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Mutasterol belongs to an  unusual class of sterols that possess side chains with quaternary carbons. The 
biosynthesis of this sterol ( 1 )  in the Caribbean sponge Xestospongia muta has been elucidated by feeding of 
selected [3-3H]sterol precursors. Codisterol(9) was ten times more efficiently transformed than its  CZ4 epimer, 
while there was no difference in the degree of metabolism of the E and 2 isomers of 24,26-dimethyldesmosterol 
(13, 14). 

Introduction 
Sponges are a rich source of unconventional sterols, 

many with no terrestrial counterparts.2 In fact, over 200 
new sterols have been found in marine organisms, most 
of them isolated from sponges. During the past few years 
major progress has been made in the elucidation of the 
biosynthesis of many of these unusual sterol side chains. 
This has included simple chain el~ngat ion,~ double chain 
e l~ngat ion ,~  hydrogen rearrangements in multiple bioal- 
kylation; order of methyl group introduction in multiply 
alkylated side chains! and the mode of biosynthesis of the 
unique cyclopropane' and cyclopropenes moieties found 
in sponge sterols. This leaves one group of intriguing sterol 
side chains that has so far been encountered only in marine 
organisms and on occasion in trace quantities in certain 
plank9 sterol side chains with quaternary centers (Figure 
1) such as mutasterol (1),lo xestospongesterol (2),lla 25- 
methylxestosterol (3),llb and the sponge sterol 4.llc 

Earlier we had proposed2aJ0 "paper" biosynthetic 
schemes for this important subclass of sterols and we now 
describe experimental verification of the earlier proposal 
by incorporation experiments with mutasterol (1)-a 
typical sterol of this subgroup. Mutasterol (1) was iso- 
1ated'O from the Caribbean sponge Xestospongia muta.  
The side chain is the product of a triple biomethylation 
and has a quaternary center at (2% A tetracyclic triterpene 
(5) with the same side chain as mutasterol has been iso- 
lated12 in trace quantities from a higher plant. Three 
hypothetical biosynthetic pathways were proposedlZa for 
this triterpene. 

Results and Discussion 
Mutasterol(1) was first isolated'O as a minor constituent 

of the sponge Xestospongia muta  collected at  Barbados. 
For logistical reasons, we decided to perform our biosyn- 
thetic experiments on X .  muta from Puerto Rico. In the 
course of a biosynthetic project with a closely related 
sponge in Australia, X .  te~tudinaria, '~ we found that there 
were two very different sterol compositions. Some spec- 
imens contained xestosterol (6), biosynthetically closely 
related to mutasterol ( l ) ,  while others contained only 
conventional ster01s.l~ We therefore analyzed the sterols 
of small fragments from nine individuals of X .  muta from 
southwest Puerto Rico. Identification tags were attached 
to these sponges so that the individuals which contain 
mutasterol could be relocated for the biosynthetic studies. 
All of these sponges were from a small area, ca. 10 m X 
10 m. 
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Quite unexpectedly, we found three different sterol 
compositions in these nine individuals (see Table I). As 
with X .  testudinaria in Australia, one type (type A, found 
in three of the nine individuals sampled) possessed only 
conventional sterols and a second (type B, found in two 
of the nine samples) had xestosterol(6) as the predominant 
sterol. The third type (type C, found in four of the nine 
samples) was very similar to the sample of X .  mu ta  col- 
lected in Barbados, which contained mutasterol (1). It 
should be stressed that the three types were collected from 
sponge individuals within a small area and that the sterol 
compositions were not related to any apparent morpho- 
logical character of the sponge. 

