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The bryostatins are a family of macrolide lactones isolated from the 

marine bryozoan Bugu/a neritina. Since its detection in 1968, bryostatin 1 

has demonstrated remarkable anticancer, immunopotentiating, 

biomodulatory and radioprotective effects which result mainly from its 

ability to activate protein kinase C, a family of isozymes involved in cellular 

signal transduction. It is currently being tested in several phase I and phase 

II clinical trials as a potential anticancer drug for leukemia, melanoma and 

nephrotoma. A series of experiments was undertaken to elucidate the 

biosynthetic origins of bryostatin, using a fortified crude cell-free enzyme 

preparation and radiolabelled precursors. A regional characterization of 

Bugula neritina from Sicily, Italy and Daytona Beach, Florida is also 

described. 

iii 



To Mary E. Chadbum 
my lifelong companion and best friend 

Also, Natasha, Katie, Emily and Julia Lawry, 
Maiya Shahwan and Kate Slusher, 

our future in the next generation 

Special thanks to 
R.G. Kerr 
J. Borrone 
M. Darbro 

i\' 



Table of Contents 

List of Figures 

Chapter 1 Discovery of the Bryostatins 

Introduction . 

A Brief History of the Bryostatins 

Structural Features of the Bryostatins 

Bugula neritina, Source Organism 

The problem of Supply 

Research Objectives 

Chapter 2 Biomedical Potential of Bryostatin 

Introduction 

Anticancer Actions of Bryostatin 1 

Bryostatin 1 Modifies Biological Response 

Immunomodulatory Actions of Bryostatin 

Bryostatin I Stimulates Protein Kinase C 

Protein Kinase C Has Multi-Isofmms . 

Phorbol Esters Are Also PKC Activators 

Phase I Clinical Trials 

v 

VIII 

I 

1 

2 

5 

8 

. 12 

. 14 

. 16 

. 16 

. 16 

. 20 

. 22 

. 25 

. 26 

. 28 

. 31 



Chapter 3 Characterization of Sicilian and 

Daytona Bugula neritina . . 34 

Introduction . 34 

UV Absorption of the Two Chemotypes . 35 

Chromatographic Applications . . 38 

Characterization of Sicilian Bugula neritina . 41 

Characterization of Daytona Bugula neritina . . 46 

Chapter 4 Biosynthetic Studies . 50 

Introduction . . 50 

Fatty Acid Biosynthesis . 51 

Polyketide Biosynthesis . 54 

Biosynthetic Origins of Bryostatin . 56 

Preparation and Purification of a Viable Cell-Free Extract. . 61 

Purification of Bryostatin 1 from Incubation Mixture . 62 

Chromatographic Separation of Bryostatin . 64 

Results . 67 

VI 



Chapter 5 Experimental 

General . 

In strum entation 

Source of Reagents 

Collection of Bugu/a nerilina 

. 72 

. 72 

. 72 

. 73 

. 74 

Isolation and Chromatographic Characterization of Bryostatins . 7 4 

In Vitro Metabolic Studies 

Double-Label Experiment 

Glycerol and SAM Experiment . 

References . 

vii 

. 75 

. 76 

. 77 

. 78 



List of Figures 

Figure Page 

1 The Bryostatins 6 

2 Bugula neritina Morphology 9 

3 NCI Standard In Vitro Assay of Bryostatin 1 and 2 . . 17 

4 (a) 12-0-Tetradecanoylphorbol-13-acetate . 29 

(b) Phosphopantetheine Group of Co A . 29 

(c) Phosphopantetheine Group of ACP . 29 

5 Absorption of Bryostatin Chemotypes . . 36 

6 Bryostatin Standards 2,6 and 1 . 37 

7 Bryostatin Standards 2,8 and 1 . 37 

8 HPLC Analysis ofBryostatin 1,4 Mixture . 39 

9 Sicilian Bugula Extract, Doped and Undoped . 42 

10 UV -vis Analysis of Sicilian Extract vs Bryostatin 1 Std. . 44 

11 UV -vis Analysis of Sicilian Extract vs Bryostatin 4 Std. . 45 

12 Daytona Bugu/a Extract, Doped and Undoped . 47 

13 Daytona Bugula Extract, Doped and Undoped . 47 

14 UV -vis Analysis of Daytona Extract vs Bryostatin 4 Std. . 49 

viii 



15 Fatty Acid Synthesis . 52 

16 Bryostatin 1 . . 57 

17 Possible Incorporation Results in Bryostatin 1 Biosynthesis. . 58 

18 Bryostatin Skeleton . 60 

19 Purification of Crude Extract . 63 

20 3H-SAM Eluent 60/40 ACN/H20 . 65 

21 3H-SAM Eluent 80/20 ACN/H20 . 66 

22 Results . 68 

23 Working Model of Bryostatin Biosynthesis . 69 

ix 



CHAPTER I DISCOVERY OF THE BRYOSTATINS 

Introduction 

It is well known that tropical rain forests have provided a large variety of natural 

products with wide-ranging medicinal powers. Although oceans cover roughly two-thirds 

of the planet, they are not often thought of as a source of medically useful compounds. 

Marine natural products represent a vast new and largely untapped potential source of 

new drugs 1
• These compounds, which often exhibit unique structural features, can possess 

interesting and possibly clinically useful biological properties. 

A number of marine-derived compounds have demonstrated cytotoxic and 

antitumor properties. Included, along with several other potential anticancer agents under 

current investigation, are ecteinascidin 743 from the marine tunicate, Ecteinascidia 

turbinata2
•
3

, dolostatin I 0 from the sea hare Dolabella auricularia4
, halichondrin B 

originally isolated from the marine sponge Halochondria okadai5 and girolline from the 

New Caledonian sponge Pseudaxinyssa cantharella6
• 

One very promising group of compounds are the bryostatins, a family of 

macrocyclic lactones isolated from the marine bryozoan Bugula neritina. The bryostatin 

family contains at least 18 members, several of which have demonstrated antineoplastic 

properties. Bryostatin I, currently undergoing testing in clinical trials, has not only 

demonstrated selective toxicity against leukemias7
-

12 and several other tumor cell lines, 

but has also been shown to stimulate human hematopoetic progenitor cells to produce 

colonies13
. Thus unlike most antileukemic agents which are toxic to all rapidly dividing 

cells including beneficial immune response cells, bryostatin I is selectively toxic to 



leukemias and other tumor cell lines, but actually stimulates production ofbeneficial 

immune cells 14
• Besides its anticancer and hematopoetic properties, bryostatin 1 has also 

demonstrated a remarkable host ofbiomodulatory15
'
16

, immunopotentiating17
-
20 and 

radioprotective effects62
, most of which resulting from its ability to activate calcium- and 

phospholipid-dependent protein kinase C21
-
24

• The biological action of this imminent 

anticancer drug will be discussed in chapter two. First, it is appropriate to review, in brief, 

the long road, fraught with difficulties, that led to the isolation and purification of 

bryostatin 1, followed by a discussion of its structural features and a description its source 

organism, Bugula neritina. 

A Brief History of the Bryostatins 

As part of an early effort by the NCI to study the potential of marine organisms as 

sources of antitumor agents, Jack Rudloe of the Gulf Specimen Company collected 

Bugula neritina from the west coast of Florida in June 1968 as part of a larger collection 

contracf5
. These samples were sent to G. Robert Pettit at Arizona State University for 

work-up. Pettit's group produced an aqueous extract that was returned to NCI for 

subsequent biological testing. Using, at that time, the NCI's standard in vivo murine 

models, L1210 and P388leukemia cell lines, the extracts were tested. 

By July of 1969 it was known that the extract was inactive and non-toxic against 

L121 0 at a concentration of 400 mglkg/day given either as a single dose or given daily for 

nine days. At the same time, parallel work with P388 cell line demonstrated an increased 

life span (ILS) of68% at 400 mglkg/day, when dosed daily for 10 days. Subsequent 

experiments with P388, using doses ranging from 100 to 800 mg/kg/day for 10 days, 
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performed in July and September, 1969, showed ILS results between 50 and 90% at all 

doses tested, with low toxicity at the highest level. This initial data indicated the crude 

extract contained antitumor compounds with little toxicity over a broad range of doses. 

The three possible hypotheses that could explain this data set are that the active 

components were: 

i. broadly active and non-toxic 

ii . abundant and not very potent 

iii . potent, but in very low concentration. 

Professor Pettit and his group found the third possibility to be the case that explained 

these findings and this has since been found to be the case with many subsequent marine

derived antitumor agents. 

Besides the in vivo tests carried out with the crude B. neritina extract, the NCI 

also ran routine in vitro assays with a cell line known as KB and no cytotoxic activity was 

observed against this line at the highest level tested, 100 mg/ml. This was a troubling 

finding since the NCI routinely monitored fractions in activity-guided purification assays 

using the KB cell line. 

Nonetheless, to determine which one of the three hypotheses was correct, the 

active compounds in the extract had to be isolated and purified. Since most of the original 

sampling had been consumed for in vivo testing, another NCI-sponsored collection was 

undertaken in the spring of 1970. The extract derived from this collection, as well as 

fractions it produced, were found to be inactive against P388 and Walker 256 sarcoma, a 

solid tumor line. A subsequent NCI-sponsored collection was made in 1971, but this 
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material was found to be only moderately active against P388, with an ILS of only 45%. 

So, in mid-1972, the material was deemed by the NCI to be unstable and of variable 

activity, and attention was soon diverted to other more promising and reproducible 

compounds. 

The project lay fallow until March of 1976, when a group, led by professor Pettit, 

made a series of collections off the Mexican state of Sonora, in the Gulf of California. 

This new material, when screened by the NCI in January, 1977, using again the P388 

assay, was found to be active with an ILS of 67% at 100 mg/kg/day for 9 days. Higher 

doses of 200 and 400 mg/kg/day were toxic. Again, P388-active material was found to be 

inactive against the KB cell line. Once again, not enough material was available for 

extended work, but recollections on the same area were not possible because of heavy 

storm-related damage to the sea bed. So, the NCI, late in 1979 decided to revisit some of 

the fractions from the original Florida collections. This time the fractions were 

recombined and partitioned in a different way. The repartitioned extracts exhibited 

modest in vivo activity against P388, but surprisingly, when tested against P388 in vitro, 

cytotoxicity was observed. It appeared that the P388 cell line was much more sensitive 

than the KB cell line to the unknown active material. 

In the intervening time, Pettit eta!. made further collections in the Gulf of 

California, and this fresh extract tested was by the NCI in March, 1980. The material was 

found to be quite potent, being toxic at 50 mg/kg/day in the P388 in vivo system and 

subsequent fractionation produced materials with activities in the 3 mg/kg/day range. 

Further fractionation , using activity-guided assays using both in vivo and in vitro 
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techniques, led to the isolation ofbryostatins I and 2 in January 1981, thirteen years after 

the initial collection by Jack Rudloe25
. 

As it turned out, the early investigators were almost led to believe that the 

bryostatins were unstable and of variable activity. While they are now known to be stable 

compounds26
, bryostatins from Bugula neritina vary widely as to amount27

·
28 and type29

.
34

, 

depending upon geographic location35 of collection site and not upon the activity of the 

compound itself. Furthermore, NCI's subsequent experiences with the bryostatins and 48 

hour assays, the standard protocol for the 60 cell line screen which is now routinely done 

for all new potential anticancer compounds, showed that the activities were low. For the 

bryostatins, the exposure time had to be increased to a five or six day contact time for cell 

toxicity to be recognized36
. 

