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PHARMACOLOGICALLY ACTIVE METABOLITES FROM SYMBIOTIC 
MICROALGAE IN OKINAWAN MARINE INVERTEBRATES’ 

JUNKHI KOBAYASHI 

Mitsubishi Kasei Institute of Life Sciences, Minamiooya, Machiah, Tokyo 194, Japan 

ABsTRAcT.-Amphidinolides A 111, B 121, C 141, and D 151, novel macrolides with po- 
tent antineoplastic activity, have been isolated from the cultured cells of the marine dinoflagel- 
late Amphidtnium sp., a symbiotic microalga in an Okinawan flatworm. The structures have 
been assigned mainly on the basis of 2D nmr. Some compounds with interesting pharmacologi- 
cal activities have been also obtained from the cultured cells of other marine microalgae, sym- 
bionts of coral or bivalve. Cultivation of microalgae and isolation and structure elucidation of 
the bioactive compounds are described. 

Marine organisms have proved to be a rich source of compounds with diverse struc- 
tural features and interesting biological activities (1-6). Some of the marine natural 
products isolated have not only served as potential lead compounds for clinically useful 
drugs (7,8) but actually used as chemical probes useful for basic studies in the fields of 
life sciences such as biochemistry, pharmacology, or physiology (9-12). However, it is 
often difficult to supply an adequate amount of interesting natural products from 
marine organisms such as sponges due to limitation of collections. 

Increasing attention has been recently paid to marine microorganisms as another 
hopeful source of bioactive compounds. In early studies, marine microorganisms have 
been investigated mainly to clarify causes of seafood toxins. For example, it has been 
found that a pufferfish toxin, tetrodotoxin, is produced by Gram-positive bacteria (AI- 
teromonas spp.) (13), and a Japanese shellfish toxin, neosurugatoxin, is also a product of 
bacteria (14). Furthermore, it has been demonstrated that aplysiatoxin isolated from 
the blue-green algae of Oscillatoriacea is a dermatitis toxin responsible for swimmer’s 
itch in Hawaii (15), while saxitoxin (a paralytic shellfish toxin), brevetoxins (red tide 
toxins), or maitotoxin (a ciguatera toxin) are produced by the dinoflagellates Gonyaulax 
catenella (161, Gimnodinium breve (17,18), and Gambierdiscus toxicus (19), respectively. 

Recently, some bioactive compounds isolated from marine invertebrates such as 
sponges have been found to originate from symbiotic microorganisms (20,2 1). Of sym- 
biotic microorganisms, especially microalgae in marine invertebrates were expected to 
be a hopeful source of interesting bioactive compounds, if large-scale cultivation was 
possible in the laboratory. Therefore, we have tried to cultivate some symbiotic micro- 
algae separated from host marine invertebrates such as flatworm, bivalve, or coral in an 
attempt to isolate novel bioactive compounds. This presentation deals with the cultiva- 
tion of symbiotic microalgae (dinoflagellates and haptophytes) and the isolation and 
structure elucidation of pharmacologically active compounds from them. 

(dinoflagellates, blue-green algae, haptophytes, etc.) are isolated from the inner tissue 
of host marine animals (coelentrates, molluscs, flatworms, etc.). The isolated microal- 
gae are pre-cultivated in sea water medium (20 ml-2 liters) under various conditions 
with some factors (supplement, temperature, light, etc.) varied, to determine optimal 
culture conditions. Finally, microalgae showing acceptable growth rate and interesting 
biological activities are selected and cultured on a larger scale (400-1000 liters). 

GENERAL PROCEDURE OF MICROALGAL CULTIVATION.-symbiotic microalgae 

‘Presented as a plenary lecture at the “Microalgae as a Source of New Biologically Active Natural 
Products” Symposium of the International Congress on Natural Products Research at Park City, Utah, 
July 17-21, 1988. 
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Amphidinolide A 111 is a novel 20-membered macrocyclic lactone (22). The 'H- 
'H COSY (Figure 1) data were sufficient to elucidate the structure of 1, because most of 
carbons were protonated. The assignment of the methyl group at C-22 was made from 
comparison of the carbon chemical shifts at C-23, C-24, and C-25 between 1 and the 
corresponding chemical shifts for pectinatone (25). Arnphidinolide A 111 contains sev- 
eral interesting structural features. Three exo-methylene groups on the macrolide ring 
appear unique and four hydroxy groups are located closely to each other (C-8-C- 12) to 
form a hydrophilic part in the molecule (25). 

