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ABSTRACT.—The biosynthesis of ansatrienin (mycotrienin) has been studied in radioac-
tive and stable isotope feeding experiments with Strepromyces collinus Tii 1892. The m-C,N unit
of the ansa ring is efficiently and specifically derived from 3-amino-5-hydroxybenzoic acid;
shikimic acid is not incorporated into this part of the molecule but does label the cy-
clohexanecarboyxlic acid moiety, providing all seven of its carbon atoms. Incorporation of
methionine confirms origin of the methoxy group by transmethylation. The D-alanine moiety is
derived directly from D-alanine rather than L-alanine. The terminal steps in the conversion of
shikimic acid into cyclohexanecarboyxlic acid seem to be sequential reduction of 2,5-dihyd-
robenzoic acid and cyclohexene-1-carboxylic acid as evidenced by feeding experiments and the
detection of a new ansatrienin containing a 1-cyclohexene instead of the cyclohexane moiety.

The ansatrienins or mycotrienins represent a small group of novel ansamycin an-
tibiotics that have been isolated from Streptomyces collinus (1) and Streptomyces rishiriensis
(2). They show pronounced activity against fungi and yeasts but little antibacterial ac-
tivity (1,2). The structures of the two main products, the redox pair ansatrienin A
(=mycotrienin I) [1] and ansatrienin B-(=mycotrienin II) {2], wete established inde-
pendently by the groups of Zeeck (3) and Seto and Otake (4,5), largely on the basis of

1 ansatrienin A=mycotrienin I

OH
OH
2 ansatrienin B=mycotrienin II -3 ansatrienin A4

This article commemorates the 50th year of publication of the Journal of Natural Products (formerly
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3A. Zeeck, University of Gottingen, personal communication, 1985.
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nmr spectroscopy. A minor discrepancy between the structures published by the two
laboratories regarding the stereochemistry of the alanine moiety has been resolved in
favor of the D configuration reported by the Japanese group.> Minor components iso-
lated include the alcohols mycotrienol I and II lacking the cyclohexanecarbonyl-alanine
moiety (6), the 22-0-methyl ether of mycotrienin II (7), and the congeners ansatrienin
A, and A; carrying a 2- and a 3-methylbutyryl moiety, respectively, in place of the cyc-
lohexanecarbonyl group (8). Closely related are the trienomycins, also isolated from a
Streptomyces species (7,9-11), which have all the structural features of the ansatrienin B
series but lack the 19-hydroxy group. These compounds, interestingly, have cytotoxic
but no antimicrobial activity (11). Some microbial transformations of mycotrienin II
with Bacillus megaterium have also been reported (12).

Several structural features of the ansatrienins are unusual from a biosynthetic point
of view and caused us to carry out studies on selected aspects of the mode of formation of
these antibiotics. These features are primarily a cyclohexanecarboxamide moiety found
for the first time in nature in these compounds and a 7-C,N unit which has been en-
countered in various structural permutations in numerous other ansamycins (13, 14)
and other antibiotics, e.g., the mitomycins (15) and pactamycin (16). A cyclohexane
ring at the terminus of a carbon chain is also found in asukamycin (17) and in some w-
cyclohexyl fatty acids isolated from thermophilic bacteria (18-20). In both those cases,
cyclohexanecarboxylic acid most likely setves as starter unit for a polyketide/fatty acid
chain.

EXPERIMENTAL

GENERAL METHODS,—!?C- and 'H-nmr spectra were recorded on JEOL PFT-100, Varian XL-200,
and Bruker WM-300 nmr spectrometers. Chemical shifts were determined relative to TMS as internal
standard or were converted to the TMS scale by reference either to the carbonyl resonance of acetone-dg at
8.=205.6 ppm or to the CHCl, resonance at 8;;=7.26 ppm as internal standard. Mass spectra were re-
corded on a Kratos MS-50 mass spectrometer, and gc-ms was carried out on a Finnigan 4021 GC-MS in-
strument. Preparative tlc was performed on 0.25 mm or 0.5 mm thick 20X 20 cm silica gel 60 F-254
plates (E. Merck, supplied through Brinkmann). Radioactivity determinations were carried out by liquid
scintillation counting in a Beckman LS 7500 spectrometer using Aquasol as solvent. Counting efficiencies
were determined with ['¥Cltoluene as internal standard. Radioactivity on chromatograms was located
with a Packard model 7201 radiochromatogram scanner. Sonications were carried out with a Virsonic
Model 16-850 sonicator.