Structural Features of the Bryostatins 

Structurally, the bryostatins are a family of closely related 26-membered 

macrolides whose structures are based on the bryopyran ring system37 (see fig. 1), the 

exception being bryostatin 3, whose lactone ring at carbon 21 makes it unique38
. 

Bryostatins 1, 2, 4-18 are congeners and, as such, differ only by the functionalities at C7 

and C20. Although bryostatin 1, with the octa-2,4-dienioate and acetate side chains at C20 

and C7, is the principle antileukemic agent, all of the bryostatins exhibit some degree of 

selective activity against leukemias, as might be expected due to their structural 

similarity'~·35 "37-4 1 • 

Bryostatin l was initially purified and isolated from a methylene chloride extract 

prepared from 500 Kg of wet animals by Pettit eta/. 37 using solvent fractionation, 
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Sephadex LH-20 and silica gel column chromatography. Recrystalization yielded stout 

parallelpiped crystals of bryostatin 1 melting at 230- 235° C. 

From X-ray crystallographic data, it was determined the crystal conformation of 

bryostatin I defined a somewhat scoop-shaped molecule of length 13 A, width 8 A and 

height approximately 6 X. The relative stereochemical designations of the eleven chiral 

centers in bryostatin I are 3(R), 5(R), 7(S), 9(S), 11 (S), 15(R), 19(S), 20(S), 23(S), 25(R), 

26(R)37.4°. All three rings are approximately in the chair conformation and each has a 4-

position substituent that projects outward. All ofthe macrocycle substituents are 

equatorial with respect to the pyran rings37
• 

An intramolecular hydrogen bond was detected between C190H and C30 (2. 71, 

2.71 A) and two more possible hydrogen bonds between C30H and C50 (2.84, 2.87 A) 

and between C)OH and cl l o (3.00, 3.02 A)37
. The oxygen substitution pattern, taken with 

the gem-dimethyl substituents at carbons 8 and 18, suggests a polyketide biosynthesis for 

bryostatin 137 (this will be discussed in chapter 4). 

The axial (£,£)-octa-2,4-dienioate substitution at C20 enhances bryostatin 1 ' s lipid 

solubility. The stereochemistry of the two p disubstituted ethylidene groups at C 13 and C21 

is configured with the carbonyl oxygen projecting in the direction of increasing carbon 

number along the macrocycle37.4°. 

Although all Bugula neritina contains bryostatins, the types found in the bryozoan 

vary with geographic location35
. It appears that Bugula neritina falls into two distinct 

chemotypes: one producing mainly bryostatins 1-3 and 12, which is typified by 

organisms collected from the Eastern Pacific29 and another producing mainly bryostatins 
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4-11 and 13-18, which were found in specimens collected from the Gulfs of Mexico, 

California29
-
34

, and of Amori 28 and Sagami31
, Japan, the latter two of which were found to 

be especially rich in bryostatin 1028
• Evidently, Bugula neritina indigenous to the U.S. 

West Coast seems to have the special "ability" to synthesize the 2,4 octadienoate side 

chain at carbon 20, common to all members of the first group. Interestingly, this 

functionality may be, at least in part, responsible for the reduced cytotoxicity of this 

Bugula neritina varies not only with types ofbryostatins present, but also to 

amounts ofbryostatins found, with respect to geographic location. Reportedly, Japanese 

bryozoan produced a yield of 1 o-3 % ofbryostatin l 028
, while most U.S. collections 

yielded bryostatins 1-5 contents of 10·6 % or less29
•
35

·
38

·
39

. The 20-deoxybryostatin 13 

yield of only 1 o-s %32 suggest that 20-deoxybryostatins are quite rare in Bugula neritina. 

Bugula neritina , Source Organism 

The bryostatins are secondary metabolites of the arborescent marine bryozoan 

Bugula neritina (Linnaeus) that enjoys a broad geographic range in the Atlantic, Pacific 

and other ocean areas39
. Because of their superficial appearance, these bryozoans are 

commonly known as sea-mats and false corals37 and are common to South Florida and 

other subtropical regions where they can often be found growing in 1-3 meters of water in 

the intracoastal waterway and other shallow narrow inlets. The species has traditionally 

been of considerable economic importance as a common dock and boat hull fouling 

organism. Fouling by this organism constitutes a serious problem since it, as well as other 
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bryozoans, is resistant to copper ions, a widely used anti-fouling component of marine 

coatings42
. 

By 1755 marine animals of the phylum Ectoprocta, usually termed bryozoa or 

polyzoa, were firmly placed in the animal kingdom. Three years later Bugula neritina, of 

the Gymnolamota class containing some 3000 of the 4000 known bryozoa43
, was first 

formally described in the 1OTH edition of Systema Naturae44
• Chemical investigations of 

the organism date back to 1903 and mainly dealt with the structure ofbugula purple, a 

sulfur-based pigment found in all Bugula varieties45
. 

Bugula neritina is a colonial organism. The bryozoan colony consists of a large 

number of tiny intercommunicating individuals, the zooids. Each zooid or polypide is 

enclosed in a separate unit, the zooecium44
• Bugula neritina is a sedentary filter feeder 

that draws phytoplankton into its mouth by extending and retracting tentacles of its 

feeding organ, the lophophore108 (fig. 2). 

Marine bryozoa in the Bugulidae family are generally very efficient in 

establishing new colonies that may reach 5 em in length. Part of this success has been 

attributed to the snapping beak or avicularia protecting each zooid. 

While Bugula neritina does not posses avicularia, investigations suggest that its 

notable survival abilities may be attributed to elaborate chemical rather than physical 

defenses30
. In addition to the bryostatins, separations of sterol fractions has led to the 

isolation of dinosterol and 3P-hydroxy-23S, 24R-dimethyl-5a-cholestane46
. Evidently, 

Bugula neritina serves as a host for zooxanthellae-type dinoflagelates and uses the 

symbiotic relationship as a source of potent defensive anti-feedant substances47
.4

8
• 
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Although all Bugufa neritina populations produce bryostatins, the ecological 

reasons why they are produced are poorly understood. Since many marine organisms 

produce secondary metabolites for defensive purposes, it could be postulated the 

bryostatins fulfill some specific function along these lines. Aside from some fish, Bugufa 

neritina has only one known predator, Pofycera atra, also known as the sorcerer' s 

nudibranch3 and it has been speculated that this animal may concentrate and use the 

bryostatins for its own defensive purposes. 

The bryostatins may serve some antimicrobial function based on the observation 

that they structurally resemble polyketide macrolides like the cyclic ionophore 

aplasmomycin from Streptomyces griseus50
"
51

• This structural similarity of the bryostatins 

to bacterially-derived macrolide polyketides further complicates the issue by raising 

questions as to their true biogenic origin52
• Many bryozoans are known to harbor non

pathogenic species specific endosymbiont bacteria53
"
55 in sac-like organs known as 

funicular bodies. Furthermore, in several bryozoa, these species specific bacteria have 

been reported as being present in the pallial sinus of larvae, indicating a mechanism of 

transfer of these symbionts to the new colon/6
. These associations were observed in all 

larvae independent of geographic location, year or season56
• Although bacteria containing 

bodies have not been reported in Bugula neritina, bacteria similar to those of the larvae 

have been found in the lumen of the funicular system57
• If these symbiotic bacteria are the 

actual biosynthetic source of the bryostatins, the rather low yields of these compounds 

might be accounted for. Although these observations tend to suggest organisms other than 

Bugula neritina itself are responsible for the production of the bryostatins, it must be 
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flatly stated here that the biogenic origins of the bryostatins are at present almost totally 

obscure and the only statement that can be made with certainty is that the presence of 

bryostatins is always concomitant with the presence of Bugufa neritina. 

As a final addendum, bryostatins have been found in three other organisms: the 

sponge Lissodendoryx isodictyalis58
, the tunicate Aplidium californicum59 and the 

bryozoan Amathia convofuta60
. In each case, however, careful examination of the voucher 

specimens of these organisms showed Bugufa neritina in or on these animals42
• The 

commensal relationship of B.neritina could account for the activities seen in the case of 

the sponge and tunicate, but with the other bryozoan, Amathia convoluta, an enhanced 

level ofbryostatin 8 was observed60
. Suggestions with regards to the source of this 

increase have ranged from natural occurrence, sequestration, or a common food source61
• 

The Problem of Supply 

Chapter two of this work will bear out the observation that bryostatin 1 is an 

imminent anticancer drug with remarkable potential owing to its antileukemic7
'
12

, 

hematopoetic 14
, radioprotective62

, biomodulating 14
'
16 and immunopotentiating17

•
20 effects. 

Despite the fact this agent is administered in microgram quantities, ifbryostatin proceeds 

from clinical trials to a marketable status for all of its potential applications, estimates for 

the demand for bryostatin could be as high as 1 Kg/year and therein lies the problem. 

Bryostatin 1 is a trace metabolite of Bugula neritina and as such, represents only about 

1 o-s grams of bryostatin, or less, per gram of the organism. Based on pilot studies of 

large-scale isolation of bryostatin 1 from Bugula neritina done by Schaufelberger et al. in 

the 1980's63 where 13,000 Kg ofthe animal yielded 18g ofbryostatin 1, over 500 metric 
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tons per year of the animal would have be sacrificed to meet demand. Clearly, reliance on 

harvest of wild populations of Bugula neritina, which are subject to annual fluctuation of 

numbers due to storms and other climatic variations, is not the ultimate long-range 

solution to the problem of supply. 

There has been a successful attempt toward chiral synthesis ofbryostatin 1. In 

1988, Satoru Masamune outlined a retrosynthetic scheme beginning with the cleavage of 

the lactonic linkage and the .116
•
17 bond leading to two major fragments AB and CD64

• One 

year later, two collaborating groups, one from the Massachusetts Institute ofTechnology 

along with another from the Kao Institute for Fundamental Research in Tochigi, Japan, 

synthesized the AB, C( I)- C( 16), fragment 65
• Despite the brilliant retrosynthetic design 

and Herculean effort, the project only served to highlight the conclusion that the synthetic 

approach to the problem of supply was clearly not economically viable; the process was 

labor-intensive, multistepped for each fragment, low yield and expensive to the extreme. 

The best short-term solution to the enhancement ofbryostatin production appears 

to be aquaculture. Dominick Mendola and Janice Thompson of CalBioMarine 

Technologies in Carlsbad, California, designed and built a pilot aquaculture system, 

determined optimal feeding requirements and successfully grew Palos Verdes Bugula 

neritina42
. The animals, which were successfully grown from larvae and maintained in 

culture, produced bryostatins at levels comparable to freshly collected animal from the 

Palos Verde area"6
• 

Since not all B. neritina populations produce bryostatins at levels suitable for 

harvesting or produce predominantly less desirable congeners of the family, aquaculture 
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offers the distinct advantage of genetic selection of high-producing stock66
• However, in 

the long term, aquaculture may approach a cost-generated diminishing return stemming 

from the fact that it is expensive in both dollars and in arable hectares of ocean space or 

acres of land-based culture tank facilities. 

