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Abstract clude indolmycin, pyrrolnitrin, dihy- 

The biosynthesis of a number of 
antibiotics which have been studied in 
this laboratory is reviewed. These in- 

drophenylalanine, spectinomycin, chlo- 
rothricin, a-naphthocyclinone and gra- 
naticin. The results on the stereochemis- 
try of some reactions involved in these 

This paper is based on a lecture given at 
biosyntheses are also discussed and these 

the Gordon Conference on Natural Products, the stereochemical the 
New Hampshire, USA, July 1977. transfer of a methyl group from S-ade- 
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346 Floss et al. 

no~~lmethionine to the p-carbon of 
indolepyruvate and the stereochemistry 
of the reductive removal of the hydroxyl 
functions in the formations of 2,6-di- 
deoxyhexoses. 

Introduction 

During the past decade our labora- 
tory has engaged in studies on the bio- 
synthesis of a number of microbial fer- 
mentation products with antibiotic 
activity. The compounds selected for 
investigation represent various struc- 
tural types which were selected for 
various reasons. The choice of some of 
them reflects our interest in the metabo- 
lic conversions of tryptophan and rela- 
ted indolic precursors [16], and in the 
reactions of the shikimate pathway [14, 
171 of aromatic amino acid biosynthesis. 
Some also reflect our interest in apply- 
ing modern instrumental techniques, 
particularly NMR spectroscopy, to the 
study of biosynthetic processes [I 51. The 
following article summarizes some of 
the results we have obtained in these 
studies. 

Results 

Indolmycin 
This is the first antibiotic which we 

studied and its biosynthesis was investi- 
gated in collaboration with the group 
of Professor HORNEMANN of this de- 
partment. The structure of indolmycin 
(Fig. 1) and its relative stereochemistry 
were established by SCHACH VON WIT- 
TENAU et al. [44] and ~ ~ P R E O B R A Z H E N S -  
KAYA et al. [40], and its absolute con- 

Fig. I. Structure of indolmycin. 

figuration was determined by CHAN and 
HILL [6] as well as in our laboratory 
[24]. The compound is produced by 
Streptomyces griseus and has moderate 
antibiotic activity against resistant 
strains of Stuphylococcus in mice. Early 
studies on the biosynthesis of this com- 
pound [24] showed that the indole ring 
and three carbons of the attached side 
chain are derived from the intact carbon 
chain of tryptophan and the carbon- 
bound methyl group of the side chain 
originates from methionine. The latter 
also provides the N-methyl group, the 
remaining carbon and two nitrogen 
atoms of the aminooxazolinone system 
coming from the amidino group of ar- 
ginine (Fig. 2). The biosynthetic path- 
way (Fig. 3) involves transamination of 
tryptophan to indolepyruvate followed 
by methylation of the latter to  give the 
R-isomer of 3-methylindolepyruvic 
acid. The two enzymes catalyzing these 
first two reaction have been isolated 
from Streptomyces griseus in our labo- 
ratory and the second one, a S-adeno- 
~~lmethionine-dependent methyltrans- 
ferase has been partially purified and 
characterized [53]. The subsequent steps 
in the biosynthetic sequence are reduc- 
tion of the carbonyl group of methyl- 
indolepyruvate to  give indolmycenic 
acid, followed by transfer of the guani- 
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Biosynthesis of Antibiotics 347 

BUILDING 
BLOCKS OF 
INDOLMYCIN 

lndolrnycin - 1 ,: 

Tryptophan Arginine ~ O O H  

Fig. 2. Building blodrs of indolmycin. 

din0 group of arginine to give the oxa- 
zolinone ring system of N-demethyl- 
indolmycin, which is then N-methyl- 
ated in the last reaction step. Experi- 
ments using arginine labeled with 15N 
in the amidino group have shown that 
the latter is transfered as an intact unit, 
i.e., without separating the two nitro- 
gen atoms [61]. This conclusion follows 
from the finding that as indicated by 
mass spectral analysis of the precursor 
and the product, there is no change of 
the intramolecular 14N-15N distribution 
during the transfer of the amidino 
group. 

In a recent study we have determined 
the stereochemical course of the trans- 
fer of the methyl group from, S-adeno- 
sylmethionine to the acceptor, indole- 
pyruvate during this biosynthesis. Using 
tryptophan stereospecifically tritiated 

at carbon atom 3 of the side chain which 
was available from earlier work [50], 
we were able to demonstrate that in the 
reaction the pro-R hydrogen at  the 
methylene group of indolepymvate is 
replaced by the methyl group with 
retention of configuration [61.] (Fig. 4). 
The determination of the stereochemical 
course of the reaction a t  the methyl 
group required the synthesis of methio- 
nine carrying a chiral methyl group. 
This was accomplished starting from 
sodium acetate carrying a chiral methyl 
group by the reaction sequence outlined 
in Fig. 5 [32]. The key step is the alky- 
lation of the homocysteine anion by the 
N,N-ditosylate of methylamine. This 
reaction is expected to proceed with 
inversion of configuration at the methyl 
group, the only alternative being race- 
mization, in case the reaction pro- 
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Tryptophan- 3 - T  lndolmycin 

35: T I ~ ~ C  2.67 T/'&c 2.60 (97'1.) 
2.52 2.62 (104%) 

F i g .  4.  Stereochemistry of the C-methylation in indolmycin biosynthesis at the acceptor carbon. 

