumin (BSA) with a concentration range of 

0-200pg/ml. 100 pi of protein standard (100 pi of water for blanks) was added to 3.0ml 

of Bradford’s reagent and vortexed. The absorbance was read after 5 minutes at 595nm. 

lOpl samples were diluted with 90pl of water to which 3 ml of Bradford’s reagent was 

added and the absorbance read after 5 minutes. The protein content of the sample was 

determined by comparison with the standard curve for BSA._

2.33 Preparation of Human Kératinocytes

Full thickness surgery discard tissue was obtained from Wexham Park Hospital and stored 

in (xl) PBS. The sample was bought back to the laboratory and washed in 70% alcohol. 

The subcutaneous fat was removed using tweezers and a fine pair of scissors and the skin 

was washed eight times in PBS. The samples were incubated at 4°C in lOmg/ml protease 

(XIV) in serum free 3T3 medium (500ml DMEM and 5ml kanamycin). After 24 hours 

incubation the epidermis was peeled from the dermis. The epidermis was teased apart 

gently in a (xl) trypsin/EDTA solution and incubated at 37°C for 20 minutes. The cells 

were aspirated in 10% DMEM to produce a single cell suspension and this was filtered 

through a sterile bolting cloth. The cells were resuspended in 10% DMEM and frozen in 

liquid nitrogen until further use.

For preparation of the mitotically arrested 3T3 cell layer lOOpl of mitomycin C was added 

with lOmls of media to confluent layers of 3T3 cells. The flasks were incubated for 2-4 

hours before the contents were scraped into media where the cells could be stored in the 

fridge for up to eight days.
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Human kératinocytes were retrieved from liquid nitrogen stores and plated out together 

with the 3T3 cells into an 80cm  ̂flask. HK cells were plated at a density of 1-2 x 10̂  cells 

per flask with approximately 2x10^ 3T3 cells
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Chapter 3: Mitogenesis Studies Using Swiss 3T3 cells

3.1 Introduction

Mitogenic signals are initiated by the binding of extracellular ligands to high affinity cell 

surface receptors that transduce signals across the plasma membrane. Receptor 

occupation leads to the generation of second messengers that activate intracellular protein 

kinases which in turn transmit the signals that constitute the cellular response. Receptors 

involved in mitogenesis fall into three main categories based on the mechanism they use 

to transduce their signals a) tyrosine kinase receptors b) cytokine receptors and c) G 

protein coupled receptors. PKC activation has been implicated in signalling through all 

three classes of receptors (Murray et al, 1997).

A number of cultured cell lines are responsive to treatment with phorbol esters. The 

responses of the different cell types can be placed into three categories 1) the stimulation 

of quiescent cells into growth and subsequent mitosis eg mouse fibroblasts (Rozengurt 

1986) 2) the inhibition of cell proliferation and stimulation of terminal differentiation eg 

human kératinocytes (Roberts, 1993). A third finding is that TPA induces a transient 

inhibition of DNA synthesis preceding its stimulatory action. The effects of five phorbol 

esters TPA, Dopp, Doppa, Rx and Thymeleatoxin on mitogenesis in Swiss 3T3 fibroblasts 

was examined, by measuring the uptake of [^H] thymidine into the cells DNA in 

comparison to control cells and this work is described in this chapter.

3.11 Cell Culture

Swiss 3T3 cells were seeded onto 24 well plates for use in the mitogenesis assay. Five 

days after plating when the cells were confluent and quiescent, the cells were washed with 

reduced serum medium (1% FCS in DMEM). Twenty four hours later the phorbol esters
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were added for the time indicated before the rate of mitogenesis was assessed by 

measuring the uptake of thymidine into the cells (see Methods 2.25).

The phorbol esters TPA, Dopp, Doppa, Rx and Thymeleatoxin were stored in DMSO at 

-10°C and were added to the culture medium under sterile conditions immediately prior 

to use. The solutions were serially diluted with DMSO and an equal volume of each 

concentration was added to the wells (this amount never exceeded 0.5% of the total 

volume, above which toxic effects due to the DMSO occur which could interfere with the 

results). 5 pi of phorbol ester solution was diluted in 1ml of culture medium (or 5 pi of 

DMSO for the control experiments) and added to the cells which were incubated in a 10% 

CO2 humidified incubator at 37°C for 48 hours. All experiments were performed in 

quadruplicate.

3.12 Assessment of Proliferative response

Tritiated thymidine (^HTdR) uptake was used to measure the mitogenesis rate in 3T3 cells 

(see methods 2.25). Thymidine (5' methyluracil linked to deoxyribose-a nucleoside) is 

incorporated into de novo DNA synthesised during this period. The uptake of thymidine 

represents the rate of DNA synthesis and thus the rate of proliferation which occurs in the 

cells.

3.2 Preliminary proliferation experiments using TPA

Preliminary experiments using TPA were performed to determine the experimental 

parameters required to produce a standard reproducible assay to measure mitogenesis. 

Different researchers assaying mitogenesis by thymidine uptake incubate the cells with 

thymidine for varying times between Ihr (Florin-Christensen et al, 1996) and 40 hr 

(Dicker and Rozengurt, 1980). Over incubation can cause radiolysis of DNA due to the
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short path length of p emission (< 1 pm) from the decaying tritium which releases energy 

within the nucleus causing DNA strand breaks. An experiment was performed to 

determine the length of time the cells should be pulsed with thymidine; four time points 

were chosen (1 hour, 2 hour, 4 hour and 6 hours). The results as expected showed that 

as the length of time the cells are exposed to the thymidine increases there is a 

corresponding increase in the uptake of thymidine into the cells. Figure 3.1 shows the 

results from cells treated with SOOnM TPA, 1 pM TPA and control cells treated with 

DMSO. It can be seen from the graph that the cells treated with IpM TPA show a 

depressed uptake of thymidine at the 6 hour time point in comparison to cells treated with 

SOOnM TPA. The pattern of thymidine uptake seen with SOOnM TPA is consistent with 

the pattern observed for other intermediary (1-lOOnM) doses of TPA (results not shown). 

Based on this finding, a thymidine exposure time of 4 hours was selected for use in the 

mitogenesis experiments.

The role of foetal calf serum and its effect on the stimulation of 3T3 cells by TPA was 

investigated by performing experiments using either 10% FCS in DMEM (standard) or 

1% FCS in DMEM (reduced). The cells were grown to confluence and quiescence and 

24 hours prior to testing the media was changed to the required FCS concentration being 

investigated. The phorbols were also added in the presence of the same media. The results 

shown in figure 3.2 indicate that the growth pattern changes when TPA is added in the 

presence of different levels of foetal calf serum. Initially the uptake of thymidine was 

greater in the cells treated with TPA in the presence 10% FCS in DMEM. At lOOnM the 

uptake of thymidine is similar for the cells treated in the presence of either concentration 

of serum. At the higher concentrations of TPA treatment the uptake of thymidine is
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Figure 3.1: Effect of Thymidine Incubation Time Upon Thymidine Uptake in Swiss 3T3 cells.

Confluent and quiescent cells were exposed to concentrations of TPA (SOOnM and 1 OOOnM) for 

48 hours prior to exposure to [^H]TdR for 1 hour, 2 hours, 4 hours and 6 hours. The uptake of 

[^H]TdR into the cells was then measured (see methods 2.25). The results shown here are 

representative of two experiments and are the means of quadruplicate values of DPM/well with 

standard error mean (SEM) error bars.
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Figure 3.2: Effect of Serum Concentration Upon Thymidine Uptake in Swiss 3T3 cells.

Thymidine uptake experiments were performed using two serum concentrations 1% FCS in 

DMEM and 10% FCS in DMEM. Confluent and quiescent cells were exposed to concentrations 

of TPA (InM, lOnM, lOOnM, 500nM and 1 OOOnM) for 48 hours in the presence of the serum 

concentrations indicated. The uptake of pH]TdR into the cells was then measured (see methods 

2.25). The results shown here are representative of two experiments and are the means of 

quadruplicate values of DPM/well with standard error mean (SEM) error bars.
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greater in those cells treated in the presence of 10% FCS in DMEM. Holley and 

coworkers (1968) noted that cells grown in 1% serum have a reduced number of cell 

divisions before quiescence when compared to those grown in 10% serum. The cells that 

had reached quiescence in the presence of 1% serum could not only be stimulated to 

redivide upon the addition of fresh serum but in addition the number of cell doublings that 

occurred was related to the type of medium added. Those restimulated with 10% serum 

achieved the same number of doublings as those exposed to 10% serum from the 

beginning. The results from their work suggest that serum contains growth factors which 

are used up in the process of prohferation. This is consistent with the results shown in 

figure 3.2 which suggest that the serum levels mask the mitogenic actions of the phorbol 

esters. The growth factors found in serum have been found to be essential for normal cell 

growth and in their absence, the cells cease to proliferate and become quiescent in G l. 

Upon addition of fresh serum/mitogens the cells can re-enter the cell cycle and 

subsequently exit G l. Reducing the serum concentration would reduce the synergistic 

effects of the growth factors present in the serum and should present a more accurate 

picture of mitogenesis stimulated in 3T3 cells by phorbol esters.

3.3 Stimulation o f proliferation in sparse and confluent cultures.

The effect of cell-cell interaction on proliferation by TPA in Swiss 3T3 cells was 

investigated. A flask of cells was sub-cultivated to form several 24 well plates. One series 

of cultures were immediately exposed to 1% serum to induce quiescence in sparse 

cultures whilst the other series were left in the incubator until they had reached confluence 

before treatment with the phorbol esters. The results of this experiment show that the 

sparse cultures incorporate high amounts of thymidine into the DNA independent of the
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treatment regimen employed. Thus the mitogenic efifects of the phorbol esters are masked 

by the high uptake of thymidine required by the sparse cells to grow to confluence. The 

confluent cultures showed a greater stimulation of growth upon the addition of the 

phorbol esters which provides us with a better indication of the mitogenic properties of 

the phorbol ester (Figure 3.3). This finding suggests that the cell-cell interaction plays an 

important role in TPA stimulation of cell growth. Fibroblasts exist in sheets in which 

individual cells are interconnected by various types of cell-cell junctions, the regulation 

of which is important during development, wound healing and pathological processes such 

as cancer or chronic inflammation. Calcium plays an important role in the maintenance of 

various cell junctions and it is known that protein kinase C mediates calcium induced tight 

junction assembly (Rosson et al, 1997). The PKC isoform alpha is the major calcium 

dependent isoform expressed in 3T3 cells. It can be shown that upon stimulation by 

phorbol esters such as TPA that the alpha isoform translocates from the cytosol fraction 

to the membrane fi’action (Chapter 5.22). Similar work in LLC-PKl cells (epithelial cells) 

has shown that TPA disrupts the cell-cell junctions in this cell line. Further work using 

cells that overexpress PKC alpha rendered the cells more sensitive to the effects of TPA 

on transepithelial permeability indicating the important role of PKC alpha in the regulation 

of cell-cell junctions in these cells. Other work also supports the role for the individual 

isoenzymes in the modulation of cell cycle transitions eg PKC a, e and r| have been 

implicated in the control of Gl to S transition in vascular smooth muscle cells and NIH 

3T3 cells whilst PKC p2 has been shown to play a prerequisite role in the progression 

from G2 into M phase in HL-60 cells (Kuo et al, 1989).
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Figure 3.3: Comparison of the effect of cell culture density on thymidine uptake in Swiss 3T3 

cells. Cells were treated with different concentrations of TP A (InM, lOnM, lOOnM, 500nM and 

lOOOnM) either 1 day after plating (sparse) or 4 days after plating (confluent) for 48 hours in the 

presence of 1% DMEM. Mitogenesis was measured by examining the uptake of thymidine into the 

cells over a four hour time period (see methods 2.25). Results are representative of triplicate 

experiments and are means of quadruplicate values of DPM/well with SEM error bars.
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3.4 Comparison o f the mitogenic effects offive  phorhol esters 

The effect of the different phorhol esters on the rate of mitogenesis in Swiss 3T3 cells was 

investigated using quiescent confluent plates of Swiss 3T3 cells in the presence of 1% 

serum. The phorbols were incubated with the cells for 48 hours at concentrations ranging 

from 0-1 pM. The phorbols assayed for their effects on mitogenesis were TP A, Dopp, 

Doppa, Thy A and Rx. Figure 3.4 shows the effect of TP A on mitogenesis. At InM TPA 

concentration of InM there was no significant difference between the treated and the 

control wells. At concentrations above lOnM a significant difference is observed. Maximal 

stimulation of growth is observed at a concentration of lOOnM where the uptake of 

thymidine is 4.3 fold higher than the control; at higher concentrations of TPA the growth 

stimulation is reduced. This could be due to toxic effects of the phorhol esters or due to 

maximal binding of the phorbols and subsequent down regulation during the course of the 

experiment. Kinzel and coworkers (1973) noted that in Hela cells at higher concentrations 

of TPA the plateau levels of [^H] thymidine intake was reduced to zero. Consistent with 

this inhibition was a lysing of the Hela cells with subsequent protein leakage from the 

cells. Figure 3.5 shows the effect of Dopp on mitogenesis. Unlike TPA only 

concentrations of lOOnM or greater were significant when compared to the control and 

maximal stimulation of mitogenesis was observed at a concentration of 500nM where the 

uptake of thymidine is 3.4 fold higher than the control. Figure 3.6 shows the effect of 

different concentrations of Doppa on mitogenesis. Like Dopp only concentrations greater 

than lOOnM cause a significant stimulation of growth with maximal stimulation seen at 

500nM where the uptake of thymidine is 3.8 fold higher than the control. Figure 3.7 

shows the effect of Thymeleatoxin A on mitogenesis. Thy A was shown to be extremely
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Figure 3.4; TPA stimulated mitogenesis in Swiss 3T3 cells. Confluent and quiescent cells were 

treated with TPA for 48 hour prior to the assessment of mitogenic response. Mitogenesis was 

measured by the uptake of thymidine into the cells over a four hour time period (see methods 2.25). 

The results are expressed as DPM/well with SEM error bars from a total of ten separate 

experiments. The students T test was used to analyse the data (*p<0.05, **p<0.02, ***p<0.002)
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Concentration of TPA (nM)

TPA Concentration (nM) Mean +/- Standard Error Significance

0 2889.83+/-56S.99 -

1 2696.88+/-549.43 -

10 8989.54+/-2247.58 **

100 12526+/-2778.54 **

500 9729.12+/-1921.29 * *

1000 9755.10+/-1930.89 **
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Figure 3.5: Dopp stimulated mitogenesis in Swiss 3T3 cells. Confluent and quiescent cells were 

treated with Dopp for 48 hour prior to the assessment of mitogenic response. Mitogenesis was 

measured by the uptake of thymidine into the cells over a four hour time period (see methods 2.25). 

The results are expressed as DPM/well with SEM error bars from a total of ten separate 

experiments. The students T test was used to analyse the data (*p<0.05, **p<0.02, ***p<0.002)
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Dopp Concentration (nM) Mean +/- Standard Error Significance

0 3031.87+/-571.39 -

1 3959.31+/-829.37 -

10 3814.18+/-918.39 -

100 8297.39+/-1789.28 **

500 10399.10+/-2156.88 3fC 9{C 3)C

1000 9979.56+/-2303.65 **

90



Chapter Three Mitogenesis Studies

Figure 3.6: Doppa stimulated mitogenesis in Swiss 3T3 cells. Confluent and quiescent cells were 

treated with Doppa for 48 hour prior to the assessment of mitogenic response. Mitogenesis was 

measured by the uptake of thymidine into the cells over a four hour time period (see methods 2.25). 

The results are expressed as DPM/well with SEM error bars from a total of ten separate 

experiments. The students T test was used to analyse the data (*p<0.05, **p<0.02, ***p<0.002)
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Doppa Concentration (nM) Mean +/- Standard Error Significance

0 2960.72+/-630.30 -

1 3628.74+/-472.06 -

10 4349.88+/-930.09 -

100 9392.15+/-1471.71 ***

500 11247.78+/-2193.34 ***

1000 10228+/-1669.72 ***
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Figure 3.7; Thymeleatoxin stimulated mitogenesis in Swiss 3T3 cells. Confluent and quiescent 

cells were treated with Thymeleatoxin for 48 hour prior to the assessment of mitogenic response. 

Mitogenesis was measured by the uptake of thymidine into the cells over a four hour time period 

(see methods 2.25). The results are expressed as DPM/well with SEM error bars from a total of 

ten separate experiments. The students T test was used to analyse the data (*p<0.05, **p<0.02,

***p<0.002)
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Thy A Concentration (nM) Mean +/- Standard Error Significance

0 2491.63+/-491.3 -

1 5349.24+/-979.78 *

10 24211+/-7897.96 *

100 16173.75+7-5678.24 *

500 15570.22+/-4441.31 **

1000 16938.98+7-4788.09 **
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potent as a mitogenic stimulant as concentrations above InM had a significant effect. 

Maximal stimulation can be shown to occur at lOnM Thy A where the uptake of 

thymidine is 9.7 fold higher than the control. Figure 3.8 shows the effect of the phorhol 

ester Rx on mitogenesis. The students T test results indicate that there was no significant 

change in the rate of mitogenesis with concentrations of Rx up to IpM. Table 3.1 gives 

a comparison of the data obtained fi*om the mitogenesis work for all of the phorhol esters 

tested. Since the data does not allow a calculation of ED50 values, an estimation of a 

range of ED 50 values are given together with the lowest does that gives a maximal 

response. Using this assay it was found that Thy A was the most potent inducer of 

mitogenesis in Swiss 3T3 cells with a 9.7 fold increase above the control at a dose of 

lOnM. TPA was the second most potent causing a 4.3 fold increase at a dose of lOOnM. 

Dopp and Doppa were the least potent causing only a 3.4 and 3.8 fold increase at SOOnM. 