The ultimate long-range solution to the problem of supply resides in the 

development of genetically-altered fermentable organisms with an enzymatic capacity for 

bryostatin production on a large scale. Such a formidable undertaking must be 

accomplished stepwise, with the first step being the identification of the metabolic 

building blocks of the bryostatin molecule. Identification of these building blocks would 

provide an assay which could be employed in the next step, identification and isolation of 

the enzyme, or enzymes, responsible for bryostatin biosynthesis. Once isolated, these 

enzymes could lead to the identification of their genetic origins. When these genes have 

been identified, transplantation into a suitable fermentable organism could provide the 

means of amplifying production of the compound to a large scale level. 

Research Objectives 

The research objectives of this study are twofold. The first objective is to identify 

the biosynthetic building blocks ofbryostatin. In addition to answering several intriguing 

questions regarding the biosynthetic origins ofbryostatin (see chapter 4), this information 

would provide the basis of an activity-guided protein purification assay vital to the 

isolation ofpolyketide synthase enzyme responsible for the production ofbryostatin. In 

addition, since invertebrate aquaculture biomass has been shown to markedly increase by 
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providing enriched formulated diets67
, this information would also provide valuable 

nutritional requirement data for successful aquaculture of Bugula neritina. 

The second objective involves characterization of Bugula neritina populations 

worldwide as to their chemotype. This information would become part of a global 

database which would provide information on the suitability for harvest of wild Bugula 

neritina populations. Our laboratory is currently collaborating with two groups, one in 

Daytona, Florida and a second in Sicily, Italy, for the purpose of identifying the Bugula 

neritina, as to bryostatin content, from those locales. 
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CHAPTER 2 BIOMEDICAL POTENTIAL OF BRYOSTATIN 

Introduction 

The marine bryozoan, Bugula neritina has proved to be a surprising repository of 

potentially clinically useful biologically active agents29
. These agents, the bryostatins, 

isolated by G.R. Pettit and his coworkers, have demonstrated a remarkable variety of 

anticancer7
, biomodulating8

"
16

, hematopoetic13 and immunomodulatory68
-
70 effects due, for 

the most part, to their ability to stimulate the activity of protein kinase C, an enzyme 

known to be involved in hormone-mediated cellular signal transduction from the 

membrane to the nucleus, thus a regulator of cancer cell growth21
• 

The passages below will describe the reported manifold anticancer actions of 

bryostatin 1, both indirect and direct. Discussion ofbryostatin's biomodulatory and 

hematopoetic-stimulating effects have also been included. The two-fold 

immunomodulatory actions of bryostatin 1 are presented, as well as a discussion of 

protein kinase C, whose activation by the bryostatins mediates the observed biological 

effects. A brief comparison and contrast of the activities of the phorbol esters and 

bryostatin 1, resulting from their common stimulatory action on protein kinase C will be 

presented. Finally, a brief introduction to phase I bryostatin clinical studies will be given. 

Anticancer Actions ofBryostatin 1 

Figure 3 summarizes a standard 60 cell line screen for bryostatins 1 and 2 

conducted at the NCI on January 12, 1988. Bryostatins are shown to have activity against 

MOLT-4, K562, P388, and P388/AD Leukemias, SK-MELS melanomas, A704 renal cell 

carcinomas and A549 human lung cancer cell line. The significance of this screen is the 
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Figure 3 NCI Standard In VItro Assay of Bryostatin 1 and 2 
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specificity against the panel of human tumor cell lines; had the two byostatins shown 

strong cytotoxicty against all cell lines, it would be highly probable they would be too 

toxic to be useful clinicalll 5
. 

In other studies, bryostatin 1, in vitro, was shown to cause a dose-dependent 

growth inhibition of acute lymphoblastic leukemia cell line Reh 71
, human acute myeloid 

leukemias HL-60 and K562, as well as fresh acute nonlymphocytic leukemias 12
• 

Bryostatin 5 was also shown to have an antiproliferative effect on HL-60172
• Bryostatin 1, 

in vitro, promoted the clonal extinction of granulocyte-macrophage progenitors in 

peripheral blood collected from patients suffering from chronic myelogenous leukemia7
•
9

• 

The molecular basis of the growth-inhibitory effect ofbryostatin 1 is unknown, 

however, Asiedu eta/. have shown a strong correlation between the level of cyclin

dependent kinase 2 ( cdk2) dephosphorylation of threonine 160 and the degree of growth 

inhibition ofU937 human leukemic cells induced by bryostatin 172
• Treatment ofU937 

cells with bryostatin 1 or phorbol myristate acetate caused them to arrest in the late G1 

phase of the cell cycle. Progression through the cell cycle is known to be regulated by 

cdks, the activation ofwhich involves both the binding of a cyclin partner73 and 

phosphorylation and dephosphorylation of specific threonine/tyrosine residues74
. This 

data suggests that cdk2 dephosphorylation and inactivation may be important in the 

growth-inhibitory and antitumor activity ofbryostatin 1 72
• 

Bryostatin 1 may have both an indirect as well as direct cytotoxic effect on tumor 

cells. Trenn et a/. reported that the overall effect of bryostain 1 is the destruction of 

tumors because of its ability to trigger the development of cytotoxic T -lymphocytes and 
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to promote nonspecific lysis of tumor cells 19
• Cytotoxic T-lymphocytes (CTL's), which 

are also known as "killer T -cells" live up to their name: they bind to antigen bearing host 

cells76 and, at the point of contact, release a 70 kD protein, perforin, that causes lysis of 

these target cells by aggregating to form pores in the target cells ' plasma membranes77
• 

Bryostatin I was shown to have a dual role in the CTL mechanism; it not only triggered 

CTL development, but also increased the susceptibilities of lung (A549), colon (Lo Vo ), 

and breast (T47D and MDA-MB468) adenocarcinomas to lymphokine-activated killer T

cells78 (see interleukin and lymphokine discussion below). 

In addition to its two-pronged CTL activity, bryostatin 1 has also demonstrated a 

direct mode of killing cancer cells. It has been shown to augment the intracellular activity 

of 1-P-D-arabinofuranosylcytosine (ara-C) to ara-CTP in the human promyelocytic 

leukemia line HL-6079 and human myeloblasts80 which may result in dramatic increases in 

non-protein-associated, double-stranded DNA breaks and a characteristic pattern of 

endonucleolytic DNA cleavage8 1
"
82

• In vitro, this direct cytotoxicity was demonstrated in 

a study involving a human diffuse large cell lymphoma WSU-DLCL2 cell line which 

correlated growth inhibition with the development of apoptosis seen on morphological 

examination, by flow cytometry, and DNA fragmentation on agarose gel 

electrophoresis83
• 

In a murine model, B 16 melanoma was inhibited in a dose-dependent fashion in 

vitro8
\ while in vivo, the anti-tumor activity ofbryostatin 1 was demonstrated for B 16 in 

a melanoma pulmonary metastases model, in which treatment of tumor-bearing mice with 

5 days of bryostain 1 ( 100 ~g/kg/day) resulted in almost an order of magnitude reduction 
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in the number of lung nodules85
. Similarly, mice given human xenografts of human 

Waldenstrom 's macroglobulinemia were completely free of tumors 200 days after i.v. 

treatment ofbryostatin l , in combination with vincristine, a vinca alkaloid antitumor 

compound86
. Human breast cancer cell lines were also shown to be inhibited by bryostatin 

187
, which also sensitized by fourfold human cervical carcinoma cells, in vitro, to cis

diamminedichloroplatinum (II), an inorganic anticancer drug also known as cisplatin88
. 

Bryostatin 1 Modifies Biological Response 

In addition to its ' antineoplastic activity, bryostatin 1 is also considered a 

biological response modifier. For example, bryostatin 1 has been shown to induce 

differentiation in leukemia cells7
·
8

· '
0

· '
7

, cultured human promyelocytic HL-60 leukemia 

cells2 1
, as well as chronic lymphocytic leukemia cells from fresh peripheral blood taken 

from patients suffering from chronic lymphocytic leukemia (CLLl9
• Chronic 

lymphocytic leukemia is a malignant disease characterized by the accumulation of 

lymphocytes, usually of B-cell in origin, that are "frozen" at specific stages of 

differentiation. CLL remains incurable by all treatment modalities available todal0
• 

Bryostatin 1 was also shown to be capable of inducing differentiation ofnon-Hodgkin ' s 

lymphoma9 1
• Bryostatin 5 has also demonstrated an in vitro differentiation inducing 

effect, which was potentiated by vitamin D3, in myeloid blast cells89
. This data suggests 

that bryostatins could diffuse the deadly overcrowding growth of these tumor cell lines 

simply by inducing them to change into other functional cells. 

Bryostatin 1 has shown modulatory effects in other elements of the hematopoetic 

system. lt was shown to induce platelet aggregation and the oxidative burst of 
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neutrophils92
. Furthermore, when added to human bone marrow cell cultures, it stimulated 

T-cells to express messenger RNA (mRNA) for specific cytokine growth factors 

including granulocyte-macrophage colony stimulating factor (GM-CSF)' 4
• The term 

"cytokine" defines a large group of secreted polypeptides that act non-enzymatically in 

picomolar to nanomolar concentrations to regulate cellular functions93
. GM-CSF is a 

glycosylated 14.7 kD single chain polypeptide that is involved in the proliferation and 

differentiation of granulocytes and monocyte/macrophages75
• GM-CSF is thought to be 

the mediating factor responsible for the boost in hematopoesis of normal cells 

concomitant with the inhibition of cancerous cells observed in cultures incubated with 

bryostatin 1. Most anticancer agents have a deleterious effect on all rapidly dividing cells, 

for example, hematopoetic and hair follicle cells. Thus, to reap the benefit of cytotoxic 

action on rapidly dividing cancer cells, many chemotherapy patients must also endure 

side effects such as anemia and baldness. Early investigators were astonished to learn that 

bryostatin was not only selectively cytotoxic to several tumor cells, but also actually 

stimulated proliferation of at least two immune defense cell lines. 

In addition, bryostatin 1 was shown to increase the radioprotective effect of 

granulocyte-macrophage colony stimulating factor on the bone marrow62
'
9

\ enhance T

lymphocyte survival during radiation therapl5
, and sensitize human myeloid leukemic 

cells to low dose ionizing radiation96
• Thus bryostatin may be not only oftherapeutic 

value as an anticancer treatment, but might also prove to be valuable as a prophylaxis for 

patients about to receive radiation treatment. 
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Along with its hematopoetic effects, bryostatin 1 has demonstrated modulatory 

activity of epidermal cell growth and regulation. In culture, bryostatin I blocked cell-cell 

communication in epidermal cells 16 and squamous differentiation in tracheobronchal 

epithelial cells 141
• 

Immunomodulatory Actions ofBryostatin 

Bryostatins have also shown immunomodulatory activity. Bryostatins 1 and 2 

triggered differentiation (granule enzyme expression) and cytotoxic T-lymphocyte (CTL) 

development in native, resting lymph node T -cells18
.
20

• The most important application of 

this property ofbryostatin 1 has been in adoptive immunotherapy, a treatment approach 

in which cells with antitumor reactivity are administered to a tumor-bearing host and 

mediate either directly or indirectly the regression of the established tumor68
. This entails 

collection of the patient's own lymphocytes, activating them in vitro with bryostatin 1 

and injecting them back into the patient. The effectiveness of this novel technique has 

been established by an in vitro murine model where CD8+ and CD4+ T -cells, which had 

been cultured with autologous intradermal plasmacytoma cells then stimulated with 

bryostatin 1 and the calcium ionophore, ionomycin, were shown to mediate tumor 

regression when adoptively transferred to mice with established liver metastases69
. In a 

similar experiment, murine MCA-1 05 footpad tumor pulmonary metastases were 

eradicated via the adoptive transfer ofbryostatin 11 ionomyacin stimulated lymphocytes70
. 