H H H 
\ N a N 3  \ TsCl TsCI, KzCO3 

D---C-COONa D---C-NH2 - \ /rs 
xylene 

D---C-N 
/ / / \ 

T T T Ts 

HMPA , NaK COOH 
I 

825-CH2-CH2-C-H / I 

H COOH 
\ I 

D-C-S-CH2-CH2-$---H / 

F i g .  5.  Synthesis of methionine carrying a chiral methyl group. 

ceeds by an S N ~  mechanism. Thus, if 
the methyl group in methionine is 
chiral, its absolute configuration follows 
from that of the starting acetate. Feed- 
ing of the methionine samples carrying 
a methyl group of R- or S-configura- 
tion followed by oxidation of the re- 
sulting indolmycin gave acetate from 
the C-methyl group of the antibiotic, 
which was analyzed for its chirality by 
the method of Arigoni et al. and CORN- 
FORTH et al. [30, 101. The results which 
are summarized in Table I, indicate 

that the methylation of indolepyruvate 
proceeds with inversion of configura- 
tion a t  the methyl group. Since i t  is 
likely that any one transfer of the 
methyl group from a donor to  an ac- 
ceptor in the enzymatic process pro- 
ceeds with inversion of configuration, 
this result suggests that the overall reac- 
tion involves a direct transfer of the 
methyl group from the sulphur of S- 
adenosylmethionine to  the acceptor car- 
bon without any intermediate alkyla- 
tion of a functional group of the enzy- 
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Table I 
Steric course of the S-adenosylmethionine: indolepyruvate methyl transferase reaction. 

Starting Methionine Acetate from Indolmycin 
acetate indolmycin C-methyl 

group 

Tritium retention in fumarase reaction 31 O/o - 39 O10 - 
Methyl group configuration S R S S 
Tritium retention in fumarase reaction 71 O/o - 63 O/o - 
Methyl group configuration R S R R 

me. The stereochemical results of this 
C-methylation reaction are summarized 
in Fig. 6. 

Pyrrolnitrin 
The antifungal antibioticpyrrolnitrin 

(Fig. 7) is produced by various species 
of Pseudomonas and was discovered 
independently by ARIMA et al. [I.] and 
by LIVELY et al. [29]. Its structure was 
elucidated by ARIMA'S group [25] and 
has been confirmed by ,several synthe- 
ses [38,56,21] and by an X-ray analysis 

PYRROLNITRIN 

Fig. 7. Pyrrolnitrin 

[35]. Pyrrolnitrin shows good fungistatic 
activity against a variety of dermato- 
phytes, for example, Trichophyton spe- 
cies [39, 191; it is suitable for topical 
application, for example, in athlete's 

- Q--{" NH2 N qqj{c' NO2 N 
CI C I 

Fig. 8. Proposed pathway of pyrrolnitrin biosynthesis according to GORMAN and LIVELY (Ref. 20). 
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foot, etc. for which purpose it is marke- 
ted in Japan. Early studies on the bio- 
synthesis of pyrrolnitrin carried out at  
Eli Lilly and Company [12] showed 
that of a number of compounds tested, 
only D-tryptophan-14C, and to a lesser 
extent the L-isomer, was incorporated 
into the antibiotic. Addition of trypto- 
phan to the cultures also increased pyr- 
rolnitrin production, but only the D-iso- 
lner was active in this respect. To ac- 
count for the transformation of trypto- 
phan into pyrrolnitrin GORMAN and 
LIVELY [2O] proposed the pathway 
shown in Fig. 8. The first step was 
thought to be catalyzed by a chloroper- 
oxidase. Investigations into the biosyn- 
thesis of pyrrolnitrin were continued in 
our laboratory in collaboration with the 
Lilly workers. Using specifically l6N- 
labeled tryptophan samples it was 
shown (Table 11) that both the indole 
nitrogen and the amino nitrogen of 
tryptophan are incorporated. Mass 
spectral analysis of the 15N-labeled 
pyrrolnitrin samples indicated that, as 
predicted by the scheme in Figure 9, the 
indole nitrogen of tryptophan becomes 
the nitrogen of the nitro group and the 

amino nitrogen of tryptophan gives rise 
to the pyrrole nitrogen of pyrrolnitrin 
(Fig. 9) [13]. The amino nitrogen of 
D,L-tryptophan is incorporated to a 
considerably lesser extent than the 
backbone of the amino acid and an ex- 
periment with D, L-tryptophan tritiated 
in the a-position of the side chain gave 
results as shown in Table 11. This can 
be adequately explained by reversible 
transamination of the precursor. Rather 
surprisingly, D-tryptophan undergoes 
an even more extensive loss of the label 
from the amino group and also tritium 
from the a-position, than the racemate, 
a finding which does not fit in with the 
earlier assumption that D-tryptophan is 
the more immediate precursor of tryp- 
tophan than the L-isomer. A systematic 
comparison of the incorporation of tri- 
tium from the a-position of D-, D,L-, 

and L-tryptophan showed clearly 
(Table 111) that the L-isomer is incor- 
porated with very high retention of the 
tritium, whereas the D-isomer gives pyr- 
rolnitrin with almost complete loss of 
the tritium. In a very recent experiment 
we synthesized and fed [47] tryptophan 
labeled intramole~ularl~ with 13C in the 

Table I I  
Incorporation of  16N-labeled tryptophan into pyrrolnitrin 

Precursor 
Incorporation of  Retention of 

l4 C 3H 15N 3H I5N 
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CH2-CH-COOH 

1 5 h - 4 ~  

m/e=256 (M') shows increase 
isotope satelite, but not 

'N m/e=229 (M-HCN). 
H 

CI 

CH2-CH-COOH 
I mle.256 (M*) and mle=229 6 NH2 

(M-HCN) both show increase 
isotope satelites. 

H 
CI 

Fig. 9. Mass spectral analysis of 'W-labeled pyrrolnitrins. 

3-position of the chain and with 15N in 
the amino group. Mass spectral analysis 
of the resulting pyrrolnitrin samples 
clearly showed a M+2 peak in excess 
of natural abundance in the sample 
derived from the L-isomer of the sub- 
strate, whereas no such peak was obser- 
ved in the spectrum of the material 
derived from the D-isomer of trypto- 
phan. All these data strongly indicate 
that L- and not D-tryptophan is the 
more immediate precursor of pyrrolni- 
trin, despite the fact that under any 
condition tested, 1%-labeled D-trypto- 
phan is incorporated into pyrrolnitrin 
more efficiently than the L-isomer. 