Takuwa et al (1987) incubated various effectors for 40 hours with [^H] thymidine in Swiss 

3T3 cells. The tumour promoting agents PDBu, Mezerein and TPA caused a 3.14 fold, 

3.14 fold and 2.86 fold increase respectively. The inactive component tested, 4-P phorhol 

caused no effect and a weak tumour promoter tested (12-deoxyphorbol 13-isobutyrate) 

increased mitogenesis 1.42 fold. Huang et al (1995) examined the effect of TPA on a 

susceptible clone of NIH 3T3 cells (P-3T3) and observed an 8.5 fold increase. Platelet 

derived growth factor increased mitogenesis 8.9 fold and insulin increased mitogenesis 4.9 

fold in this system. The cells were exposed to the reagents for 18 hours followed by a two 

hour incubation with ^HTdR. The mitogenic responsiveness of several cell lines to growth 

factors and other mitogenic agents has also been studied. Platelet derived growth factor 

(PDGF) stimulates the tyrosine kinase activity of its receptor which, in turn
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Figure 3.8; Rx stimulated mitogenesis in Swiss 3T3 cells. Confluent and quiescent ceils were 

treated with Rx for 48 hour prior to the assessment of mitogenic response. Mitogenesis was 

measured by the uptake of thymidine into the cells over a four hour time period (see methods 2.25). 

The results are expressed as DPM/well with SEM error bars from a total of ten separate 

experiments. The students T test was used to analyse the data (*p<0.05, **p<0.02, ***p<0.002)
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500 6504.71+/-1057.16 -

1000 6601.66+/-1064.41 -
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Table 3.1: A table of comparison of the mitogenic capabilities of five phorbol esters 

examined in this study

Phorbol Ester Lowest Assayed Dose 
Giving Maximal Response

Concentration within which 
ED50 is likely to fall

TPA lOOnM 1-lOOnM

Dopp 500nM lO-lOOnM

Doppa SOOnM lO-lOOnM

Thy A lOnM 0-1 OnM

Rx * *

* For Rx, no conclusions of maximal response nor likely ED50 range could be drawn 

since there was no significant effect of Rx on mitogenesis in Swiss 3T3 cells by doses up 

to lOOOnM
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phosphorylates phosphotidyl inositol (PI) phospholipase C-y (PI-PLCy) which activates 

PI breakdown to produce DAG and inositol 1,4,5-triphosphate (Berridge and Irvine, 

1984). Bombesin, in contrast does not possess tyrosine kinase activity (Meisenhelder et 

al, 1989). Interaction with its receptor activates the beta isoform of PI-PLC, involving a 

guanine nucleotide binding protein of the Gq family leading to PI breakdown (Takuwa et 

al, 1987). Florin Christensen and coworkers (1996) examined the effects of these growth 

factors to stimulate mitogenesis in Swiss 3T3 cells. They showed that TPA (IpM) 

induced a 3.2 fold increase, PDGF induced a 4.5 fold increase and Bombesin a 2.3 fold 

increase. Smith (1995) compared the effect of angiotensin II to TPA in RIE-1 (Rat 

intestinal epithelial) cells. The results show that both TPA and angiotensin II stimulated 

mitogenesis 2.8 fold. Comparison of the results obtained from the mitogenesis study with 

the effects of the phorbol esters using the mouse ear erythema test (Table 3.2) revealed 

that the order of potency of these phorbol esters was different in the two test systems. The 

results of the erythema assay ranked Rx as the most potent irritant followed by TPA, 

Dopp, Thy A and Doppa. Doppa was shown to be a weak irritant when compared to 

Dopp. However the results from the mitogenesis work suggest that their ability to 

enhance mitogenesis was similar for both Dopp and Doppa. It was thought that this 

similarity in potency could be due to the metabohsm of Doppa to Dopp (the more active 

form) during the 48 hour dosing period (Figure 3.9). Work performed previously in this 

laboratory using HL-60 cells showed that in the presence of cells Doppa can be 

metabolised to Dopp in 2 hours and after 24 hours constitutes 30% of the added Doppa 

(Dimitijevic, 1996). In an attempt to determine if Doppa metabolism was responsible for 

the similarity in mitogenic responses seen after treatment with Doppa and Dopp an
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Table 3.2:Comparison of the effects of five phorbol esters on two different test 

systems

Phorbol Ester Irritancy ED50 (nmoles)* Mitogenic ED50 (nM) 
Range **

TPA 0.016 1-100

Dopp 0.064 10-100

Doppa 0.075 10-100

Thy A 0.07 0-1 OnM

Rx 0.00021 ***

* Irritant dose for 50% inflammation (reddening) of mouse ear after 24 hours (Schmidt, 

1986)

** ED50; dose causing a 50% increase in mitogenesis stimulated after exposure to Swiss 

3T3 cells for 48 hours

*** For Rx, no conclusions of likely ED50 range could be drawn since there was no 

significant effect of Rx on mitogenesis in Swiss 3T3 cells by doses up to lOOOnM
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Figure 3.9: Metabolic deacetylation of Doppa to Dopp. Equation shows hydrolysis 

of C20 ester bond generating Dopp and acetic acid.

98



Chapter Three_________________________________________________________ Mitogenesis Studies

experiment was performed washing the Dopp/Doppa off every twelve hours. If

metabolism was occurring over the time period of incubation with Doppa then in theory

by changing the media (and hence refreshing the stock of phorbol ester present) more

frequently then the effect of metabolism should be negligible. A group of cells with

phorbol esters present in unchanged media for the different time periods was employed

as the control group. The phorbol esters were exposed to the cells for either 48 hours, 72

hours and 96 hours. The results of these experiments highlight the differences seen when

the phorbol esters are changed every twelve hours as opposed to being left for long

periods of time. Figure 3.10 shows the effect of using these two different regimens for 72

hours. After 72 hours both the Dopp and Doppa showed enhanced mitogenesis when the

phorbol esters were left continuously on the media in comparison to the cultures where

the media was changed every 12 hours. No conclusions can be drawn as to an effect of

metabolism since enhanced rates of mitogenesis were observed in both Dopp and Doppa

continuous cultures. It is interesting to note that when the vehicle (ie DMSO) is added on

its own to the culture medium, a substantial increase is seen in the changed medium in

comparison to the continual medium. It has been shown previously that this concentration

of vehicle does not adversely affect the cells and so it seems likely that the effect seen is

due to physical reasons (perhaps cell injury and trauma) to the cells where the media is

changed. To examine the possible occurrence of metabolism of Doppa to Dopp, a

different technique was employed. Doppa treated Swiss 3T3 cells were extracted and

analysed for Dopp and Doppa using HPLC analysis.

3.5 HPLC analysis o f Dopp and Doppa

Swiss 3T3 cells were grown to confluence in 30mm dishes. Doppa was added to 6ml of
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Figure 3.10; The effect of using phorbol esters present in media exposed to the cells for 72 

hours continually or changed every 12 hours. The phorbol esters Dopp (a) and Doppa (b) were 

exposed to Swiss 3T3 cells for 72 hours in either media which was replaced every twelve hours 

(light blue bars) or left on continuously (dark blue bars). The results are expressed as DPM/well 

with SEM error bars from two separate experiments. Within the experiment each test point was 

repeated in quadruplicate.
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1% FCS DMEM with a final concentration of l^iM. After incubation from 0-96 hours the

culture was extracted three times with 10ml of diethyl ether and the combined extracts

were dried with anhydrous sodium sulphate. The extract was then evaporated under a

stream of nitrogen and redissolved in 50pl of chloroform for HPLC analysis (see methods

2.22). Dimitrijevic (1996) found that diethyl ether was the best solvent for extraction and

recovery of the phorbol esters without the presence of large numbers of impurities.

Standards of Dopp and Doppa dissolved in chloroform were employed as reference

samples to establish the retention times on this system. The phorbol esters were detected

using PDA (photo diode array) detector. The use of a PDA detector allowed UV-VIS

spectral analysis of eluted fractions and their comparison (together with chromatographic

profiles) with spectral profiles of standard compounds. Although somewhat less sensitive

than other absorbance detectors, comprehensive spectral data can be recorded in a

spectral range of 190nm-800nm. Figure 3.11 shows the chromatograms run from these

standards. Doppa has a retention time of 15.94 minutes (Peak labelled no2: Figure 3.11a)

whereas Dopp has a retention time of 20.02 minutes (peak labelled no 4; Figure 3.1 lb).

Figure 3.12 shows a spectrum index plot obtained from a sample recovered from cells

incubated with Doppa for four hours. Two peaks are shown, peak No. 1 is the Doppa peak

with peak No.2 corresponding to the Dopp peak (Retention times 13.58 and 19.07

minutes respectively). Dopp can be seen to co-elute with a region of contaminant peaks

at 13.58 minutes. Unfortunately the nature of the data obtained from the experiment did

not allow a comparison of the relative rate of conversion from Doppa to Dopp. The

phorbol esters and cell extract impurities were prone to adhering to the column and

contamination problems were common. These were overcome in part by employing an
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Figure 3.11: HPLC chromatograms of phorbol ester standards, Dopp and Doppa. Standards 
of Dopp (a) and Doppa (b) were subjected to HPLC (methods 2 .22). The resultant chromatograms 
at 250nm are representative of two separate experiments.

102



Chapter Three Mitogenesis Studies

Î 9 !  S p e c t r u m i n a e x  p l o t  c o r r e c t
:T3 ov-is-ivoT ;■> :c

i'lr::....
S f n c r a a :- «̂m ' m #

0 . . .

» P f ' J

Au’. j  < j i a

?tc<;r.* l i t e r . «. 
Mooi.« pni»« 
F ; o« r i t e

« :d

r.'irim itj ;50 am

3 - - -  .30 AC 

t c: ■ ê i

i*m :h 

2Î0 ;03

----- 40C -■

153 iO:

. . . j . S . > t A

■' j -

‘ -  ^ -

: / \

\

- ;

S > -

-4
:$o 13a j$o
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extensive washing program using a spectrum of solvents of different polarities over a

period of many hours. An accurate picture of Doppa metabolism cannot be presented

since some of the chromatograms obtained have high background recordings. However

in the presence of cells Dopp can be detected in cells treated with Doppa after only four

hours. It is thought that as the length of exposure time to the cell increases, a

corresponding conversion of Doppa to Dopp is seen. Dimitrijevic (1996) examined the

metabolism of Dopp in HL-60 cells. In cell culture Dopp was observed within 2 hours had

reached 30% of added Doppa by 24 hours and reached 80% by 96 hours.

The results show that Doppa may be employed in short term assays without significant

metabolism to Dopp. For long term studies involving Doppa, the possibility of metabolism

within the study system should be investigated.

3.6 Chapter Conclusions

• Five phorbol esters (TPA, Dopp, Doppa, Thy A and Rx) were assessed for their 

ability to stimulate mitogenesis in Swiss 3T3 cells. Only Rx exhibited no 

proliferative activity in this cell type.

• TPA has an ED50 value which is likely to fall between 1-lOOnM and maximally 

stimulated thymidine uptake 4.3 fold higher than the control.

• Dopp and Doppa have ED50 values which are likely to fall in the 10-1 GOnM range 

and maximally stimulated thymidine uptake 3.4 fold and 3.8 fold respectively 

higher than the control.

• Thy A, the most potent effector in this system has an ED50 value which is likely 

to fall between 0-lnM and maximally stimulated thymidine uptake 9.7 fold higher 

than the control.
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• When changing the media every twelve hours (rather than incubating the cells

continuously for 48 hours) mitogenesis is enhanced in both the control and the 

phorbol ester treated wells.

• The similarity in Dopp and Doppa ED50 range could, in part be due to 

metabolism in Doppa treated cultures to the more potent Dopp.

• Using HPLC, the appearance of Dopp in Doppa treated cells was observed after 

4 hours incubation.
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Chapter 4: Identification and Stimulation of PKC isoenzymes

4.1 Introduction

Recent work on PKC isoenzyme characterisation has mainly concentrated on isoenzymes 

purified from rat or bovine brain or from recombinant-baculovirus-infected insect cells. 

Since rat brain is readily available in high quantities and has been well documented to 

contain relatively high amounts of the known PKC isoenzymes (Kikkawa et al, 1987) it 

was used in this study to establish the methodology to be employed. Two approaches 

were used to identify the specific isotypes present in rat brain. The first approach used the 

technique of Western Blotting with specific antibodies raised to specific PKC isoenzymes. 

The second approach investigated the kinase activity of partially purified PKC isoenymes 

in the presence of the phorbol ester TPA. These pilot experiments having established and 

validated the methodology could then be applied to examine the isotypes present in Swiss 

3T3 cells and human kératinocytes. Swiss 3T3 cells, a ‘normal’ murine fibroblast cell line, 

has been extensively used as a model system in studying cell growth (Rozengurt, 1986). 

The cells are sensitive to a number of growth factors including phorbol esters (Chapter 

3) and as such have been involved in intensive research into signal transduction. Previous 

work has demonstrated that following treatment with a combination of IGF-1 (Insulin-like 

growth factor-1) and bombesin PKC becomes activated (Martelli et al, 1991). Olivier and 

Parker (1992) have suggested the presence of the cc, ô, e and C isotypes in Swiss 3T3 

cells. They also reported the down regulation of PKC a, ô and e isoforms (but not PKC 

C) upon TPA stimulation. Rat fibroblasts (R6) were also shown to contain the a, ô, e and 

C isotypes of which PKCô and e were the most abundant (Borner et al, 1992). Human 

kératinocytes undergo differentiation in response to phorbol ester treatment. Primary
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kératinocytes (used in this study) are a good model for determining the inflammatory 

response in human tissue. They however are difficult and expensive to grow and produce 

a limited number of cells within a suitable time frame.

4,2 Rat Brain

4.21 Preparation of Rat Brain

The whole brain of a freshly killed rat was removed and homogenised in homogenisation 

buffer (see Methods 2.23). The supernatant produced (cytosohc fraction) was used to 

determine the PKC isoenzymes present.

4.22 Results

Rat brain was shown to contain the isoenzymes cc, p i, p2, e, ô and r\ (Fig 4.1). All of 

the seven isotypes tested were found to be present. The gels were run with competition 

blots, that is, two gels were run with the same samples. The first gel was probed with the 

antibody and the second gel probed with the antibody and its corresponding epitope. The 

disappearance or reduction in intensity of the bands in the competition experiments 

indicated that the interaction was specific for the epitope. The presence of PKC alpha in 

rat brain has been well documented (Knopf et al, 1986 and Ono et al, 1988) having a 

molecular mass of76,799Da (Nishizuka, 1992). Figure 4.1 confirms the presence of PKC 

alpha in rat brain. Three fractions are shown: cytosolic (C), particulate (P) and whole 

brain. In all the three fractions the PKC alpha band can be clearly seen (top blot). 

Although there is less PKC alpha present in the particulate fraction in comparison to the 

other fractions. When the fractions are run as a competition gel (bottom blot), PKC alpha 

in the particulate band can be seen to fully compete out. The intensity of the PKC alpha 

band in the other fractions is reduced although the band does not disappear completely.
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Figure 4.1: Competition Western blots of rat brain a, p i, p2, ô, e, C and r| PKC. The top row o f blots show the results from samples probed 
with the corresponding antibody. The bottom row of blots show the results of samples probed with the antibody and competitive peptide (see Methods 
2.29). For PKC alpha, the band is shown to be present in the cytosolic (C), particulate (?) and whole brain samples. The remaining isotypes show the 
presence of the PKC band in the cytosolic fraction (C) only. MWM= molecular weight marker. It should be noted that the different isotypes exhibit 
different molecular weights on SDS Page gels (between 75-85kDa) but have been aligned here.
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The molecular weight of the alpha band is also consistent falling in the range between the 

66kDa and 97kDa molecular weight markers which were visualised on the blot. Following 

transfer to the membrane the molecular marker bands are marked using a pencil. 

Sometimes these bands are visualised using the ECL detection system. The presence of 

PKC beta one in rat brain is also well documented (Ono et al, 1986, Housey et al, 1987 

and Housey et al, 1988). It has a molecular weight of 76,790Da (Marais and Parker, 

1989). PKC beta one in the literature is not reported to be found as a doublet on SDS 

PAGE although, in this study two bands are found very close together (Figure 4.1, top 

blot). The competition blot shows that only one of the two bands is competed out 

completely whereas the other band is reduced in intensity (bottom blot).This could be due 

to an inadequate amount of sample being loaded onto the gel, resulting in insufficient 

protein to visualise the bottom band. Since it has not been reported in the literature as a 

doublet, an alternative error could have occurred during the gel run resulting in inadequate 

separation and hence the band could have been wrongly assigned as a doublet.

PKC beta two has also been well documented in rat brain (Knopf et al, 1986 and Ono et 

al, 1986). It has a molecular weight of 76,933Da (Bums et al, 1990). It appears as a 

singlet band and is completely competed out by incubation with the antibody and 

corresponding peptide (Figure 4.1). PKC delta has been detected in rat brain (Ono et al, 

1988) having a molecular weight of 77,517Da (Liyanage, 1992). It has been observed as 

a doublet in other systems (Borner et al, 1992). In this study we also found PKC delta to 

appear as a doublet (Figure 4.1). In the competition blot the PKC delta doublet did not 

compete out fully but did reduce in intensity (bottom blot). PKC epsilon has been detected 

in rat brain (Ono et al, 1988) having a molecular weight of 83,478Da (Liyanage et al,
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1992). It has been observed in other systems to appear as multiple bands although in this 

study we found PKC epsilon to appear as one band (Figure 4 .1 top blot) which was 

successfully competed out in the competition blot. PKC zeta has been detected in rat brain 

(Ono et al, 1989) having a molecular weight of 67,740Da (Liyanage et al, 1992). In this 

study one band was observed and completely competed out in the competition blot. The 

presence of PKC eta has been reported in rat lung (Dekker et al, 1992) with a molecular 

weight o f77,972 Da (Osada et al, 1992). It occurs as a diffuse band which is successfully 

competed out in the competition blot.

The results of the work performed in rat brain is mostly in agreement with previous work 

performed by other laboratories. All of the bands were competed out (either partially or 

completely) by the addition of competitive peptide to the antibody mix during the Western 

blotting procedure. Thus detection of the appropriate PKC bands are possible. All of the 

bands showed a molecular weight of ~80kDa on the gel with agrees with the molecular 

weight of the individual PKC isoenzymes. The method can therefore be reliably used to 

verify the PKC isoenzymes present in other tissues.