H 

25 

1 

CH 

0 

2 and 5 (stereoisomers at C-2 1) 

Arnphidinolide B 12) is a novel 26-membered macrocyclic lactone without an alkyl 
side chain (23). The structure of arnphidinolide B was assigned originally as 3 on the 
basis of the 'H-'H COSY (Figure 2) and nOe data (23), but it has been more recently re- 
vised to be 2 from detailed analysis of the 'H-detected heteronuclear multiple-bond 
correlation (HMBC) spectra as will be described below. 

Amphidinolide C E41 is the first 25-membered macrocyclic lactone from a natural 
source (24). This compound includes two tetrahydrofuran rings, two ketone carbonyls, 
four hydroxy groups, and two exomethylenes. Three partial structures o f C - 2 4 -  14, C- 
16-C-17, and C - 1 x 4 4  were elucidated by the 'H-'H COSY (Figure 3), 'H-I3C 
COSY, RCT-COSY, and NOESY data. The connectivities of the three segments sepa- 
rated through three carbonyls (C- l ,  C- 15, and C-18) were established by 13C-'H long- 
range couplings (2/C-H and y3/c-H) observed in the HMBC spectrum (Figure 4). The 
diene moiety (C-94-10  and C-36-C-37) was slowly oxidized in solution to afford a 
14 + 2) cycloaddition product A, supporting the structure 4 (24). 

The structure of the diene part (C- 13-C- 15) of amphidinolide B was reexamined by 
analysis of the HMBC spectrum, because the diene structure 3 previously proposed (23) 
was different from the corresponding one of amphidinolide C {4) .  In the HMBC 
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FIGURE 1. The 'H-'H COSY spectrum of amphidinolide A [l] (400 MHz, CDCI,). 
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FIGURE 2.  The 'H-IH COSY spectrum of amphidinolide B 121 (400 M H t ,  CDCI,). 

spectra, the methyl proton at C- 16 was coupled to a quaternary carbon (C- 15, s) but n o  
to an olefinic methine carbon (C- 14, d). Thus the structure of amphidinolide B was re 
vised to be 2*. 

The fourth component, amphidinolide D 15}, was isolated together with am 
phidinolide B 121 from another batch of the cultured Amphidinium sp. Amphidinolid 
D 151 showed uv, ir, and ms spectra identical to those of amphidinolide B 121. Corn 

'J. Kobayashi, M. Ishibashi, H .  Nakamura, Y. Ohizumi, Y. Hirata, T. Sasaki, T. Ohta, and 
Nozoe, unpublished. 
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parison of the 'H- and 13C-nmr data including the 'H-'H COSY and NOESY spectra 
indicated that amphidinolide D E51 was a stereoisomer at C-21 of amphidinolide B 

Amphidinolides A El], B [21, C [4],  and D (51 exhibited potent antineoplastic ac- 
tivity against L1210 murine leukemia cells in vitro with IC,, values of2.4, 0.00014, 
0.0058, and 0.019 kg/ml, respectively (24). Amphidinolide B 12) is the most active 
and 10,000 times more potent than amphidinolide A El]. It is noted that these mac- 
rolides isolated from the same dinoflagellate are quite different from one another in sub- 
stitution patterns and activities. Recently, a number of macrolides with structural 
similarities have been isolated from blue-green algae, sponges, and nudibranchs 
(2,5,6). There remain questions as to whether these macrolides were produced by the 
host animals or by symbiotic microorganisms (24). 

SYMBIORAMIDE [61.-A novel sphingosine derivative, symbioramide 161, was 
isolated from the cultured marine dinoflagellate Symbiodinium sp. as a sarcoplasmic re- 
ticulum (SR) Ca*+-ATPase activator (26). The dinoflagellate, which was obtained from 
the gill cells of the Okinawan bivalve Fragum sp., was cultured under the conditions 
shown in Scheme 2. The toluene-soluble fraction of the harvested cells was chromato- 

Ea2. 