Another surprising facet of pyrrolni- 
trin biosynthesis is the fact that the 
compound contains a chlorine atom in 
the 3-position of the pyrrole ring, 
although substitution of pyrrole should 
occur preferentially in the 2-position. 
As an explanation we considered the 
possibility that the introduction of this 
chlorine may not be a late step in the 
biosynthesis, but rather that this chlo- 
rine atom might be carried over from 
the initial stages in the biosynthesis. A 
biosynthetic process involving a 1,2-aryl 
shift as outlined in Fig. 10 could ac- 
count for this. To probe this possibility 
we synthesized tryptophan labeled with 

Table 111 
Incorporation of a-tritiated tryptophan into pyrrolnitrin 

Precursor 
Incorporation of 

C aH Tritium retention 
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pyrrolnitrin 

Fig. 10. Two alternative routes of pyrrolnitrin formation. 

13C in the 3-posirion of the side chain, 
fed this material to the producing cul- 
ture of P. aureofaciens and analyzed 
the resulting pyrrolnitrin for the posi- 
tion of the l3C by CMR spectroscopy. 
The results (Fig. 11) indicated that the 
lSC was located in carbon atom 3 as 
would be.predicted by the normal path- 

way and not at C-4 as would be predic- 
ted by the route involving an aryl shift 
[33]. The CMR spectrum of pyrrolnitrin 
was assigned on the basis of chemical shift 
theory, single frequency decoupling 
experiments and comparison with 
model compounds and the crucial as- 
signment of carbon 3 and 4 was specifi- 
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I ' " I " " I " " I " " I '  
175 125 75  

Fig. 11. CMR analysis of pyrrolnitrin. 

cally confirmed by comparing the 
spectra of pyrrolnitrin and its amino 
analog. The location of the 13C in posi- 
tion 3 was later also confirmed by detai- 
led analysis of the proton NMR spec- 
trum of pyrrolnitrin. As shown in Fig. 
12, the presence of 13C can be clearly 
detected by analysis of the long range 

carbon-proton couplings of the hydro- 
gens at  positions 2 and 5. The larger 
coupling constant of the H-2 proton 
compared to the H-5 proton and the 
greater isotopic shift of H-2 clearly 
indicates that the ISC is located in the 
.3-position [8]. 

In another experiment we examined 
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F i g .  12. Proton NMR analysis of 13C-labeled pyrrolnitrin. 

the possibility that the biosynthesis of 
pyrrolnitrin may proceed via oxindole 
rather than indolenine intermediates. 
Tryptophan deuterated in the 2-posi- 
tion of the indole ring was prepared and 
fed to the producing microorganism. The 
resultingpyrrolnitrin was found to be en- 
riched with deuterium. To further probe 
the mechanism of the skeletal rearrange- 
ment in pyrrolnitrin biosynthesis wesyn- 
thesized compound I, the hydroxy ana- 
log of the intermediate postulated by 
GORMAN and LIVELY (Fig. 13). The 
compound was obtained by oxidation 
of 1%-labeled D, L-tryptophan as a mix- 
ture of the four possible stereoisomers 
with a cis ring junction [45]. The com- 
pound was clearly not incorporated 
into pyrrolnitrin, whereas tryptophan 
in a parallel culture gave very good in- 
corporation of radioactivity [3 I]. 

The later stages of pyrrolnitrin bio- 
synthesis were investigated by prepar- 
ing and feeding a number of amino 
and deschloro analogs of the antibiotic. 
Aminopyrrolnitrin, compound 11, (Fig. 
13) had been shown earlier by the Lilly 
group to be efficiently incorporated into 
pyrrolnitrin [22]. We synthesized in 
tritium labeled form, the deschloro ana- 
logs of both pyrrolnitrin and aminopyr- 
rolnitrin and found that the amino com- 
pound (111, Fig. 13) is efficiently incor- 
porated into pyrrolnitrin whereas the 
corresponding nitro compound is not 
(IV, Fig. 13) [47]. The results indicated 
that there must be a compulsory reac- 
tion sequence from 3-(0-aminophenyl) 
pyrrole involving first the introduction 
of the two chlorine substituents and 
finally as the last step, oxidation of the 
amino to the nitro group. 
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Fig. 13. Incorporation of potential precursors into pyrrolnitrin. 

The results obtained allow us to write 
a more defined reaction sequence for the 
biosynthesis of pyrrolnitrin. The fact 
that the hydrogen from the a-position 
of the tryptophan side chain is incor- 
porated puts restraints on the position 
of the decarboxylation step in the over- 
all reaction sequence since it excludes 
any intermediates in which a carbon 
derived from the a-position of trypto- 
phan has lost the attached hydrogen. 
Although the non-incorporation of 
compound I1 does not exclude the inter- 
mediacy of the corresponding chloro 
analog, the known chemistry of such 
systems (tendency to undergo elimina- 
tion to form the corresponding indole 
system) argues against a pathway in- 
volving such 3-substituted pyrrolo-[2, 
3 b] indoles. A plausible alternative is 
suggested by the recent isolation of an 
enzyme from ~seudornonas species 
which hydroxylates tryptophan deriva- 
tives in the 3-position of the side chain 

[55, 4 I]. Studies by ROSENFELD'S group 
[42] which were confirmed in our labor- 
atory [58] indicate that the enzyme 
oxidizes these indoles to a methylenein- 
dolenine derivative which then under- 
goes hydration. The analogous process 
involving the methyleneindolenine deri- 
vative of tryptophan which would then 
give ring closure to the corresponding 
amidine as shown in Figure 17, could 
be plausibly involved in the biosynthe- 
sis of pyrrolnitrin. Fragmentation of 
this amidine could lead directly to 3- 
(0-aminophenyl)pyrrole, the established 
intermediate in the biosynthesis. Thus, 
we propose the sequence shown in Fig. 
14 as a plausible biosynthetic pathway 
for pyrrolnitrin formation. 