CULTURE CONDITIONS.—S. collinus strain Tt 1892 (1) was maintained in spore suspension prepared
from well-sporulated cultures grown on agar slants on the following medium: yeast extract, 0.4 g; malt ex-
tract, 1.0 g; glucose, 0.4 g; agar, 2.0 g; distilled H,0O, 100 mi; pH 7.4. A part of the spore suspension was
transferred under sterile conditions to a 500-m! Etlenmeyer flask containing 100 ml of seed medium and
incubated for 2 days on a rotary shaker at 28° and 300 rpm. Of the seed culture, 10 ml was then used to in-
oculate 100 ml of production medium in 500-ml Erlenmeyer flasks, which were again grown for 48-72 hat
28° with rotary shaking at 300 rpm. Both the seed and the production medium contained soy bean meal,
full fat, 2.0 g; mannitol, 2.0 g; tap H,0, 100 ml; pH 7.3. Labeled precursors were fed after 24 h growth in
the production medium, and the cultures were harvested 24 h later.

ISOLATION OF ANSATRIENINS.—The cultures were filtered through Celite; the mycelia were col-
lected and suspended in Me,CO. The suspension was sonicated for 5 min at maximum power setting and
filtered, and the process was repeated once more. The combined filtrates were concentrated to remove the
Me,CO, and the crude product was recovered by three extractions with EtOAc. The extracts were dried
over Na,50,4 and concentrated, and the crude ansatrienin was precipitated with petroleum ether with cool-
ing to 0° overnight. The precipitate was collected, washed with petroleum ether, dissolved in a small vol-
ume of EtOAc, and purified by preparative tlc (solvent: EtOAc-C¢Hy, 3:1; ansatrienin A Rf 0.37, B Rf
0.22). The two ansatrienin bands were eluted with EtOAc; the eluate of ansatrienin B was shaken briefly
with a few ml of a saturated aqueous solution of FeCl; to oxidize the hydroquinone to the quinone and com-
bined with the eluate of ansatrienin A. Final purification of ansatrienin A involved hplc on a C,4 column
(Altex, solvent: MeOH-H,0, 3:1).

GC/MS ANALYSIS OF CYCLOHEXANECARBONYL-ALANINE MOIETY.—A mixture of 0.3-0.5 mg an-
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satrienin A and 0.5 mg NaHCO; in 0.5 ml of MeOH was heated in a sealed vial at 60° for 60-70 h. One
drop of 5% HCI was then added, and the mixture was treated with CH,N,. After evaporation of the sol-
vent, the residue was taken up in CHCI, and chromatographed ona 0.25 mm 5X 20 cmssilica gel plate (sol-
vent, EtOAc-hexane, 1:1). The band of methy! cyclohexanecarbonylalanine was scraped off and eluted
with CHCI;. It was then subjected to g¢-ms analysis using a DB-1 fused silica capillary column with tem-
perature programming from 140-250° at 5°/min.

DEGRADATION OF ANSATRIENIN A.—One mg ansatrienin A in 2 ml 10 N HCI was heated to 90°
for 6 h or more. The reaction mixture was extracted with 3 X 2ml Et,O; the combined extract was concen-
trated and cyclohexanecarboxylic acid isolated by tlc on silica gel (solvents; EtOH-H,0-NHj;, 20:4:1; -
PrOH-H,0, 7:3; or Et,0). For further degradation, the labeled acid was diluted with carrier material,
converted to the dibenzylethylenediamine salt, recrystallized to constant specific radioactivity, and then
reconverted to the free acid. The latter, after conversion to the sodium salt, was subjected to the Schmidt
degradation (21), isolating cyclohexylamine as the hydrochloride and CO, as BaCO;.