To examine the activation of the rat brain PKC isoenzymes an FPLC run was performed 

on the rat brain cytosolic fraction to partially purified the isotypes. The fraction was 

pumped onto the hydroxyapatite column (0429 HTP Biorad) and the column was washed 

with ice cold 20mM potassium phosphate buffer until the large volume of unbound protein 

was eluted off the column (figure 4.2). A linear gradient from 20mM to 500mM 

phosphate was then initiated. Thirty six fractions were collected on ice and used to assay 

the PKC activity following stimulation by phorbol esters. Samples of fractions from the 

eluted rat brain were also probed with the antibodies specific for a and pi PKC which
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Figure 4.2: Typical trace from the chart recorded for hydroxyapatite FPLC chromatography of rat brain 
showing protein absorbance. The cytosolic fraction obtained from one rat brain was loaded onto the column in the presence 
of 20mM phosphate buffer. Using this buffer the unbound protein was washed from the column (fractions 
-12 to 0) and at this time a linear phosphate gradient up to 500mM was initiated (— ). Protein Absorbance 
during the run is shown (Aogonm. 0- 100% range with chart speed 0.5cm/min).
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were run as competition gels.

4.23 PKC Activation Assay

The PKC activation assay involve the phosphorylation of histone Ills by the addition of 

[y_32p] ATP iu the presence of phosphatidylserine and either in the presence or absence 

of calcium using the micellar assay of Hannun et al (1985). The micelle assay buffer 

(Methods 2.31) was vortexed and sonicated until the phosphatidylserine and phorbol ester 

(where present) were completely dissolved, as indicated by the solution becoming clear. 

Each test point was repeated in duplicate with the tubes arranged in two parallel trays 

(one destined to receive ATP without calcium and the other ATP with calcium). The 

enzyme fractions were thawed and were immediately added to the assay tubes. To initiate 

the assay the ATP mix was added by autopipette. Six minutes later the assay was 

terminated by the addition of 1ml of 25% TCA to each tube. An assay length of six 

minutes was chosen since this reduced the amount of non specific (background) kinase 

activity which is seen in longer assay (results not shown). Rat brain cytosol was assessed 

for stimulation of kinase activity above the phosphatidylserine alone activity (Figure 4.3) 

using a range of phorbol esters present at IpM in the micellar assay. The IpM 

concentration of phorbol ester was chosen to ensure simulation of the PKC isotypes and 

higher concentrations are thought not to be physiologically relevant. Difference profiles 

are shown for TP A, Dopp and Doppa (Figures 4.4-4.6). These phorbol esters uncovered 

several peaks of stimulatable kinase activity across the elution gradient.

The profile of activity seen in the absence of phorbol esters and in the presence of 

phosphatidylserine alone is presented in Figure 4.3. This shows the basal kinase activity 

in rat brain fractions 5-22. From the graph it can be shown that a peak of kinase activity
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Figure 4.3; Rat Brain Kinase Activity. Typical profile of basal kinase activity (pmol/min/assay) 

of hydroxyapatite fractions 5-22 from one rat brain as measured by ATP incorporation (see 

Methods 2.31). The results are representative of a series of four separate experiments.
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can be seen in fractions 10 and a broader peak can be seen in fractions 14,15 and 16. A 

third smaller peak of activity can be seen in fraction 18. The profile seen in the absence 

of calcium follows a similar pattern to kinase activity seen with calcium. Overall the kinase 

activity in the presence of calcium can be seen to have a higher basal rate than kinase 

activity in the absence of calcium. Peaks of activity can be seen in fractions 10,12 and 14. 

Figure 4.4 shows the stimulation of kinase activity by TP A in rat brain. In the presence 

of calcium a large peak starting in fraction 10 and continuing through to fraction 13 is 

stimulated by TP A. A second and third smaller peak in fraction 17 and fractions 19-22 can 

also be seen. In the absence of calcium the peaks generally coincide with the peaks 

observed in the presence of calcium although the kinase activity is lower.

Figure 4.5 shows the stimulation of kinase activity by the phorbol ester Dopp. After an 

initial increase in kinase activity a peak of stimulatable activity can be observed starting 

at fraction 13 and continuing through to fraction 16. A second peak of kinase activity is 

seen in fractions 21-22. Again in the absence of calcium, in general, the pattern of kinase 

activity mirrors the activity seen in the presence of calcium although the intensity observed 

is less.

Figure 4.6 shows the stimulation of kinase activity in rat brain by Doppa. In the presence 

of calcium, a peak of kinase activity can be seen to be starting at fraction 10. The broad 

shoulder of activity extends until fraction 14. A second smaller peak can be seen in 

fractions 15-16. A third, much larger peak can be observed at fractions 18-19. In the 

absence of calcium the peaks of kinase activity in general, follow those observed in the 

presence of calcium, although the large peak at fractions 18-19 is greatly reduced in 

intensity in the absence of calcium.
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Figure 4.4: Stimulation of kinase activity in rat brain by TPA. Stimulation by TP A (final 

concentration IpM) of rat brain kinase activity as measured by  ̂ P ATP incorporation (see 

Methods 2.31). Kinase stimulation is measured as the difference of phosphatidylserine with 

phorbol ester (PSactivator) and phosphatidylserine alone (PS control) in units of pmol/min/assay. 

The results are representative of a series of four separate experiments.
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Figure 4.5: Stimulation of kinase activity in rat brain by Dopp. Stimulation by Dopp (final 

concentration IpM) of rat brain kinase activity as measured by ATP incorporation (see 

Methods 2.3 l).Kinase stimulation is measured as the dififeroice of phosphatidylserine with phorbol 

ester (PSactivator) and phosphatidylserine alone (PS control) in units of pmol/min/assay .The 

results are representative of a series of four separate experiments.
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Figure 4.6: Stimulation of kinase activity in rat brain by Doppa. Stimulation by Doppa (final 

concentration IpM) of rat brain kinase activity as measured by  ̂P ATP incorporation (see 

Methods 2.31).Kinase stimulaticm is measured as the differaice of phosphatidylserine with phorbol 

ester (PSactivator) and phosphatidylserine alone (PS control) in units of pmol/min/assay.The 

results are representative of a series of four separate experiments.
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These results demonstrate that a variety of kinase activities can be separately identified 

fi"om the hydroxyapatite chromatography profile of crude rat brain supernatent, using the 

phorbol esters to stimulate kinase activity. To confirm the identity of the bands. Western 

blotting using specific antibodies against PKC isoenzymes was employed. Samples of 

fi’actions eluted fi'om rat brain (fi'actions 5-22) were probed with antisera specific for PKC 

alpha and beta one. They were run as competition gels. The fractions were chosen by 

examining the protein peaks on the trace obtained from the FPLC (Figure 4.2). Fractions 

5-22 cover most of the peaks in protein absorbance and are therefore likely to be the 

fractions that contain the partially purified PKC.

PKC Alpha

Immunoreactivity detectable with PKC alpha antibodies are shown in figure 4.7. The first 

band appears in fraction 14 and peaks between fractions 15-18 before trailing away at 

band 20. Unfortunately the bands are not competed out in the competition blots (bottom 

blot). This is likely to be due to inadequate mixing of the antibody and corresponding 

epitope which meant that the band would not compete out successfully.

PKC Beta One

The PKC beta one antibody detected an immunoreactive band appearing in fraction 10 

and peaking over fi'actions 11-13 before trailing off (Figure 4.8).

PKC beta one was shown to elute first at phosphate concentrations between -160- 

185mM, followed by PKC alpha at phosphate concentrations between ~200-260mM. 

Other investigators have shown that in rat brain PKC isoenzymes elute between fractions 

40-150mM phosphate on hydroxyapatite columns in the order of gamma, beta (one and 

two) and alpha (Evans etal, 1991). When the phorbol ester stimulation of kinase activity
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Figure 4.7: Rat Brain Samples Probed from PKC a  obtained from FPLC. Samples from rat brain hydroxyapatite (HYAP) 
column chromatography were subjected to SDS PageAVestem Blotting and probed with anitisera for PKC oc. The top row of blots 
show the results from samples probed with the corresponding antibody. The bottom row of blots show the results o f samples probed 
with the antibody and competitive peptide (see Methods 2.29). MWM=Rat Brain Standard and Molecular Weight Markers. Lanes 
are marked in an identical manner to the fractions in the HYAP Chromatography elution profile shown in figure 4.2
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Figure 4.8: Western Blot of samples probed from PKC pi. Samples from rat brain hydroxyapatite column chromatography 
were subjected to SDS PageAVestem Blotting and probed with anitisera for PKC p i. The top row of blots show the results from 
samples probed with the corresponding antibody. The bottom row of blots show the results of samples probed with the antibody 
and competitive peptide (see Methods 2.29). MWM=Rat Brain Standard and Molecular Weight Markers. Lanes are marked in an 
identical manner to the fractions in the HYAP Chromatography elution profile shown in figure 4.2
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is compared to the immunological analysis of the PKC isoenzymes some peaks of 

stimulatable kinase activity can be seen to correspond with PKC alpha and beta one 

activity. TPA stimulation of PKC activity in fractions 11-13 coincides with beta one 

activity and the stimulation of activity in fraction 17 can be seen to coincide with PKC 

alpha activity. Dopp is able to stimulate PKC activity in fractions 13-16 which coincides 

with beta one/alpha activity. However another peak of activity is seen in fractions 21-22 

which does not correspond to PKC alpha or beta one activity. Doppa stimulation has a 

broad shoulder of activity between fractions 10-14 which coincides with beta one activity, 

a small peak of activity in fractions 15-16 which coincides to alpha activity and a major 

peak of activity in fractions 18-19 which cannot be assigned to either alpha or beta one 

activity. It is most likely that these peaks of stimulatable activity are due to the activity of 

other isoenzymes or other PKC-like kinases. The other available isoenzymes were not 

assessed for activity since the purpose of this experiment was to validate the method to 

be used.

4.3 Swiss 3T3 Cells and Human Kératinocytes

4.31 Preparation of Cell Types

Swiss 3T3 cells were grown to confluence and quiescence before being scraped on ice 

into homogenisation buffer (see Methods 2.23). Human kératinocytes were prepared from 

surgery discard tissue (see Methods 2.34) and grown in the presence of mitotically 

arrested 3T3 cells.

4.32 Results

The cytosolic fraction of Swiss 3T3 cells was tested for the expression of a, p i, P2, ô, 

e, C and r) PKC isotypes. The results show that 3T3 cells express the alpha, delta, epsilon
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and zeta isoenzymes Figure 4.9 shows the blots obtained from this experiment. In the top 

left panel (a) we see the PKC alpha band being expressed in the cytosolic fraction of the 

Swiss 3T3 cells. There is also a corresponding band in the rat brain standard (RBS). The 

bottom blot in panel (a) is the competition blot. The PKC alpha band in the RBS has 

reduced in intensity and in the cytosolic 3T3 fraction the band has disappeared completely. 

However other bands present in the blot have also reduced in intensity but only the PKC 

alpha band disappears completely. The top right panel in figure 4.9 labelled (b) shows the 

PKC delta band in Swiss 3T3 cytosol along side the RBS fractions. This band disappears 

completely in both lanes of the competition blot. Thus confirming the presence of PKC 

delta in these cells. The bottom left panel in figure 4.9 labelled (c) shows PKC epsilon 

band in both rat brain and 3T3 cytosol lanes. These bands completely disappear in the 

competition blot thus confirming the presence of PKC epsilon. The bottom right panel in 

figure 4.9 labelled (d) shows the PKC zeta band, although the quality of this blot is not 

good. A band under the darker band can be observed in both lanes of the top blot in the 

panel. In the competition blot, the darker band does not decrease in intensity ( if anything 

it increases). Using this as a marker the band below can be seen to decrease in intensity 

thus confirming the presence of PKC zeta in Swiss 3T3 cells and rat brain. As mentioned 

above the presence of seven different isotypes was immunologically tested although only 

four could be detected (a, ô, e and 0- The presence of PKC alpha in Swiss 3T3 cells has 

been well documented and was thought to be the only isoenzyme expressed in these cells 

(Rose-John et al, 1988). Olivier and Parker (1992) later observed the expression of a, ô, 

e and C isotypes by immunological detection which is in agreement with the work carried 

out in this study. A series of preliminary experiments were performed to examine the
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Figure 4.9: Confirmation of the expression of alpha, delta, epsilon and zeta PKC 
isoforms in Swiss 3T3 cells. The presence of PKC isoforms was examined 
immunologically and the results are presented in panels (a) - (d). The top row of blots in 
each panel show the results from samples probed with the appropriate antibody. The 
bottom row of blots show the results of samples probed with the appropriate antibody and 
competitive peptide (see Methods 2.29) Legend: RBS, rat brain standard, C,cytosolic 
fraction.
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parameters of the experimental protocol to be employed. Various sources suggested 

different techniques to detach the cells from the flasks prior to examination of the PKC 

isotypes present. An experiment was performed to examine the most appropriate method 

of detachment. Initially two different methods were employed for detaching the cells from 

the flasks. The isoenzymes expressed in cells that were either scraped or trypsinised (using 

Trypsin/EDTA) into homogenisation buffer were examined. The results showed that 

certain isoenzymes were not detected when the cells were detached differently (Figures 

4.10-4.13). PKC alpha is expressed in scraped cells but appears not to be present in cells 

detached by trypsinisation (Figure 4.10). The opposite appears to be true for PKC delta 

and epsilon, both being expressed clearly in the trypsin treated cells but not in the scraped 

cells (Figure 4.11 and 4.12). PKC epsilon is expressed in both the scraped and the 

trypsinised cells, however, greater amounts of PKC were expressed in the trypsinised 

cells. PKC zeta is found to be present in both the trypsinised and scraped cells. However 

it is found in the cytosolic fraction of trypsinised cells and in the particulate insoluble 

fraction of scraped cells (Figure 4.13). One explanation for this difference is that the cells 

were scraped at room temperature and maybe proteases had begun to breakdown the 

enzyme prior to addition to the homogenisation buffer. Trypsinisation is a less severe 

process of cell detachment when compared to cell scraping, although it does require the 

incubation of the cells in the presence of trypsin for several minutes at 37°C for the 

trypsin to take effect. It was decided to use scraping onto ice as the preferred method of 

detachment, since the consensus of the literature used this method because scraping is 

much more rapid and can be carried out on ice to reduce the enzymes lost through 

degradation.
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Figure 4.10: Expression of PKC isotype alpha in 3T3 cells that have been either trypsinised or scraped. Samples were probed with either with 
antibodies for PKC alpha (top row) or PKC alpha antibody and competitive peptide (bottom row) (see Methods 2.29). Legend: MWM-Molecular 
Weight Marker and rat brain standard, C- cytosolic, Ps- Particulate soluble. Pi - Particulate Insoluble, Protein Standard obtained from rat brain.
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Figure 4.11: Expression of PKC isotype delta in 3T3 cells that have been either trypsinised or scraped. Samples were probed with either with 
antibodies for PKC delta (top row) or PKC delta antibody and competitive peptide (bottom row) (see Methods 2.29). Since the delta isoenzyme can 
be difficult to detect, a delta standard was also run on the gel (2 pi). Legend: MWM-Molecular Weight Marker and rat brain standard, C- cytosolic, 
Ps- Particulate soluble. Pi - Particulate Insoluble, Protein Standard obtained from rat brain.
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Figure 4.12: Expression of PKC isotype epsilon in 3T3 cells that have been either trypsinised or scraped. Samples were probed with either 
with antibodies for PKC epsilon (top row) or PKC epsilon antibody and competitive peptide (bottom row) (see Methods 2.29). Since the epsilon 
isoenzyme can be difficult to detect, a epsilon standard was also run on the gel (2 pi). Legend: MWM-Molecular Weight Marker and rat brain standard, 
C- cytosolic, Ps- Particulate soluble. Pi - Particulate Insoluble, Protein Standard obtained from rat brain.
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Figure 4.13; Expression of PKC isotype zeta in 3T3 cells that have been either trypsinised or scraped. Samples were probed with either with 
antibodies for PKC zeta (top row) or PKC zeta antibody and competitive peptide (bottom row) (see Methods 2.29). Legend: MWM-Molecular Weight 
Marker and rat brain standard, C- cytosolic, Ps- Particulate soluble. Pi - Particulate Insoluble, Protein Standard obtained from rat brain.
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The difference in pattern of expression of PKC isoenzymes in sparse/confluent cultures 

was also examined. Sparse cultures were treated for 20 minutes with either TPA or 

DMSO (control) and were compared to confluent and quiescent cultures subjected to the 

same treatment regimen. The activation of PKC alpha was then examined using the 

technique of Western Blotting. The results show that the density of the cells in culture had 

no eflfect on the amount of PKC present in the cells. Figure 4.14 shows the blot obtained 

from this experiment. No conclusive results can be drawn from this blot. The experiment 

was repeated although the condition of the blot obtained was similar if not worse. In both 

of the control cultures (confluent and sparse) PKC alpha is found in the both the cytosolic 

(C) and particulate (Ps). Upon treatment with 500nM TPA the cytosolic band in both 

cases appears to disappear. However the background reading on these blots is very high 

and interpretations is difficult. This experiment was performed in conjunction with a 

thymidine uptake experiment in sparse and confluent cultures (chapter 3). The results of 

the mitogenesis work indicated that whilst confluent cultures showed a greater response 

in growth upon addition of phorbol ester, sparse cultures also showed a high rate of 

mitogenesis uptake independent of phorbol ester concentration presumably because the 

cells are growing to confluence. It was hoped that this work could be tied in with changes 

in expression of PKC isoforms in the cells. However the quality of the blot means that this 

was not possible.

The human kératinocytes were shown to express the alpha, epsilon and zeta isoenzymes. 

Figure 4.15 shows the blots obtained from the human keratinocyte experiments. The top 

row of blots show the samples probed with the appropriate antibody. The bottom row 

show the samples probed with the antibody and the corresponding peptide. A band
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Figure 4.14: The expression of PKC alpha in sparse or confluent cells treated with either DMSO (control) or TPA (treated).
Samples were probed with either with antibodies for PKC alpha (top row) or PKC alpha antibody and competitive peptide (bottom row) (see Methods 
2.29). MWM-molecular weight marker and rat brain standard, C- cytosolic, Ps- Particulate soluble. Pi - Particulate Insoluble,.
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Figure 4.15: Expression of PKC isotypes alpha, delta, epsilon and zeta in human kératinocytes (HK) Samples were probed with either with 
appropriate antibodies (top row) or antibody and corresponding competitive peptide (bottom row) (see Methods 2.29). MWM-Molecular Weight 
Marker, Protein -Protein Standard obtained from rat brain.