Tuttle et a/., the pioneers of the latter two studies, have laid the groundwork for a clinical 

trial using this novel strategy by demonstrating analogous findings using frozen human 

lymphocytes obtained from the lymph nodes of 20 breast cancer patients97
. 
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A second dimension to bryostatin ' s immunomodulatory effects is its ability to 

induce the production of factors that are directly or indirectly cytotoxic to tumor cells. 

Four examples, whose release was demonstrated in vitro by bryostatin I, are interleukin 2 

(IL-2), interleukin 6 (IL-6), tumor necrosis factor a {TNF-a) and interferon y (IFN-y) 17
. 

lnterleukin 2 and interleukin 6 belong to a family of polypeptide growth factors , 

the lyrnphokines, that stimulate the proliferation, differentiation and function ofT

lymphocytes, B-lymphocytes and other immune response cells. IL-2 is a 17.2 kD 

glycoprotein that functions as a cofactor for the growth and differentiation ofT and B 

cells, augments lymphocyte-activated killer activity and induces the production of other 

lymphokines98
• 

Interleukin 6, also a glycoprotein of about 21 kD, has broad target-cell 

specificity. It is produced by a wide variety of cells including fibroblasts, 

monocytes/macrophages, T and B lymphocytes, endothelial cells and keratinocytes99
. IL-

6 functions synergistically with IL-l to induce T -cell proliferation and has also been 

shown to enhance B-cell differentiation99
. IL-3 and IL-6 act, in synergy, to support 

proliferation of pluripotent hematopoetic progenitor cells126 and IL-6 plays a role in 

inflammation99
• 

Tumor necrosis factor a, 17 kD polypeptide trimer, was actually employed by 

William Coley in 1893 in an attempt to treat cancerous tumors by directly injecting them 

with "Coley's toxins", which, in a limited number of cases, produced remarkable 

remission 10 1
• This line of investigation was abandoned and forgotten with the advent of 

radiation therapy, until the 1980's when it was demonstrated that filtrates of 
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mycobacterium BCG and corynebacterium C. parvum could induce hemorragic necrosis 

of tumors when injected into tumor-bearing mice 102
• The in vivo necrotizing factor was 

named tumor necrosis factor and there are two known members of these so called 

"inflammatory cytokines", TNF's a and P101
• They act as immunostimulants and 

mediators of host resistance to infectious agents and malignant cells. The tumor killing 

effect of TNF may be both direct and indirect. There is evidence that cells that bind TNF 

can be killed by induction of a cytolytic cascade of events including generation of oxygen 

radicals, DNA fragmentation , and apoptosis 103
• Why TNF tends to kill tumor cells 

preferentially over normal cells isn ' t clear, but may be related to a higher number ofTNF 

receptors on tumor cells, more active internalization ofTNF into tumor cells, ability of 

tumor cell lysozymes to more effectively process TNF into a cytotoxic form, or lack of 

some protective factor in tumor cells. Indirect killing could occur by TNF-induced 

activation ofmacrophages and cytotoxic T-cells at the site ofthe tumor103
• 

Bryostatin 1 has also demonstrated the ability to stimulate interferon y (INF-y) 17
. 

Interferon was discovered in 1957 by two virologists, A. Isaacs and J. Lindenmann, who 

were searching for a substance that blocked viral infection of cells104
• Human interferons 

are classified into three general groups: IFN-a, - p, and y105
. There are at least two species 

of interferon y. One is a 20 kD glycoprotein and the second, a 25 kD glycoprotein105
• INF

y is a potent activator oftumoricidal macrophages106
. It also has marked macrophage 

migration inhibitory factor (MIF) activity106
. Currently, various recombinant forms of 

INF- a , -P and - y are in clinical trials for various malignancies and for AIDS-related 

Kaposi ' s sarcoma. 
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Bryostatin I Stimulates Protein Kinase C 

The cellular basis of nearly all of the bryostatin actions described above is 

believed to be results of its ' ability to stimulate protein kinase C (PKC), a multi-isoform 

enzyme known to be involved in hormone-mediated signal transduction from the 

membrane to the nucleus and thus, a cancer cell growth regulator. This effect was 

observed in 1986 when researchers noticed that incubation ofbryostatin I with human 

HL60 leukemia cells stimulated the activity of PKC21
• Research2

1.
22 demonstrated that 

PKC activation mediated the activities ofbryostatin 1 and that PKC was a bryostatin I 

cellular binding protein. In addition to stimulating PKC activity, incubation of tumor cells 

with bryostatin 1 caused the association of PKC with both the cell membrane23 and the 

nucleus24
, and eventually activated the degradation of PKC24

.
107 via an unknown 

mechanism. 

Although such activation is similar to that of the tumor-promoting phorbol esters, 

these two compounds exhibit some significant differences in their biological effects108
·
109

• 

For example, bryostatin inhibits the tumor promotion ofphorbol esters in SENCAR 

mouse skin 108
• Bryostatin I also demonstrated a differing mode of action on GH4 pituitary 

cells compared to phorbol esters 109
• Furthermore, Szallasi eta/. demonstrated phorbol-1 2-

myristate differentially regulated PKC-a, -o and - E in mouse primary keratinocytes 110
• 

Most importantly, bryostatin is a non-tumor promoter141
• Tumor promoters in general are 

substances which are not in themselves carcinogenic, but increase the potency of known 

carcinogens and the group of compounds referred to as the phorbol esters are considered 

to be a paradigm. 
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Aside from its antineoplastic activity, bryostatin 1 as a PKC activator is proving 

to be an increasingly important research probe ofPKC 's role in the mechanism of signal 

transduction on cells. In general , there are three known pathways for the activation of 

PKC via changes in the intracellular levels of specific phospholipids that are generated by 

the extracellular binding ofhormones 111
•
115

• The net upshot of the three pathways is the 

release of the lipid sn-1 ,2- diacylglycerol (DAG), which can activate several forms of 

PKC directly 111 in the presence ofCa2
+ . Depending on which isozyrnes ofPKC are 

expressed, this activation can result in nuclear signal transduction 112
• 

Activated PKC, like other protein kinases, transfers the phosphate from adenosine 

triphosphate to acceptor proteins, and in so doing, modulates their activity. PKC has been 

shown to be involved in such diverse processes as long-term memory, degranulation of 

neutrophils, muscle contraction, secretion of insulin, and, most significantly, cell growth 

and differentialtion 15
"
116

• It is an enzyme found in every human tissue and cell , but is most 

highly expressed in brain, spleen and hematopoetic tissue117
. The key role ofPKC in 

mediating many and diverse cellular events, suggests that bryostatin 1 may have a broad 

range ofbiological effects. 

PKC Has Multi-Isoforms 

The evolution of early understanding of PKC, which was initially isolated in 1977 

by Nishizuka and coworkers117
, has gone from a single calcium and lipid dependent 

protein kinase to a growing number of related isozyrnes as revealed by cloning118
• Some 

forms of the enzyme can be activated by changes in the intracellular levels of specific 

phospholipids generated by binding of hormones, while only specific isoforms are 
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stimulated by changes in both phopholipids and intracellular calcium 11 6
• A third group of 

PKC isozymes is calcium- and phospholipid-independene 19
• Currently there are 12 

known mammalian PKC isozymes which are classified into three families based on : 

i. the activation by Ca2
• and phospholipid- PKC a, pi, pn and y 

ii. Ca2
' independence- PKC 0, E, 11, e, and J.l. , 

iii. not requiring Ca2 
.. or phospholipid- PKC s, A., and t 

119 

In all cases, the isozymes consist of an N-terminal regulatory domain and a C

terminal catalytic domain. The catalytic domain acts as serine/threonine specific protein 

kinase. The regulatory domain is thought to inhibit this catalytic activity through a so

called pseudosubstrate region near its N-terminus. Adjacent to this pseudosubstrate 

region is a pair of highly conserved zinc finger structures, which represent the phorbol 

ester and bryostatin binding domain, and which also contribute to the requirement for 

anionic phospholipid. In the "classic" isozymes, alpha, beta and gamma, there is also a 

further domain (the C-2 region) which is thought to confer the dependence on calcium. 

The "novel" isozymes, delta, epsilon, eta, and theta, lack this C-2 region and 

correspondingly lack calcium dependence. The "atypical" isozymes zeta, lambda and 

iota, lack this C2 domain and possess only a single, somewhat divergent zinc finger 

region which is capable of binding bryostatin or phorbol ester. The physiological mode of 

regulation of the "atypical" protein kinase C isozymes is as yet unknown 120
• 

Some of these enzymes are widely distributed; others are highly specifically 

located, e.g., in the central nervous system 121
. They have different substrates with 
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considerable overlap, and may show different susceptibilities to inhibition or activation 

by bryostatin 122
• 

Phorbol Esters Are Also PKC Activators 

As mentioned above, the phorbol esters also activate PKC. They are a series of 

diesters of a tetracylic diterpene, phorbol (see fig . 4a) derived from croton oil, the seed oil 

of Croton tiglium , which was prominent in the pharmacopoeia of earlier times as a 

counter-irritant and cathartic120
. Numerous phorbol derivatives can be found in the plant 

family Euphorbiaceae123
. PKC mediates an array of biological responses to the lipophilic 

second messenger sn-1 ,2-diacylglycerol (DAG). The phorbol esters are believed to act as 

ultrapotent structural analogs of DAG 117
• 

Bryostatin 1 directly activates the calcium- and phospholipid-dependent PKC, like 

the tumor promoting phorbol esters, yet their effects on various cell lines remain 

curiously different. While 12-0-tetradecanoyl-phorbol 13-acetate {TPA) was shown to 

inhibit e H]-thyrnidine incorporation in COL0-320, MEL-HO, and KB-3-1 human 

carcinoma lines, bryostatin 1 inhibited DNA synthesis in MEL-HO and not in KB-3-1 or 

COL0-320. Bryostatin was furthermore able to antagonize the TPA-mediated effects 

suggesting a different mode of activating PKC for these two biomodu1ators. Interestingly, 

bryostatin 2 inhibited DNA synthesis, but did not block the TPA-triggered events124
• In 

neuroblastoma cell lines, there was differential regulation ofPKC a versus E by 

bryostatin, associated with inability to differentiate the cells. This contrasts to the effects 

oftetradecanoyl phorbol 13-acetate which produced sustained activation ofPKCa 115
• 
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Figure 4 
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The anti-proliferative effect of bryostatin 1 which has been studied in human 

breast carcinoma87
'
97

'
126

'
127 colon carcinoma129 lung carcinoma126

·
130

·
13 1 and 

' ' ' 

leukemia 11
'
12

·
25

'
36

·
132 in comparison with the phorbol esters, was found to differ in its anti-

proliferative efficiency and in the biological effects it produced. The exact molecular 

mechanisms accounting for these differing effects caused by the two PKC activators 

remains unk.nown 124
. The antagonistic effects ofbryostatin might be explained by its 

competition with TPA for the same receptor on the same PKC isozyme, without eliciting 

the same biological response as TP A. 