LABELED PRECURSORS AND REFERENCE COMPOUNDS.—Commercially available radioactive com-
pounds were obtained from New England Nuclear or Amersham. D,1-2,5-Dihydro{3- *Clphenylalanine
(22) and 3-amino-5-hydroxy-{7-12Clbenzoic acid (23) were materials prepared in earlier work. 1,4-Di-
hydro—[?-“‘C)benzoic acid was prepared by Birch reduction of [7-*4Clbenzoic acid (24) and 2,5-dihydro-
{7-13Clbenzoic acid by Diels-Alder reaction of butadiene and { 1-*Clpropargylic acid (25), which was pre-
pared by carboxylation of sodium acetylide with *CO,. {7-**C}- and {7-"Clcyclohexanecarboxylic acid
were prepared by carboxylation of the Grignard reagent from bromocyclohexane (26).

13C, 1>N-Labeled N-(Cyclohexanecarboxyl)-D- and L-alanine.—D- and 1-{'*Nlalanine were pre-
pared by resolving the racemate (98% '*N) with hog kidney acylase I (Sigma grade II) (27,28). The com-
pounds (96-100% e.e.) were protected as benzyl esters (29) and coupled with {7-!>Clcyclohexanecar-
boxylic acid (99% '*C) using dicyclohexylcarbodiimide in CH,Cl, below —5° (30). Hydrogenolysis over
Pd-C gave cyclohexane-[!>Clcarbonyl-D- and 1-{°Nlalanine, respectively. L isomer: 'H nmr (CDCl;) 8
1.1-2.2 (m, 11H, cyclohexane ring); 1.40 (dd, 3H, 3/, 4=7.2 Hz, 3]y ,=2.4 Hz, CH,); 4.55 (br, q,
1H, 3}y y=7.2 Hz, alanine-CH); 6.35(ddd, 1H, Yy y=91.2 Hz, }Ji; y=7.2 Hz, ¥Jc y;=4.8 Hz, NH);
8.8 (br. s., IH, COOH). Proton broadband decoupled *C nmr (CDCl;) 8 18.11 (s, CH;); 25.61(s, CHp);
29.40 (s, CH,); 45.11(dd, Y¢ c=50 Hz, JJc =6.3 Hz, cyclohexane-CH) 48.08 d, Y =12.5 Hz,
alanine-CH); 175.95 (s, COOH); 176.88 (d, YJc n=12.75 Hz, *CO). Ms (m/z, relative intensity) 202
M+1, 4.7); 201 (M, 17.5); 156 (M-COOH, 22.6); 146; 128 (cyclohexyl-1>*CO->'NH, 7.5);
[a}??’D=+28.34° (¢=0.854 in MeOH). D isomer: similar nmr and mass spectra, {a}*’D=—26.0°
(¢=1.008 in MeOH). The enantiomer ratio of both samples was determined by 'H-nmr analysis of the cor-
responding esters with §~(+)-mandelic acid (31,32). The D isomer contained 67% Dand 33% L form: the L
isomer consisted of 69% L and 31% D enantiomer. Hence, considerable racemization had occurred in the
coupling reaction.

Reference samples of methyl N-(cyclohexanecatbonyl)-alanine and methyl N-(1-, 2-, and 3-cy-
clohexenecarbonyl)-alanine were prepared by stirring alanine methyl ester and the appropriate acid
chloride in CHCl; in the presence of triethylamine at —40° overnight. All four compounds showed differ-
ent ge retention times and discernibly different mass spectra.

RESULTS

The biosynthesis of ansatrienin (mycotrienin) was studied in feeding experiments
using shake culeures of §. co/linus Tii 1892. In a series of optimization studies, we deter-
mined that feeding of precursors to 24-h-old second stage cultures and harvesting 24 h
later gave best results. However, as is evident from the data in Table 1, the yields in this
fermentation are extremely variable, rendering quantitative comparisons of incorpora-
tion data rather tenuous. The work of Sugita ez @/. (4,5) has demonstated that, as ex-
pected, catbon atoms 1-16 of 1, representing the ansa bridge, are derived from 2 prop-
ionate and 6 acetate units by a polyketide-type biosynthesis. The methoxy group at-
tached to C-3 presumably results from an O-methylation of the corresponding alcohol.
In accordance with this assumption, we observed incorporation of L-[{methyl-
4C}methionine into the antibiotic (Table 1, expt. 1), although the location of the label
was not confirmed by degradation.