Dihydrophenylalanine 
L-2,5-Dihydrophenylalanine (DHPA) 

is a rather ubiquitous constituent of 
Actinomycetes which has been isolated 
from a variety of Streptomyces species 
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N N COOH 
H H H 

Fig. 14. Proposed pathway for pyrrolnitrin formation. 

by several groups [60,46,18]. The com- 
pound exerts antibiotic activity by vir- 
tue of its action as an antagonist of 
phenylalanine. Initial experiments on 
its biosynthesis carried out by SCANNELL 
et al. [46] showed that radioactive shi- 
ltimic acid is incorporated, but not 
phenylalanine (Fig. 15). Thus, the com- 
pound seems to be formed by the shiki- 
mate pathway, but not via the aromatic 
amino acids. We have confirmed this 
result and have shown that shikimic 
acid-[U-14C] labels only the six ring 
carbons of DHPA, but none of the side 
chain carbons (Fig. 16) [49]. Serine was 

not incorporated, ruling out a pathway 
involving the condensation of the C, 
precursor with a CS unit providing the 
side chain. These results point to a path- 
way via chorismic acid as an interme- 
diate. Two processes are known in 
nature for the attachment of the side 
chain of chorismic acid to the ring, one 
leading to the normal aromatic amino 
acids with attachment of the side chain 
at  C-1 and a second leading to the m- 
carboxyphenyl amino acids with attach- 
ment of the side chain a t  the original 
C-3 of shikimate [28]. A distinction be- 
tween these two possibilities was made 

COOH COOH 

Fig. 15. 2,5-Dihydrophenylalanine and its biosynthetic precursors. 
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*COOH <O.3*/. of + CH2-CH-COOH 
14c I 

dilution , *& NH2 
38-49 * * 

14 L-Serine-13- C l  - no incorporation 
[dilution > 1700) 

Fig .  16. Incorporation of various precursors into 2,s-dihydrophenylalanine. 

in two ways. Shikimic acid deuterated 
in the 3-position was prepared and was 
found to  be incorporated into DHPA 
with significant retention of deuterium. 
The process involving attachment of 
the side chain a t  C-3 should 
result in loss of the deuterium. 
Secondly, shikimic acid-[l ,6-14C] was 
fed and the resulting D H P A  was degra- 
ded by a route involving aromatization 
of the six membered ring. About half of 
the 14C was found to  be located in the 
position adjacent t o  the site of attach- 
ment of the side chain, whereas, the para 
position was practically devoid of I4C. 

This is as expected for the ,normalu 
rearrangement process, whereas the at- 
tachment of the side chain a t  C-3 of 
shikimate should have given a product 
containing half of the 14C in the para 
position and none ortho to  the site of the 
attachment of the side chain (Fig. 16). 
These results then implicate chorismic 
acid and prephenic acid as intermedia- 
tes in the biosynthesis of DHPA. We 
confirmed this conclusion by preparing 
both compounds in radioactively labe- 
led form and demonstrating that both 
are efficiently incorporated into DHPA. 

It will be noted that both in the pre- 
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cursor shikimate and in the product 
DHPA, the six membered ring is asym- 
metric, whereas the biosynthetic inter- 
mediate prephenate is symmetric. How- 
ever, the two halves of the six mem- 
bered ring-in prephenate are enantioto- 
pic and can be expected to be distinguis- 
hed by an enzyme. I t  was therefore of 
interest to determine which half of the 
ring of prephenate becomes which side 
of the ring in DHPA. This question 
was answered by carrying out an asym- 
metric degradation of DHPA derived 
from shikimic acid-[I ,6-'4C]. The side 
chain of DHPA was degraded to give 
2-(2,s-dihydropheny1)ethanol which 
was then subjected to  ozonolysis and 
reduction with sodium borohydride. 
Analysis of the two products, propane- 
1,3-diol and pentane-1,3,5-triol, show- 
ed that the latter contained all of the 
radioactivity. Thus, the labeling pattern 
of DHPA from shikimic acid-[I ,6-14C] 
is as shown in Fig. 17. There are several 
ways in which the formation of the un- 
conjugated diene system of DHPA from 
prephenate can be rationalized. One 
possibility would be initial reduction of 

one of the ring double bonds of prephe- 
nate to give dihydroprephenate. This 
possibility was ruled out by preparing a 
mixture of all four stereoisomers of di- 
hydroprephenate tritiated at C-4, and 
demonstrating that this mixture is not 
incorporated into DHPA. By process of 
elimination this finding would favor the 
pathway shown in Fig. 20, which invol- 
ves an allylic rearrangement of prephe- 
nate, 1,4-reduction of the conjugated 
diene and finally a combined dehydra- 
tion/decarboxylation [49]. Further exi- 
periments will be necessary to prove or  
disprove this proposed reaction sequen- 
ce from prephenate to DHPA. 

Spectinomycin 
The aminocyclitol antibiotic specti- 

nomycin was isolated independently by 
the groups at  Upjohn Company and 
a t  Abbott Laboratories from Streptomy- 
ces species. I t  is a broad spectrum anti- 
biotic, active against gram-positive and 
gram-negative organisms and is marke- 
ted in the U.S. for the treatment of 
gonorrhea. Its structure (Fig. 18) was 
determined by WILEY et al. [59] and 

COOH 
HOOC-.+ - 

HO" k C O O H  - 

Fig. 17. Labeling pattern and proposed biosynthetic pathway of dihydrophenylalanine. 
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was confirmed by an X-ray analysis 
[9]. The spectinomycin molecule consists 
of two moieties, the aminocyclitol 
actinamine, which can be obtained from 
the antibiotic by acid hydrolysis, and 
the sugar actinospectose, a 4,6-dideoxy- 
2,3-diketo-hexose, which has only been 
isolated in the form of rearrangement 
products. Biosynthetic experiments on 
spectinomycin have been carried out by 
the groups of MIT~CHER [34] and RINE- 
HART [54]. MIT~CHER demonstrated 
that both components of the spectino- 
mycin molecule are derived from glu- 
cose and that the C-6 atom of glucose 

becomes the methyl group of the deoxy 
sugar moiety. In addition, ~ ~ ~ M I T ~ C H E R  
group found that myo-inositol is effi- 
ciently incorporated into the actina- 
mine moiety of spectinomycin. RINE- 
HART'S group confirmed MITSCHER'S 
finding about the incorporation of glu- 
cose and in addition showed by 13C 
labeling that C-6 of glucose gives rise 
to C-9 in the aminocyclitol portion of 
spectinomycin. This result defines the 
mode of incorporation of myo-inositol 
into spectinomycin and implies that the 
biosynthesis must involve an inversion 
of configuration at  C-4 of glucose. We 

Fig. 18. Structure and precursors of spectinomycin. 