Chapter Four_____________________________________________________________PKC Isoenzymes

corresponding to PKC alpha can be seen in the human keratinocyte lane (HK) which 

reduces in intensity in the competition blot. PKC delta was not detected using 

immunological analysis in this laboratory despite having been reported to be present in 

HK cells. PKC eta has also been reported to be present in kératinocytes but the lack of 

antibodies for this PKC isoenzyme in our laboratory meant that detection was not possible 

(Dlugosz et al, 1992). PKC epsilon can be seen in the HK lane although it does not 

compete out in the competition blot. It is hkely that problems occurred in the antibody 

peptide mixing which led to the competition blot not working properly. However the PKC 

epsilon band in is the correct location with regard to molecular weight and so we can be 

confident that the band is PKC epsilon. The PKC zeta band (upper band on the blot) can 

be seen in both the HK lane and in the protein standard. It competes out fully in the 

competition blot thus confirming its presence in HK cells.

An FPLC run was performed using the cytosolic fraction obtained from ten flasks of 3T3 

cells to partially purify the PKC isoenzymes present. The fraction was pumped onto the 

hydroxyapatite column (0429 HTP Biorad) and the column was washed with ice cold 

20mM Potassium phosphate buffer until the large volume of unbound protein was eluted 

fi'om the column. A linear gradient from 20mM to 500mM phosphate was then initiated 

running at a flow rate of Iml/min. A typical trace recorded from the FPLC is shown in 

Figure 4.16. Thirty six fractions were collected on ice and were immediately mixed with 

200pi of storage buffer, vortexed and frozen in liquid nitrogen until requires.

4.33 PKC Activation Assay

PKC activation assays measure the phosphorylation of histone Ills by the addition of [y- 

ATP in the presence of phosphatidylserine and either in the presence or absence of
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Figure 4.16: Typical Trace from the chart recorded for hydroxyapatite FPLC chromatography of 3T3 cells showing protein absorbance. Ten
75cm  ̂flasks of3T3 cells were loaded onto the column in the presence of 20mM phosphate buffer. Using this buffer the unbound protein was washed 
from the column (fractions -12 to 0) and at this time a linear phosphate gradient up to SOOmM was initiated (—), Protein absorbance during the run 
is shown (A280^, 0-100% range with the chart speed 0.5cm/min
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calcium using the mixed micellar assay of Hannun et al (1985).

3T3 cell cytosol obtained from FPLC fractionation was assessed for stimulation of kinase 

activity above the phosphatidylserine alone activity (Figure 4.17) using a range of phorbol 

esters present at IpM in the micellar assay. Difference profiles are shown for TPA, Dopp 

and Doppa. These phorbol esters uncovered several peaks of stimulatable kinase activity 

across the elution gradient.

The profile of activity seen in the absence of phorbol esters in the presence of 

phosphatidylserine alone is shown in figure 4.17. This shows the basal kinase activity in 

partially purified Swiss 3T3 cell fractions 5-22. Two peaks of basal kinase activity can be 

seen in fractions 6-7 and fractions 12-16 in the presence of calcium, although the activity 

never exceeds 20 pmol/min/assay. In the absence of calcium two small peaks with activity 

< 1 Opmol/min/assay can be seen in fractions 8 and 10.

Figure 4.18 shows the stimulation of kinase activity by TPA in Swiss 3T3 cells. In the 

presence of calcium a large peak can be seen in fractions 17-19 leading into a second 

smaller peak at fraction 21. In the absence of calcium no notable peaks are observed. 

Figure 4.19 shows the stimulation of kinase activity by the phorbol ester Dopp in Swiss 

3T3 cells. No kinase activity is seen in the presence of calcium until fraction 17 where a 

large peak extends over fractions 16-19 and has a maximum activity of ~ 110 

pmol/min/assay. No notable peaks are observed in the fractions examined in the absence 

of calcium.

Figure 4.20 shows the stimulation of kinase activity by phorbol ester Doppa in Swiss 3T3 

cells. The background kinase activity is far more varied after stimulation with this phorbol 

ester. Again the one notable peak is seen in fractions 16-20 where the maximum activity
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Figure 4.17; Swiss 3T3 Cell Kinase Activity. Typical profile of kinase activity (pmol/min/assay) 

of hydroxyapatite fractions 5-22 from nine flasks of 3T3 cells as measured by ^^P-ATP 

incorporation (see Methods 2.31). The results are representative of a series of four experiments.
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Figure 4.18: Stimulation by TPA (final concentration lp.M) of Swiss 3T3 cells kinase activity 

as measured by P ATP incorporation (see Methods 2.31). Kinase stimulation is measured as 

the difference of phosphatidylserine with phorbol ester values (PS activator) and 

phosphatidylserine alone values (PS control) in units of pmol/min/assay. The results are 

representative of a series of four experiments.
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> 1 Stimulation by Dopp (final concentration lp.M) of Swiss 3T3 cells kinase activity 

as measured by P ATP incorporation (see Methods 2.31). Kinase stimulation is measured as 

the difference of phosphatidylserine with phorbol ester values (PS activator) and 

phosphatidylserine alone values (PS control) in units of pmol/min/assay. The results are 

representative of a series of four experiments.
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Figure 4.20: Stimulation by Doppa (final concentration IpM) of Swiss 3T3 cells kinase 

activity as measured by P ATP incorporation (see Methods 2.31). Kinase stimulation is 

measured as the difference of phosphatidylserine with phorbol ester values (PS activator) and 

phosphatidylserine alone values (PS control) in units of pmol/min/assay.The results are 

representative of a series of four experiments.
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is 75 pmol/min/assay.

Samples of fractions from eluted rat brain were also probed with the antibodies specific 

for PKC a and run as competition gels.

PKC Alpha

Immunoreactivity detectable with PKC alpha antibodies are shown in Figure 4.21 The 

first band appears in fraction 13 albeit faintly. A stronger band is seen in fractions 15-16 

tailing off in fraction 17.

The other PKC isotypes located in Swiss 3T3 cells (ô, e and C) were tested for by 

immunological analysis but none of them were detected. Novel PKCs have been shown 

to have little or no activity on histone and PKC zeta is reported not to bind to 

hydroxyapatite so their activity is unlikely to account for peaks of stimulatable kinase 

activity (Olivier et al, 1991; Schaap et al, 1990 and Ways et al, 1992).

4,4 Comparison ofprofiles o f  PKC activity in rat brain and Swiss 3T3 cells 

Examining the profiles of activity of both the rat brain samples and the Swiss 3T3 cell 

samples, it was found that they have very different profiles of activation (Figure 4.22). 

Basally, rat brain is stimulated in fraction 10 and fractions 14-16 with a smaller peak 

occurring in fraction 18. Swiss 3T3 cells show basal kinase activity in fractions 6-7 and 

fractions 12-16. This difference in basal kinase could be due to the difference in cell 

function. Peaks of basal kinase activity seen in both cell types could represent the 

presence of a common ubiquitous kinase whereas the activity seen in only one of the cell 

types could represent a more cell specific kinase. Upon stimulation with TPA rat brain 

reveals a peak of stimulatable kinase activity in fractions 10-13. No similar early peak is 

seen in 3T3 cells following TPA stimulation. We have examined the isotypes of protein
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shown in figure 5.8
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(a) Rat Brain

Fraction

PKC 61

PKCa

Basal KA

TPA KA

Dopp KA

Doppa KA

(b) Swiss 3T3 cells

Fraction 5 6 7 8 9 10 11 12 13 14 15
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Figure 4.22: Comparison of the results obtained from partially purified isotypes of 
protein kinase C from two sources, examined for stimulatable kinase activity and 
immunoblotted against PKC isotypes, (a) Rat brain cytosolic fraction was subjected to 
FPLC (methods 2.24). The resulting fractions were subjected to Western blotting against 
specific antibodies for PKC a and pi (methods 2.29) and stimulated with phorbol esters 
in a kinase assay (methods 2.31). The filled in blocks of the table correspond to either 
immunopositivity against the PKC antibodies or peaks of kinase activity (KA). (b) Swiss 
3T3 cell cytosolic fraction was subjected to FPLC (methods 2.24). The resulting fractions 
were subjected to Western blotting against specific antibodies for PKC a (methods 2.29) 
and stimulated with phorbol esters in a kinase assay (methods 2.31).
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kinase C in both of these cell systems and it has been shown that rat brain contains all of 

the isotypes tested for (a, p i, P2, ô, e, (  and r|) whereas Swiss 3T3 cells contain only 

four of these isotypes (a, ô, € and Q. One explanation for this early peak is that it follows 

simulation of a PKC isotype not present in Swiss 3T3 cells. In rat brain fractions 11-13 

were found to be immunopositive for PKCpi, an isotype not expressed in Swiss 3T3 

cells. Another peak of stimulatable kinase activity following TPA treatment in rat brain 

is observed in fractions 17 and fractions 19-22. Similarly a peak is observable in fractions 

17-19 and fraction 21 of Swiss 3T3 cells. The stimulatable peak in rat brain can be seen 

to coincide with immunopositivity to PKC alpha. Fractions 14-20 clearly show a PKC 

alpha band. One explanation for the lack of stimulatable kinase activity in rat brain in 

fractions 14-16 and 18 (where the PKC band is also present) are the high background 

kinase levels in those fractions. In Swiss 3T3 cells the alpha PKC band is present in 

fraction 13-17 which precedes the peak of TPA stimulatable kinase activity. The 

immunoblotting is a more sensitive assay - PKC alpha is present but may not be present 

at a level high enough to show kinase activity above the basal kinase activity. The peak 

of stimulatable kinase activity seen cannot be attributed to PKC alpha activity and is 

therefore likely to be due to another PKC - hke kinase. It is unlikely that this activity is 

due to delta or epsilon PKC since these isotypes show little or no activity on histone and 

did not appear when blotted against.

Dopp stimulated peaks of kinase activity in rat brain in fractions 13-16 and fractions 21- 

22 whereas in Swiss 3T3 cells had peaks at fractions 16-19. The first peak in rat brain can 

be attributed to PKCa/pi activity. The second peak may represent stimulation of one of 

the isotypes not blotted against (ie P2, ô, e, f  and r|) or a PKC-like kinase present in rat
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brain. Again the peak of stimulatable kinase activity in Swiss 3T3 cells proceed the 

fractions where PKC alpha is located although there is some overlap in fractions 16 and 

17. Although it is likely that PKC alpha stimulation is in part responsible for the peak of 

activity (fractions 16 and 17) it is reasonable to attribute most of this peak to an as yet 

unidentifiable PKC-like kinase.

Doppa stimulated three peaks of activity in rat brain in fractions 10-14, 15-16 and 18-19. 

This activity can be contributed to PKC pi and a activity. However the appearance of 

distinct peaks at fractions 15-16 and 18-19 that cannot be attributed to high basal kinase 

levels suggest stimulation of a kinase present which co-elutes with PKC alpha. Doppa 

stimulates only one peak of kinase activity in Swiss 3T3 cells. This peak occurring at 

fraction 16-20 proceeds the presence of the PKC alpha band although there is some 

overlap (At fractions 16 and 17) suggesting that PKC alpha is at least in part responsible 

for the peak of activity observed. The majority of this peak of activity is likely to be due 

to stimulation of a PKC like kinase.

4.5 Chapter Conclusions

• Rat brain tissue express a, p i, p2, ô, e, C and r) isotypes of protein kinase C

• Human kératinocytes express a, e and C isotypes of protein kinase C

• Swiss 3T3 cells express a, ô, e and C isotypes of protein kinase C

• Using the mixed micellar assay, peaks of stimulatable kinase activity occur in rat 

brain tissue following phorbol ester treatment with TPA, Dopp and Doppa which 

coincide with the elution of the PKC alpha and beta one isotypes. Other peaks 

were uncovered which could not be assigned to either of these two PKC isotypes.

• Using the mixed micellar assay, peaks of stimulatable kinase activity occur in
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Swiss 3T3 cells following phorbol ester treatment with TPA, Dopp and Doppa 

which in part can be attributed to PKC alpha activity. Other peaks were 

uncovered which could not be assigned to the remaining PKC isotypes found in 

Swiss 3T3 cells (ie PKC ô, e and C) and are therefore likely to be due to other 

PKC-like kinase activity.
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Chapter Five : In Vivo phorbol ester induced translocation of protein kinase C 
isoenzymes

5.1 Introduction

The presence of an entire family of PKC isoenzymes and the evolutionary conservation 

of individual PKC isoenzymes across species, suggest that the individual PKC isoenzymes 

mediate an isoenzyme specific role. To elucidate the specific roles for each isoenzyme it 

would be desirable to have a compound or series of compounds capable of selectively 

activating individual isotypes or small subsets of isotypes. Ryves et al (1991) looked at 

the activation of pure PKC isotypes by the phorbol esters TPA, Sapinotoxin A, Dopp, 

Doppa, Thymeleatoxin and RX. Ryves and coworkers showed that the phorbol esters 

exhibited different abilities in activating PKC isotypes. Five immunologically pure isotypes 

were assayed: PKC a, pi and y were prepared from bovine brain, PKC ô was isolated 

fi'om COS-1 cells transfected with bovine plasmid DNA vectors for PKC and PKC e was 

prepared using a baculovirus vector in insect cells (Schnapp and Parker, 1990). They 

showed that TPA and Dopp were capable of activating all five PKC isotypes. Sapinotoxin 

A activated all but PKC delta and Doppa exhibited pi selectivity since it failed to activate 

PKCs a, Y, Ô and e. RX and Thymeleatoxin were shown to activate the classical PKCs 

a, p i and y but not the novel PKCs ô and e. The evaluation of PKC activity gives a 

measure of the proportion of the total enzyme that is induced by treatment with agonists 

(ie phorbol esters) however, no information is derived as to the relative amounts of the 

different isoenzymes that are involved. In vivo the interaction of different protein kinase 

C effectors (including phorbol esters and the physiological activator diacylglycerol) with 

PKC causes the redistribution of the kinase from the cytosolic (soluble) to the membrane
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bound (particulate) fraction (Kraft et al, 1982 and Kraft and Anderson, 1983). This 

phenomenon is known as PKC translocation. This phorbol ester induced translocation is 

different from the calcium induced translocation in that the former is temperature 

dependent, saturable and trypsin sensitive, resulting in PKC being tightly bound to the 

membrane (Wolf et al, 1985). The ability of various phorbol esters to translocate PKC 

isoenzymes has been examined in many different cells. These studies have mainly 

examined the effect of TPA on PKC isoenzyme translocation (Olivier and Parker, 1992), 

although the translocating ability of other phorbol esters has been investigated more 

recently. Szallasi and coworkers (1995) examined the effect of Dopp on PKC a, ô and e 

in primary mouse kératinocytes. Using this system, Dopp (IpM) was able to translocate 

all of the isotypes. Kiley and coworkers (1994) examined the effects of TPA and Doppa 

on PKC a, ô, e and C in Swiss 3T3 cells and PKC p i, P2, e and C isotypes in U937 cells 

(human myelocytic leukaemia cells). In both cell systems TPA and Doppa were able to 

translocate all isotypes except PKC C- Roivainen and Messing (1993) examined the effects 

of thymeleatoxin on PC 12 cells. They showed that thymeleatoxin was capable of 

translocating PKC a, P, ô and e but not PKC C in this cell type. The intracellular 

distribution of the isotypes and the subsequent redistribution following agonist treatment 

can be assessed by Western blotting. Using this technique this chapter examines the 

translocation of PKC isoenzymes present in Swiss 3T3 cells in response to five phorbol 

esters of differing biological activities.

5.2 Preparation o f  the cells

Swiss 3T3 cells were grown to confluence and quiescence before being treated with the 

required concentration of phorbol ester. After the appropriate incubation the cells were
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washed twice in PBS (xl) and were scraped on ice into homogenisation buffer (see 

Methods 2.29). The resulting cells suspension was used to prepare the cytosolic (C), 

particulate (Ps) and cytoskeletal (Pi) fractions (Methods 2.23).

A preliminary experiment was performed to examine the effect of TPA on the 

translocation of PKC alpha. The cells were treated with 500nM TPA for 5, 10, 20, 40 and 

60 minutes with the control treated with DMSO for 60 minutes. The C, Ps and Pi samples 

produced were subjected to SDS-PAGE and probed with antisera for PKC alpha. The 

results show that a dose of SOOnM TPA was capable of causing translocation to the 

particulate Ps fraction within five minutes (Figure 5.1). As the length of time the cells are 

exposed to the TPA increases, a corresponding increase in the intensity of the particulate 

band can be seen, with maximum intensity observed at 60 minutes. Suggesting that as the 

treatment time increases more protein kinase C alpha is recruited from the cytosol to the 

membrane fraction as the PKC becomes stabily associated with the membrane. Several in 

vitro studies have indicated that association with phorbol esters leads to irreversibe 

assocaiation of PKC with phospholipid membranes and to activation of the enzyme 

(Kazanietz et al, 1992). Similarly, in vivo activation of PKC by phorbol esters has been 

associated with translocation (Kraft and Anderson, 1983). However it has also been 

suggested that PKC may associate with membranes without any activation (Lee and Bell, 

1989) and PKC can be activated in the absence of lipid membranes (Nelsestuen and Bazzi, 

1991). The experiment performed here indicates that an exposure time of 20 minutes 

could be used as a standard for all of the translocation experiments, since TPA 

translocates PKC alpha easily in that time frame.
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Figure 5.1: Time Course of PKC alpha translocation by TPA. SOOnM TPA was exposed 
to Swiss 3T3 cells for 5 time points (Omin, Smin, lOmin, 2Omin, 40min, 60min) prior to the 
preparation of C, Ps and Pi ffacticms (Method 2.23). The fractions were then separated using SDS 
Page before being blotted with antisera specific for PKC alpha (Methods 2.29). (a) Actual blot 
obtained from experiment (rq)resoitative blot from two independent experiments). The top row of 
the blot shows the results from the samples probed with the PKC alpha antibody. The bottom row 
of blots show the samples probed with the antibody and competitive peptide (b) Graph of 
densitometric analysis of above PKC alpha bands present in the blot obtained by using Adobe 
Photoshop. The results of the analysis are expressed as a percentage of the total PKC content (C+ 
Ps + Pi fractions) for each concentration of TPA. The analysis was corrected tor background 
levels in each of the lanes. Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- 
particulate soluble and Pi- particulate insoluble
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5.21 Down regulation of PKC by TPA in Swiss 3T3 cells.