The aromatic ring with the attached nitrogen and C-17 represents a m-C,N unit
which presumably serves as starter unit for the polyketide assembly. Labeling studies
on the m-C;N unit in rifamycin (33,34), mitomycin (15,35), and geldanamycin
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(16,306) have shown patterns of isotope incorporation matching those into shikimic acid
and shikimate-derived metabolites, pointing to a shikimate pathway origin of the m-
C,N unit. Genetic work also supports this conclusion (37,38). However, no incorpora-
tion of shikimic acid nor, in the case of the mitomycins, of dehydroquinic acid was ob-
served. This suggests that either shikimic acid is not able to penetrate to the site of syn-
thesis or the formation of the m-C,N unit branches off from the main shikimate path-
way at a very early stage. Rickards and coworkers (39-42) and, independently, Ghisalba
and Niiesch (43-45) recognized 3-amino-5-hydroxybenzoic acid as an intermediate in
the formation of the #-C;N unit in actamycin, mitomycin, rifamycin, and the an-
samitosins.

To establish whether the m-C,N unit of ansatrienin is of the same origin we synthe-
sized 3-amino-5-hydroxybenzoic acid labeled with '>C in the carboxyl group as des-
cribed by Rickards and co-workers (46). This material, 270 mg, 99% '>C-enriched at
C-7, was fed to seven 100-ml cultures of S. collinus, and the resulting ansatrienin A
(44.9 mg) was analyzed by 3C-nmr spectroscopy, reduced with NaHSOj to the hydro-
quinone and reanalyzed. A single, heavily enriched carbon was seen which resonates at
32.2 ppm in ansatrienin B (acetone-dg) and 29.4 ppm in ansatrienin A (CDCl5). These
signals are assigned to C-17 based on chemical shift theory, multiplicity, and chemical
shift change upon oxidation/reduction. A specific enrichment at this site of 48% was
calculated based on the radioactivity incorporated from simultaneously fed 3-amino-5-
hydroxy-[7-4Clbenzoic acid. This very high and specific incorporation of 3-amino-5-
hydroxybenzoic acid leaves no doubt that the m-C,N unit in ansatrienin, an ansamycin
with a benzenoid aromatic moiety, is of similar biosynthetic origin as that in the other
compounds mentioned above, including the “naphthalenic” ansamycins, rifamycinand
actamycin.

The work of Oshima and Ariga (19) had shown that the cyclohexane ring of the @-
cyclohexy! fatty acids originates from shikimic acid. To determine if this was also true
for the cyclohexanecarboxylic acid moiety of ansatrienin, and at the same time to test for
incorporation into the m-C,N unit, we fed D,L-{1,6-4C}shikimic acid (Table 1, expt.
2). The resules, 0.46% incorporation at a dilution factor of only 33, indicated efficient
utilization of shikimate in the biosynthesis of ansatrienin, particulatly since only one
enantiomer of the precursor is biologically active. Hydrolysis of the labeled ansatrienin
and chromatographic analysis of the hydrolysate revealed the presence of only one
radioactive peak which co-migrated with authentic cyclohexanecarboxylic acid. We
conclude, therefore, that the cyclohexanecarboxylic acid moiety of ansatrienin is
biosynthesized from shikimic acid, but that the latter, as in the other cases examined, is
not incorporated into the #-C,N unit.