Table ZV 
Incorporation of double labeled glucose into spectinomycin 

Glucose fed 2.34 (100 O l a )  2.34 (100 O l o )  

Spectinomycin 1.78 (76 O / O )  0.57 (24 O / o )  

Actinamine 1.20 (49 O / o )  0.02 (1 O / o )  

Acetic acid 2.25 (96 Ole) 1.34 (57 O / O )  
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initiated studies on the biosynthesis of 
spectinomycin in collaboration with the 
group of Professor HURLEY at  the Uni- 
versity of Kentucky. In feeding experi- 
ments with glucose tritiated at  C-4 and 
C-6, the results shown in Table IV were 
obtained. As expected, one half of the 
tritium from the 6-position of the glu- 
cose is lost during the conversion into 
the actinamine moiety of spectinomy- 
cin, but all the tritium from C-6 is 
retained during the incorporation into 
the deoxy sugar portion. In agreement 
with the implication of RINEHART'S 
results, the tritium from the 4-position 
is completely lost during the incorpora- 
tion of glucose into the actinamine 
moiety, but a substantial portion of the 
tritium is incorporated into the actino- 
spectose moiety. Kuhn-Roth oxidation 
of spectinomycin from this experiment 

gave acetic acid (from C-11 and C-22), 
which contained essentially all the tri- 
tium present in the antibiotic. This result 
indicates that the 4,6-dideoxyhexose 
moiety must be formed by a reaction 
involving a transfer of the hydrogen 
from the 4- to the 6-position of the 
hexose, most likely the dTDP-glucose 
oxidoreductase reaction. These prelimi- 
nary experiments were carried out to set 
the stage for further studies on the 
stereochemical course of the formation 
of the aminocyclitol moiety and of the 
deoxy sugar moiety from glucose. These 
studies are now underway in our labora- 
tory. 

Chlorothricin 
Chlorothricin (Fig. 19) represents a 

novel type of macrolide antibiotic. I t  
was isolated from strain Tii 99 of Strep- 

COOH 

Structural formula of chlorothricin 

Fig. 19. Structure of cfilorothricin. 
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Table V 
Incorporation of radioactive precursors into chlorothricin 

Isolated chlorothricin: 
Precursor fed: Specific incorporation Incorporation 

- 
1.4 - 1.9 '10 
0.36 - 0.72 O/O 
0.002 O/o 
max. 1.64 Ole . 

max. 0.33 - 0.40 OIo 

tomyces antibioticus [27] and its stru- 
ture was determined by a combination 
of chemical methods and X-ray analy- 
sis of the aglycone [36, 41. Studies on 
the biosynthesis of this compound were 
carried out in our laboratory and inde- 
pendently in the laboratory of Profes- 
sor Pape, Miinster. Feeding experiments 
with a variety of general precursors 
(Table V) showed good incorporation 
of acetate, methionine, propionate and 

glucose [Z]. Inspection of the structure 
of the aglycone suggests that it may be 
at  least in part derived by the polyke- 
tide pathway. The methyl branches 
could arise either from propionate or 
methionine. To distinguish between these 
two possibilities, a chlorothricin sample, 
biosynthesized from methionine- 
[14CH,], was degraded as indicated in 
Fig. 20. The results clearly indicate that 
methionine labels only the methoxy 

Deqradation of chlorothricin from methionine -methvl -14c 

CH3COOH (from C-methyl groups1 
0.I0/o of radioactivity 

Chlorothricin 

CH31 (from 0-methyl group) 

Fig. 20. Degradation of chlorothricin from methionine-(methyl-"C). 

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



364 Floss et al. 

group in the acyl moiety, but none of cin required determination of the isoto- 
the carbon-bound methyl groups. pic labeling pattern in the antibiotic 

Further delineation of the incorpora- after feeding vaious labeled substrates. 
tion of these precursors into chlorothri- In view of the complexity of the anti- 

Fig. 21. CMR spectrum of cfilorothricin. 

Chlorothricin 

Chlorothricolide 
methyl ester 

Degradation of chlorothricin by methanolysis 

Fig. 22. Degradation of chlorothricin by methanolysis. 
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F i g .  23. CMR spectrum of methyl chlorothricolide. 

biotic, extensive chemical degradation 
to isolate individual carbon atoms did 
not seem very practical and we there- 
fore resorted to 19C labeling and CMR 
analysis of the product as the most effi- 
cient way of determining the labeling 
pattern. The CMR spectrum of chloro- 
thricin (Fig. 21) is rather complex. Ho- 
wever, its interpretation is simplified by 
the fact that the antibiotic can be degra- 
ded as shown in Fig. 22 to give the 
methyl ester of the aglycone, an acyl- 
ated sugar and methyl-2-deoxyrhamno- 
side. The spectra of these three frag- 
ments can be recorded and interpreted 
separately. The spectrum of the agly- 
cone as shown in Fig. 23 still shows 
closely spaced clusters of signals in the 
methylene region, and in the region 
of the olefinic carbons. However, using 
broad band and single frequency de- 
coupling techniques, comparison with 
several derivatives and model com- 

pounds, specific deuteration experi- 
ments and analysis of one bond carbon- 
carbon couplings of pairs of carbon 
atoms, an unequivocal assignment of 

13c-~istribution fn the Acyl Moiety 
of Chlorothricin 

Chemical shift, ppm rel. to TMS 

( 1 3 ~ ~ ~ ~ 1 ' 3 ~ ~ 3 ,  abundance rel. to 
nat. abundance =I001 
Fig. 24. 1%-distribution in the acyl moiety of 
chlorothricin. 
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every 
made. 
those 
was 

signal in the spectrum could be 
Based on these assignments and 

for the other two fragments, i t  
then possible to interpret the CMR 

spectrum of chlorothricin itself. This in- 
formation -was then used to analyze the 
spectra of chlorothricin and methyl 
chlorothricolide obtained in feeding 
experiments with acetate-[1-'SC], 