In retrospect it is perhaps not surprising that two of the 
nine samples were found to contain xestosterol(6), as four 
years prior to our isolation of mutasterol from X .  muta ,  
Minale and co-~orkers '~  reported the isolation of xesto- 
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Table I. Sterols of Nine Individuals of Xestospongia muta from Puerto Rico 
relative abundance 

type A type B type c 
sterol GC,RRT 1 2 3 4 5 6 7 8 9 

0.91 

0.95 

1.00 

1.02 

1.11 

1.20 

1.29 

1.36 

1.44 

1.47 

1.55 

1.76 

1.84 

1.94 

*.+c - N 

2 

1.9 4.0 1 .o 0.7 0.7 1.7 3.4 0.5 1 .o 

2.3 1.5 2.0 0.9 1.0 0.7 2.8 1.6 1.8 

28.6 24.6 19.9 17.9 6.0 14.4 17.2 19.9 19.4 

10.9 6.2 4.0 3.3 4.2 4.1 2.3 

11.5 11.2 12.9 6.5 5.9 9.2 13.8 10.1 10.3 

9.8 7.7 8.4 1.1 0.3 

5.5 5.2 6.0 3.7 3.3 1.1 1.2 1.3 1.9 

2.2 2.5 2.0 1.3 1.7 5.1 4.5 5.9 4.8 

11.9 12.3 13.4 6.9 10.5 1.0 0.5 0.8 0.6 

25.5 18.7 31.5 3.1 3.4 10.7 10.0 9.5 12.1 

32.5 23.9 28.9 26.7 

45.5 54.4 

9.1 5.8 9.6 9.7 

3.6 2.6 2.5 2.6 

sterol compositions of the two forms of X. testudinaria 
with X .  muta types A and B, it appears that the three 
"types" of X. muta may actually be three separate species, 
with two of these already found in Australia. 

A series of incorDorations with 3H-labeled sterols were 

- 
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9 

Side chain Side chain 
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Figure 1. 

sterol (6) from "the Caribbean sponge Xestospongia 
muta." It  is currently believed that the two forms of X. 
testudinaria in Australia are two separate species,16 al- 
though a more thorough taxonomic investigation is re- 
quired. In view of the very similar morphology of x. 
testudinaria and X .  muta, as well as the similarity in the 

~ 

(16) P. Bergquist (University of Auckland), personal communication. 

performed on fragments (ca. 15 cm3) from one of the 
mutasterol-containing sponges (sponge no. 6 in Table I). 
The sponge was cut into fragments in situ, attached to 
labeled plastic plaques, and allowed to heal prior to being 
used for the biosynthetic experiments. Each labeled 
precursor was administered to a separate sponge fragment, 
and all experiments were performed in duplicate. The 
purity of labeled precursors was checked by HPLC prior 
to being used for feeding experiments. Sterol precursors 
were either transformed to one or more of the sponge 
sterols or recovered unchanged, thus indicating that all 
labeled substrates were incorporated in the sponge tissue. 
Individual sterols of the sponge were purified to constant 
activity by repeated injection on reversed-phase HPLC 
with two different solvent systems (see Experimental 
Section). 

Due to early difficulties in keeping the sponge fragments 
alive during the incubation period, four separate methods 
for introducing each precursor to the sponge were used. 
Three of the four methods provided satisfactory results; 
these different methods are discussed in the Experimental 
Section. 

The incorporation experiments clearly demonstrate the 
biosynthetic pathways operating in X. muta (see Scheme 
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Table 11. Incorporation Experiments in Xestospongia muta 

recovered radioactivity: mg, dpm, %* 

rJt- YJk- & recovered 
radioact. in 

N N -  
precursora radioact. fed, dpm precursor, dpm N z  1 Lz 

y""f 4.4 x 107 3.6 X lo6 62, 1.6 X los, 25 7, 3.3 x 104, 5 16, 4.8 X lo4, 7.4 

4.4 x 107 1.3 X lo6 42, 3.4 x 105,21 5, 4.8 X lo3, 0.3 12, 9.2 X lo3, 0.6 
N &  

Y+ 

rJ-p 
N S  

4.4 x 107 2.1 x 106 72, 4.4 x 104, 2 8, 2.2 X lo3, 0.1 2 0 , ~  x 103,o.i 

4.4 x 107 6.4 X los 59, cold, - 6.5, 8.3 X lo3, 1.3 16, cold, - 2F N U  

4.4 x 107 1.1 x 106 24, cold, - 3,9.7 x 103,o.g 7, cold, - 

4.4 x 107 4.8 X los 46, cold, - 5, cold, - 

N U  
4.4 x 107 9.0 x 106 55, cold, - 6, cold, - 

13, 1.1 X lo5, 2.3 

15, 8.4 X lo', 9.3 

N u  
squalened 8.8 X 10' NAC 65, 4.2 X lo4, 7 ,3 .6  x 103, - i8 ,4 .5  x 103, - 

' 
a 20 pCi of each precursor was administered to the sponge fragments; for comparative purposes, all values were obtained by using method 

'70 refers to the percentage conversion of the precursor into the sterol based 11. For administration of precursor, see Experimental Section. 
on the total recovered activity in the sponge fragment. cValue not available. dSee ref 24. 