The individual members of the PKC family exhibit different expression patterns 

in a variety of cell systems, thus opening the possibility that different isoforms might 

transduce external stimuli into various physiological responses. Since the phorbol esters 

were shown to differ in their patterns of recognition for the different PKC isozymes 133
, the 

bryostatins ' diverse effects on tumor cell growth were assumed to be caused by a 

difference in recognition ofthe individual PKC isoforms 129
. This explanation was 

invalidated by a binding study using [26-3H] bryostatin 1, ~ 19'20-bryostatin 10 and ~ 1 9 '20-

isobryostatin 10 to demonstrate that the bryostatins do not show unique isotype 

selectivity for PKC 133
• Certainly, more investigation will bring to focus the complex 

biology behind the bryostatins ' actions. 

Finally, because of its central role in cellular growth and regulation, PKC 

represents an important target for cancer therapy. Improved understanding of the 

molecular biology of cancer has shown that many oncogenes code for growth factor 

receptors that function as transmembrane tyrosine kinases134
• These receptors are involved 
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in the regulation of both growth and proliferation ~f cells and can couple to second 

messenger systems by activating PKC 135
. 

Bryostatin 1 and its congeners represent a major group of compounds which can 

interact with PKC to reduce tumor growth via multiple mechanisms. In the presence of 

activating ligands such as the phorbol esters, bryostatin 1 is an antagonist, but in their 

absence, it is an agonise 34
• The ability to antagonize such activators has potential useful 

clinical effects, since bryostatin 1 may antagonize PKC activity via growth factor 

receptors, thereby inhibiting tumor cell growth 136
"
137

• Despite this multiplicity of actions, 

specificity appears possible as evidenced by bryostatin ' s pre-clinical data. 

Phase I Clinical Trials 

Bryostatin 1 was tested in a phase I trial conducted at the Churchill Hospital in 

Oxford, England 136
. The starting dose in this study (35 f..Lg/m 2

) was based on experience at 

Christie Hospital , where preliminary dosing phase I studies were conducted earlier137
• The 

purpose of these experiments was to determine the optimal dosage and toxicity profile of 

bryostatin 1, as well as its influence on cytokine release in vivo. Three successive cohorts 

from 35 patients with various malignant tumors were treated with intravenous infusion of 

bryostatin 1 once a week, or once every two weeks, for four weeks, during which time 

plasma levels of tumor necrosis factor a and interleukin 6 were monitored. The dose

limiting toxicity ofbryostatin 1 was myalgia137
• Eight ofthe 35, experienced frontal or 

retro-orbital headaches and/or generalized muscle pain starting in the calves137
• A lower 

dose of25 flg/m2 was recommended by Philip et af. for phase II studies136
• TNF-a and IL-

6 were detected in the plasma 24 hours after treatment by immunoradiometric assay and 
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radioimmunoassay, respectively. Two patients suffering from metastatic malignant 

melanoma showed partial remission for I 0 months after treatment136
. In a subsequent 

study at Christie Hospital, patients with ovarian carcinoma and non-Hodgkin ' s lymphoma 

responded to bryostatin 1138
. In another related study, lymphocytes from peripheral blood 

collected from patients receiving bryostatin 1 therapy potentiated IL-2's ability to induce 

proliferation and lymphokine activated killer T -cells, paving the way for new trials in 

combination with IL-2 139
• 

Although the mechanism for the dose-response relationship between bryostatin 1 

and myalgia remains unknown 138
, a 3 1P magnetic resonance spectroscopy study conducted 

at Churchill Hospital indicated that bryostatin 1 appeared to cause long-lasting 

impairment of mitochondrial oxidative metabolism and proton washout from muscle, 

consistent with a vasoconstrictive action 140
. This data indicates prospective studies on the 

use of vasodilators to improve the tolerance ofbryostatin 1 should be carried out. 

Before published results of the UK trials were presented, Phase I trials in the USA 

began with studies at both Johns Hopkins and Wayne State Universities starting in 1993. 

Currently, more than a dozen Phase I studies are being conducted in the US for patients 

with lymphoma, melanoma, and hypemephratoma25
. At the time of this writing, phase II 

clinical trials are already underway 8
• Fruition of these studies will undoubtedly bring 

about a new plethora of information on this imminent anticancer drug. Bryostatin 1 ' s 

value to mankind is not limited to its remarkable antineoplastic, hematopoetic, biological 

response modifying and immunopotentiating actions. It is also of immeasurable value as 

32 



a research probe into the functions and mechanisms of protein kinase C, whose central 

role in cell growth and regulation is just now beginning to be understood. 
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CHAPTER 3 CHARACTERIZATION OF SICILIAN AND 

DAYTONA BUGULA NERITINA 

Introduction 

Bugula neritina is a geographically diverse35 source organism for the family of 

macrolide antineoplastic compounds known as the bryostatins. There are 18 known 

structural congeners ofbryostatin and all possess cancer cell growth inhibitory 

properties34
• Although most of the bryostatin antitumor studies have focused on 

bryostatins 1 and 2, efforts are now underway to investigate other bryostatins that may 

have the potential for important clinical use, but may posses a different biological 

response spectrum and toxicity profile. For example, bryostatins 2 and 3 stimulate a 

significantly larger increase of arachidonic acid release from murine C3H 1 OT112 cells 

than either bryostatin 1 or 4, yet bryostatins 1, 2, 3, and 4 all inhibit epidermal growth 

factor binding to its receptor to a similar degree142
• Similarly, bryostatin 2 is capable of 

inhibiting the growth of GH4 cells, while bryostatin 1 has no effed5
•
109

• Bryostatin 3 

enhances cell substratum adhesion while bryostatins 8 and 1 have no effect on this 

property, yet bryostatins 3 and 8 have identical effects on cell growth compared to 

bryostatin 115
• In a more recent study, bryostatins 1, 5 and 8 induced equivalent inhibition 

of the growth of murine melanoma Kl735-M2, but bryostatins 5 and 8 induced less 

weight loss than bryostatin 14 1
• These results suggest that the structural congeners of 

bryostatin 1 may have different antitumor or biomodulatory effects when examined in 

animal tumor models. Thus, the future may present a strong demand for strains of Bugula 

neritina producing mainly congeners other than bryostatins 1 and 2. 
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The sharp upturn in clinical trials has sparked global interest in the profit potential 

for collection ofbryostatin 1 and its congeners from Bugula neritina, which, although 

geographically diverse worldwide, has not been fully characterized with regards to kinds 

and amounts of bryostatins present as a function of geographic location. To that end, two 

initial Bugula neritina characterization studies conducted in collaboration with groups in 

Sicily, Italy and Daytona Beach, Florida, will be described. As a prelude to these regional 

characterizations, a brief description of the UV absorption properties of the bryostatins 

and their chromatographic applications, will be presented. 

UV Absorption ofthe two Bryostatin Chemotypes 

The bryostatins, with the exceptions ofbryostatin 3, 16 and 17 are all congeners 

differing only by their C7 and C20 substituents. They occur naturally in two distinct 

chemotypes or suites, one consisting mainly ofbryostatins 1, 2, 3 and 12, and the second, 

bryostatins 4-11 and 13-18. Spectroscopically speaking. differentiating these two groups 

is greatly simplified by the fact that the UV -vis absorption spectrum for each chemotype 

is distinct. The absorption spectrum for the 1-3 and 12 group exhibits maxima at 235 and 

265 nm, as shown in figure 5, by the trace with the open points. The conjugated 

octadieneoate side chain at C20 or R2, common to all members of this chemotype, is 

responsible for the A-MAX at 265 nm according to the Woodward-Fieser rules 143
• 

Bryostatins 4-11 and 13-18 lack this octadieneoate side chain and their absorption 

spectrum are characterized by a single A-MAX at 229 nm owing to the two ethylidene 

substituents at c l3 and c21
143

. 
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Chromatographic Applications 

Chromatographically, the UV-vis absorption properties ofthe two suites of 

bryostatins can be exploited to identify peaks that would otherwise be difficult by 

retention time alone. Figures 6 and 7 are high pressure liquid chromatograms, performed 

on a reversed phase column, of a mixture ofbryostatin standards 1 and 2, representing the 

first chemotype and bryostatin 6 or 8, representing the second chemotype. Both figures 

show the same chromatogram viewed at two different wavelengths and overlaid on top of 

one another. In both chromatograms, the solid trace represents absorption at 235 nm and 

the dashed line at 265 nm. The top chromatogram is a mixture ofbryostatin standards 2, 6 

and 1 and the bottom, a mixture of standards 2, 8 and 1. 

From the observation that the second major peak is diminished in both 

chromatograms at the 265 nm trace, we can assume that each of these bryostatins does 

not contain the conjugated ocatadienoate side chain and thus can deduce the identity of 

these bryostatins as bryostatin 6 and 8 for the top and bottom chromatographs, 

respectively. 

Using the principle that increasing the length of the side chains increases the 

retention time, it can be further reasoned that the first major peak must be bryostatin 2 

and the third peak, bryostatin 1 in both cases, since bryostatin 2 is substituted with a free 

hydroxyl group at the C7 substituent, while bryostatin 1 is substituted with an acetate 

group at that site (the fourth major peak on both chromatograms resulted from a non

polar impurity accumulated on the column). These results were confirmed using 
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bryostatin 1 and 2 standards. Again, both bryostatin 1 and 2 are substituted at C20 with an 

octadienoate moiety which results in their absorptivity at both 235 and 265 nm. 

These absorption patterns can be further exploited to spectroscopically 

differentiate between two bryostatins that chromatographically co-elute. Figure 8 is a 

chromatogram performed on a reversed phase column as before, this time using a diode 

array detector. The chromatogram is a mixture ofbryostatin 1 and 4 standard which co

elute chromatographically as a single peak. To the right are three UV -vis profiles of pure 

bryostatin 1 standard (on top), pure bryostatin 4 standard (on bottom). The middle profile 

is a UV -vis profile of the peak to the left, showing the absorbence at the leading edge (A), 

apex (C) and trailing edge (B). All three spectra were performed on the same instrument, 

under the same conditions. 

It was observed the leading edge's UV -vis profile (A) very closely correlated to 

the pure bryostatin 1 profile above it with regards to peakshape and maxima at 

approximately 230 and 265 nm. Furthermore, the trailing edge's profile (B) very closely 

corresponded to pure bryostatin 4 spectrum below. Thus, using this technique of 

exploiting absorption differences, we were not only able to spectroscopically resolve a 

mixture ofbryostatins 1 and 4 that was chromatographically unresolvable, but were also 

able to apply this technique to Bugula neritina extracts to "chemotype" them. It was by 

design that bryostatins 1 and 4 were chosen for this experiment since they elute from the 

column at approximately the same time and are both major representative components of 

the two chemotypes; all members of the first chemotype contain mostly bryostatins 1 and 

2 in roughly equal amounts40
, while members of the second chemotype contain a complex 
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mixture ofbryostatins 4-11 comprised mostly ofbryostatins 4, 5 and 1035
• Therefore, by 

determining the approximate elution position or retention time ofbryostatin 1 within an 

extract of Bugula neritina of unknown chemotype, we could, after considerable HPLC 

purification, determine the chemotype by taking UV -vis spectra at incremental points of 

peaks within the bryostatin I standard range and comparing them to spectra of pure 

bryostatins 1 and 4. 