Long term exposure to phorbol esters has been known to cause down regulation of the 

phorbol ester receptors prior to the discovery that PKC was that receptor (Solanki et al, 

1981). To examine the effects of prolonged treatments of TPA on PKC in Swiss 3T3 

cells, a down regulation experiment was performed. The cells were grown to confluence 

in 30mm petri dishes and were exposed to concentrations of TPA (between InM and 

IpM) diluted in 1% DMEM. After five hours incubation at 37°C the cells were washed 

twice in ice cold (xl) PBS before being scraped into lOOpl of double strength laemmli. 

The samples were boiled for five minutes at 95°C before analysis by Western Blotting 

with specific antisera for PKC alpha and epsilon. The results show that at TPA 

concentrations above InM there is loss of PKC alpha in comparison to the control 

(DMSO fraction), with no visible band at concentrations of TPA greater than lOOnM 

(Figure 5.2). The PKC alpha band lies above the closely spaced pair of bands. The band 

is feint but can be seen more clearly in DMSO and InM fractions. Its absence in the 

competitor blots confirms the identity of the band as PKC alpha. When the samples were 

blotted against PKC epsilon the samples are more resistant to down regulation with the 

loss of PKC band only occurring in cells treated with concentrations of TPA above 

250nM (Figure 5.3). It is interesting to note that initially the levels of PKC increase. This 

could be due to a number of reasons including (a) uneven loading of samples onto the gel 

(b) lability of PKC epsilon during tissue preparation (c) metabolism of TPA. Since down 

regulation by Western blotting reflects an increase in the rate of degradation relative to 

the rate of synthesis, the apparent resistance of some isotypes to down regulation may 

reflect and increase in synthetic rate which balances any increase in protein turnover.
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Figure 5.2: Down regulation of PKC Alpha. Concentrations of TPA (0-1 pM) were exposed 
to Swiss 3T3 cells for 5 hours. Whole cell prq^aratiais were subjected to SDS page and incubated 
with antisera for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(representative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are e?q)ressed as a percmtage of PKC content in comparison to the control lane (DMSO) 
which is caisidered to be 100% expression. The analysis was corrected for background levels in 
each of the lanes. Legend; MWM-Molecular Weight Markers
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Figure 5.3: Down regulation of PKC Epsilon. Concentrations of TPA (0-1 pM) were 
exposed to Swiss 3T3 cells for 5 hours. Whole cell preparations were subjected to SDS page and 
incubated with antisera for PKC epsilctfi (Methods 2.29). (a) Actual blot obtained from experiment 
(r^resentative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC epsilon antibody. The bottom row of blots show the 
samples probed with the antibody and competitive peptide (b) Graph of densitometric analysis of 
above PKC epsilon bands present in the blot obtained by using Adobe Photoshop. The results of 
the analysis are expressed as a percentage of PKC content in comparison to the control lane 
(DMSO) which is considered to be 100% expression. The analysis was corrected for background 
levels in each of the lanes. Legend: MWM-Molecular Weight Markers
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Isotypes may also inherently differ in their sensitivity to the degradative mechanisms- 

some isotypes have been shown to have varying in vitro sensitivities to proteolysis. In 

many cell types incubation with phorbol esters results in the decrease in total PKC levels 

from the cell. In neutrophils and platelets the process is rapid occurring within 6-8 minutes 

after translocation of PKC to the membrane fraction. The loss is thought to be due to 

proteolysis since it can be blocked by pre-treating the cells with the Calpain inhibitor 

leupeptin and de novo PKC synthesis rates do not alter following phorbol ester treatment 

(Pontremoli et al, 1990). Comparison of down regulation of PKC by either phorbol esters 

or diacylglycerol analogues (OAG and DiCg ) in Swiss 3T3 cells revealed that phorbol 

esters could elicit total loss of PKC (40 hour treatment) but the diacylglycerol analogues 

could not alter PKC levels (Olivier and Parker, 1994). Between cell types, the extent and 

rate of down regulation varies considerably, and in the case of Swiss 3T3 cells, down 

regulation of PKC leads to insensitivity to biological effects. The difference in response 

indicates that there are several ways in which phorbol ester action on PKC translocation 

and fate differs from the physiological activator response (DAG direct/hormone receptor 

indirect);

1. Endogenous translocation of PKC is regulated by rapid metabolism of DAG whereas 

phorbol esters persist in the system

2. The translocated PKC has a greater membrane stability with phorbol ester.

3. Phorbol esters bypass the calcium sensitive nature of endogenous PKC translocation

4. Phorbol esters can induce a greater translocatory response

5. Phorbol esters cause down regulation of PKC by proteolysis to PKM and subsequent 

loss from the cell whereas DAG does not.
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6 . Phorbol esters cause different patterns of translocation within the cell.

5.22 Phorbol Ester Induced Translocation

By using the technique of Western Blotting against specific antibodies, the translocation 

of PKC upon stimulation with phorbol esters was examined. The cells were exposed to 

phorbol esters for 20 minutes prior to the preparation of the cytosolic, particulate soluble 

and insoluble fi'actions. The fractions produced were subjected to Western Blotting with 

antibodies against PKC a, ô, e and C- These isoenzymes have been previously identified 

in Swiss 3T3 cells (Chapter four). Five concentrations of phorbol esters were used OnM 

(DMSO alone), InM, lOnM, lOOnM and lOOOnM (IpM). In addition, a positive control 

obtained from cells treated with SOOnM TPA was included. Densitometric analysis was 

performed on all of the blots using the package Adobe Photoshop. Figure 5.4 shows the 

effect of TPA on PKC alpha. 70% of the total PKC found in the control is found in the 

cytosolic fi-action with the remainder in the soluble particulate fi’action. No visible bands 

of PKC are seen in the insoluble particulate fraction. Upon stimulation with InM TPA this 

pattern of expression does not change. However, upon stimulation by lOnM TPA, the 

pattern dramatically changes. All of the PKC is seen in the soluble particulate fraction, 

with none found in the cytosolic or insoluble particulate fractions. PKC alpha has 

translocated to the particulate soluble fraction following TPA stimulation greater than 

lOnM. At the higher concentrations the pattern remains the same although the intensity 

of the band observed in the particulate fraction appears to increase. One explanation for 

this increase is that as the concentration of phorbol ester increases more PKC is recruited 

and stabily associated with the membrane (particulate soluble) fraction. There is no blot 

for the translocation of PKC delta by TPA since the quality of the blots obtained meant

153



Chapter Five PKC Translocation

(a)
DMSO 

MWM C Ps Pi
lOnM lOOnM 500nM lOOOnM

C Ps Pi MWM C Ps Pi C Ps Pi C Ps Pi

T  •-, i  > r  -«r*

(b)

I

1(K)

8()

6()

4()

20

0 »  -  

DMSO
- —

lOOOnM500nMInM lOnM lOOnM

Concentration of TPA

Ps Pi

Figure 5.4: Translocation of PKC alpha by TPA. Concentrations of TPA (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(represmtative blot from four independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of TPA The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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that PKC delta was not detectable despite the repetition of this experiment on four 

separate occasions. On one occasion a delta standard was included as a reference but this 

failed to generate a band (possibly due to the age of the standard). The main problem with 

the PKC delta antibody was that it detected many bands and the PKC delta peptide 

competitor did not compete out (again a problem thought to be due to age) so 

identification was not possible. Figure 5.5 shows the effect of TPA on PKC epsilon. In the 

control fi-actions 55% of the total PKC is seen in the particulate soluble fraction, with the 

remaining 45% in the cytosolic fraction. Again there is no dramatic change upon 

stimulation with InM TPA Upon stimulation with lOnM TPA, the amount of PKC in the 

soluble particulate fi-actions increases with a corresponding increase in the amounts in the 

cytosolic fraction. These levels remain reasonably constant as the concentration of TPA 

increases. Figure 5.6 shows the effect of TPA on PKC zeta. In the control fraction PKC 

zeta is found in both the cytosolic (75%) and particulate soluble (20%) fi-actions. As the 

concentration of TPA increases, the percentage of the total PKC found in the particulate 

soluble fraction increases but not sufficiently enough to suggest translocation of major 

amounts of PKC is occurring. However, even at the highest concentration the amounts 

found in the cytosolic (48%) and particulate fractions (52%) are similar. PKC zeta lacks 

the C2 domain and has only one set of cysteine rich zinc finger motifs in the Cl domain 

(an area that confers to phorbol ester binding) (Ono et al, 1989). Ways et al, 1992 

examined the effect of TPA on PKC zeta obtained from U937 cells. They showed that 

PKC zeta does not undergo translocation or enhanced degradation following in vivo 

exposure to TPA or DAG derivatives. PKC alpha and epsilon were found to be sensitive 

to treatment with TPA. In both eases the PKC isoforms translocated after treatment with

155



Chapter Five PKC Translocation

(a)
DMSO InM lOnM lOOnM SOOnM lOOOnM

MWM C Ps Pi C Ps Pi C Ps Pi MWM C Ps Pi C Ps Pi C Ps Pi

(b)

90 y  

80 -

U
^  W),.
2 50 " 
H  40
'o

D M SO lOnM lOOnM 5(X)nM l(XX)nMInM

Concentration of TPA

Ps Pi

Figure 5.5: Translocation of PKC epsilon by TPA. Concentrations of TPA (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC epsilon (Methods 2.29). (a) Actual blot obtained from experiment 
(represaitative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC epsilon antibody. The bottom row of blots show the 
samples probed with the antibody and competitive peptide (b) Graph of densitometric analysis of 
above PKC epsilon bands present in the blot obtained by using Adobe Photoshop. The results of 
the analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of TPA. The analysis was corrected for background levels in each of the lanes. 
Legend; MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi- 
particulate insoluble
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^ Translocation o f  PKC zeta by TPA. Concentrations of TPA (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC zeta (Methods 2.29). (a) Actual blot obtained from experiment 
(rqjresaitative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC zeta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC zeta bands present in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of TPA. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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TPA at concentrations greater than lOnM. PKC zeta was found to be insensitive to 

translocation by TPA At no concentrations of TPA did the relative amounts of PKC in 

each fraction alter significantly. The amounts in each fraction did fluctuate slightly but this 

could be due to differing amounts of protein loaded onto the gels.

Figure 5.7 show the effect of Dopp on PKC alpha. At all concentrations the majority of 

the PKC alpha can be found in the particulate insoluble fraction (-60%). The cytosolic 

contains the next highest amount accounting for 30% of the control PKC alpha. Upon the 

addition of Dopp the profile does not change dramatically until lOOOnM Dopp is added 

at which point the majority of PKC alpha can be seen in the particulate soluble fraction 

(50%). These results contradict previous work by Szallasi et al (1995). Using mouse 

kératinocytes, PKC alpha was readily translocated by Dopp at concentrations above 

lOOnM after incubation with the cells for 5 minutes. Despite nine independent experiments 

Dopp at no time was able to stimulate translocation of PKC alpha in Swiss 3T3 cells. 

Figure 5.8 show the effect of Dopp on PKC delta. In the control fraction PKC delta can 

be found mainly in the cytosolic fraction and this does not change upon the addition of 

InM Dopp. When the cells are stimulated using lOnM the majority of the PKC observed 

can be found in the particulate soluble fraction with no detectable PKC in any other 

fraction. As the concentration of Dopp increases there is a corresponding increase in the 

amounts seen in the cytosolic fraction and a decrease in the amount seen in the particulate 

soluble fraction. At lOOOnM Dopp there is an increase in the amount of PKC delta in the 

cytosolic fraction. Figure 5.9 shows the effect of Dopp on PKC epsilon. In the control 

fraction the PKC is found in both of the particulate fractions. As the concentration of 

Dopp increases the amount of PKC epsilon in the particulate soluble also increases sightly.
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of PKC alpha by Dopp. Concentrations of Dopp (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C ,  Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(rqjresentative blot from nine independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results o f the 
analysis are expressed as a percentage o f the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Dopp. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble

159



Chapter Five PKC Translocation

(a)
DMSO InM I OnM

MWMC Ps Pi C Ps Pi C Ps Pi
lOOnM lOOOnM TPA SOOnM

MWM C Ps Pi C Ps Pi C Ps Pi

Ô + C

(b)
100

CJ

2

'B

DMSO lOOnM lOOOnMInM lOnM

Concentration o f  Dopp

Ps Pi

Figure 5.8: Translocation of PKC delta by Dopp. Concentrations of Dopp (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC delta (Methods 2.29). (a) Actual blot obtained from experiment 
(represaitative blot from three indq)œdmt e?q)erimmts). The top row of the blot shows the results 
from the sanples probed with the PKC delta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC delta bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are expressed as a percentage o f the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Dopp The analysis was corrected for background levels in each of the lanes. 
Legend; MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi- 
particulate insoluble
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 ̂Translocation of PKC epsilon by Dopp. Ccaicentrations of Dopp (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC epsilon (Methods 2.29). (a) Actual blot obtained from experiment 
(representative blot from four independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC epsilcm antibody. The bottom row of blots show the samples 
probed with the antibody and competitive pqjtide (b) Graph of daisitometric analysis of above PKC 
epsilon bands present in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC contort (C+ Ps + Pi fractions) for each concentration 
of Dqjp. The analysis was corrected for background levels in each of the lanes. Legend: MWM- 
Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi- particulate insoluble
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PKC epsilon was not observed in the cytosolic fraction at any concentration of Dopp. 

Figure 5.10 shows the effect of Dopp on PKC zeta. Despite repeating the experiment on 

four separate occasions no detectable levels of PKC zeta were found when Dopp samples 

were probed for PKC zeta. Szallasi and coworkers (1995) also examined the effect of 

Dopp on PKC delta, epsilon and zeta present in U937 cells. They also noted PKC delta 

translocation by Dopp at concentrations above 0.1 nM. In contrasts to our results they also 

observed translocation of PKC epsilon at doses of Dopp greater than InM. As expected 

they showed that Dopp was unable to translocate PKC zeta. One explanation for the 

marked differences seen when comparing these experiments is that Szallasi and coworkers 

added Dopp to all buffers used. Dopp very quickly dissociates from its receptor, leading 

to the immediate redistribution of PKC alpha and delta to the soluble fraction. To maintain 

the Dopp concentration used for the treatments of Szallazi and coworkers included 

equimolar concentration of Dopp in washing buffer/ homogenisation buffer for all 

preparative steps.

Figure 5.11 shows the effects of Doppa on PKC alpha. In the control fraction the PKC 

is found to be located in both the cytosolic and particulate soluble fractions (62% and 

38% respectively). As the concentration of Doppa increases there is relatively little change 

in the distribution. Only at the highest concentration does the amount of PKC in the 

particulate soluble exceed the amount in the cytosolic fraction (51% and 49% 

respectively). There is no representative blot for the effect of Doppa on PKC delta. 

Problems with the background of the blots and the reliability of the antibodies meant that 

identification of the PKC delta band was not always possible despite repeating the 

experiment twice. Figure 5.12 shows the effect of Doppa on PKC epsilon. In the control
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k Translocation of PKC zeta by Dopp. Concentrations of Dopp (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC zeta (Methods 2.29). (a) Actual blot obtained from experiment 
(represmtative blot from four indq)Qident experiments). The top row of the blot shows the results 
from the samples probed with the PKC zeta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC zeta bands presort in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Dopp. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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Figure 5.11: Translocation of PKC alpha by Doppa. Concentrations of Doppa (0-1 pM) 
were exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(rqjresQitative blot from five independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Doppa. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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Figure 5.12: Translocation of PKC epsilon by Doppa. Ccxicentrations of Doppa (0-1 pM) 
were exposed to Swiss 3T3 ceils for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC epsilon (Methods 2.29). (a) Actual blot obtained from experiment 
(represaitative blot from three independait e?q)eriments). The top row of the blot shows the results 
from the samples probed with the PKC epsilon antibody. The bottom row of blots show the 
samples probed with the antibody and competitive peptide (b) Graph of densitometric analysis of 
above PKC epsilon bands present in the blot obtained by using Adobe Photoshop. The results of 
the analysis are expressed as a percmtage of the total PKC content (C+ Ps Pi fractions) for each 
concentration of Doppa. The analysis was corrected for background levels in each of the lanes. 
Legend; MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi- 
particulate insoluble
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fraction, as expected, most of the PKC found is in the cytosolic fraction with smaller 

amounts in the particulate fractions. Upon stimulation with InM Doppa there is a 

dramatic change in the distribution of PKC. Most of the PKC can be found in the 

particulate fraction with much smaller amounts in the cytosolic fraction. This pattern is 

observed up to lOOnM, when the amount of PKC in the cytosolic and particulate soluble 

are equal. At lOOOnM the highest amount of PKC is observed in the particulate soluble. 

The particulate insoluble contains the next highest amount with the cytosolic fraction 

containing the least amount of PKC. Figure 5.13 shows the effect of Doppa on PKC zeta. 

No detectable levels of PKC zeta were observed in the resulting blots despite repeating 

the experiment on four separate occasions. Kiley and coworkers (1994) examined the 

efrect of Doppa on the PKC isotypes present in Swiss 3T3 cells. They observed that only 

high doses of Doppa (lOOOnM) were capable to redistributing PKC alpha, delta and 

epsilon. PKC zeta was not affected by Dopp stimulation at any concentration. A 

difference in the sensitivity of the isotypes translocated by Doppa was observed by Kiley 

and coworkers. PKC epsilon was the most sensitive followed by alpha and delta. In this 

study, we showed PKC epsilon to be the most sensitive of the detectable isotypes and 

PKC alpha less sensitive.