* I2 

AC $iH3 

A 

lJ. Kobayashi, M. Ishibashi, H .  Nakamura, Y .  Ohizumi, Y .  Hirata, T. Sasaki, T. Ohta, and S. 
Nozoe, unpublished. 
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Dinoflagellate Symbiodinirm sp. 

t 
Cultivation 

in sea water (1% ES) 
25", 4 weeks I 

Centrifugation + 
+ 
+ 

110 g cells from 320 liters of culture 

Extraction with MeOH-toluene (3: 1) 

Partition between toluene and H,O ( 1  M NaCI) 

Toluene - layer Aqueous layer 

+ 
Si gel columns 

MeOH-CHCI, (5:95) 
C6H6-Me,C0 (2: 1) 

Sirnbioramide 161 (0.026%) 

SCHEME 2. 

I 
Separation of symbioramide 161 
from cultured dinoflagellate Sym- 
biodinium sp. 

graphed on Si gel columns to yield simbioramide 161. Acid hydrolysis furnished methyl 
2-hydroxyoctadec-3(E)-enoate and 2(S)-amino-3(R)-hydroxyoctadecan- 1-01, confirm- 
ing the structure 6 for symbioramide (26).  

The Ca2+-ATPase in SR membrane plays a key role in muscle relaxation by energiz- 
ing Ca2+ pumping from the cytoplasm into the lumen of SR (27). Symbioramide 161 
(lo-* M) activated SR Ca2+-ATPase activity by 30%. This is the first example of SR 
Ca2+-ATPase activator of marine origin. Symbioramide 161 also exhibited an- 
tileukemic activity against L- 12 10 murine leukemia cells in vitro, with an IC,, value of 
9.5 kg/ml. The a-hydroxy-P,y-dehydro fatty acid contained in 6 is seldom found from 
natural sources (26). 

HYMENOSULFATE {73.-The Haptophyceae are microscopic, unicellar algae, 
which are widely distributed in the Oceans and often constitute a major proportion of 
marine phytoplankton. A novel sterol sulfate, hymenosulfate 17,  with potent Ca2+-re- 
leasing activity in SR (lo), was isolated from the cultured marine haptophyte 
Hymenomonas sp. (28). The haptophyte was isolated from an unidentified Okinawan 
stony coral and cultured under the conditions shown in Scheme 3 .  The toluene-soluble 
portion of the harvested cells was chromatographed on an LH-20 and a Si gel column to 
give hymenosulfate 171 (28). The major components of the toluene layer proved to be 

6 
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Haptophyte Hymenonmas sp. 

Cultivation 
+ 

in sea water (1% ES) 
25'. 2 weeks 1 

Centrifugation 

408 g cells from 1000 liters of culture 

Extraction with MeOH-toluene (3: 1) 

Partition between toluene and H,O ( 1 M NaCI) 

1 
+ 
+ 

Toluene t layer Aqueous layer 

L 

LH-20 + column * 
MeOH-CHCI, (1: 1) CHCI, layer Aqueous layer 

MeOH-CHCI, (lo:%) 

1 
CHCI~-~-BUOH-HOAC-H~O Si gel column 

1 
1 
1 

Si gel column 

(1.5:6: 1: 1) 

Hyrnenosulfate [7l(0.007%) 

Acid 10 Glycolipid 11 

MeOH-CHCI, (5~95- 10:9(3-325:75) 
Si gel column 

Glycolipid I 8 Glycolipid 9 

SCHEME 3. Isolation of hymenosulfate [T, glycolipids 8,  9,  and 11, and fatty acid 10 
from cultured haptophyte Hylnenomonrrs sp. 

glycolipids such as mono- and di-galactosyldiacylglycerols 8 and 9, respectively, while 
the CHCl,-soluble materials of the aqueous layer were found to contain mainly oc- 
tadecatetraenoic acid 1101 together with a small amount of monogalactosyl- 
monoacylglycerol Ell] (28). 

