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alborixin (12), X-206 (13) 
lonomycin ( 14), monensin (4) 
noboritomycin (15), salinomycin (16) 
carriomycin (17), septamycin (18) 
dianemycin (l9), lenoremycin (20) 
lasalocid (2 l), lysocellin(22) 
antibiotic 60 16 (23), X- 14868B (29) 
calcimycin (25), X-l4547A(26) 
tetronomycin (27), M- 139603 (28) 

Figure 1. Until the discovery of antibiotics X-l4868A,B,C, and D (24), all of the 
monovalent glycoside class (I 6) of polyether antibiotics contained the identical sugar- 
like moiety, 2,3,5-trideoxy-4-0-methyI-~-erythrohexapyranose (4-0-methyl- 

‘Presented as a plenary lecture at the “Biologically Active Nitrogen-Containing Natural Products: 
Structure, Biosynthesis, and Synthesis” Symposium of International Research Congress on Natural 
Products at the University of North Carolina, Chapel Hill, North Carolina, July 7-12, 1985. 
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Antibiotic 
Molecular 

weight Cation selectivity 

Lasalocid . . . . . . . . . . .  

Monensin . . . . . . . . . . .  

Salinomycin . . . . . . . . .  
Dianemycin . . . . . . . . . .  
Antibiotic X-206 . . . . . . .  

Nigericin . . . . . . . . . . .  

5 90 

67 1 
724 
750 
866 
870 

'Lyotropic series (with ionic radii in nanometers) are: Cs+ (0.169)>Rb+ (0.148)>K+ 
(0. 133)>Naf (0.095)>Lif (0.060) and BaZ+ (0.135)>Srz+ (0.113)>Caz+ (0.099)>Mgz+ (0.097). 

Lasalocid can be distinguished from the other five polyether antibiotics listed in 
Table 2 by the ability to transport divalent cations in addition to the effect on alkaline 
metals exhibited by all the polyether antibiotics. This is the basis of classification for the 
divalent antibiotics illustrated in Figure 3. The last two classes of polyether antibiotics 
are structurally distinct from all the other polyethers. They are the pyrrole ethers (Fig- 
ure 4) ,  which all contain a pyrrole-2-carbonyl function, and the most recently disco- 
vered, class 4 polyethers, also known as the acyl tetronic acids (Table 1). These latter 
antibiotics differ from all other polyethers in that they lack a carboxlic acid moiety. As 
illustrated in the structure of tetronomycin (27), the carboxlic group is replaced by an 
acylidene tetronic acid, and another distinguishing characteristic is the presence of a 
trisubstituted cyclohexane ring representing the first example of a homocyclic aliphatic 
ring in a polyether antibiotic (Figure 5). The complex structures of these different class- 
es of polyether antibiotics has presented a considerable challenge to several chemists in- 
volved in the total synthesis of these unique natural products (33). 

The structure of lasalocid was published in 1970 (2 l), and in that same year, the 
first report on the biosynthesis of that versatile divalent polyether antibiotic also ap- 
peared (34). Since that time, many studies on polyether biosynthesis have been re- 
ported, including a number of reviews (35). From these reports, a universal biosynthe- 
tic scheme has emerged. The major building blocks for the skeletons of all the 
polyethers are acetate, propionate, and butyrate, and, in the case ofpolyethers contain- 
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FIGURE 5 .  Tetronomycin (27), one of the two known acyltetronic acid class 
polyether antibiotics (class 4 ) .  

ing methoxyl groups, these C, additions are made via methionine. Taking lasalocid as 
an example, the starter molecule is acetyl CoA, and the antbiotic appears to be assem- 
bled by an enzyme complex. In a sequence of transformations analagous to, but cer- 
tainly not identical with, classical saturated fatty acid biosnythesis, four malonates, 
four 2-methlymalonates, and three 2-ethylmalonates are added to the initial acetyl CoA 
in the correct sequence to form apolyketide (36) that, after suitable reductions, is con- 
verted to a linear precursor equivalent to 1 (Figure 6 . )  In seeking intermediates in the 
biosynthetic route between 1 and lasalocid A, the mother liquor from extracts of fer- 
mented cultures of Streptomyces lasaliensis was investigated in some detail. As a result, 
four homologs, lasalocid B, C, D, and E, were isolated, separated, and fully character- 
ized. As illustrated in Figure 3, in these four homologs, the four methyl groups denoted 
by R, through R4 were replaced in turn by C-ethyl groups. The level of the four 
homologs in lasalocid fermentation varied from 4% up to 20% with higher levels occur- 
ring in fermentations that were oxygen deficient. Our conclusion was that, in cases 
where there were high levels of butyrate in the fermentation medium resulting from 
only partial f3-oxidation of long-chain fatty acids such as oleate and stearate, propionate 
was replaced by butyrate in one of the four possible positions in the polyketide chain 
with the resultant production of each of the four homologs. This occurred between one 
and five times per hundred molecules of lasalocid A produced by S.  lasaliensis and gave 
four isomeric compounds, each containing four C-ethyl groups, a unique combination 
amongst known natural products. The counter current separation and structural eluci- 
dation of the four homologs by gc/ms presented quite a challenge (37). 