The formation of a completely saturated hydroaromatic ring by a pathway normally
producing aromatic compounds is rather curious. Clearly, the cyclohexane ring is not
formed by reduction of a benzene ring, as evidenced by the poor incorporation of
phenylalanine and benzoic acid (Table 1, expts. 3+4). What little incorporation of
radioactivity from these substrates is seen is undoubtedly indirect, i.e., due to
metabolic breakdown of the added compound. Consistent with this interpretation, the
hydrolysates of these ansatrienin samples showed no radioactivity associated with the
cyclohexanecarboxylic acid position on the chromatograms. Another hydroaromatic
compound commonly encountered in streptomycetes is 2,5-dihydrophenylalanine (47-
50), and in earlier work we had shown (5 1) that this compound is formed by a variant of
the shikimate pathway. We, therefore, tested the possibility that the same route might
be operating in §. collinas and that 2,5-dihydrophenylalanine is then converted to cyc-
lohexanecarboxylic acid by side-chain degradation and reduction of the double bonds.
D,L-2,5-Dihydro-{3-“C}phenylalanine gave only modest incorporation (0.53%) at a
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high dilution factor, 667 (Table 1 expt. 5), but the hydrolysate of this ansatrienin sam-
ple showed some radioactivity associated with the position of cyclohexanecarboxylic
acid on the chromatograms. It is, therefore, possible that some conversion of 2,5-di-
hydrophenylalanine to cyclohexanecarboxylic acid has occurred, but in view of low effi-
ciency we interpret this to a be a biotransformation not related to the normal biosynthe-
tic pathway or, at best, a minor biosynthetic route. This view is supported by the next
experiment discussed below.

Cyclohexanecarboxylic acid may arise from shikimic acid by a direct route, retain-
ing all seven carbon atoms of the precursor, or by a route via C4C; compounds and de-
gradation of the 3-carbon toa 1-carbon side chain, resulting in net loss of the shikimate
carboxyl group and incorporation of only the six ring carbons. To distinguish between
these two possibilities, we carried out a feeding experiment with [G-'“C}shikimic acid
(Table 1, expt. 6). The high incorporation and low dilution factor confirms the precur-
sor role of shikimate. The labeled sample from this experiment was diluted with un-
labeled material and recrystallized to give dbout 90 mg of a sample of 0.6 p.Ci/mmole.
Hydrolysis of this material gave cyclohexanecarboxylic acid which was isolated with
carrier dilution and purified to constant specific radioactivity via the diben-
zylethylenediamine salt. Schmidt degradation of the regenerated acid gave cy-
clohexylamine, isolated as the hydrochloride, and CO,, isolated as BaCQO;. The
radioactivity counted in these two products, corrected for yields, indicated that 82% of
the radioactivity of the cyclohexanecarboxylic acid resided in the ring, and 18% was as-
sociated with the carboxyl group. The amount of label in the carboxy! carbon is close to
the value of 14% expected if the precursor shikimic acid, assuming it was close to un-
iformly labeled (52), was incorporated intact, i.e., if the carboxyl group of cy-
clohexanecarboxylic acid orginated from the carboxyl group of shikimate rather than
from C-3 of a C4,C; precursor.

In order to obtain more information on the sequence of reactions leading from
shikimic acid to cyclohexanecarboxylic acid we fed 2,5-dihydro-[7-“Clbenzoic acid,
reasoning that (a) the conversion sequence presumably involves an alternating series of
dehydrations and reductions, (b) conjugated systems require higher energy for reduc-
tion and may, therefore, be avoided and (c) the double bond of shikimate may be re-
tained until late in the sequence. The compound gave good incorporation (Table 1,
expt. 7) and markedly stimulated ansatrienin production at fairly low concentration.
Increased yields of ansatrienin were also observed in the experiments with shikimic acid
(Table 1, expt. 2 and 6) and 3-amino-5-hydroxy-{7-'>Clbenzoic acid (100 pmoles/
liter), but much larger amounts of precursor had been added in those cases. The percen-
tage incorporation of 2,5-dihydrobenzoic acid (2.8 and 2.9% in 2 experiments) was on
the same order of magnitude as that for [7-14C]cyclohexanecarboxylic acid (Table 1,
expt. 8), suggesting initially that the compound may be an intermediate in the biosyn-
thesis. However, it was subsequently observed that 1,4-dihydro-[7-!“Clbenzoic acid
was also efficiently incorporated (Table 1, expt. 9). Obviously, at best one of these com-
pounds is likely to be a biosynthetic intermediate, and the other, or possibly both, can
be reduced to cyclohexane carboxylic acid when added to the culture without being a
normal pathway intermediate.