I). As we predicted in our earlier report,1° desmosterol 
(81, codisterol(9), and epicodisterol(10) were transformed 
into the three unconventional sterols 1,7,  and 17 of this 
sponge (see Table 11). X .  muta exhibits considerable 
stereoselectivity in the second biomethylation, as codisterol 
(9) was ten times more efficiently metabolized to 24- 
(28)-dehydroaplysterol(7) than its (2% epimer (10).17 This 
selectivity is similar to the selectivity demonstrated18 in 
the biosynthesis of 24(28)-dehydroaplysterol (7) in the 
Australian sponge Jaspis stellifera but the opposite ste- 
reoselectivity was observed3 in the California sponge 
Aplysina fistularis, where epicodisterol (10) but not co- 
disterol(9) was converted to 25(26)-dehydroaplysterol(l2). 
This is not surprising, since 12 retains the original C24 
stereochemistry of the precursor, while it is lost in 7. 

A lack of selectivity was observed in the SAM (S- 
adenosylmethionine) biomethylation of the E and 2 iso- 
mers of 24,26-dimethyldesmosterol (13 and 14), as both 
precursors were equally well transformed to mutasterol(1). 
It is now evident that mutasterol is produced by the SAM 
biomethylation of desmosterol (8) to codisterol (9) (and 
apparently to a lesser extent epicodisterol (lo)), followed 
by a second biomethylation to cation 15. Loss of a proton 
gives 24,26-dimethyldesmosterol (13/ 14), which then un- 
dergoes a third SAM biomethylation at  C25 to give the C24 
cation 16, followed by loss of a C28 proton with generation 
of mutasterol (1). 

While the 24s configuration seems to be the preferred 
one in the biosynthesis of dehydroaplysterol7, verongu- 
lasterol (17) must be produced from a different progenitor 
as it has the 24R configuration. As shown in Table 11, 
epicodisterol (10) and 25(26)-dehydroaplysterol(12), both 
with the 24R configuration, are transformed to verongu- 
lasterol (17). Interestingly, in the feeding experiments of 
codisterol(9) and 25(26)-dehydroaplysterol ( l l ) ,  both with 

(17) This ratio of transformations was reproduced in a duplicate set 

(18) Cho, J.-H.; Thompson, J. E.; Stoilov, I. L.; Djerassi, C. J. Org. 
of experiments. 

Chem. 1988, S3, 3466. 

Scheme I 

squalene + 4 
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the 24s configuration, radioactivity was found in the 
verongulasterol (17) fraction. Precursors 9 and 11 are 
presumably transformed to the CZ4 epimer of verongula- 
sterol, which co-migrates on HPLC with sterol 17. 

No conversion of either isomer (11, 12) of 25(26)- 
dehydroaplysterol to 24(28)-dehydroaplysterol (7) was 
observed. This demonstrates that, rather than a hydro- 
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genation/dehydrogenation sequencel9 as was intimated in 
our earlier report,1° 7 arises from a hydrogen migration of 
15 to the cation 18, followed by loss of a proton (Scheme 
I). 

In a recent report,20 we demonstrated that many sponges 
are capable of de novo synthesis of sterols. X. muta is one 
of the sponges in which de novo sterol biosynthesis was 
shown to operate. In the present study, we examined the 
incorporation of 3H-labeled squalene, the acyclic sterol 
precursor.21 Significant radioactivity was found in 24- 
(28)-dehydroaplysterol (7), verongulasterol (17), and mu- 
tasterol(l), demonstrating that these three unconventional 
sterols of X. muta  are all synthesized de novo. I t  is 
noteworthy that in the  squalene and desmosterol(8) in- 
corporations, with the  exception o f  cholesterol, no ra- 
dioactivity was detected in any of the conventional sterols, 
thus  leading to  the  conclusion tha t  these sterols are de- 
rived f rom the  diet. 