Figure 5.14 shows the effect of Thymeleatoxin on PKC alpha. In the control fraction PKC 

can be found in both the particulate insoluble and cytosolic fractions. After treatment with 

InM thymeleatoxin, the PKC observed in the particulate insoluble fraction reduces 

considerably with the majority of PKC present observed in the cytosolic fraction. At 

concentrations higher than lOnM the levels of PKC are highest in the particulate fractions 

with less than 10% of the total PKC in the cytosolic fractions. Representative blots were
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Figure 5.13: Translocation of PKC zeta by Doppa. Concentrations of Doppa (0-1 pM) 
were exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC zeta (Methods 2.29). (a) Actual blot obtained from experiment 
(representative blot from four independent experiments). The top row of the blot shows the results 
from the sanples probed with the PKC zeta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC zeta bands presort in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Doppa. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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I: Translocation of PKC alpha by Thymeleatoxin. Concentrations of Thy A 
(0-1 pM) were exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi 
fracticHis (Method 2.23). The fractions were then separated using SDS Page before being blotted 
with antisera specific for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(rqpresaitative blot fi-om three indqsendait experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Thy A The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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not obtained for PKC delta and epsilon despite repetition of the experiment on several 

occasions. PKC delta antibodies recognise many bands and the lack of a reliable 

competitive band was impossible. PKC epsilon blots obtained had high background levels 

which did not show significant PKC epsilon bands. Figure 5.15 shows the effect of 

thymeleatoxin on PKC zeta. In the control fi’actions PKC can be found in relative 

abimdance in both the cytosolic fractions and particulate soluble fractions, with a smaller 

amount observable in the particulate insoluble fi*action. After treatment with InM 

Thymeleatoxin the distribution pattern of PKC changes little. However, after treatment 

with lOnM Thymeleatoxin, the majority of PKC can be seen in the particulate soluble 

fraction with some observable in the cytosolic fraction. Following lOOnM treatment the 

relative amounts of PKC distributed between the three fractions is similar. After lOOOnM 

treatment the distribution pattern is similar to that seen in the control, with most of the 

PKC present in the cytosolic fraction and lesser amounts on the particulate fractions. Of 

the two isotypes treated with thymeleatoxin, PKC alpha is the most sensitive to treatment. 

As expected PKC zeta is not translocated by thymeleatoxin, although there is a 

redistribution of PKC zeta which could be due to an artefact of blotting such as uneven 

sample loading.

Figure 5.16 show the effect of RX on PKC alpha. In the control fractions the PKC can be 

found mainly in the cytosolic fractions with much smaller amounts present in the 

particulate soluble and insoluble fractions. As the concentration of RX increases the 

pattern of distribution of PKC differs little, although between InM and lOOnM the amount 

of PKC observed in the particulate insoluble fraction increases. Figure 5.17 shows the 

effect of RX on PKC epsilon. The pattern of distribution at all concentrations places the
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Figure 5.15: Translocation of PKC zeta by Thymeleatoxin. Concentrations of Thy A 
(0-1 pM) were exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi 
ffacticHis (Method 2.23). The fractions were then separated using SDS Page before being blotted 
with antisera specific for PKC zeta (Methods 2.29). (a) Actual blot obtained from experiment 
(represmtative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC zeta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC zeta bands present in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Thy A. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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Figure 5.16: Translocation of PKC alpha by Rx. Concentrations of Rx (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC alpha (Methods 2.29). (a) Actual blot obtained from experiment 
(represaitative blot from four indqjoident experiments). The top row of the blot shows the results 
from the samples probed with the PKC alpha antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC alpha bands present in the blot obtained by using Adobe Photoshop. The results of the 
analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Rx. The analysis was corrected for background levels in each of the lanes. 
Legend; MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi- 
particulate insoluble
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Figure 5.17: Translocation of PKC epsilon by Rx. Concentrations of Rx (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC epsilon (Methods 2.29). (a) Actual blot obtained from experiment 
(representative blot from four independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC epsilon antibody. The bottom row of blots show the 
samples probed with the antibody and competitive peptide (b) Graph of densitometric analysis of 
above PKC epsilon bands present in the blot obtained by using Adobe Photoshop. The results of 
the analysis are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Rx. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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highest amount of PKC in the particulate soluble and cytosolic fractions with relatively 

little PKC observable in the particulate insoluble fractions. Figure 5.18 shows the effect 

of RX on PKC zeta. Throughout the concentration gradient the pattern of distribution of 

PKC changes little. The highest amount of PKC can be observed in the cytosolic and 

particulate soluble fractions, with a relatively small amount observed in the particulate 

insoluble fractions. None of the isotypes tested seem to be sensitive to Rx treatment.

In most cell lines investigated PKC alpha seems to be located in the cytosolic fraction and 

is translocated to the cellular membrane and down regulated upon TPA treatment (Borner 

et al 1992). In NIH 3T3 cells, PKC alpha is reported to translocate to the nucleus upon 

TPA treatment (Leach et al, 1989). Divecha et al (1991) showed that with more specific 

stimuli PKC alpha in Swiss 3T3 cells associated with the nuclear fraction upon treatment 

with insulin-like growth factor, but associated with the cellular membrane upon treatment 

with bombesin. The distribution of PKC delta seems to be dependent on the cell type. In 

human platelets PKC delta is located in the cytosol but in both rat6 fibroblasts and renal 

mesangial cells, the majority can be found associating with the particulate fraction (Hug 

and Sarre, 1993). PKC epsilon again appears to be cell type dependent for its distribution. 

It is mostly cytosolic in GHC pituitary gland cells and human neuroblastoma cells, but 

membrane associated in U937 cells, rat6 fibroblasts and renal mesangial cells. In the latter 

cell lines its down regulation by TPA is significantly diminished whereas in GHC cells PKC 

epsilon is down regulated by TPA. In several cell lines PKC zeta seems to be present as 

a cytosolic enzyme; only in HL-60 cells has it been reported in the particulate fraction. 

PKC zeta’s ability to translocate and be down regulated depends upon the cell type. In 

human platelets and rat6 fibroblasts it is sensitive to TPA treatment, whilst in HL-60 cells
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Figure 5.18: Translocation of PKC zeta by RX. Concentrations of Rx (0-1 pM) were 
exposed to Swiss 3T3 cells for 20 minutes prior to the preparation of C, Ps and Pi fractions 
(Method 2.23). The fractions were then separated using SDS Page before being blotted with 
antisera specific for PKC zeta (Methods 2.29). (a) Actual blot obtained from experiment 
(rqDresentative blot from two independent experiments). The top row of the blot shows the results 
from the samples probed with the PKC zeta antibody. The bottom row of blots show the samples 
probed with the antibody and competitive peptide (b) Graph of densitometric analysis of above 
PKC zeta bands present in the blot obtained by using Adobe Photoshop. The results of the analysis 
are expressed as a percentage of the total PKC content (C+ Ps + Pi fractions) for each 
concentration of Rx. The analysis was corrected for background levels in each of the lanes. 
Legend: MWM-Molecular Weight Markers, C- cytosolic, Ps- particulate soluble and Pi-
particulate insoluble
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and renal mesangial cells it is resistant. This sensitivity towards TPA treatment seems quite 

contradictory since PKC zeta can neither bind to nor can be activated by phorbol esters. 

In order to investigate the role of distinct isoenzymes and their influence in the control of 

cell proliferation PKC isoenzyme cDNAs have been stable overexpressed in several 

mammalian cell systems. The effects observed are dependent on the cell type and the 

isoenzyme being overexpressed. Bovine PKC alpha has been overexpressed in Swiss 3T3 

cells (Eldar et al, 1990) and murine PKC alpha has been overexpressed in BALB/c 

fibroblasts. In both cases no transformation could be observed in soft agar. The 

overexpression of human PKC alpha in NIH 3T3 cells resulted in a slightly transformed 

phenotype. The overexpression of murine PKC delta in NIH 3T3 cells resulted in a slower 

growth rate whereas the overexpression of murine PKC epsilon in the same cell line led 

to an increased growth rate (Hug and Sarre, 1993). The overexpression of the PKC 

isoenzymes in mammalian cells is correlated with the enhanced expression of the early 

proto-oncogenes such as Q-jun, c-fos, c-myc etc. In addition, the cells often display an 

altered morphology.

The results obtained from this series of experiments demonstrated that the phorbol esters 

were capable of translocating different isotypes of protein kinase C present in Swiss 3T3 

cells. TPA could translocate PKC alpha and epsilon but was unable to translocate zeta. 

Unfortunately no result was obtained for PKC delta. Dopp was able to translocate delta 

however, it could not translocate either PKC alpha or PKC epsilon. The Dopp experiment 

was repeated nine times and the same result was found on each occasion. No result was 

obtained for the translocation of PKC zeta by Dopp. Doppa was unable to translocate PKC 

alpha at any concentration. No results are available to determine the effect of Doppa on
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PKC delta and zeta. However, Doppa was shown to be able to translocate PKC epsilon 

at concentrations higher than InM. Thymeleatoxin was able to translocate PKC alpha and 

zeta; in both cases translocation was observed at concentrations above lOnM. No results 

were obtained to determine the effect of Thymeleatoxin on PKC delta and epsilon. RX, 

as expected, was unable to translocate all of the isotypes tested. Ryves and coworkers 

(1991) examined the activation of pure PKC isotypes by a variety of phorbol esters. In 

contrast to the results obtained for activation we have shown that Dopp was unable to 

translocate PKC alpha or epsilon and Doppa was able to translocate PKC epsilon (at 

concentrations above InM). The redistribution of PKC activity following phorbol ester 

treatment is considered as one of the first steps of PKC activation in vivo (Stabel and 

Parker, 1991). However there are examples of PKC redistribution in the absence of 

activation (Kiley et al, 1992), and activation independent of redistribution (Pelech et al, 

1990). Thus the inability of Dopp to translocate PKC alpha or epsilon does not necessarily 

mean that it is unable to activate those isotypes. Similarly the ability of Doppa to 

translocate PKC epsilon does not necessarily mean that it activates PKC epsilon. It was 

also noted that PKC isotypes epsilon and delta were detected in both the cytosolic and 

particulate fractions concurrently, whilst the remaining isotypes exhibited a predominantly 

cytosolic location. The location of the PKC isotypes was also shown to be somewhat 

dependent upon cell treatment. Routinely cells were washed twice with phosphate buffered 

saline and scraped on ice, into homogenisation buffer. In initial experiments the sample 

preparation differed, in that the medium from the cells was aspirated off without prior 

washing steps and the cells were scraped into homogenisation buffer at room temperature. 

On those occasions no band was observed in the cytosolic fraction although in treated cells
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bands were still observed in the particulate soluble fractions. This phenomenon could be 

due to two reasons either a) the lack of a control cytosolic band is the natural state for the 

cells ie PKC is permanently localized with the membrane and hence according to the 

activation model permanently activated or b) the PKC has been degraded proteolytically. 

If it is due to proteolytic degradation this suggests that the PKC present in the cytosolic 

fraction is somehow more susceptible since treated fractions appear to be unaffected. 

Using the technique of Western blotting a problem of variability of data arose. There is 

considerable variation in the distribution of the control fractions in each of the isotypes 

studied. In the case of PKC a the amount present in the cytosolic fraction ranges between 

30-75% whilst the amount present in the particulate soluble fraction ranges between 0- 

60%. Similar ranges are seen in the blots for the other isotypes tested. There are a number 

of explanations for this variability (or contributory factors towards this variation).

1) Uneven sample loading - the protein content in some of the experiments performed was 

measured using the Bradfords protein assay. Based on the results of the protein assay the 

amounts added to each lane was adjusted to equilibrate the protein content. However, it 

was felt that this was not acceptable since protein content in the cell is not even across all 

of the fractions and by forcing the fractions to be equal may inaccurately reflect the amount 

of protein kinase C in each of the fractions. In later experiments (those represented here) 

an equal volume of sample was loaded across the fractions in each lane. However on some 

occasions the amount of sample added to the well was reduced ie not defrosting the sample 

properly or inaccurate loading of the pipette. This could have contributed to the 

differences seen in the lanes.

2) High background levels on blots. Experimentally many variables could have possible
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lead to high background levels. Blotto, a solution used to block the blots following transfer 

to the membranes (blots) had a tendency to deteriorate if left at room temperature for too 

long. As a result some of the blots had abnormally high background levels. Tween, a 

detergent, was used in the washing buffer used to wash the blots following antibody 

exposure. Tween reduces the binding of antibodies (particularly low affinity) and so slight 

deviations in the concentration of Tween added may have resulted in the loss of antibody 

association. High background levels may have also been associated with high antibody 

levels. Although the conditions of the experiment were initially optimised for the antibodies 

used- the protocol was not reevaluated when new stocks of antibodies were obtained. 

5.23 Myristoylated alanine rich C kinase (MARCKS^ substrate

When protein kinase C is stimulated by phorbol esters a large number of cellular processes 

are activated either directly or indirectly from protein phosphorylation. Two proteins have 

been used as assays of PKC activation in Swiss 3T3 cells 1) epidermal growth factor 

(EOF) and 2) MARCKS protein. In cells where PKC is stimulated the EGF receptor has 

a reduced affinity for EGF and therefore a decreased binding of ̂ ^ Î-EGF can be measured 

at 37°C (Brown and Blakely, 1983 and Corps and Brown, 1988). However, it has since 

been shown that this method shows considerable overlapping of substrate specificity of 

different kinases (Corps and Brown, 1988). More reliably the phosphorylation of a protein 

(s) known as the MARCKS has been used as an indicator of PKC stimulation. The most 

informative assay is by 2D electrophoresis (Isacke et al, 1986) showing a series of 

phosphorylation states, however, a simple 1 dimensional SDS-PAGE can also be used 

(Morris et al, 1988). The acidic protein termed 80K is the murine equivalent of the 

MARCKS protein and has been identified as a major and specific substrate for PKC in
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quiescent 3T3 mouse fibroblasts (Isacke et al, 1986 and Erusalimsky et al, 1988). This 

protein is reversibly phosphorylated by a variety of growth factors including bombesin, 

vasopressin, bradykinin and phorbol esters (Isacke et al, 1986 and Erusalimsky et al, 1988) 

all of which are known to stimulate PKC. A reduction in the level and phosphorylation of 

80K has been shown to accompany both a loss of mitogenic responsiveness to phorbol 

esters in 3T3 cells (Beimann and Erickson, 1990) and conversion to the transformed 

phenotype in ras, src and fins transformed NIH3T3 fibroblasts (Wolfinan et al, 1987). 

Thus the 80K protein may be involved in mitogenic signal transduction.

The phosphorylation of 80K protein in Swiss 3T3 cells in response to phorbol esters was 

examined in two separate experiments (in duplicate). The first experiment examined the 

effects of levels of Dopp InM -lOOnM and Doppa InM -lOOOnM using TPA SOOnM and 

DMSO alone as the controls. The results show that TPA causes a increase in 

phosphorylation of the 80K protein when compared to the control DMSO (Figure 5.19 a 

and c). Dopp at InM and lOnM caused no visible change in the phosphorylation state but 

at the highest dose (lOOOnM) substantial phosphorylation was observed. The same effect 

was observed when the cells were treated with Doppa; an increase in phosphorylation was 

only observed at the highest dose of lOOOnM.

A second experiment examined the effects of very high concentrations of phorbol esters 

on the phosphorylation of the 80K protein. TPA was used as a positive control with 

DMSO as the solvent control. Dopp and Doppa were added in concentrations ranging 

from 33.33nM to 66.66pM and the effect of Thymeleatoxin was also examined (Figure 

5.19 b and d). The autoradiograph produced again shows that only the higher doses of 

Dopp and Doppa were able to induce phosphorylation of the MARCKS protein.
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Figure 5.19: Phosphorylation of 80K/MARCKS protein in Swiss 3T3 cells in response to various concentrations of phorbol esters.
Concentrations of Dopp and Doppa were exposed to Swiss 3T3 cells 20 minutes prior to the preparation of the whole cell fraction. The fractions produced were then 
separated using SDS PAGE before being exposed using autoradiography (Methods 2.31). (a) and (b) are actual blots obtained from the experiments (from two 
individual experiments), (c) and (d) Graphs of densitometric analysis of the 80K MARCKS band obtained using Adobe photoshop. The amount of phosphorylation 
was measurW by deducting the control (DMSO) background dpi (dots per inch) from the phosphorylation band (■►) dpi. The results of the analysis were corrected 
for background levels in each of the lanes individually. Legend; MWM- molecular weight marker.
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Interestingly it also showed that Thymeleatoxin at a dose of 16|iM was able to induce 

phosphorylation of the MARCKS protein. These results differ to those of Kiley and 

CO workers (1994) who showed that both TPA (1-lOOnM) and Doppa (10-10,000nM) 

induced a dose dependent p80 phosphorylation in a 3 minute permeabilized cell assay. The 

phosphorylation of the MARCKS protein is very rapid and the time of TPA exposure 

differs between this study (20 minutes) and the study of Kiley and coworkers (3 minutes). 

Which could account for the differences seen in phosphorylation. The MARCKS protein 

is a widely distributed cellular PKC substrate with three phosphorylation sites that are 

phosphorylated in vivo upon phorbol ester treatment of cells and in vitro by protein kinase 

C. Of several PKC isotypes tested, all except PKC zeta were able to phosphorylate 

MARCKS (Herget et al, 1995). MARCKS binds with actin (Thelen et al, 1991) and 

colocalizes with vinculin and talin in focal adhesions plaques (Rosen et al, 1990). It has 

been suggested that MARCKS links actin filaments to the plasma membrane and is 

involved in the regulation of cell locomotion (Thelen et al, 1991). Herget et al, 1993 

showed that MARCKS expression is very low when fibroblasts are dividing and most 

motile. The levels of expression increases sharply in Gq arrested cells which exhibit a 

drastic decrease in locomotive activity, suggesting a role in inhibiting cell locomotion. 

5.3 Chapter Conclusions

• In a TPA time course, 500nM TPA translocated PKC alpha in Swiss 3T3 cells 

after 5 minutes treatment.

• TPA treatment of Swiss 3T3 cells for 5 hours down regulates PKC alpha at 

concentrations >10nM and PKC epsilon at concentrations >250nM TPA

• Using Western Blotting against antibodies specific for PKC alpha, delta, epsilon
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and zeta.

TPA was shown to translocate PKC alpha and epsilon but not PKC zeta.

Dopp was shown to translocate PKC delta but not PKC alpha or epsilon.

Doppa was shown to translocate PKC epsilon but not PKC alpha.

Thy A was shown to translocate PKC alpha and zeta.

Rx was unable to translocate any of the PKC isotypes tested in Swiss 3T3 cells. 

Phosphorylation of the 80K/MARCKS protein was observed following treatment 

with TPA (>500nM), Dopp (>33nM), Doppa (>33nM) and Thy A (17pM).
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Chapter Six: Effect of phorbol esters on the morphology of Swiss 3T3 cells

6.1 Introduction

Phorbol esters elicit a multitude of biological effects both in vivo and in vitro. The 

alteration of cell morphology and cell to cell interactions is one of the most noticeable 

effects elicited by TPA, the most well known phorbol ester.