Further information on the mode of assembly of the cyclohexanecarbonyl-alanine
side chain was sought by feeding D- and L-[}*Nlalanine and cyclohexanecarbonyl-D-
and -L-alanine. The latter precursors were labeled with >C and >N in the amide link-
age in order to determine whether the acylamino acid is incorporated intact into ansa-
trienin or only via hydrolysis to the components. Product analysis in each case involved
hydrolysis of the isolated and purified ansatrienin, methylation of the resulting cy-
clohexanecarbonyl-alanine, and gc-ms analysis of the methyl ester. Under electron-im-
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TABLE 2.Analysis of Cyclohexanecarbonylalanine Methyl Ester Obtained by Hydrolysis of Ansatrienin
Samples from Feeding Experiments with Stable-isotope Labeled Precursors

Mass spectrum of product, % intensity Isotopic composition of product
Expt. Precursors
Ne. Single | Double
'
mz154 | miz153 m/z156 | Unlabeled | o8 | 00 S
10 | 50 mg D-[**Nlalanine
+50 mg L-alanine 100(100)* 31.13(9.34) | 2.26(0.24) 82.1% 17.9% 0%
11 50 mg L-{’Nalanine
+50 mg D-alanine 100(100) 18.16(9.34) | 1.11(0.24) 91.9% 8.1% 0%

12 | 50 mgcyclohexane-['*C}-
carbonyl-D-{ *Nlalanine
+ 100 mg cyclohexanecarboxylic
acid 100(100) 12.67(9.72) | 0.6%0.45) 97.1% 2.9% 0%
13 | 50 mg cyclohexane-{'*C}-
carbonyl-L-{'*Nlalanine
+ 100 mg cyclohexanecarboxylic
acid 100(100) 21.23(9.11) | 1.42(0.31) 89.2% 10.8% 0%

*Figures in parenthesis are the data obtained with simultaneously analyzed unlabeled reference compound.

pact ionization the molecular ion was weak (15), and the isotopic analysis was based on
the prominent fragment jon at m/z 154 resulting from loss of H and COOCH, via a
McLafferty rearrangement. In experiments 10 and 11 (Table 2) were fed (to one 100-ml
culture each) 50 mg D-{!*Nlalanine plus 50 mg L-alanine and 50 mg L-{!*NJalanine
plus 50 mg D-alanine, respectively. The gc-ms analysis shows more than twice the en-
richment in the cyclohexanecatbonyl-alanine moiety after feeding D-['’N}-alanine
than after feeding the L isomer. This is consistent with the established D configuration
of the alanine moiety of ansatrienin® (4,5) and suggests that D-alanine is the immediate
precursor. L-Alanine can, however, be converted to the D isomer. Feeding of cyc-
lohexane-[*C]carbonyl-D- and -L-['*Nlalanine (Table 2, expts. 12 and 13) showed
that neicher enantiomer is incorporated as an intact unit, as evidenced by the absence of
any doubly labeled species in the product. The observed incorporations of 2.5 and 10%,
respectively, result only in singly labeled species and must thus be due to hydrolysis of
the added precursor. The much higher incorporation of label from the L isomer undoub-
tedly reflects the more facile enzymatic hydrolysis of this enantiomer. In fact, since
neither isomer was optically pure, the results suggest that the D isomer may not be hy-
drolyzed and utilized at all and that all the labeling observed is due to hydrolysis of the L
enantiomer in each sample and utilization of its hydrolysis products.

In the course of the gc-ms analysis we observed in all ansatrienin hydrolysates a sec-
ond component of higher retention time than cyclohexanecarbonyl-alanine methyl
ester (8 min 20 sec vs. 7 min 10 sec), which gave a molecular ion of two mass units lower
molecular weight. This material represents approximately 2-3% of the amount of the
parent compound. Inspection of the fragmentation pattern clearly showed that the
compound contains a double bond in the cyclohexane ring, and gc-ms comparison with
authentic 1-, 2-, and 3-cyclohexenecarbonyl-alanir-e methyl ester, prepared from the
respective cyclohexenecarboxylic acids, identified it as !-cyclohexenecarbonyl-alanine
methyl ester. Hydrogenation of a sample of ansatrienir. prior to hydrolysis eliminated
this minor component, indicating that the double bond is present in the antibiotic it-
self and not formed during workup from a precursor, such as a hydroxy compound.