-[2-'3C], and propionate-[l -13C] and 
-[3-13C]. The results for the acyl moiety 
are summarized in Fig. 24 and show 
that this portion of the antibiotic is 
derived from four acetate units by the 
polyketide pathway. The methoxy car- 
bon as indicated earlier, is derived from 
the methyl group of methionine. Table 
VI shows the chemical shifts of chloro- 

Table VI 
CMR Chemical Shifts and lac-Enrichments of Chlorothricolide Methyl Ester 

Relative signal intensity in sample from 

Carbon Chemical Shift Acetate- Acetate- ' Propionate- Propionate- 
No. (pprn from TMS) 1-ISC 2-lac 1 - 1 3 ~  3-lac 

2a 16.9 ( 4  
21a 20.7 ( 4  

5 24.1 (t) 
4 26.6 (t) 

2 1 27.2 (d) 
13 28.0 (t)* 
14 28.4 (t)* 
15 32.3 (t) 

12 33.0 (t) 
22 35.0 (t) 

6 36.2 (t) 
3 37.6 (d) 
8 45.4 (d) 

18 45.9 (d) 
11 46.8 (d) 
2 47.7 (s) 

0-Me 51.6 

7 73.3 (d) 
23 80.4 (s) 
25 115. (s) 
9 123.2 (d) 

17 124.4 (d) 
10 129.9 (d) 
20 134.0 (s) 
19 136.5 (d) 
16 138.0 (d) 
24 159.4 (s) 
26 164.9 (s) 
20a 166.5 (s) 

1 177.5 (s) 

1.51 
1.63 
4.00 
1.20 
4.11 
4.12 
1.34 
4.64 
1.83 
1.98 
1.41 
4.40 
1.10 
1.10 
4.71 
1.63 
1.10 
(standard) 
5.01 
0.90 
1.1 
5.14 
5.43 
1.46 
1.10 
5.07 
2.82 
1.10 
2.75 
1 .oo 
I .20 

2.79 13.0 
3.47 
1.47 
2.20 
1.30 
1.70 
2.31 
1.44 
2.70 
1.70 
2.63 
1.47 
2.83 
1.82 
1.90 
1.83 
1.10 1.10 1.10 
(standard) (standard) (standard) 
1.89 
1.15 
1.83 
1.28 
1.10 
2.44 
2.08 
2.11 5.86 
3.04 
1.10 
2.30 
2.00 2.29 
2.20 4.25 

* These signal assignments may be interchanged. 
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thricolide methyl ester and the relative 
abundance values observed in this com- 
pound after feeding various precursors. 
It is evident that two molecules of pro- 
pionate are incorporated into the agly- 
cone, one giving rise to carbons 1, 2, 
and 2a and the other to carbons 19, 20 
and 20a. It is noteworthy that the 
methyl group of this second propionate 
unit has been oxidized to a carboxyl 
group. In addition the results show in- 
corporation of acetate in a pattern con- 
sistent with the polyketide pathway in 
the sense that a polyketide chain starts 
at carbon 21a and extends through the - 

ring system to carbon atom 1 in the 
direction of decreasing number of the 
carbon atoms. This leaves five carbons 
unaccounted for which comprise the 

tetronic acid moiety (carbons 23+26) 
and carbon 22. 

Further experiments were carried out 
to define the origin of the two sugar 
moieties. A variety of feeding experi- 
ments with glucose (Table VII) showed 
specific incorporation of glucose into 
the sugar moieties and it was found 
that in the process of transformation 
into 2,6-dideoxyglucose, the hydrogens 
at  C-2 and C-6 are completely retained, 
the hydrogens a t  C-1 and C-4 are partly 
retained, whereas the hydrogen a t  C-3 
seems to be. lost. Furthermore, degrada- 
tion of chlorothricin obtained from glu- 
cose-[6-$HI and -[4-SH] (Table VIII) 
indicated that tritium from the 4-posi- 
tion of the sugar had been incorporated 
into one or  more of the methyl groups, 

Table VII 
Incorporation of specifically labeled glucoses into chlorothricin 
and a-methyl-2-desoxy-D-ihamnoside 

Position of TP4C 14C incorp. T/14C T-ret a-methy 1-2-desoxy-D- 
label in glu- of glucose rhamnoside 
cose fed T/14C T ret. 