Characterization of Sicilian Bugula neritina 

From samples of Bugula neritina from Sicily, Italy that had been twice extracted 

with a 50/50 chloroform/methanol for 24 hours and followed by two column purifications 

(see chapters 4 and 5), we obtained an extract suitable for HPLC analysis. In order to 

determine the relative chromatographic peak position ofbryostatin I within this extract, 

an injection-sized portion of extract was "doped" with a small amount of bryostatin 1 

standard (0.1 f..! I of a 0.05 mg/ml dilution). The resulting "doped" Sicilian extract 

chromatogram was then compared to a chromatogram of pure Sicilian extract, keeping in 

mind this determination of peak position would work for bryostatin 4 as well, since l and 

4 co-elute. 

Figure 9 is an overlay of two separate injections of 10 f..ll of Sicilian Bugula 

neritina extract, one of which, represented by the dashed line, had been doped with 0.1 Jll 

ofbryostatin 1 standard. We observed the sharp bryostatin !-enriched peak of the doped 

aliquot clearly intersected the somewhat broad undoped peak above it, suggesting 

bryostatin l or 4 might be present in this sample derived from Mediterranean Bugula 

neritina. 
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This result led to a search for a spectroscopic match between pure Sicilian extract 

and pure bryostatin 1 or 4 standard, chromatographed, using the same conditions. 

Comparison ofUV spectra derived from the peak indicated by arrow in Figure 10 and 

bryostatin 1 standard yielded several matches of varying degrees of similarity and only at 

the peaks' edges. These matches showed poor correlation with regards to peakshape and 

absorbence maxima. Assurance that the peak indicated by arrow was indeed in the range 

of elution of bryostatin 1 standard was ascertained by several doping experiments 

performed prior to spectroscopic evaluation. In all cases extensive HPLC purification, 

accomplished by repeated injection and collection of the extract, was requisite. The 

approximate discrepancy of 0.6 min., presumably due to the presence of other 

components of the mixture affecting the retention time of the target compound within the 

mixture, was found to be routine in comparing extracted prepared from collected Bugula 

neritina and pure bryostatin standard . After analysis of several different samples of 

Sicilian bryozoan with similar results, we interpreted this data as suggesting bryostatin 1 

was not present in the Sicilian Bugula neritina samples. 

The search for a spectroscopic match now pointing in the direction of the second 

chemotype, UV -vis spectra of Sicilian extract were then compared to pure bryostatin 4, 

this time using a 20 as well as a 10 em reversed phase column. 

In the bottom portion of figure 11 are UV -vis spectra of pure bryostatin 4. Above 

them are separate injections of pure Sicilian Bugula neritina extract taken from two 

separate samples, the one on the right corresponding to the peak indicated by the arrow in 

the chromatogram above. We observed the two sets of spectra correlated very well with 
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Figure 10 
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regards to peakshape and A-MAx . Furthermore, a more robust intensity of about 40 

milliabsorbance units, as compared to the 10-12 mAU observed for the bryostatin 1 

comparisons, was also noted. Finally, we observed the chromatogram displayed showed 

excellent peak purity. Based on these observations, we interpreted this data to suggest 

that the Sicilian samples of Mediterranean Bugula neritina contain appreciable amounts 

of bryostatin 4 and thus can be classified as belonging to the second chemotype. No 

reportable quantitative data correlating peak area to amounts ofbryostatins present was 

obtained due to variability of extracts and distortion problems arising from background 

compounds. 

Characterization of Daytona Bugula neritina 

Samples of Bugula neritina from Daytona Beach, Florida were extracted with 

chloroform and methanol as before and purified by two column steps to render an HPLC

ready extract. An injectable portion of the extract was doped with a small amount of 

bryostatin 1 standard and the resulting chromatogram was again compared with pure 

Daytona extract. 

Figures 12 and 13 represent four separate injections of Daytona Bugula neritina 

extract; the solid-line trace representing the doped extract and the dashed-line trace 

representing the pure Daytona extract. We observed, in both chromatograms, for the 

peaks just to the right of the 10 minute mark, a close correlation between the grown 

doped peak and the pure extract. One is completely contained by the other with no 

shouldering or time-wise mismatch. This data suggested that bryostatin 1 or 4 might be 

present in these samples derived from Daytona Bugula neritina. 
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Again, we repeated the search for a spectroscopic match between pure Daytona 

extract and either bryostatin 1 or 4 standard. As before, extensive HPLC purification by 

injection and collection to exclude peripheral noise was required. No matches for the 1, 2, 

3 and 12 chemotype were observed. However, in figure 14, comparison of the three 

spectra (lower left) taken from the peak indicated above by arrow, with the spectra (lower 

right) of pure bryostatin 4 standard indicates excellent correlation with regards to 

peakshape and AMAx . Since the Daytona samples were performed on the reversed phase 

22 em column, the retention times are about two minutes more than bryostatin 4 standard 

retention times; however to assure that the bryostatin 1/bryostatin 4 elution range was 

actually being observed, several preliminary doping experiments were performed. 

This data was interpreted to suggest that Daytona Bugula neritina contained a 

significant amount ofbryostatin 4 and thus could be classified as belonging to the second 

chemotype. This finding is in good agreement with Kamano, who reported Gulf of 

Mexico Bugula neritina as containing mostly bryostatins 4 and 528
• 
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CHAPTER 4 BIOSYNTHETIC STUDIES 

Introduction 

Polyketides represent a large and diverse group of naturally occurring 

polyacetates143
• Polyketide-derived compounds abound in both prokaryotes and 

eukaryotes where they play a variety of roles. They were first described in 1907 by 

Collie, who suggested that orsellinic acid, a common lichen constituent, probably 

originated from two molecules of acetoacetic acid and that the general group of 

compounds derived from acetic acid could be called "polyketenes," polymers of ketene 

(CH2=C=OY 44
. Birch, in 1951 , described campnospermonol, the first substance in which 

a polyketide origin was recognized 145
• He later introduced a set of four hypotheses on 

polyketide synthesis that today remain descriptive of the process of repeated 

condensation of acetate units to produce a molecule with an oxygen, unsaturation or other 

functionality bound to every other carbon along the chain. 

The oxygen substitution pattern of the bryostatins suggests a polyketide origin37
. 

By inspection of figure 1, going around the bryopyran ring, every other carbon is bonded 

to an oxygen (C 1, C3, C5, C7, C9 , C11 , C15, C19, C23 and C25), an unsaturation (~ 16 ' 17C) or 

some functionalization, such as the ethylidine groups (C 13 and C21 ), the gem-dimethyl 

groups (C8 and C 18), or the two substituents, R 1 and R2 (C7 and C20, respectively). This 

substitution pattern is consistent with a biosynthetic construction comprised of repeated 

condensation of acetate, which creates a chain of poly-keto carbons, hence the name 

"polyketide"146
• As is typical with polyketides, some ofthe keto groups can be, as in the 

case of the bryostatins, reduced to hydroxyls, removed or further functionalized 147
• 
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Oftentimes, polyketides can be found as fusea aromatic, polyether ladder structures and 

macrocyclic rings 146
• The bryopyran ring shown in figure l is a macrocycle and thus the 

bryostatins can be characterized as marine macrolide polyketides. 

Since polyketide biosynthesis closely correlates with biosynthesis of fatty acids 

(FA's) by a fatty acid synthase (FAS) 148
, the biosynthetic portion ofthis presentation will 

be introduced with a brief overview of the construction of fatty acids followed by a 

comparison and contrast ofpolyketide construction by a polyketide synthase (PKS). A 

discussion of the biosynthetic origins of the functionalized portions of the bryostatin 

molecule will be presented, followed by a description of a set ofbiosynthetic experiments 

employing the incubation of labeled precursors in a crude cell-free extract, prepared from 

flash-frozen Bugula neritina, containing PKS enzymes capable of producing bryostatin in 

vitro. The results of such experiments will be discussed and a working model of 

bryostatin biosynthetic origins will be presented. 

Fatty Acid Biosynthesis 

Fatty acids are formed by an F AS through a process whereby a starter unit, 

commonly acetate, as acetyl-ACP, is condensed, in a Claison-like fashion 149 to an 

extender unit, malonate, as malonyl-ACP 150
• Both the starter and extender units are 

esterified to an acyl-carrier protein or ACP, which, like acetyl co-enzyme A, contains a 

phosphopantetheine prosthetic group (figure 4 b,c) terminating with a cysteamine SH 

capable of forming thioester linkages with acyl groups 148
• Both the acetyl group and the 

malonyl group of acetyl-ACP and malonyi-ACP are transferred from their CoA 

counterparts via acetyl- and malony!-CoA-A(:P transacylases 14
' . 
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This initial condensation, as illustrated in figure 15, involves two parts. First, 

malonyl-CoA is synthesized from acetyl-CoA in the endergonic addition of C02 to 

acetyl-CoA by acetyl-CoA carboxylase, which requires the hydrolysis of ATP 148
• 

Secondly, the malonyi-CoA, after transfer to ACP, exergonically condenses with acetyl

ACP to produce P-hydroxybutyrate. This second part is triggered by the decarboxylation 

of the malonyl group by F AS to produce a carbanion, which then nucleophilically attacks 

the carbonyl carbon of acetyi-ACP to form P-hydroxybutyrate. The stability of the 

leaving group, C02, serves as the driving force for the condensation 148
• 

Following this condensation and all subsequent condensations in fatty acid 

biosynthesis, is a reductive processing cycle of the P-carbon occurring in three steps: i. P

ketoreduction; ii. dehydration; iii. enoylreduction. The P-ketoacyl-ACP, produced by the 

condensation of acetate and malonate is first reduced to a P-hydroxyacyl moiety by 

NADPH and P-ketoacyl-ACP reductase. This P-hydroxyacyl-ACP is then dehydrated to 

an a,p-transbutenoyl-ACP by P-hydroxyacyl-ACP dehydrase. This a,p-unsaturated 

species is then reduced via NADPH. The net upshot of the reductive processing cycle is 

the conversion of the P-ketone moiety to a methylene group. This can recondense with 

another malonyl-ACP, and the whole process repeats with each round elongating the 

growing fatty acid chain by adding, with each cycle, a two carbon acetate unit from 

malonyl-ACP 151
• 

In summary, FA's are built by a fatty acid synthase in a process whereby a starter 

unit, commonly acetate, is condensed to an extender unit, usually malonate. The resulting 

53 



P-keto group is then reduced to a P-hydroxy group, dehydrated to an enoyl group and 

finally reduced to the corresponding alkane 148
• 

Polyketide Biosynthesis 

The bioconstruction of polyketides, which has been dubbed "fatty acid synthesis 

gone wrong," is almost identical to fatty acid synthesis, but with three important 

differences. 

The first important distinction is that, unlike fatty acid biosynthesis which 

regularly processes the P-ketone produced with each condensation cycle to an alkyl 

group, PKS may selectively skip, partially accomplish, or delay this portion of the 

reductive dehydration cycle until a later step146
• For example, it would be reasonable to 

assume the hydroxyl groups of bryostatin at C3. 9.19 (Figure I) arising from a halt after the 

reduction of the P-keto group toP-hydroxyl by NADPH, and the unsaturation at Ll 16
'
17C 

from a curtailment of the cycle after the dehydration step. 

Mixed biogenic origin is a second important distinction in comparing the action of 

PKS to that ofF AS. Although a few organisms contain some branched chain fatty acids 

that result from the selection of alternative starter or extender units, for the most part, 

F AS exclusively uses acetyl and malonyl units 146
• 

In polyketide construction, several other building blocks, besides acetate, can be 

used, including: propionate, butyrate, isobutyrate, as in the polyether antibiotic monensin 

A152
, succinate, as in avenaciolide153 and glycerol , as in leukomycin154

• These "extra" 

carbons may be conferred to the polyketide by PKS "choosing" an alternative starter unit 

such as propionyl-CoA 154
, glycerol 155 or butyrate, which could undergo a 
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decarboxylation-oxidation post-assembl/ 56
• In each case, the three carbon unit would be 

incorporated directly into the polyketide chain. 