The structure of the sterol part of 7 obtained from acid hydrolysis was identified as 
(24R)-23,24-dimethylcholesta-(22E)-S ,22-dien-3P-ol by comparison of the 'H nmr 

? 

7 
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HO OH 

HO R2 

HO OH 

8 R,=R,=X 
11 R , = H , R , = X  

data with those of Withers et a l .  (29) .  The presence of a sulfate group in 7 was confirmed 
by ion chromatography of sulfate ions liberated by solvolysis (28). 

Hymenosulfate 1 7  is the first sterol sulfate from marine microalgae. In the SR, the 
Ca*+-releasing activity of 7 was ten times more potent than caffeine, a well-known 
Ca*+-releaser (10). The glycolipids 8 , 9 ,  and 11 exhibited inhibition of Na+ ,K+-AT- 
Pase activity (30) with IC,, values of 2 X 

~~-DEOXYSARCOPHINE [121.-It is well known that soft corals possess symbiotic 
dinoflagellates belonging to the genus Symbiodinium. In our early studies, 16-deoxysar- 
cophine 1127 with potent Ca-antagonistic activity was isolated from the Okinawan soft 
coral Sarcopbyton sp., and the structure was established by X-ray analysis ( 3  1). This is 
the first example of a Ca-antagonistic substance from marine sources and of a nonal- 
kaloid compound with such activity. Recently, 16-deoxysarcophine E121 was detected 
in hplc analysis of the extracts of the symbiotic dinoflagellate Symbiodinium sp. collected 
from the polyps of the soft coral Sarcopbyton sp. However, i t  was difficult to culture this 
dinoflagellate. 

OTHER BIOACTIVE MARINE NATURAL PRODUCTS INDICATED AS METABOLITES 
OF M I C R O O R G A N I S M S . ~ y s t o d y t i n s  A 1131, B 1141, and C 1157 are novel tetracyclic 
aromatic alkaloids from the Okinawan tunicate Cystodytes deflecbiajei (32), while as- 
cididemin ~161 is a novel pentacyclic aromatic alkaloid from another Okinawan tuni- 
cate Didemnum sp. ( 3 3 ) .  Prianosins A 1 1 7 ,  B 1181, C 1191, and D 1201 are also novel 
polycyclic alkaloids from the Okinawan sponge Prianos mefanos (34,35). These are all 
potent antineoplastic agents. Recently, some polycyclic alkaloids with striking struc- 

M each (28). 

12 
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tural 
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111' 0 
15 R = A l s  !Al9 

on 

6 

16 

similarities to cystodytins 13-15, ascididemin 1161 or prianosins 17-20 have 
isolated from other species of tunicates (36,37) and sponges (3840), and even 
sea anemone (41). It is well known that sponges possess symbiotic microor- . .  - -  

ganisms such as blue-green algae or dinoflagellates (42). On the other hand, symbiotic 
microalgae of Prochloron spp. belonging to the new phylum Prochlorophyta have been 
isolated from some tunicates of the family Didemnidae (43), although their cultivation 
is very difficult. It may be that these polycyclic alkaloids are produced by related micro- 
organisms, which are either part of the diets of these filter feeders or are present as sym- 
bionts. 

0 
17 1s 

0 
19 20 
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CoNcLusroN.-Marine microorganisms have been studied mainly to clarify 
causes of seafood toxins, such as pufferfish, red tide, or ciguatera toxins. Some of these 
toxins (e.g., tetrodotoxin and maitotoxin) are used as pharmacological tools essential 
for basic studies on Na+ or Ca2+ ion channels because of their specific activities on ion 
channels. We  have focused on symbiotic microalgae in marine animals to obtain useful 
bioactive compounds other than toxins, because most marine toxins have been reported 
from free-living microalgae or microalgae attaching on the surface of seaweeds. As de- 
scribed in this presentation, eventually symbiotic microalgae such as dinoflagellates or 
haptophytes in marine animals (flatworm, mollusc, or coelenterate) have proven to be 
promising biomass for novel pharmacologically active substances if their large-scale 
cultivations are achieved. Studies on bioactive compounds from symbiotic marine 
microorganisms are now expected as a developing theme of great interest. 
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