Table VIII 
Specific incorporation of glucose into chlorothricin 

- ~~~~~ - - -  

Glucose-6-t4C-6-T S. antibioticus chlorothricin Kuhn-Roth acetic acid 

(86 O/o T-rentention) 
Gl~cose-6-~~C-4-T S. antibioticus chlorothricin Kuhn-Roth acetic acid 

-- - 
T/"C 2.6 0.12. oxidation 0.60 

(23 010 T-rentention) 
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indicating that the formation of the su- 
gar moiety may involve the dTDP-glu- 
cose oxidoreductase reaction. 

The biosynthetic origin of chlorothri- 
cin can therefore be summarized as 
shown in. Fig. 25. The acyl moiety is 
derived from four acetate units and a 
methyl group of methionine, the two 
sugar moieties are derived from intact 
molecules of glucose, and the aglycone 
is formed from propionate and acetate 
units via the polyketide pathway. Fur- 
ther studies are ongoing on the origin of 
the remaining five carbon atoms of the 
tetronic acid moiety. As indicated in 
Table VI, there seems to be some incor- 

poration of acetate into carbons 25 and 
26 of the tetronic acid moiety, but the 
results of these experiments were rather 
equivocal. However, an experiment 
with a~etate-[I,2-'~C~] clearly showed 
that both these carbons were labeled 
and that they must have arisen from the 
same acetate unit, since both carbons, 
in addition to the natural abundance 
singlet, showed doublets with large and 
equal coupling constants. This finding 
and the results of earlier studies on the 
biosynthesis of tetronic acids in other 
systems suggest that the remaining three 
carbons might by derived from a 4-car- 
bon acid like oxalacetate. A plausible 

methionine 

Biogenetic origin of chlorothricin 

Fig. 25. Biosynthetic origin of chlorothricin. 
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scheme explaining the formation of the a-Naphthocyclinone and Granaticin 
tetronic acid moiety in chlorothricin These two compounds are members 
and the presence of an oxygen function of the class of benzoisochromane quino- 
a t  C-25 is outlined in Fig. 26. Experi- ne antibiotics which are produced by a 
ments are now underway to test this variety of Streptomycetes. a-Naphtho- 
proposal. . cyclinone, as well as its congeners 

Baeyer -Villiger 
oxidation 1 

Chlorothricolide 
Fig. 26. Proposed mechanism of formation of the tetronic acid moiety of chlorothricin. 

COOH 0 

P-Naphthocyclinone y-Naphthocyclinone 
epoxide 

Fig. 27. Structure of naphthocyclinones. 
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Granaticin 

Fig. 28. Structure of granaticin. 

,8-naphthoclinone, y-naphthocyclinone 
and /?-naphthocyclinone epoxide (Fig. 
27) are a series of dimeric pigments 
which were isolated from Strepto- 
myces arenae strain Tii 495 and 
their structures were established by the 

group of ZEECK [62, 631. Granaticin, 
which was obtained from several Strep- 
tomyces strains [5, 71 is a monomer 
which has been further modified by at- 
tachment of a bicyclic ring system. The 
structure (Fig. 28) of granaticin was de- 
termined by a combination of chemical 
degradations and X-ray crystallo- 
graphy [26, 31. The compound has 
moderate antitumor activity against 
P388 leukemia in mice [7]. Fig. 29 shows 
a number of other representatives of 
the large class of benzoisochromane- 
quinones. Of particular interest is the 
fact that both enantiomers of the 
modified benzoisochromane-quinone 

0 HO COOH 

Kalafungin Actinorhodin y-Actinorhodin 

R= OH, Nanaomycin A 
R=NH2, Nanaomycin C 

0 COOH 

Nanaomycin B Nanaornycin D 

,.-CH3 

0 COOH 

Frenolicin Griseusin A 

Fig. 29. Naturally occurring benzoisochromane quinones. 

Griseusin 8 
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are summarized in Fig. 30 show that 
the entire molecule of a-naphrhocycli- 
none is made up from acetate units in 
the alternating labeling pattern charac- 

OH teristic of the polyketide pathway. 
The fact that carbons 10 and 10' are 
both derived from the methyl group 
of acetate lends support to a proposed 
biogenetic scheme advanced by ZEECK 
[63] which is summarized in Fig. 31. I t  

Fig. 30. Biosyntheric origin of  a-naphthocy- envisions separate formation of the 
clinone. monomeric units, followed by dimeri- 

zation via a dihydroquinone interme- 
system are found in nature, with na- diate. In order to determine wherher in 
naomycin D representing the stereo- 
chemical series corresponding to gra- 
naticin and the naphthocyclinones, and 
kalafungin representing the enan- 
tiomeric series. The biosynthesis of a- 
naphthocyclinone was studied in feed- 
ing experiments with 13C labeled ace- 
tate followed by CMR analysis of the 
labeled product [48]. A complete as- 
signment of the CMR spectra of va- 
rious naphthocyclinones had been made 
in ZEECK'S laboratory and these were 
made available to us. The results which 

a-naphthocyclinone both monomeric 
units had a backbone of eight acetate 
units, followed by loss of two carbons 
from the "left handn portion at  a late 
stage, o r  whether this compound was 
derived from the dimerization of two 
monomers of different numbers of car- 
bon atoms, we attempted to locate the . 

starter units in the two polyketide 
chains. Presumably one of the starter 
units would be C-16 and C-15. If the 
"left-hand" portion is derived from a 
C-16 precursor then the starter unit of 

0 OH 0 OH 

Monomers 4 + &y$$ / - 
I I 
0 OH 

I 
0 

Fig. 31. Proposed biosynthesis of naphthocyclinones (ZEECK et al., Ref. 63). 
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this polyketide would have been lost in 
the elimination of the two carbon unit. 
If the precursor is a 14-C unit, then either 
G 6 '  and G 7 '  or C-14' and C-13' would 
have to be a starter unit. A feeding ex- 
periment prith diethyl mal0nate-[2-'~C] 
was carried out in the expectation that 
both the acetoxy group and the starter 
units would shown no enrichment or less 
enrichment than the carbons represent- 
ing the chain extension units. In agree- 
ment with expectations, the acetoxy 
group was not enriched. Both C-6' and 
G14'  showed normal enrichment, sug- 
gesting a 16-carbon precursor for the 
"left hand" portion. However, this con- 
clusion is invalidated because of the sur- 
prising finding that C-16 also shows 
normal enrichment. I t  is at present not 
clear what the proper interpretation of 
this finding is. One possibility would be 
that malonyl CoA serves not only as a 
