Tetrahedron Vol 45, No 7, pp 1893 to 1904, 1989 0040-4020/89 $3 00+ 00
Printed in Great Britain © 1989 Pergamon Press plc

BIOSYNTHETIC STUDIES OF MARINE LIPIDS 16.1
DE NOVO STEROL BIOSYNTHESIS IN SPONGES. INCORPORATION AND TRANSFORMATION
OF CYCLOARTENOL AND LANOSTEROL INTO UNCONVENTIONAL STEROLS

OF MARINE AND FRESHWATER SPONGES

Russell G. Kerr, Ivan L. Stoilov, Janice E. Thompson and Carl Djerassi*

Department of Chemistry, Stanford University, Stanford, CA 94305

(Received in USA 2 September 1988)

ABSTRACT: Cycloartenol and lanosterol, the sterol precursors of photosynthetic and
nonphotosynthetic organisms respectively, were transfromed into the 4,4,l4-demethyl sterols
in most but not all, of a variety of marine and freshwater sponges. Symbiotic cyanobacteria
found in many sponges are apparently not involved in the observed biosynthesis. We conclude
that while some sponges obtain sterols from the diet, the majority synthesize them de novo.

INTRODUCTION

Sponges have furnished a bewildering array of sterols with unprecedented side chains
and nuclei.? These sterols are frequently, but not always, accompanied by conventional ones.
Figure 1 illustrates some of the unusual side chains as well as some common (L, S, N) and
uncommon (J, K) sterol nuclei encountered among sponges. Sponges belong to the phylum
Porifera and are generally considered to be the most primitive member of the animal kingdom3
in the subkingdom Metazoa. However, due to their extremely simple cellular organization
(e.g. lack of differentiated tissues and lack of a nervous system), many workers now place
sponges Into their own subkingdom, the Parazoa.’ In recent years, extensive research in our
group,h as well as in others,5 has focused on the mechanism of sterol side chain generation
or nuclear ring-A modification. However, the primary biosynthetic origin of these sterols
remains unknown, and their physiological function as cell membrane constituents is not yet
clearly understood.

The common biosynthetic pathway up to the stage of the synthesis of the linear polyenic
precursor squalene, which both plants and animals share, has been successfully used as a
keystone for a common, monophylogenetic origin of all eucaryotes. Dichotomy at the point of
squalene cyclization has been established as a distinguishing feature of photosynthetic and
nonphotosynthetic organisms.7 In the former group, cycloartenol (10) is the primary
polycyclic compound while in the latter, lanosterol (9) is formed. Evidence for this comes
from the isolation of cycloartenol in many forms of plants7 and from various incorporation
experiments in which radiolabeled acetate and mevalonate were transformed into cycloartenol
and thence into phytosterols.7(°)'8 There are a few scattered reports of the isolation of
lanosterol in photosynthetic systems, such as the Poinsettia plant,9 and even some reports
of lanosterol acting as a precursor of sterols in plants. Evidently, the reason for this
latter result is that cycloartenol is transformed into 1anosterol.1o Cycloartenol has mnot
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been observed in a nonphotosynthetic organism,ll while lanosterol is frequently
isolated.’(8),(d) Experiments with rat liver (a commonly-used nonphotosynthetic tissue)
demonstrated the conversion of labeled lanosterol to cholesterol, while the conversion of

cycloartenol to cholesterol was not observed.7(d)
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There are a few possible sources of the unprecedented sterols found in sponges. First,
they could be sznthesized de novo by the sponge; results concerning this route are, as yet,
), (3. (&) Minale and coworkers® reported evidence that did not favor de
novo sterol biosynthesis in the sponges Verongia aerophoba, Axinella verrucosa, A.
polypoides and Calyx nicaeensis, while our laboratory has observed small but measurable
amounts of incorporation of mevalonate into the A® sterols of Aplysina fistularis'? and a
significant incorporation of this precursor into the predominant sterols of Xestospongia
testudinaria.13 Minale et al. proposed5 that the Axinella and Calyx species obtain sterols
from their diet. The poor incorporation (or even complete 1lack of incorporation) of
mevalonate into some of these sponges may well be due to technical difficulties associated
with feeding a water-soluble precursor to the filter-feeding sponges.