6.2 Preparation o f  Cells

Swiss 3T3 cells were grown on sterile glass coverslips placed in 30mm dishes. The cells 

were allowed to grow for four days post seeding before being treated with the required 

concentration of phorbol ester. After appropriate incubation the cells were washed twice 

in PBS (xl) and were fixed in gluteraldehyde (3%). The lipids were fixed four days later 

before treatment for examination by SEM (see Methods 2.26).

6.21 EflFect of TPA on Cell Morphology

An initial experiment looked at the effect of TPA (SOOnM) on Swiss 3T3 cells grown in 

24 well plates. The cells were confluent prior to the addition of the phorbol esters, so 

when the cells were examined by scanning electron microscopy the cells were very densely 

packed. This method of production proved to be flawed in two ways: a) the plastic plates 

were hard to break and so the preparation of cells was more difficult b) the cells were so 

densely packed that it became quite difficult to produce a clear image. In further 

experiments the cells were grown on glass coverslips which eliminated some of the 

problems seen in the initial experiments. Four time points were chosen 20 minutes, Ihour, 

4hours and 12 hours and the cells were treated with either TPA (treated) or DMSO 

(control). The results are shown in figures 6 .1-6.4. The nuclei in the cells treated with 

SOOnM TPA for 20 minutes appear to be more pitted than the nuclei in the control cells
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Figure 6.1: Scanning Electron Microscopy Images of TPA and DMSO treated cells.
The cells were treated for 20 minutes with either DMSO (control) or TPA (treated) prior 
to fixing in gluteraldehyde. The upper images show some cells with the magnification set 
to x231, whereas the lower images show the cells at a higher magnification of x463.
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Figure 6.2: Scanning Electron Microscopy Images of TPA and DMSO treated cells.
The cells were treated for 1 hour with either DMSO (control) or TPA (treated) prior to 
fixing in gluteraldehyde. The upper images show some cells with the magnification set to 
x231, whereas the lower images show the cells at a higher magnification of xl 159
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Figure 6.3: Scanning Electron Microscopy Images of TPA and DMSO treated cells.
The cells were treated for 4 hour with either DMSO (control) or TPA (treated) prior to 
fixing in gluteraldehyde. The upper images show some cells with the magnification set to 
x231, whereas the lower images show the cells at a higher magnification xl 159.
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Figure 6.4: Scanning Electron Microscopy Images of TPA and DMSO treated cells.
The cells were treated for 12 hour with either DMSO (control) or TPA (treated) prior to 
fixing in gluteraldehyde. The upper images show some cells with the magnification set to 
x231, whereas the lower images show the cells at a higher magnification xl 159.
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treated for 20 minutes. This difference is not observed in the cells treated for the longer 

time period. This morphological change in the nucleus could be related to the 

translocation of PKC to the nucleus observed following agonist treatments. Some of the 

treated cells in the longer exposure periods, can be seen to be spindly and elongated in 

comparison to the control cells. This was thought to be due to an artefact of the 

production process rather than the effect of TPA on the cells. Other workers have noted 

changes in the morphological characteristics of cells although, in general, the cells were 

treated for a longer time period.

Sivak and coworkers (1969) noted that the addition of phorbol ester (fraction c) to a 

week old monolayer of 3T3 cells caused the cells to become less flattened and more 

refractile, with distinct boundaries between cells becoming visible. Similar findings were 

also noted in Balb c/3T3 cells exposed to TPA (Estensen et al, 1974 and Sivak, 1977). 

Morphological changes have been observed in Swiss 3T3 cells following treatment with 

TPA for 2 hours. The cells were more elongated with increased extension of the cellular 

processes. The overall cell volume was shown to have decreased by 30% (Diamond et al, 

1974). Diamond and coworkers also examined the effects if TPA on the diploid human 

cell strain WI-38. Within 6-12 hours following treatment, changes in the morphology of 

cells was observed; The cells had become elongated with an increase in the number of 

cytoplasmic processes. Cell size was also shown to decrease by 25-30%.

Changes in the morphology of cells following the treatment of TPA may coinicde with the 

changes in the mitogenic state of the cells treated. One of the signature events of a 

transformed cell is the loss of growth control. By examining the effect of the different 

phorbol esters on the morphology of the cells, it may be possible to ascertain which of the
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PKC isotypes are responsible for this action. Future work could examine the effects of the 

other phorbol esters on the morphology of cells to see if the effects are comparable.

6.3 Chapter Conclusions

• TPA treated cells showed differences in their morphology in comparison to 

control (DMSO) treated cells.

• Extensive nuclear pitting was seen in the cells treated for 20 minutes with TPA.

• Cells exposed to TPA for longer time periods (>1 hour) appeared more spindly 

and elongated in comparison to the control cells.
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Chapter Seven: Discussion and Conclusions

7.1 Discussion

Protein kinase C is a family of phospholipid dependent, serine-threonine kinases, which 

can be divided into three categories based on their cofactor requirements; the conventional 

calcium dependent PKCs (alpha, beta and gamma) and novel calcium independent PKCs 

(delta, epsilon, eta and theta) which both require diacylglycerol (DAG) or phorbol ester 

for activity and the atypical calcium independent PKCs (zeta and lamda) which do not 

bind phorbol ester nor DAG. The individual isoenzymes demonstrate only subtle 

differences in enzymatic properties, ligand binding and substrate specificity in vitro, 

however, in vivo the isoforms exhibit different tissue and cell type functions suggesting 

unique, specific functions for each of the PKC isotypes.

This study examined three cell types for the presence of PKC isotypes using the technique 

of Western Blotting. The cell types expressed different subsets of the PKC isotypes. Rat 

brain expressed all seven of the isotypes examined (a, p i, p2, ô, e, (  and r\). Swiss 3T3 

cells expressed four isotypes (oc, ô, e and C) and human kératinocytes three isotypes (a, 

e and Q. PKC a, pi, p2, ô, e and C have previously found to be ubiquitously distributed 

eg in brain, lung, spleen, thymus and skin (Nishizuka, 1988; Schaap et al, 1989 and Ohno 

et al, 1991).

The phorbol esters are naturally occurring compounds that have been shown to cause a 

wide variety of biological effects in cells including skin irritation, inflammation, tumour 

promotion, induction of cell differentiation and proliferation, platelet aggregation and 

muscle contraction. Phorbol esters have been shown to mediate their effects on the cell 

via protein kinase C (Goodnight, 1995). They are therefore a valuable tool for research
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into protein kinase C. The phorbol esters used in this study were selected for previously 

recorded differences in their biological effects. TPA was used since it is a complete 

tumour promoter (Hecker, 1978) and the most well established activator of protein kinase 

C. Amongst its many biological effects TPA is capable of inducing lymphocyte 

mitogenesis (Mastro and Mueller, 1974), HL-60 differentiation (Abrahm and Rovera, 

1980), platelet aggregation (Zucker et al, 1974) and skin inflammation (Evans and 

Edwards, 1987). TPA was used as a positive control in all experiments since it is capable 

of activating PKC isotypes in vitro (Ryves et al, 1991). In vitro TPA can activate all of 

these isotypes (a, p i , y , ô and e) to between 60 and 75% in the absence of calcium. In 

the presence of calcium, saturation occurs at a lower TPA concentration. In this study 

TPA was found to induce mitogenesis with an ED50 value predicted to fall in the range 

of 1-lOOnM. At maximal stimulation the uptake of thymidine in treated cells is 4.3 fold 

higher than in the control. In Swiss 3T3 cells TPA was shown to translocate PKC alpha 

and epsilon and was unable to translocate PKC zeta. Kiley et al (1994) examined the 

effect of TPA on Swiss 3T3 cells and U937 cells, the latter being a cell line that expresses 

PKC p i, P2, € and C Translocation of p i, P2 and e PKC isotypes in U937 cells and a, 

Ô and e PKC isotypes in Swiss 3T3 cells followed treatment with TPA. The inability of 

TPA to cause translocation of PKC zeta is consistent with data indicating that PKC zeta 

does not bind to phorbol ester (Nishizuka, 1992 and Ways et al, 1992). When the 

activation of partially purified isotypes of PKC obtained fi’om Swiss 3T3 cells by TPA was 

examined, two peaks of stimulatable activity were uncovered. The first peak in fractions 

17-19 may be due in part to PKC alpha activity which eluted in fractions 13-17. However 

the second peak in fi-actions 21 cannot be assigned to a PKC isotype present in Swiss 3T3
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cells. It is therefore likely to be due to activation of an as yet unidentified PKC-like kinase. 

When the same activation experiments were performed using a rat brain cytosolic fraction, 

three peaks of stimulatable kinase activity were uncovered following TPA stimulation. 

The first peak in fractions 10-13 coelutes with a region of PKC beta one activity (11-13). 

The second peak coelutes within a region of PKC alpha activity. The third peak starts 

within the same region of PKC alpha activity, however, it extends along through to 

fraction 22. This peak is likely to be due to another PKC isotype found in rat brain which 

was not tested for here. TPA was also shown to be able to phosphorylate the 80K 

MARCKS protein at a dose of 500nM. Kiley and coworkers observed phosphorylation 

of the 80K MARCKS protein at doses of 1-lOOnM. The lower doses of TPA were not 

tested for their ability to phosphorylate the MARCKS/80K protein. Finally the effect of 

500nM TPA on the morphology of Swiss 3T3 cells was examined. Twenty minute 

exposure revealed cells with pronounced pitted nuclei, no other changes in gross 

morphology were revealed. Longer time periods of exposure led to more obvious changes 

in morphology; the cells gaining a more elongated and spindly appearance.

Dopp is a phorbol ester with potent anti-tumour promoting ability (Szallasi et al, 1993) 

but is a proinflammatory agent. It is capable of activating PKC (Ellis et al, 1987). In vitro, 

Dopp has been shown to activate PKC alpha and beta one more potently than TPA (Ryves 

et al, 1991). PKC delta, epsilon and gamma were also activated by Dopp in vitro (Ryves 

et al, 1991). Szallasi et al (1995) examined the effects of Dopp on the PKC isoenzymes 

present in mouse kératinocytes, a cell line that expresses a, ô, e, f  and r\ PKC isotypes. 

Dopp was shown to be able to translocate a, ô and e from the cytosolic fraction to the 

particulate soluble fraction. PKC ô and e were more sensitive to translocation than PKC
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CL. They concluded that Dopp induced translocation differs from TPA induced the Dopp 

translocation in three different ways: 1) The kinetics of the Dopp translocation of PKC 

0£, Ô and e are much faster than those of TPA, 2) Dopp more potently activate the novel 

PKCs than the conventional PKCs, 3) PKC e which is associated with the particulate 

soluble fraction is translocated and down regulated by Dopp but not TPA 

In this study the effects of Dopp on PKC found in Swiss 3T3 cells were examined. Dopp 

was shown to induce mitogenesis with an ED50 range of between lO-lOOnM and at 

maximal stimulation caused a 3.4 fold increase. In Swiss 3T3 cells Dopp was shown to 

translocate ô but not oc or e PKC isoenzymes. When the activation of partially purified 

isotypes obtained from Swiss 3T3 cells by Dopp was examined, a peak of stimulatable 

kinase activity was revealed in fractions 16-19. When the same fractions were Western 

blotted against PKC c l ,  bands of immunopositivity were observed in fractions 13-17. It 

is possible that PKC a contributes initially for the peak of activity seen although the 

remainder of the activity can only be attributed to an as yet unidentifiable PKC-like kinase. 

When the effect of Dopp on partially purified isotypes obtained from rat brain was 

examined two peaks of activity were observed in fractions 13-16 and fractions 21-22. The 

first peak coincides with PKCpi/ot activity: The second peak is likely to be due to a PKC 

isoform present in rat brain which was not tested for its presence in the FPLC samples. 

Finally the phosphorylation of the p80 MARCKS protein in Swiss 3T3 cells was examined 

following Dopp treatment. Phosphorylation above control values was observed at 

concentrations of Dopp above 33nM up to 67pM. Although in vitro data suggested that 

Dopp was capable of activating all of the isotypes tested, in vivo data presented here 

suggest that Dopp is more selective. The difference in data obtained from the experiments
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presented here (in rat brain and Swiss 3T3 cells) and those of Szallasi and coworkers, 

1995 (in primary mouse kératinocytes) can be attributed in part to differences in cell 

function. If the different PKC isotypes are involved in different aspects of cell function 

which are cell type dependent, then activating them with the same agonist may lead 

different patterns of expression.

Doppa is a non promoting agent (Brooks et al, 1989), which is unable to induce 

differentiation of HL-60 cells (Evans et al, 1989) but is a pro-inflammatory agent on 

mammalian skin (Evans and Edwards, 1987). Doppa has been shown to activate 

specifically the PKC pi isoenzyme in vitro (Ryves et al, 1991). Doppa effectively 

stimulated PKC pi kinase activity at a dose of 20nM, but did not activate PKC cl, y, à 

and e at doses up to 2pM (Ryves et al, 1991). Since Swiss 3T3 cells do not express PKC 

pi/2, the in vitro data would predict that no response to Doppa treatment should be 

observed. Kiley et al (1994) examined the effects of TPA and Doppa in Swiss 3T3 cells. 

TPA was shown to be 100 times more potent than Doppa in redistributing PKC a, ô and 

€, with only the highest dose of Doppa (lOOOnM) being capable of translocating PKC 

epsüon. PKC alpha and delta following stimulation with lOOOnM Doppa moved slightly. 

They also observed a dose dependent stimulation of the p80 MARCKS protein by Doppa 

(lO-lOOOOnM). They concluded that since Swiss 3T3 cells do not express PKC P, Doppa 

must be activating at least one or more of the non-p PKC kinases in 3T3 cells. In vivo the 

results indicated than Doppa was not PKC p selective (Kiley et al, 1994). Here we also 

examined the effects of Doppa in Swiss 3T3 cells. Doppa was shown to induce 

mitogenesis with an ED50 range between lO-lOOnM and at maximal stimulation caused 

a 3.8 fold increase. The phorbol esters were incubated ^vith the cells for 48 hours prior to
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the assessment of the mitogenic response. Using HPLC we showed that Doppa 

metabolism in cell culture to Dopp ( a more biologically active compound) occurs afer 

four hours. Thus a possibility exists that the mitogenic response seen, may in part be due 

to the effects of Dopp. In Swiss 3T3 cells, Doppa was shown to redistribute the epsilon 

isoform at doses up to IpM. However PKC translocation can occur in the absence of 

activation (Kiley et al, 1992) and activation can occur in the absence of translocation 

(Pelech et al, 1992). When the activation of partially purified Swiss 3T3 cells was 

examined using Doppa a peak of stimulatable kinase activity was revealed in fractions 16- 

20 . When the fractions were Western Blotted against PKC alpha, bands of 

immunopositivity were observed in fractions 13-17. It is possible that PKC alpha 

contributes initially for the peak of activity seen although the remainder of the activity can 

only be attributed to an as yet unidentifiable PKC-like kinase. When the effect of Doppa 

was examined on partially purified isotypes obtained from rat brain, two peaks of activity 

were revealed which coincide with PKC a and pi activity. Finally the phosphorylation of 

the p80 MARCKS protein in Swiss 3T3 cells was examined following Doppa treatment. 

Phosphorylation above control values was observed at concentrations of Doppa above 

33nM up to 67pM. Obviously the higher concentrations question the physiological 

relevance of the dose given. However the results indicate that Doppa activates one of the 

PKC isoforms found in Swiss 3T3 cells. In vitro data suggested that Doppa had the 

potential to be a PKC pi specific activator. However the results obtained from in vivo 

experiments reveal that Doppa does not exhibit PKC P isoen2yme selectivity. 

Thymeleatoxin is a second stage tumour promoting agent (Brooks et al, 1989). In vitro 

it has been shown to activate PKC a, pi and y (Ryves et al, 1991). However it was
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unable to activate PKC ô and e in concentrations up to lOOOng/ml (Ryves et al, 1991). 

The effect of thymeleatoxin on mitogenesis in Swiss 3T3 cells was examined. The results 

show that of the five phorbol esters tested in this study, thymeleatoxin was the most 

potent at inducing mitogenesis with an ED50 value expected to fall in the range of 0- 

lOnM. When maximally stimulated thymidine uptake was 9.7 fold above control values. 

Thymeleatoxin was also found to be able to translocate PKC alpha and zeta isoforms at 

concentrations above lOnM. The apparent translocation of PKC zeta was not expected 

since PKC zeta only contains a single cysteine rich region in an area thought to confer to 

phorbol ester binding which, in other phorbol ester binding PKC isotypes contain two 

cysteine rich regions. However PKC translocation can occur in the absence of activation 

(Kiley et al, 1992), so Thy A may not be activating the zeta PKC isotype. Thymeleatoxin 

was also shown to phosphorylate the 80K/MARCKS protein albeit at a dose which is 

considered to not be physiologically relevant. More studies will need to be performed to 

determine the lowest dose capable of phosphorylating the 80K/MARCKS protein. Ryves 

et al (1991) described the selective activation of PKC a, p and y by thymeleatoxin, using 

an in vitro assay with purified PKC isoenzymes. Roivainen and Messing (1993) examined 

the effect of thymeleatoxin on PKC translocation in PC 12 cells. They showed that 

thymeleatoxin at a dose of lOOnM, was able to translocate all of the PKC isotypes (a, p, 

Ô and e) in PC 12 cells except for PKC C-

Rx is an orthoester related to thymeleatoxin and although it is not a tumour promoter it 

is the most proinflammatory agent of the phorbol esters used in this study (Evans and 

Schmidt, 1979). Rx was examined in this study for its ability to stimulate mitogenesis in 

Swiss 3T3 cells. At all doses tested (0-1 pM) Rx was unable to stimulate mitogenesis. The
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effects of Rx on the translocation of PKC isotypes in Swiss 3T3 cells was also examined; 

Rx was unable to translocate any of the isotypes tested. This correlates well with the data 

which suggests that Rx mediates it cellular effects via a different protein kinase. Rx kinase 

was originally detected in human mononuclear cells following hydroxyapatite 

chromatography. It was distinct from PKC alpha and beta one based on elution profile, 

immunological analysis and independence of calcium as a cofactor (Ryves et al, 1989). 