Alternately, the second carbon atom donated by each extender unit to the growing 

polyketide chain may carry a substituent other than hydrogen, which is the case when the 

extender is acetate. Thus, methyl-, ethyl-, or 1-methylethylmalonate may be used as an 

extender to effectively incorporate a propionate, butyrate or isobutyrate152 to the growing 

polyketide chain with the extra carbons protruding from the carbon backbone as side

chains. 

This variation of the fate of each of the P-keto groups taken together with the side 

-chain variation, the possibility of chiarality at one or more carbon atoms, and the total 

chain length (from eight carbons in orsellinic acid 15 1 to over 50 for brevetoxin157 and 

ciguatoxin 158
), accounts for the huge potential for diversity built into polyketide 

molecules. 

A third distinction ofPKS, which also serves to dramatically augment the 

diversity of these compounds, is the occurrence of post-chain-assembly events, such as 

the formation of aromatic 159
, polyether160

, or macrolide1 146 ring systems, or the addition of 

moieties such as methyl groups from S-adenosylmethionine16 1
"
162

, terpene chains146 or 

sugar residues 147
, thought to occur as the result of so-called tailoring enzymes 163

• 

To summarize, polyketides, although in general consist of repeated acetate units 

derived from malonate, contain structural complexities which can be accounted for by the 

use of different starter and extender units, by the extent of processing of the P-carbon (P-
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ketoreduction, dehydration and enoylreduction) and post-chain-assembly alterations by 

tailoring enzymes. 

Biosynthetic Origins of Bryostatin 

Although most of the carbon skeleton ofbryostatin seems to suggest a fairly 

straightforward polyacetate construction there remain portions of the macrocycle which 

pose intriguing biosynthetic questions. There are five structural features ofthe bryostatin 

molecule whose biosynthetic origin is not obvious. Shown as the circled items in Figure 

16, they are the two gem-dimethyl groups at C8 and C, 8, the two ethylidene substituents at 

C 13 and C21 and the three Carbon Starter unit at C2S-27· 

Referring to Figure 17, we can presume three hypothetical situations for the 

biosynthetic origins of the gem-dimethyl groups at C8 and C 18 • First, calling attention to 

the legend at the bottom, we note the symbol for acetate, with the round portion 

representing the carboxyl portion and note the same convention for propionate and 

isobutyrate. The square symbol represents a methyl group from S-adenosylmethionine. 

Inspection of Figure 17a reveals a three carbon starter unit, C25.27 with twelve acetate units 

condensed to it in the characteristic "tail to head" fashion. Beginning with C24 which 

represents the carboxyl end of a malonyl-ACP that had been decarboxylated and 

condensed by PKS to the carboxyl carbon (C25) of a propionate-ACP starter unit, the 

acetate units can be traced around the bryopyran ring in a clockwise fashion. Once again 

it can be noted that every other carbon is either bound to an oxygen, an unsaturation or 

other functionality . 
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Figure 16 
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Figure 17 b illustrates the possibility of the two gem-dimethyl groups on C8 and 

C 18 as being derived from a double methylation from SAM. A second possibility as 

shown in Figure 17c, has one of the methyl groups as simply the methyl group from the 

condensation of a methylmalonate-ACP extender and the other from SAM. A third 

possibility, as diagrammed in Figure 17d, shows the gem-dimethyls as being derived 

from an intact isobutyrate unit. 

Referring to Figure 18, concerning the origin ofthe ethylidene substituents at C 13 

and C21, route A illustrates the possibility of direct addition of acetate to the P-ketone 

oxygen at C 13•21 , which then could be methylated by SAM. Alternately, the ethylidene 

substituents could be incorporated onto the polyketide chain as intact acetoacetate units 

derived from the condensation oftwo acetates as shown in route B. 

The C25. 27 starter unit is presumed to be propionate in both figures 16 and 17, 

however, its progenitor could derive from at least four possible sources. Propionate is a 

known starter unit for chrysomycin A 156
, E-pyrromycinone164 and the ansamyacins 165

• 

Alternately the three carbon fragment might be from acetate plus SAM, as is the case 

with the cytochalcins166
• Glycerol, as a third possibility, may fulfill this role, as has been 

implicated in the macrolide, aplasmomycin 155
• A fourth possibility might be butyrate, 

which could then undergo a post-assembly oxidation-decarboxylation as demonstrated by 

Micromonospora rosaria in the biosynthesis of rosaramicin 171
• 

In order to test these hypotheses, a series of in vitro biosynthetic experiments were 

performed in which radioactively-labelled acetate, SAM, propionate, n-butyrate, 

isobutyrate, succinate and glycerol were incubated with a crude enzyme preparation of 
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Bugula neritina. When successful, the crude extract produced radioactive bryostatin, 

which could then be separated by HPLC and counted for radioactivity. The following 

ections will describe the preparation of a crude cell free extract, its purification by flash 

silica column and reversed phase chromatography, HPLC separation ofbryostatin and 

finally, a discussion of incubation results with a presentation of a working model of 

bryostatin biosynthetic origins. 

Preparation and Purification of a Viable Cell-Free Extract 

Biosynthetic experiments were conducted using a fortified crude enzyme 

preparation from Bugula neritina, that had been cleaned of extraneous material, flash 

frozen with liquid nitrogen, and stored at -80°C. The flash frozen material was ground to 

a fine powder using a chilled mortar and pestle and added to phosphate buffer at pH 

7 . 7 167 0 

In order to maintain protein stability, dithiothreitol (DTT) and EDTA (0. hnM) 

were added to the cell free extract. DTT, a reducing agent which was included to 

counteract oxidative effects particularly on cysteine residues, became the "sacrificial 

guardian" of cysteine residues by reacting with any oxidizing agents present to form a 

six-membered cyclodisulfide dithiol rather than cysteine residues being oxidized to 

cystine erroneousl/ 6 
. EDT A was added to chelate heavy metal ions that could affect 

enzyme activity and promote oxidation168
. 

In addition, since the crude cell free extract (CFE) also contained proteolytic 

enzymes, pepstatin A and leupeptin were added at a concentration of 1 f.!g/ml 168
• Pepstatin 
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A inhibits acid proteases while leupeptin inhibits thiol proteases and is a specific 

competitive inhibitor oftrypsin148
• 

The crude CFE was fortified with A TP (Mg2
+ salt), NADH and NADPH (0.5 

mg/ml of extract). All three served as co-factors for polyketide synthase: A TP for the 

endergonic addition of C02 to acetyl-CoA to form malonyl-CoA, and NADH or NADPH 

as hydride sources for the reduction of the ~-ketoacyl and enoyl groups. Both NADH and 

ATP provided the added benefit of inhibiting the consumption of acetate in the Citric 

Acid Cycle14 
, thus increasing its availability for polyketide construction. 

In order to empirically test the hypothetical biosynthetic pathways previously 

elaborated, 5~Ci of one or more of the following radiolabelled precursors were then 

added to aliquots ofthe fortified CFE: 3H-acetate, 3H-SAM, 14C-glycerol, 14C-propionate, 

14C-n-butyrate, 14C-isobutyrate and 14C-succinate. These aliquots were then incubated for 

24 hours in a constant temperature shaker bath at 27° C, after which they were quenched 

with I Om! of ethyl acetate. 

Purification ofBryostatin 1 from Incubation Mixture 

The quenched CFE was taken through the purification algorithm shown in figure 

19, a modification of the procedure developed by Schaufelberger et al. 169
• After gravity 

filtration through coarse filter paper to remove gross cellular structural debris, the CFE 

which was an aqueous buffer solution, was extracted twice with ethyl acetate. To the 

ethyl acetate fraction, 15g of diatomaceous earth was added to provide a matrix for the 

bryosatin to crystallize upon and to purify the fraction by providing a surface for 

pigments, and other polar impurities, to adhere to. After evaporation in vacuo, the dry 

62 



Figure 19 Purification of Crude Extract 

[Gravity filter crude extract through coarse filter paper I 

, 
!Extract x? EtOAc I 

, 
1 Add --15 g diatomaceous earth. Evaporate in vacuo I 

~dd diatomaceous earth to 1 Ox4.5 em silica flash columr 
elute with 1. CH2Cb 2. EtOAc 3. MeOH 

,, 
Evaporate EtOAc fraction in vacuo 

re-dissolve in MeOH 

Drip through Whatman RP C-8 cartridge 
prepared with 5 ml ACN 

1 
!Elute cartridge with lOml ACN 

1 
Filter with syringe and 40 1-1. acrodisc filter 

,, 
!Evaporate under N2 . Re-dissolve in MeOH l 

t 
I HPLC Analysis I 
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diatomaceous earth was loaded on a I 0 x 4.5 em silica flash column which was eluted 

with methylene chloride, ethyl acetate and methanol. Evaporating the ethyl acetate 

fraction in vacuo, the dried residue was redissolved in methanol and allowed to drip 

through a reversed phase C-8 cartridge, which was first prepared by allowing 5 ml of 

acetonitrile to drip through it. The eluant was then discarded and the bryostatins retained 

on the cartridge were eluted with I Oml of acetonitrile. The eluant was then filtered by 

glass syringe through a .45J.!m Teflon filter. The filtered eluant was then evaporated under 

nitrogen gas and redissolved in 1-2 ml of methanol, and was then suitable for HPLC 

separation. 

Chromatographic Separation ofBryostatin 

Using a modified chromatographic technique from Pettit et al. 143
, bryostatin 1 was 

separated from the purified extract by HPLC using a 10 or 20 em reversed phase column 

eluted with a 60/40 acetonitrile/water mobile phase linear gradient to 100% acetonitrile in 

20 minutes, with a flow rate of 1 ml/min. The HPLC injections, which ranged from I 0-

1 OOJ.!l, were doped with a small amount of "cold carrier", dilute bryostatin l standard, 

typically from O.I-l.OJ.!l, to enhance the radioactive bryostatin 1 peak for ease of 

·chromatographic detection. The HPLC eluant was then collected at 1 minute intervals 

into scintillation vials and evaporated dry under N2 gas. Scintillation cocktail was added 

to each vial, which was then counted for activity. 

Figure 20 is a representative chromatogram of a 3H-SAM incubation, upon which 

is superimposed bar graphs, each representing a l minute collection interval, whose 

height represents the scintillation count of tritium in counts per minute. It can be observed 
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that the activity is almost 600 CPM in the interval containing the cold carrier enhanced 

peak, while peaks to the right or left of this interval show much less activity, indicating a 

high degree of correlation between the bryostatin 1 standard "grown" peak and the 

increased radioactivity count. Based on these observations, this data indicates that SAM 

was used in the de novo biosynthesis ofbryostatin 1 from the crude cell free extract 

prepared from Bugula neritina. In the same manor, purified aliquots from incubations 

with labeled acetate, glycerol, propionate, n-butyrate, isobutyrate, and succinate were 

separated by HPLC, collected and counted. 