inconclusive.7<

A second possible source of sterols is from one or more of the symbionts associated
with many sponges,3(b) such as the cyanobacteria15 of the genera Aphanocapsa and Phormidium
These organisms are photosynthetic and are found both extra- and intra-cellularly in many
sponges. Other photosynthetic symbionts found in sponges include zooxanthellae and
zoochlorellae.3(P) There has been some controversy concerning the existence and biosynthesis
of sterols in these symb:l.ont:s.7(e)’16 It now appears that sterols do occur in
cyanobacteria17 although it is still not known with any certainty whether or not they are
capable of sterol biosynthesis. Nevertheless, it is conceivable that the cyanobacteria as
well as zooxanthellae and zoochlorellae are somehow involved in the biosynthesis of the

unusual sterols found in sponges
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Sponge

Recovered activity in
free sterols (dpm)
Cycloagtenol  Lanosterol
(4.4x107 dpm) (4.4x107 dpm)

Location® Steroid
nucleus

Symbiotic eucaryotes

Photo-
synthetic

Nonphoto-
synthetic

MARINE SPECIES
Family: Axinellidae
Phakellia sp.
(AIMS-RA 11)P
Ax1inella verrucosa
Axinella polypoides
Pseudaxynisga sp. A
(AM-4989)
Pseudaxynisga sp. B
(AM-4988)
Family: Tethyidae
Tethya aurantia
californiana
Family: Jaspidae
Jaspis stellifera
Family: Adociidae
Petrosia ficiformis
Family: Petrosiidae
Xestospongia muta
Xestospongia muta
(endoderm only)
Xestospongia sg.
(AIMS-RA 35)
Family: Clathriidae
Microciona prolifera
Family: Halichon-
driidae
Ciocalypta sp
Family: Verongiidae
Aplysina fistularis

FRESHWATER SPECIES
Family: Spongillidae
Ephydata fluviatilis
Eunapius fragilis

GBR
Med.
Med.

cold
cold
cold

cold
cold
cold

P

GER 6x107

t

cold

GER N 2x108 2x10°

Calif. N 8x10% 6x10°

GBR N cold 3x10°

Med., N cold 2x10°

PR N 8x10° 7%10°

PR N 2x10° 8x10°

GBR N 2x108 2x108

Calif. S &N 5x10% 5x107

Hawaii L cold cold

Calif. N 3x10° 6x10°

8x10°

1x108
2x10%

Stan. 1
2x10®

Stan. 2

Z 2

unknown
present
present

absent®
absent
absent

presente presente

presente presente

e, f

absent present®

resent® resent®
P P

presentd

presenth

presentd

present®

i h

absent present

present®  present®

absent® absent®

unknown unknown

absent® present®

unknown
unknown

unknown
unknown

8GBR = Great Barrier Reef; Med
Stan

= California coast;
Stanford Univ,

= Mediterranean Sea;

PR = SW coast of Puerto Rico;
1 = Lake Lagunita, Stanford Univ.; Stan. 2 = Searsville Lake,

Calif.

Australian Museum (AM) and Australian Institute of Marine Sciences (AIMS).
€C.R. Wilkinson, Australian Institute of Marine Sciences, personal communication

See reference no. 21.

®Conclusions based on electron microscopy, see Experimental Section

Macroscopic alga always

penetrate the surface tissues of the

contribute to the observed biosynthesis.

BSee reference no. 30.

.D. Santavy, University of Maryland, personal communication.
‘The outer ectoderm, containing cyanobacteria, was removed with a knife.

sponge

and thus may
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The occurrence of nonphotosynthetic, symbiotic bacteria in demosponges has been

demonstrated by vacelet!® and by Wilkinson.1? As with the cyanobacteria, these bacteria
occur both extra- and intra-cellularly, and since some seem to contain sterols, they may
transport them to the host sponge.
The abundance of exogenous sterols, particularly in phytoplankton,20
alternative source of the sterols found in sponges. Obtaining sterols from their diet is in
agreement with the classification of sponges as filter feeders.(a) Dietary sterols could be
incorporated intact into the sponge cell membranes, or after side chain modification via SAM
bioalkylation,7(a)’(°) with or without nuclear modification.

could provide an

Due to the primitive nature of sponges and their uncertain position in the evolutionary
hierarchy and the variety of possible biosynthetic sources of their sterols, we decided to
investigate the incorporation and subsequent transformation of radiolabeled lanosterol (9)
and cycloartenol (10). This study was performed with a variety of Demospongiae3 (the largest
of four classes of sponges) containing a wide range of conventional and unconventional
sterols, belonging to different families and from different environmental and geographical
regions. Also, sponges with and without photosynthetic and nonphotosynthetic symbionts were
examined to determine the role of these organisms in sterol biosynthesis.