DISCUSSION

The work reported here and the earlier studies of Otake, Seto, and coworkers (4,5)
establish the building blocks of ansatrienin (mycotrienin) as shown in Scheme 1. A
polyketide chain is extended by six acetate and two propionate units. The chain starter
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ScHEME 1. Biosynthetic orgin of ansatrienin (mycotrienin)

is 2 m-C,N unit which, as in other examples (39-45), is derived from 3-amino-5-hy-
droxybenzoic acid. This formally extends the precursor role of 3-amino-5-hydroxyben-
zoic acid to a m-C,N unit in a “benzenoid” ansamycin, a finding which does not come as
a surprise in view of Rinehart’s work on geldanamycin (16,36) and particularly in view
of the fact that the trienomycins contain the almost unmodified 3-amino-5-hydroxy-
benzoic acid moiety. Nevertheless, it was important to verify this fact, since we have re-
cently found that the m-C,N units in other types of compounds, asukamycin/manumy-
cin (unpublished results) and the valienamine moiety of acarbose (23), contrary to the
suggestions in the literature (39,53), are not derived from 3-amino-5-hydroxybenzoic
acid. Also, Sato and Gould (54) have recently demonstrated a polyketide origin of yet
another 7-C,N unit in the biosynthesis of kinamycins. It is presumed that the “orienta-
tion” of the m-C,N unit in ansatrienin conforms to that established by Rinehart’s group
(16) for geldanamycin, i.e., C-22 of 1 has the same origin as C-5 of shikimic acid and C-
18 corresponds in its origin to C-3 of shikimic acid. This, of course, still leaves un-
explained how 3-amino-5-hydroxybenzoic acid is formed by some variant of the shiki-
mate pathway, a question which calls for further investigation. As in other cases, how-
ever, shikimic acid itself is not incorporated into the m#-C,N unit. Because it does label
the cyclohexanecarboxylic acid moiety, the nonincorporation into the 7-C,N unit is
not due to permeability problems. Rather, one has to conclude that the formation of 3-
amino-5-hydroxybenzoic acid branches off at a much earlier stage of the shikimate
pathway.

The D-alanine moiety of 1 is evidently derived from free D-alanine as a more im-
mediate precursor than L-alanine. This is in contrast to the situation observed in the
biosynthesis of gramicidin S, where L-phenylalanine is the immediate precursor of the
D-phenylalanine moiety and epimerization takes place on the enzyme (55). However, it
does conform to the observation that the D-valine moiety of boromycin, also a single D-
amino acid attached to a non-peptide backbone, is derived from D- rather than L-valine
(56). The fact that cyclohexanecarbonyl-alanine is not incorporated as an intact unit
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suggests that the side chain is added one component at a time rather than being preas-
sembled.

The formation of cyclohexanecarboxylic acid, a fully saturated hydroaromatic com-
pound, by the shikimate pathway, designed by nature to generate aromatic molecules,
is very intriguing. Although 2,5-dihydrophenylalanine is a widely distributed metabo-
lite of strepromycetes, it is evidently not the normal precursor of cyclohexanecarboxylic
acid. Rather, formation of the latter seems to involve a more direct route in which all
seven carbon atoms of shikimate are retained. Whether this route still proceeds through
chorismic acid, or more economically, involves directly dehydrations and reductions of
shikimic acid remains to be established. Our efforts to define the late stages of the con-
version by feeding 2,5- and 1,4-dihydrobenzoic acid gave ambiguous results. How-
ever, the detection in ansatrienin samples of a new minor compound containing the 1-
cyclohexene instead of the cyclohexane moiety favors the 2,5- over the 1,4-dihydro
compound. The likely biogenetic relationships surrounding the cyclohexanecarboxylic
acid moiety are summarized in Scheme 2. The new ansatrienin containing the cy-

COOH COOH

HO

Oum

COOH COOH COOH HBC\?A
0
—_— —— — —_—
W

I
R=mycotrienol QCQ— NH—(I:H NH2
CHy

SCHEME 2. Precursors of the cyclohexanecarboxylic acid moiety of ansatrienin (mycotrienin)

clohexene moiety {3}, which we propose to call ansatrienin Ay, has not yet been isolated
as such, but its presence as a minor component follows clearly from the gc-ms analyses
and from the fact that it disappears upon hydrogenation of the original ansatrienin sam-

ple.
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