Phorbol esters are usefiil pharmacological agents but they do not mimic the true response 

as they are stable molecules whereas DAG (the natural analogue of phorbol esters) are 

rapidly metabolised in the cell. So far, no phorbol ester has yet exhibited PKC isoenzyme 

selective activity in vivo (Kiley et al, 1992; 1994 and Roivainen and Messing, 1993). The 

most commonly used phorbol ester TPA, binds to and activates all PKC isoforms in vivo 

except PKC C and X (Nishizuka, 1992). To determine the precise nature and function of 

each isotype of protein kinase C a selective agonist would give impetus to the continued 

research into these isoenzymes. The field of research is further complicated by the 

presence of binding proteins.

The localization of the PKC to different intracellular sites is thought to be mediated by 

specific PKC binding proteins which can discriminate between the different PKC isoforms. 

Recent studies have identified the PDZ domain (PSD-95, dishevelled and ZOl) as a 

modular protein-protein interaction motif that serves to localize proteins to specific 

subcellular sites. This domain binds to proteins containing the tripeptide motif (S/T)XV 

(X=any amino acid) at their-COOH terminal. PDZ domain containing peptides have been 

shown to mediate protein-protein interactions during receptor and ion channel clustering 

and to recruit kinases and phosphatases to their membrane associated substrates.
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Staudinger et al (1997) have shown that a protein kinase C alpha binding protein, PICKl 

contains a PDZ domain and that this domain can interact with a previously unidentified 

PDZ binding domain (QSAV) in the extreme COOH terminus of protein kinase C alpha. 

A mutation of a putative carboxylate-binding loop within the PICKl PDZ domain 

abolishes the interaction between the proteins. They also showed that the PDZ-binding 

domain in PKC alpha is absent in other PKC isoforms that do not interact with PICKl and 

that the association of PKC alpha with PICKl provides a potential mechanism for the 

selective targeting of PKC alpha to unique subcellular sites. The identification of this PDZ 

binding domain in the PKC alpha suggests a role for selective targeting of PKC isoforms 

and could in part explain why the PKC isotypes vary in localisation and expression. How 

this selective targeting is achieved/maintained physiologically (sorting processes/ binding 

proteins) and how it relates to the ability of particular PKC species to perceive 

diacylglycerol (or other effectors) produced at specific locations have yet to be 

established.

7.2 Conclusions

• Five phorbol esters (TPA, Dopp, Doppa, Thy A and Rx) were assessed for their 

ability to stimulate mitogenesis in Swiss 3T3 cells. Only Rx exhibited no 

proliferative activity in this cell type.

• TPA has an ED50 value which is likely to fall between 1-lOOnM and maximally 

stimulated thymidine uptake 4.3 fold higher than the control.

• Dopp and Doppa have ED50 values which are likely to fall in the 10-1 GOnM range 

and maximally stimulated thymidine uptake 3.4 fold and 3.8 fold respectively 

higher than the control.
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• Thy A, the most potent effector in this system has an ED50 value which is likely 

to fall between 0-1 nM and maximally stimulated thymidine uptake 9.7 fold higher 

than the control.

• When changing the media every twelve hours (rather than incubating the cells 

continuously for 48 hours) mitogenesis is enhanced in both the control and the 

phorbol ester treated wells.

• The similarity in Dopp and Doppa ED50 range could, in part be due to 

metabolism in Doppa treated cultures to the more potent Dopp.

• Using HPLC, the appearance of Dopp in Doppa treated cells was observed after 

4 hours incubation.

• Rat brain tissue express ct, p i, P2, ô, e, C and r| isotypes of protein kinase C

• Human kératinocytes express a, € and C isotypes of protein kinase C.

• Swiss 3T3 cells express a, ô, e and C isotypes of protein kinase C.

• Using the mixed micellar assay, peaks of stimulatable kinase activity occur in rat

brain tissue following phorbol ester treatment with TPA, Dopp and Doppa which 

coincide with the elution of the PKC alpha and beta one isotypes. Other peaks 

were uncovered which could not be assigned to either of these two PKC isotypes.

• Using the mixed micellar assay, peaks of stimulatable kinase activity occur in 

Swiss 3T3 cells following phorbol ester treatment with TPA, Dopp and Doppa 

which in part can be attributed to PKC alpha activity. Other peaks were uncovered 

which could not be assigned to the remaining PKC isotypes found in Swiss 3T3 

cells (ie PKC 6 , e and C) and are therefore likely to be due to other PKC-like 

kinase activity.
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• In a TPA time course, SOOnM TPA translocated PKC alpha in Swiss 3T3 cells 

after 5 minutes treatment.

• TPA treatment of Swiss 3T3 cells for 5 hours down regulates PKC alpha at 

concentrations >10nM and PKC epsilon at concentrations >250nM TPA

• Using Western Blotting against antibodies specific for PKC alpha, delta, epsilon 

and zeta.

• TPA was shown to translocate PKC alpha and epsilon but not PKC zeta.

• Dopp was shown to translocate PKC delta but not PKC alpha or epsilon.

• Doppa was shown to translocate PKC epsilon but not PKC alpha.

• Thy A was shown to translocate PKC alpha and zeta.

• Rx was unable to translocate any of the PKC isotypes tested in Swiss 3T3 cells.

• Phosphorylation of the 80K/MARCKS protein was observed following treatment

with TPA (>500nM), Dopp (>33nM), Doppa (>33nM) and Thy A (17pM).

• TPA treated cells showed differences in their morphology in comparison to 

control (DMSO) treated cells.

• Extensive nuclear pitting was seen in the cells treated for 20 minutes with TPA.

• Cells exposed to TPA for longer time periods (>1 hour) appeared more spindly 

and elongated in comparison to the control cells.

7,3 Future Work

To perform the cell fractionation and localisation of the PKC isotypes by Western blotting

a large number of cells are required. To overcome this difficulty the cell fractions could

be subjected to immuno-precipitation prior to Western blotting since this would increase

the intensity of the band appearing and thus reduce the need for a large number of cells.
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The use of monoclonal antibodies, rather than antisera would eliminate the need for 

competition blots to be performed.

The future direction for work on protein kinase C must be to elucidate the mechanisms 

of localisation to the specific substrates. The recent finding of a PDZ binding domain in 

PKC alpha and a PDZ domain in PICKl (a PKC alpha binding protein) opens the field to 

further research into binding domains in the other PKC isotypes. The question of how 

the phorbol ester perturbs this relationship also remains unanswered, although the finding 

that in different cell types the different phorbol esters activate different isotypes to varying 

degrees suggests that there is some form of interaction.

The question still remains open as to which of the PKC isotypes are involved in the 

different biological effect. In proliferation the activation of PKC alpha appears to be 

essential, although PKC alpha is ubiquitous and appears to play a role in all of the 

biological effects. The cellular targets for PKC involved in cell proliferation must be 

elucidated. Current theory suggests that PKC is involved with three major classes of 

mitogen receptor and the ra^/rq/TMEK/MAPK mitogenic pathway. PKC has also been 

implicated in playing a role in the Gl/M  transition phase of the cell cycle.

The ability to overexpress or inhibit the expression of PKC isotypes has provided insights 

into the role of the individual isotypes in cell proliferation and differentiation. The use of 

PKC chimeras also provides a powerful technique for determining the molecular 

mechanisms underlying the PKC isotype function. These molecules could help identify 

the isotype specific molecular determinants on the PKC isotypes themselves and may 

provide important targets for the development of selective intervention strategies in vivo. 

As more physiologically relevant PKC substrates and isotype specific effector molecules
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are identified and their specific roles in PKC isotypes signalling are unravelled a whole 

range of new research topics are presented which could determine the precise role of 

PKC isotypes in signal transduction.
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caioum independent, whereas members of the aiypical PKC's 
(aPKC). { and lack the binding snc for DaG [3] Phorbol esters 
arc known to bind to and activate the DAG scnsiiive forms, and h is 
flat activation that is thought to be responsible for the diverse 
miraccllular effecu caused by phorbol esters 

We have looked at the acovation of PKC tn Swiss 3T3 cell cytosol 
bv the phorbol esters 12-0-tetradecanoylphorbol-l3-aceiaic (TP A I. 
I2-deo)cyphorbol-13*phenyiacetate (Dopp) and its C ,  acetate 
Doppa We have previously shown by Western Blotting against 
specific antibodies that Swiss 3T3 cells express the a. Ô. e and 
isoforms Previously all three compounds 1st concentrations up to 
I U.M) have been found to cause rapui phospborvlation of NLVRCKS 
Imynsioylated alarune-rich C kmase substrate 1 Protan (P t7 i in 3T3 
cells (4)

A cytosolic fiaaion of 313 cells was prepared bv scraping 
confluent flasks of cells into homogenisation buffa and centnfuging 
the resultant cell suspension at KX).(XX>g The supemaient was 
collected and its PkC was partially punfied using an FPLC svstem 
and a hydroxylapatite column with 1 linear phosphate gradient 
ranging from 20m.Vi to SOOmM Variation of PKC m eluted 
fiaaions was quanufied bv measuring the incorporation of ” P into 
Hinone in the presence of phosphandyisenne with or without 
calaum (5)

The phorbol esters (present at IpM) TPA and Dopp but not its Cy 
acetate Doppa stimulated one peak of calcium dependant kinase 
activnv- ehittng wnh fiaaions 16-H 00  the FPLC gradient (Figure ! ) 
Wfhen the FPLC fiaaions were subieced to SDS-PAGE and 
immunobloned against PKC isotype speafic antisera. PKCa was 
daected in fractions 16-lS with the densnv of immunoreaciivity 
Correlating with the TPA and Dopp stimulated kinase aaivity 

Abbreviations Lsed PKC. protein kinase C. TPA. 12-0- 
letradodecanovIphorbol-13-acetate. Dopp. 12-deox>phorbol-13- 
pnenvlacetate. DAG. jiacvlglvcerol. SDS-PvGE. sodium 
dodecvlsulphate-polvaciviamide gel eiectrophoresis. .MvRCkS. 
trrvnstovlaied alanine-nch C kinase substrate

.5

0

I  -to 
•13

FruliM Smher

-W  TP A = TPV --xjltiunii D«pp f —kium i
i •  D epp i-C tlnun i i-«a taum i •  Deppai-utewmn,

Figure I Pborfaol Efler ( lu M i Vtimulaimm mf Kmaw Ankwy -
Swiu 3T3 CcBi

The patient of the phorbol ester stmiulatioo of Swiss 3T3 cyiosobc 
fiactioa is m apcemem with previous ia vitta studies performed oa 
prepared rat brain isorypes (6) and this suggests that Doppa does 
not einailate MAKCkS pbosphorydatiom through PKC a in Swiss 
3T3 cells

1 Nishizuka,Y (1092) Science 25g. 607-614
2 Hug and Sane (1993) Biochem J. 291. 329-343
3 WfBansaa. S.E. and Hagam. TJ. (1993) in Methods in Molecular 
Biology (Kendall D.A. and Hill S I .  edsL vol 41. pp261-270. 
Humana Press Inc., Tot own. NJ
4 lOky. S C . Obvier. AR-. Gordge. P E . Ryves. wr.J.. Evans. F J . 
Ways. D K and Parker. P J (1994) Carcinogenesis. IS. 319-324
5 Hnnsiun. Y A . Loomw. C H  and Bell ILM ( 19:5) J Bid Omm 
260. )0039-10043
6 Ryves. W J . Evans. A.T.. Olivier. A.R.. Parker. P J and Evans. 
F J (1991)FebsLett 2M. 5-9
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FRED J EVANS

Cerat* for Phanrucoano iv . The School c f  P p a r r .a c '. L'niveriitN 
o f  London, 2 9 /Q Bruniwick Souire. London. U 'C IX  I .AX. L' K 
*MRC L ib o ri io r\  for M olecular Bioiog;-. L CL. Gow er Sireeu 
London. W C IE . L k

Protein Kinaie C (PKC) rep re je a ij  a funiiy o f 
aenne threonine ipecinc protein lunasea coniiitin i; o f  at lean: 
e)e%en different i io e w m e i  (I.2J T heie can oe oroadiv divided 
into tnree g roup t depending on tneir requirem em i tor calcium and 
dianieK 'cero l (DAGI for full activation - in  conventional PKC 
(ePKO that require DAG and calcium tor activation (ill novel 
PKC inPK C ) that do not require calcium but require DAG for full 
activation (lii) atypical PK(i laPKC) that do not require either 
calaum  or DAG Phorbol ewers such as ::-0 -ie trad ecan o M  
phorpol-13-acetate iTP.At bind to and activate the D.AG senwtive 
PKC isoform s where their activation is held tc  correlate with 
transiocation o f  the isotv-pes from the cytosol to  the membrane uj
3010 (31

W e have identiiied by W estern Blotting against spectnc 
antibodies that Swiss 5T3 cells express the e . 6. t  and J isotypei 
and have been invesirgating the location and transiocation o f tne 
a  and t isorypes betw een the cytosol iC t. !*• tn ton  soluble 
particulate (P.) and !*« tn to n  insoluble iP .i fractions upon 
stimuiation with TPA This was com pared to  Swiss 3T3 cell 
trutojenests stimulated bv TP A

Swiss ÎT3 cells were grown ic quiescence and treated for 
-IS lours with 1.10. ’.00 .<00 jnd 1000 nSl TPA The control 
used was DMSO The amount oi TCA insoiupie  ̂ H| thymidine 
inccrpomed into :n< cells jtter J hour' wa- j'Cd j '  jn  indicator 
of rr.itogenesiv For the transiocation studies conrluent ilasLs of 
2T2 cell' were exposed to I. 10. IfX). <0u and  1000 nM TPA for 
20 minutes at before harvesting tne ceiis by washing the 
cells twice with ice cold phosphate oufierec salme and 
solubilizing them in O.cV sodium hvdroxiJe wnr 01.<7 SDS The 
C. P. and P. tract.ons produced were '.her 'upiectec to SDS- 
PAGE and Western Biotiinc aving speciiTc antibodies 
Results were a n a ly se d  by dcnsuometnc analysis.

In the control sample itreated with tne solvent DMSOi 
both PKC alpha and epsilon were found preoomiruntly in the 
cytosolic fraction i - S f r  and ‘'5'V respectively!. With tne 
addition of In.M TPA there was j  decrease in tne amount of 
cyiowlk PKC alpha epsilon and a corresponding increase in the 
P. fraction. At TP A concentrations oi lOn.M or greater the 
amount at cytosolic PKC alpha and epsilon was reduced to 
undetectable levels and all immunorcactiviiy w j\ Jeiected in the 
P,. No PKC bands were observed in the P traction at any 
concentration of TP A i F.gure 11.

The Swiss àTà cells used m this study were in a state of 
confluence and incorporate thymidine at -  101 of log phaae 
cultures. TPA stimulates the mcorooratior. of thymidine lo the 
log phase growth pattern and causes cells lo ibrm foct of 
unrestricted g row th  crnsivieni with low of contac innip.iion [5;. 
The effect ol TPA > n.aximal at .'iiftr.M anc acv.ive wun a EDy.
of 9n.M. _________________________________________
Abbreviatinnv L sec C cytosnlic. P particulate P -cytoskeletal. 
PKC protein k i n a s e  C. SOS-P A C E - ' C x J i u m  dodecyIsulpnate- 
polyacTvbmide gel eiecirophoresi'. DAG- Jiacylglvcerol. 
DMSO-dimeihy I s u ; p : k ' \  ; d e .  TP A -1 2 0 te.radccanov Iphorbol-

r  100

10 ICO 300 

TPA Cone. inM l

1000

• C fraction P fraction Q fraction

Figure 1 Trar.slocation of c  PKC after exbosure in different T P \ 
concentrailor- tor 20 minutes

100 -

10 100 

TP.A Cone. inMi

1000

■ C traction • P fraction Q  traction

Figure 2 Transiocation of c PKC when aiier evposure to 
different TP a concentration; for 20 minutes

The results presented here suggest that TPA deregulation 
of normal grow in paiiems in Sw iss cT? cells involves early PKC 
alpha and ep'.lon transiocation
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PHORBOL ESTER INDUCED TRANSLOCATION OF THE ALPHA 
ISOTYPE OF PROTEIN KINASE C IN SWISS 3T3 CELLS 
S A.Roberts. W.J. R > tcs*  and F.J. Evans. Centre o f  Pharmacognosy, The 
School o f  Pharmacy, Universit\' o f  London, 29-39 Brunswick Square, 
London, W CIN LAX, Email; sroberts@cua.uIsop.ac.uk. *MRC Laborator}' 
for Molecular Biolog>', UCL, Gower Street, London, W CIE, U.K.

Stimulation o f  mitogenesis in Swiss 3T3 cells by phorbol esters has been 
attributed to their ability to bind to and activate the PKC family o f  
sennc/threoninc protein kinases. PKC activation has been held to correlate 
with transiocation of the isot\pcs from the cytosol to the membrane in vivo 
(1 ). W c have identified the a, Ô, e and C isotopes in Swiss 3T3 cells (2), 
and have been investigating the translocation o f  alpha PKC with 12-0-  
tctradecanoylphorbol-13-acetatc (TPA), 12 deoxyphorbol-13-0-  
phenylaccialc (Dopp) and it’s Ĉ  ̂acetate Doppa. This was correlated to the 
stimulation of mitogenesis. Results showed that all three phorbol esters 
stimulated mitogenesis, Dopp and Doppa being less potent than TP.A 
(ED^(,'s 49.86n.M, 35.56nM and 8.6nM respectively). However only TPA 
and Dopp (at concentration up to IpM ) were capable o f  stimulating 
mitogenesis. This suggests two possibilities 1) PKC alpha activation is not 
directly involved in mitogenesis 2) Doppa has been metabolised into Dopp 
during tlie mitogenesis study.

(1) Kile>', S.C., Ohvicr, A.R., Gordge, P.E,, R\wes,W.J., Evans, F.J. Ways, 
D.K. and Parker, P.J. (1994) Carcinogenesis, 15, 319
(2) Roberts, SA ., R\ves, W.J. and Evans F.J. (1997) Biochem. Soc. Trans. 
2 5 ,4 5 s

Roberts, S A , Ryves, W.J.R. and Evans, F.J. (1997) Phorbol ester induced translocation 
o f  the alpha isotype o f protein kinase C alpha in Swiss 3T3 cells, FEBS Abstract
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