RESULTS AND DISCUSSION

Results of the incorporations of tritium-labeled lanosterol (9) and cycloartenol (10)
into sterols in a variety of families of sponges belonging to the class Demospongiae are
summarized in Table 1. In each case the precursor was taken up by the sponge and either
transformed into the 4,4,14-demethyl sterols or recovered unchanged. Entries marked "cold"
in Table 1 are therefore significant as they reflect the sponge’s inability to metabolize
the precursor, rather than the lack of incorporation of the triterpene into the sponge
cells. In the majority of the sponges in Table 1, both cycloartenol and lanosterol were
equally effectively transformed into the sterols of the sponge, while in three of the
sixteen sponges, only lanosterol was metabolized. In the remaining four, neither precursor
was metabolized. These latter sponges evidently obtain their sterols from their diet.

It is evident from Table 1 that there is no relationship between sponges in which
cycloartenol and lanosterol were efficiently transformed into 4,4,l4-demethyl sterols and
their geographical location. Thus, the temperature of the water and the available diet for
sponges of one particular region is not a factor. There also appears to be no correlation
between the ability of sponges to metabolize cycloartenol and lanosterol, and the family to
which the sponge belongs (for example, see Axinellidae in Table 1).

The transformation of both lanosterol (9) and cycloartemol (10) into the 4,4,14-
demethyl sterols in a number of sponges suggests the unprecedented cyclization of squalene
oxide to 9 and/or 10 (see Scheme 1). As mentioned in the introduction, the cyclization of
squalene oxide to cycloartenol has not been observed in the animal kingdom. This lends
support to the now generally-accepted placement of the Porifera within the distinct
subkingdom Parazoa, although in three of the sixteen sponges, only lanosterol, the animal

sterol precursor, was metabolized.

The 4,4,l4-demethyl sterols in Scheme 1 could be produced by two parallel routes, one
proceeding via lanosterol and the other through cycloartenol (step 1 followed by step 3 and
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step 2 followed by step 4). It is also possible, however, that cycloartenol is transformed
into the final sterol product via lanosterol (steps 2, 5, and 3), This has been showng’lo to
operate in the Poinsettia plant, as discussed earlier.

It is noteworthy that lanosterol (8) and cycloartemol (10) are incorporated into the
unusual, highly alkylated sterols (e.g. 1, Z and 3) typilcal of sponges and not just into the
more conventional ones such as cholesterol. Also, the order of decrease in specific activity
of sterols (lb ---> la ---> 1l¢ in Table 2) is consistent with the biosynthetic pathwaya(C)
established for the side chain. A detailed examination of the incorporation of radiolabeled
2 and 10 into Pseudaxynissa sp. B, Aplysina fistularis, Microciona prolifera and Tethya
aurantia californiana 1s presented in Tables 2, 3, 4 and 5, and leads to interesting
conclusions

Tab Incor jon of {24-3y \ L and _{24-3H) | rol |
Cycloartenal Lanosterol
Sterol mg dpm % Incorporation mg dpm % Incorporation
3 3.0x 10° 26 0.2 32x10% 20
N
il
y 4 6.6% 10° 58 45 1.4 x 105 67
1a
\
x 15 17x10° 15 5.3 2 25 104 13
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Table 2 indicates that in Pseudaxynissa sp. B, a sponge which only contains
unconventional, highly alkylated ste):'ols,22 good Iincorporation of both precursors occurs.

2 3 lvsina fistul
Cycloartenol Lanosterol
Sterol mg dpm % incorporation mg dpm % incorporation
Y%/L/ 0.2 cold 0 0.2 cold Y
N
X
\N(\/\'/ 0.4 cold 0 05  cold 0
Y\/'\f 02  56x10* 20 03 1.05x10° 18
N
k]
\/\)H/ 0.1 cold 0 0.1 cold 0
N
\A/L'/ 0.3 cold 0 05 cold 0
N
Y\/\( 2.0 cold 0 44 cold 0
N
Y\/Q/ 0.2 cold 0 0.2 cold 0
N
Y\/Ln/\ 7.0 214x10° ” 125  4.66x10° 80
N
12
\/\/Q/ 0.2 cold 0 0.3 cold 0
N
1.9 cold 0
1.1 cold 0
N
\(\/H/\ 42 7.2x10° 3 56 12x10* 2
N
13
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Aplysina fistularis is an interesting sponge in that it contains unusual sterols,
alkylated at Cre and at Cou (aplyster0123 (13) and dehydroaplysterol"(a) (12)), as well as a
variety of more conventional ones (see Table 3). In this case, cycloartenol and lanosterol
were incorporated into the unusual sterols (12 and 13) but not into the othgrg.zl‘ This
implies that the latter sterols are obtained from the diet, while aplysterol (13) and
dehydroaplysterol (l2) are synthesized by the sponge.