A more instructive cometabolite of lasalocid A was discovered at a much lower con- 
centration (one part in five thousand) in the S. lasaliensis fermentation. This particular 
compound was an isomer of lasalocid A with virtually identical uv and ir spectra. The 
structure of iso-lasalocid A was determined by X-ray crystallography ( 3  1) and is illus- 
trated in Figure 3. The only difference between lasalocid A and this naturally occurring 
isomer resides in the terminal ring, which is a tetrahydrofuran in iso-lasalocid A in con- 
trast to the tetrahydropyran present in the major antibiotic and its homologs. In addi- 
tion, the analysis showed that the absolute configuration of iso-lasalocid A is identical 
at eight asymmetric centers but is reversed in the two terminal centers at C-22(S) and C- 
23(R). These differences in ring size and configuration suggest that iso-lasalocid A is 
not a precursor of lasalocid A but that the two compounds probably arise from a com- 
mon precursor. A compound with the ability to cyclize to either of the two isomers is 
the epoxide 5 proposed in Figure 6. Microorganisms such as Pseudomonas oleoverans are 
known to epoxidize alkenes enzymatically (38) in the presence of NADH and molecular 
oxygen. The olefinic precursor (3) of the diepoxide 4 could arise by dehydration of the 
secondary alcohol at C-23 (in 2) at some stage during the formation of the carbon skele- 
ton of lasalocid A by S .  lasaliensis. Acid cyclization of the epoxide 5 in Figure 6 should 
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lead to selective cleavage (39) of the C - 0  bond to the more substituted carbon (C-22) ac- 
cording to the Markonikoff rule. On protonation of the epoxide oxygen, bond breaking 
is more advanced than bond formation, giving C-22 a fractional positive charge that 
gains stability from the ethyl substituent. An extrapolation of this hypothesis can be 
applied to the formation of the other tetrahydrofuran ring in iso-lasalocid A. Thus, a C- 
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18(R), 19(R),22(R),23(R)-diepoxide (4)  under acidic conditions could lead by a con- 
certed mechanism to iso-lasalocid A. 

The general conclusions derived from the isolation of iso-lasalocid A from the S. 
lasaliensis fermentation were: 

Epoxides such as 4 and 5 are likely precursors in the biosynthesis of lasalocid 
A and by extrapolation, other polyether antibiotics. 
The terminal, tetrahydropyran ring of lasalocid A is the last to form of the 
three cyclic systems present in the antibiotic. According to Lynen (40), cycli- 
zation of 6-methylsalicylic acid follows immediately on completion of the 
polyketide chain, and, therefore, the first ring system to form in lasalocid is 
probably the aromatic chromophore. 
Unlike all the pther polyether antibiotics, in the crystalline state iso-lasalocid 
A lacks the cyclic conformation referred to earlier as characteristic of the class. 
It was therefore proposed (Figure 6) that during the biosynthesis of lasalocid 
A, the precursor molecule 5 assumes a cyclic conformation, which is a crucial 
step in the formation of the tetrahydropyran ring. There is strong evidence 
(4 1) supporting the intramolecular catalytic properties of the carboxyl group 
(anomalous alkylation of the tertiary alcohol), and an intermediate, such as 5 ,  
would be more subject to conformational control than the electronic (Mar- 
konikoff) factors, which favor formation of iso-lasalocid A. 

Recent support for a polyene-polyepoxide biosynthetic route for all these antibio- 
tics has come from Cane and his co-workers (42,43) in their further studies ofmonensin 
biosynthesis (44). Incorporations of [l-13C, "O] substrates have established that 0- 1, 
0-2, and 0-3 of monensin are derived from the carboxylate oxygens of propionate 
whereas 0 - 5 , 0 - 6 ,  and 0- 10 originate from the corresponding acetate oxygens (Figure 
7). On the other hand, growth in the presence of 1 8 0 2  has demonstrated that the re- 
maining ether oxygens 0-7, 0-8, and 0-9 are derived from molecular oxygen. These 
results have been explained by suggesting that the final steps in the biosynthesis of 
monensin involve the all-(E) triene 7, which undergoes epoxidation at each double 

1. 

2. 

3. 

7 

8 

Monensin 

FIGURE 7. Proposed Final Steps in the Biosynthesis of Monensin Based on the Incor- 
poration of Oxygen Atoms (42,43) 
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bond to form the (12R, 13R, 16R, 17R,20S,2 lT)-triepoxide 8. Attack of the C-5 
hydroxyl of 8 at the C-9 carbonyl initiates a concerted cyclization to generate all five 
ether rings of monensin in a similar fashion to that proposed earlier for iso-lasalocid A. 

The hypothetical triepoxide model for the biosynthesis of monensin has now been 
extended (35c) to account for an additional eighteen polyether antibiotics, all of which 
have the Same four starting subunits in their biosynthesis, namely, acetate-propionate- 
propionate-acetate (APPA). Their structural and stereochemical regularity s u m -  
marized in Figure 8 is therefore a reflection of the more fundamental regularity already 
evident in their putative triene precursors (Figure 7). 

B 

pfS P14 

FIGURE 8.  Stereochemical Model for the Eighteen APPA 
Group Polyethen for Subunits 1-12 (A) with a 
Dianemycin Variant (B) and for the Terminal 
Subunits 13-15, aLonomycinTypeVariant (C), a 
Dianemycin Type (D), and a Carriomycin Type 
(E). 

In addition to the APPA polyethers and lasalocid, the polyene polyepoxide 
hypothesis can now be extended to all the compounds of this class in a unified 
stereochemical model of polyether antibiotic structure and biogenesis. 
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