In order to establish radiochemical purity and insure against the narrow possibility 

that the activity seen in the cold carrier-enhanced peak interval was the result of another 

radioactive compound that happened to co-elute, in all cases where radioactive bryostatin 

was found, 50% of the collected bryostatin fractions were re-injected using a different 

gradient. For these re-injections, an 80/20 acetonitrile/water to 100% acetonitrile in 20 

minutes method was used. Figure 21 is a chromatogram of such a re-injection oeH

SAM, which essentially confirms all of the observations made about the previous 

chromatogram in figure 20. In all cases where recovery of radioactive bryostatins were 

reported, the activity of the first and second injection agreed within 10% error170
• 

Results 

The table in figure 22 lists the precursors incubated in the fortified cell-free 

enzyme preparation. These results indicate that acetate, SAM and glycerol were all used 

in bryostatin biosynthesis. In initial single-labeling experiments, propionate, n-butyrate, 

isobutyrate and succinate did not generate radioactive bryostatin. To confirm that these 
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Figure 22 RESULTS 

Recovered Radioactivity {dpm) 

Precursors Second precursor 3H activity 14C activity 

acetate -- 20,000 --

eH) 

SAM -- 31,500 --

CH) 

glycerol -- -- 2,500 

C4C) 

propionate ( 1 ~C) acetate eH) 15,400 background 

n-butyrate C4
C) acetate eH) 18,000 background 

isobutyrate {14C) acetate eH) 21,650 background 

succinate acetate eH) 13,500 background 

('~C) 
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Figure 23 

WORKING MODEL OF 
BRYOSTATIN BIOSYNTHESIS 
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acetate = e 
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precursors were not transfonned to radioactive bryostatin, double-labeled experiments 

were performed where 14C labeled propionate, n-butyrate, isobutyrate and succinate were 

each co-incubated with aliquots containing 3H-acetate. The last four entries in the table 

describe the result of these double-labeling experiments. In all cases, the recovered 

bryostatin 1 showed ignificant 3H activity and no 14C activity, demonstrating that those 

precursors were not incorporated into the bryostatin molecule. 

In conclusion, the r suits of these biosynthetic experiments can be incorporated 

into a working model ofbryostatin biosynthesis shown in figure 23. The three carbon 

starter unit at 25.26•27 is shown to derive from glycerol. The gem-dimethyl groups at C13•21 

show SAM as a progenitor. The carbon units of the bryopyran ring are presented as being 

derived from acetate. Although the working model shows the ethylidene substituents at 

C13.21 as being derived from discrete acetate units, their origins as of yet are unknown. 

Currently, we have intiated studies involving similar fortified cell free incubations 

with doubly-labeled 13C-acetate to produce enough 13C-enriched bryostatin for NMR 

spectroscopy. ln conjunction with the stable isotope incubations, we are also investigating 

the fortification ofCFE using acetone-precipitated enzymes from Bugula neritina to 

boost the CFE's bryo tatin production capacity. If successful, these future stable isotope 

studies should confim1 the results of the radiolabelled precursor incubations and 

unambiguously assign the origin of every carbon in the bryostatin molecule. 

In summary, the three building blocks identified serve as an assay for the isolation 

of the polyketide synthase responsible for bryostatin production. Isolation of this PKS 

could then lead to the identification of the gene responsible for its production. Through 
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recombinant DNA technology, this, in tum, could lead to the development of a 

fermentable organism capable ofbryostatin production, thus solving the dilemma of 

supply for this imminent anti-cancer drug. 
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CHAPTER 5 EXPERIMENTAL 

General 

Instrumentation 

The Perkin-Elmer HPLC equipment used to separate bryostatins was a series 410 

Bio LC programmable pump, an LC-235 photodiode array UV detector with channels A 

and B set on 230 and 265 nm, respectively. This system was controlled by aPE Nelson 

model 1020 Data System, with accompanying software, fitted to a Kodak Diconex 150 

plus printer. 

The Hewlett-Packard HPLC used to spectroscopically characterize samples of 

Bugula neritina was an HP 1090 Liquid Chromatograph with a full UV diode array 

detector with channel A set on 230 nm and B set on 265 nm. This system was controlled 

by a HP 9000, 300 series computer equipped with an HP Think Jet printer. 

The columns used with both HPLC systems were Vydac C-18 3J.!m (4.6 mm i.d.). 

x 100 or 200 mm), reversed phase pharmaceutical grade columns with a Vydac C-8, 3J.!m 

pre-column filter. Mobile phases consisted of Fisher Optima grade acetonitrile and de

ionized (8 mega-Q) water. A Gelman GH Polypro 0.45 J.!m filter was used to remove any 

insoluble particles. Chromatograms were performed using a linear gradient beginning 

with a 60/40 percent acetonitrile/water mixture to a 100 percent acetonitrile mobile phase 

in 20 minutes 143 at a flow rate of 1 ml/minute. Radio-purity tests were performed using an 

80/20 percent acetonitrile/water mixture to a 100 percent acetonitrile mobile phase in 20 

minutes. 
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Reduced pressure evaporation was perform_ed on a Buchi Rotovapor RE D 11 or a 

Savant SC 11 OA Speed Vac Plus fitted with a RTV 100 refrigerated vapor trap and 

Welch 1405 Duo-seal vacuum pump. 

Cell free extracts were incubated in an American Scientific Products YB-521 

Shaking Water Bath. 

HPLC collected fractions were assessed for radioactivity using an LKB Wallac 

1219 Rackbeta scintillation counter. 

Source of reagents 

Dithiothreitol, ATP (Mg2
+ salt), NADH, NADPH, pepstatin A and leupeptin were 

obtained from Sigma. 

3H-acetate and -SAM, 14C-glycerol, -propionate, -n-butyrate, -isobutyrate and 

-succinate were obtained from DuPont NEN. 

Solvents for both HPLC and extraction were Fisher Optima grade. Scintillation 

cocktail was Fisher Biotec Scintilene BD. 

Bryostatin 1 and 2 standards for HPLC were generously provided by Bristol

Myers Squibb. Bryostatin standards 4-12 were provided by Professor G. Robert Pettit of 

Arizona State University. 
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Collection of Bugula neritina 

Bugula neritina used in characterization studies was collected in Daytona Beach, 

Florida, dockside, in I m of water. Mediterranean Bugula neritina was collected from 

substrates in 1-2m of water in Sicily, Italy. 

Bugula neritina used in biosynthetic studies was collected by divers in J0-15m of 

water in Palos Verde, California. The collected material was flash frozen at the point of 

collection using liquid nitrogen and shipped in dry ice filled Styrofoam insulated 

containers. 

Isolation and Chromatographic Characterization of Bryostatins 

Regional characterization experiments were conducted using an extract prepared 

from Bugula neritina. Samples averaged approximately 50g per collection wet weight. 

The collected bryozoan was first cleaned of any extraneous material, then sun-dried, 

which did not cause thermal decomposition of bryostatins, owing to their remarkable 

thermal stabilit/6
. The dried material was cut into a coarse grainy brown powder and 

extracted twice with a I Oml/gram 50/50 mixture of chloroform I methanol for 24 hours . 

The solvent was evaporated from the supernatant in vacuo and the residue redissolved in 

ethyl acetate, I mil gram. To this, 15g of diatomaceous earth (Eagle Picher Celatom 

Diatomite) was added and the slurry evaporated, in vacuo, to dryness. 

The dried diatomaceous earth was packed into a Varian Megabond SI cartridge or 

a 20 x 4.5 em (i.d.) glass flash column packed Scm high with Aldrich grade 12, 28-200 

mesh silica gel. This was then eluted, in order, with methylene chloride ( I mil g), ethyl 
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acetate (3ml/g), and methanol (3mllg), using a modified technique from Schaufelberger et 

al. 169
. The ethyl acetate fraction was evaporated in vacuo to dryness and redissolved in 2-

10 ml of methanol. 

A 12cc Varian Megabond Elut C-8 cartridge was prepared by allowing 1 Oml of 

acetonitrile to drip through, expelling the excess acetonitrile with a pipette bulb. The 

bryostatin-containing methanol solution was allowed to drip through the column, which 

retained bryostatins. The methanol eluant was discarded and I 0 ml of acetonitrile was 

allowed to drip through the cartridge, eluting the bryostatins. This acetonitrile fraction 

was filtered using a glass syringe fitted with a Micron Separations 0.45J..Lm Teflon syringe 

filter and dried under a nitrogen gas stream. Upon redissolving in 500J.!l to 1 ml of 

methanol, the Bugula neritina extract was suitable for HPLC injection . 

In vitro Metabolic Studies 

Fortified crude enzyme preparations were made from Palos Verde Bugula neritina 

that had been cleaned of extraneous material, flash frozen with liquid nitrogen, and stored 

at -80°C. In three double-labeled experiments 150g of frozen Bugula neritina was used. 

In two SAM and glycerol experiments, 400g was used. The frozen material was ground to 

a fine powder using a large, chilled mortar and pestle sitting on top of a bed of dry ice in a 

Styrofoam container. The fine powder was added to an aqueous phosphate buffer, pH 7.7, 

prepared using 10.5 ml solution A (13.90g NaH2P04 H20/.5L) and 90.5 ml solution B 

(53.65g Na2HP04 7H20/.5L) 167 
, at a proportion of 300-1 OOOg Bugula neritina to I L 

buffer168
. The solution was allowed to solublize for approximately I 0 to 20 minutes . To 
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this cell-free extract was added 0. I mM dithiothreitol and EDT A, 0.5 mg/ml ATP (Mg2
+ ), 

NADH and NADPH and lJlg/ml pepstatin A and leupeptin. 

To aliquots of the fortified cell-free extract was added 5 11Ci of one or more of the 

following radiolabeled precursors : 3H-acetate, 3H-SAM, 14C-glycerol , 14C-propionate, 

14C-n-butyrate, 14C-isobutyrate, 14C-succinate. The aliquots were incubated for 24 hours 

in a constant temperature shaker bath at 27°C and quenched with I Oml of ethyl acetate . 

The quenched aqueous buffered extract was gravity filtered through coarse filter paper 

(Fisher 9-970-120) and extracted twice with equal parts of ethyl acetate . To the ethyl 

acetate fraction was added 15g of diatomaceous earth and the solvent was evaporated 

under reduced pressure. The dry powder was loaded onto a Varian megabond SI cartridge 

or I 0 x 4 .5 silica (Aldrich grade 12, 28-200 mesh) packed glass flash column and the 

extract prepared for HPLC separation in the same manor as described above. 

Radioactive bryostatin I , recovered from HPLC purification, was evaporated 

under an N2 gas stream and !Oml of scintillation cocktail was added to each collection 

vial. The fractions were then assessed for radioactivity using a scintillation counter. 

Double-Label Experiment 

I 53g of flash frozen Palos Verde Bugula neritina was ground as described and 

added to 500ml of fortified phosphate buffer. The fortified cell free extract was divided 

into flasks 1-6 with 80ml in each. 0.125 J1Ci 3H-acetate was added to each flask in 

addition to 511Ci of the following: flask 1, 3H-acetate; flask 2, 3H-SAM; flask 3, 14C

propionate: flask 4, 14C-n-butyrate; flask 5, 14C-succinate; flask 6, 14C-isobutyrate. 
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Glycerol and SAM Experiment 

394g of frozen Bugula neritina was added to 500ml of fortified phosphate buffer. 

The fortified extract was divided into flasks 1-3 with approximately JOOml in each. To 

individual flasks was added: flask I, 125 11Ci 3H-acetate; flask 2, 5 f.1Ci 3H-SAM; flask 3, 

5f.1Ci 14C-glycerol. 
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