Microciona prolifera 1is an example of a sponge which only contains conventional
sterols. Here, lanosterol is incorporated much more efficiently than cycloartenol and some
radioactivity is encountered in every 4,4,l4-demethyl sterol, except for 24-nor-22-
dehydrocholesterol (14) (Table 4). This unusual class of sterols is believed to be of

Cycloartenol Lanosterol
Sterol mg dpm 9 incorporation
= incorp mg dpm % incorporation
Wk 0.5 cold 0 0.3 cold 0
N 1
Y§/Y 13 4.1x10% 10 0.7 38x10° 10
N
\'/\,U\r 2.0 1.7x 104 4 1.0 1.3x10° 3
N
\./\/L', 29 1.7x 104 4 1.3 1.0x 105 3
N
H
M 19 1.6x104 4 1.0 1.1 x10° 3
N
M 15.0 25x10° 60 7.0 234 x 108 62
N
\(\/Y 121 6.3x 104 15 48 59x10% 16
s
W(( 54 09x10° 2 3.0 1.1x10° 3
N
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planktonic origin25 and the present study also points to an exogenous source for the sterol.

Earlier attempt526 to define a biosynthetic precursor have all failed.

Tethya aurantia californiana is another sponge in which only conventional sterols are
found. It is similar to Aplysina fistularis as nonphotosynthetic symbionts are present while
photosynthetic ones are not (Table 1). However, unlike A. fistularis, both precursors were
transformed into all of the sterols of T. aurantia (Table 5). As was observed in Microciona
prolifera, lanosterol is incorporated more efficiently than cycloartenol.

& i
Cycloartenol Lanosterol
Sterol mg dpm o, incorporation mg dpm % incorporation
Wk 1 cold 0 2 cold (v
N
14
YW 5 21.6x10° 3 6 46x10° 1
N
Y\JLr 8 3.1x10* 49 13 256x 10° 50
N
0.9x 10°
\A/L( 3 2 4 25x10° 0.5
N
. a
W\I/ 1 0.5x10 1 1 2.1x10° 05
N
WY 25 26x10* 42 36 2.4x 108 47
N
\(%/(r 0.5 0.5 x 10% 1 05 1.0x 10° 0.5
N
2
\./\/H/ 2 0.7x10 1 4 21.8x10° 1
N
Y\/(r 3 1.0x10° 2 7 1.1x10° 0.5
N
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Petrosia ficiformis also merits special mention as it is the only sponge listed in
Table 1 whose principal sterol is a cyclopropane-containing one, petrosterol (g).2 The
unusual course of the side chain biosynthesis has been elucidated in our laboratory,28 but
nothing is known about the earlier steps. We found both petrosterol (6) and conventional
sterols such as sitosterol to be highly radioactive after incorporation of lanosterol (39).
This example is interesting for another reason, namely that in this sponge, cycloartenol
(10) is not employed for sterol biosynthesis.

The transformation of cycloartenol into the 4,4,l4-demethyl sterols of sponges could
conceivably be due to symbiotic photosynthetic symbionts such as cyanobacteria,
zooxanthellae and zoochlorellae present in some sponges.29 These organisms could transform
cycloartenol into As-phytosterols and then transfer these to the host sponge. Electron
microscopy of the sponges investigated allowed verification of the particular symbiont
populations present in the whole sponges. Results from our laboratory and those of previous
studies are summarized in Table 1. In accordance with prior investigations, most sponges
were found to contain nonphotosynthetic eubacteria, although no eucaryotic symbionts of any
kind were observed in the tissues of the fast-growing sponge Microciona prolifera. Many, but
not all of the tropical sponges contained photosynthetic eucaryotes, including
cyanobacteria. Cyanobacteria were observed in the external (<1.0 mm) tissues of sponges
belonging to the genus Xestospongia, while eubacteria were found in the interior tissues.
Fungi were not observed in any of the sponges examined by this laboratory. Macroscopic algae
were present in the surface tissues of Tethya aurantia californiana as well as in the fresh
water sponge Ephydata fluviatilis.