Experimental Section 
General. Normal-phase columns (Altex, Ultrasil-Si, 10 mm 

i.d. X 25 cm) with 6% ethyl acetate in hexanes as mobile phase 
were used to obtain a clean sample of the As-sterols. Reversed- 
phase columns (Altex, Ultrasphere ODS, 10 mm i.d. X 25 cm) with 
methanol as mobile phase, provided an initial purification of the 
sterols. Some of these fractions were impure and required a second 
reversed-phase HPLC injection with acetonitrile/methanol/ethyl 
acetate (11:4:3). The  purity of HPLC fractions was determined 
by capillary GC using an FID and an H P  Ultra 2 capillary column 
(0.32 mm i.d. X 25 m with 0.52-pm film thickness). The  tem- 
perature program was 280 OC (1 min), 1°/min to 290 "C (40 min). 

Synthesis of Labeled Precursors. The synthesis of the 
"cold" precursors used in this study has been described elsewhere: 
desmosterol (8),2z codisterol (9),3 epicodisterol ( 24(25)- 
(E)-dehydroaplysterol ( 13) 24( 25). - (2)-dehydroaplysterol ( 14LB 
(24R)-25(26)-dehydroaplysterol (12),3 (24S)-25(26)-dehydro- 
aplysterol (1 l)? The sterols 8-14 were labeled with 3H a t  C3 by 
a previously described procedure,8bp whereas squalene was labeled 
a t  C3 and Cz4.24 

Collection of Sponges for Biosynthetic Experiments. X .  
muta was collected at  a depth of 30 m, ca. 8 km from the shore 
of the south west coast of Puerto Rico near the Isla Magueyes 
Marine Station of the University of Puerto Rico at  La Parguerra. 
Small fragments of nine individuals were collected to locate a 
specimen of X .  muta that  contained mutasterol. Each of these 
sponges was labeled with a numbered tag for later identification; 
the fragments were allowed to  heal prior to being used in the 
biosynthetic experiments. 
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Incorporation Techniques. Four separate methods were used 
to introduce each precursor to the sponge fragmentsz5 All 
experiments were kept on an underwater grid a t  the collection 
site for 4 weeks prior to harvesting and extraction. 

Method I. Sponge fragments were removed from the ocean 
and kept in ca. 1000 mL of seawater. The precursor in 1 mL of 
EtOH was transferred to the seawater and the sponge allowed 
to filter this water for 5 h. (Early experiments had demonstrated 
that  X .  muta does not survive being kept in this environment 
for our usualz6 12 to 24 h.) The  sponge fragments were stored 
in a large aquarium with circulating seawater overnight and then 
transferred to the underwater grid a t  the collection site. 

Method 11. This is a modification of a technique developed 
by Scheuer e t  aL2' The precursor in 3 mL of EtOH/seawater 
(1:l) was injected in ca. 10 "micro-injections" to different parts 
of the sponge fragment in situ. 

Method 111. A IOO-.pL ether/ethanol (1:l) solution of the 
precursor was slowly injected via miniature osmotic pumps% over 
ca. 24 h in situ. The pump was attached to the sponge fragment's 
plaque by a plastic cable tie. 

Method IV. A solution of the precursor was transferred to 
a gelatin capsule and the solvent evaporated. The gelatin capsule, 
which slowly dissolved in water, and a sponge fragment were sealed 
in a ziplock bag in situ and this was attached to the underwater 
grid a t  the collection site. After 24 h, the sponge fragments were 
removed from the ziplock bags and reattached to the underwater 
grid. 

All of the sponge fragments from methods I1 and I11 were alive 
and healthy after 4 weeks. Six of the eight fragments from method 
I were healthy, and only one fragment from method IV appeared 
reasonably healthy after 4 weeks. The total incorporation in the 
healthy fragments from the first three methods were fairly similar; 
a range of 3 x lo5 to 2 X lo6 dpm was reached in each instance. 
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