Our results show that cyanobacteria are not involved in the observed incorporation and
transformation of lanosterol and cycloartenol because both precursors are transformed into
the sterols of Tethya aurantia californiana and Pseudaxynissa sp. B. The latter contains
cyanobacteria while the former does not. Also, Xestospongia muta contains cyanobacteria only
in a well defined outer layer.30 Parallel feeding experiments were performed with
cycloartenol and lanosterol on sponge fragments with and without this symbiont-containing
ectoderm. As can be seen in Table 1, in the sponge fragment without cyanobacteria, both
precursors were incorporated and transformed into the A3 sterols of the sponge to the same
degree as in the sponge fragment containing cyanobacteria.

The photosynthetic zooxanthellae and zoochlorellae also appear to have no effect on the
observed sterol biosynthesis as both lanosterol and cycloartenol were transformed (albeit to
a different extent) into the sterols of Microciona prolifera, which we found to be devoid of
all photosynthetic symbionts.

It is extremely unlikely that the nonphotosynthetic bacteria found in some sponges
contribute to the sterol biosynthesis observed in sponges. There are only a few reported
cases of sterol biosynthesis in these bacteria3l and, as shown in Table 1, both cycloartenol
and lanosterol are effectively metabolized in sponges that are free of such organisms.

CONCLUSION

Results concerning the incorporation of acetate and mevalonate are ambiguous and thus
have raised doubts concerning de novo synthesis of sterols in sponges. By contrast, our
results with lanoster>l and cycloartenol are quite clear: in some sponges, lanosterol and
cycloartenol are both transformed to 4,4,14-demethyl sterols. Since symbionts are not the
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common denominator in Table 1, we conclude that successful 1lanosterol and cycloartencl
incorporation can be equated to de novo sterol biosynthesis in sponges. Therefore, some
sponges are capable of de novo biosynthesis and others are not., Nevertheless, even dietary
precursors can be modified selectively by sponges. Thus, the first three sponges in Table 1
are incapable of de novo biosynthesis, but can selectively modify the nucleus to give
risezs(a) to the unique A-nor (J) or 19-nor (K) skeletons.

EXPERIMENTAL

General: Waters HPLC equipment (M6000A and M45 pumps and R401L differential
refractometers) as well as Spectra Physics pumps (SP8810) fitted with a Rheodyne sample
injection valve (model 7010) were used for separation of sterol mixtures. Altex Ultrasil-Si
normal-phase columns (10 mm i.d. x 25 cm) were used to separate various steroid nuclei, and
further purification was achieved using two Altex Ultrasphere ODS columns (10 mm i.d. x 25
cm) connected in series. The purity of HPLC fractions was checked by GC using a Carle Erba
model 4160 instrument with FID (HP Ultra 2 capillary column, 0.32 i.d. x 25 m with 0.52 film
thickness). Low resolution mass spectra were recorded with a Ribermag R-10-10 quadrupole
instrument in either DI or GC-MS mode; 400 MHz 1H NMR spectra were obtained on a Varian XL-
400 spectrometer. Radioactivity was determined using a Beckman LZ7500 liquid scintillation
counter.

24-3§| Lanosterol and cycloartenol: These sterols were prepared as described
previously.
Incorporation experiments: Phakellia sp., Pseudaxinyssa spp., Jaspis stellifera and

Xestospongia sp. were collected at a depth of 14-18m at John Brewer Reef, central portion
Australian Great Barrier Reef; Aplysina fistularis was collected from lm at Casa Cove, La
Jolla, California; Tethya aurantia californiana was collected from 10m at Monterey Bay,
California; Microciona prolifera was collected at 0.lm at San Francisco Bay, California;
Xestospongia muta was collected at 30m, off the southwest coast of Puerto Rico; Ciocalypta
was collected from 7m at Oahu, Hawaili; Axinells verrucosa, Axinella polypoides and Petrosia
ficiformis were collected from 12m, 40m and 7m respectively at the Gulf of Naples, Italy;
Ephydata fluviatilis was collected from 0.lm at Lake Lagunita, Stanford, California; and
Eunapius fragilis was collected from 1lm at Searsville Lake, Jasper Ridge Biological
Preserve, Stanford, California. Specimens were selected that lacked surface algal fouling,
although it is not possible to find Tethya aurantia californiana and Ephydata fluviatilis
without algal epibionts that have penetrated the surface tissues.

The radiolabeled precursors were administered to the sponges as described previously.32
Electron microscopy: Electron microscopy was performed according to Lawson et a1.33
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