chain extension unit, but also as a starter 
unit, giving rise to a precursor carrying 
an extra carboxyl group attached to 
C-16 which is later eliminated. Further 
experiments will be necessary to clarify 
this question. 

Studies on the biosynthesis of grana- 

ticin were carried out using Strepto- 
myces violaceoruber [52]. Again the 
approach of feeding 1%-labeled acetate 
followed by CMR analysis of the pro- 
duct was used to establish that the ben- 
zoisochromane moiety of the antibiotic 
is derived from eight acetate units by 
the polyketide pathway as shown in 
Fig. 32. The CMR analysis was carried 
out on dihydro granaticin methyl etster, 
the CMR spectrum of which was inter- 
preted on the basis of off-resonance and 
single frequency decoupling, N.O.E. 
measurements and comparison with 
model compounds. Based on observa- 
tions made in the nanaomycin series 
[57] it was anticipated that formation 
of the five-membered lactone ring 
might be a late step in the biosynthesis. 
Formation of the five-membered lactone 
ring from the unhydroxylated acid oc- 
curs readily upon standing a t  room 
temperature in air and is thought to 
proceed by the mechanism outlined in 
Fig. 33. Thenotion that similar processes 
may operate in granaticin biosynthesis 
was confirmed by preparing dihydro- 
granaticin by hydrogenation of granati- 
cin and demonstrating its transforma- 

Biogenetic origin of granaticin 

OH 

Fig. 32. Biosynthetic origin of granaticin. 
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Fig. 33. Mechanism of formation of the 5-membered lactone ring in the benzoisochromane quinone 
series. 

tion into granaticin in cultures of S. vio- 
laceoruber. Furthermore, it was found 
that a cell-free extract of the organism 
was able to carry out the same transfor- 
mation a t  rates far exceeding those of 
the nonenzymatic process. The reaction 
was shown to require atmospheric oxy- 
gen, but when carried out in an atmos- 
phere of l'30,, no ' 8 0  was incorporated 
into the product. Indications are that 
the enzymatic process probably also in- 

volves the direct cyclization as outlined 
in Fig. 33 rather than a hydroxylationl 
dehydration sequence. 

The origin of the remaining six car- 
bon atoms of granaticin was studied in 
feeding experiments with glucose labe- 
led in various positions (Table IX). The 
results indicate that these remaining six 
carbons represent a 2, 6-dideoxy sugar 
moiety which is derived from the intact 
carbon skeleton of glucose. The results 

Table IX 
Incorporation of specifically labeled glucoses into granaticin 

Acetic Acid 
Positions of label TI14C of Granaticin 010 of T 
in glucose fed glucose 14C-incorp. Tl14C T-ret. of grana- T/t4C T-ret. 

ticin 

6-"C, 6-T 2.80 1.2 O/o 0.60 21 O/O 82'10 1.45 52Ol0 
6-"C, 4-T 5.96 0.76O/o . 1.25 2 1 O/o 5.59 94 010 
3,4-14C, 4-T 7.3 0.33 OIo 3.17 43O/o 89O/o 
3,4-"C, 3-T 7.81 0.12°/o 0.76 10°/o 
3,4-"C, 2-T 12.6 0.73 '10 15.  8 125 O/O 
3,4-"C, 1-T 2.33 0.45O/o 2.39 103 O/O 
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in Table IX indicate substantial incor- 
poration of glucose into the acetate- 
derived portion of granaticin, which 
somewhat obscures the specific incor- 
poration into the dideoxyhexose moie- 
ty. However, it is nevertheless clear 
that the transformation of glucose into 
the dideoxyhexose moiety proceeds with 
retention of the hydrogens at positions 
1 and 2 and a t  least partial retention 
of the hydrogens at  C-4 and C-6, whe- 
reas the hydrogen at C-3 is lost. Degra- 

dation of the granaticin by Kuhn-Roth 
oxidation to give acetic acid from 
the methyl groups again indicates that 
tritium from the 4-position of the glu- 
cose has been incorporated into the 
methyl group at  C-6 of the dideoxy- 
hexose. Operation of the dTDP-glucose 
oxidoreductase reaction is therefore 
again implicated in the formation of 
this dideoxyhexose. 

To obtain more information on the 
stereochemistry and mechanism of the 

TDP -glucose oxidoreductase reaction 

Fig .  34. dTDP-glucose oxidoreductase reaction. 

CH2 -O@ 

COOH D-C=O 
I 

I C=O 
N A D - 2 ~ ,  I aldolase. I 

H-C-OH I ATP, phosphoglycerate H-C-OH 
I CH2-CO-CH2 ' HO-C-H 

T - C - 0 6  kinase, phosphoglycer- I T - $ - 0 8  A@ AH 
aldehyde dehydrogenase 0-C-OH 

H H 
I 

H-C-OH 
I 

HO-c-H 
fructose diphosphalase, I ' 
glucosephosphate D-C-OH 
isomerase 

I 
H-C-OH 

I 
T-C-Oa 

Fig. 31. Synthesis of (6R)- and (6S)-glucose-6-phosphate-[4-D-6-Tl. 
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dTDP-glucose oxidoreductase reaction 
(Fig. 34), we set out to determine the 
steric course of the transfer of the hy- 
drogen from the 4- to the 6-position of 
the hexose [51]. To this end we prepared 
a sample of d.TDP-glucose which was 
stereospecifically tritiated a t  C-6 and 
carried deuterium at  C-4 in such a way 
that every tritiated molecule also contai- 
ned deuterium. The enzymatic synthesis 
of this subtrate started from 3R- and 3S- 
3-phosphoglycerate-3T, available from 
earlier work [14], and proceeded by the 

sequence outlined in Fig. 35 and 36. The 
labeled dTDP-glucose was mixed with 
a 100-fold excess of unlabeled material 
and converted into dTDP-4-keto-6- 
deoxyglucose using the oxidoreductase 
purified from E. coli. The product was 
subjected to a Kuhn-Roth oxidation to 
give acetic acid from carbon atoms 6 
and 5 which was analyzed for its chira- 
lity by the method of ARIGONI et al. 
and CORNFORTH et al. [30, 101. The 
results which are summarized in Table 
X indicate that the methyl group is 

? @' OH 
T,I ,H pyrophosphalasc 

UDP-glucose 
pyrophosphorylase 

mulase dTTP + PPi 
HO OdTDP 

OH OH 

I dTDP-glucose 
oxidoreductase 

CHDT 

CrO,lHzSO, 
CHDT-COOH < O= OH DdTDp OH 

Fig. 36. Preparation of dTDP-glucose from glucose-6-phosphate and cqnversion into ~ T D P - 4 -  
keto-6-deoxyglucose. 

Table X 
Chirality analysis of methyl group from dTDP-glucose oxidoreductase reaction 

Chirality analysis of methyl group in 
dTDP-4-keto-6-deoxyglucose derived from 

(6R)-dTDP-glucose-(4-D, 6-T) (6s)-dTDP-glucose-(4-D, 6-T) 

Acetate, T/14C 
Malate, T/'4C 
Fumarate, T/14C 
O/o Tritium retention in 
fumarase reaction 
Configuration of 
methyl group 
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indeed chiral. From the results it follows 
that the 4+6 hydrogen shift is both 
stereospecific and completely intramole- 
cular (a methyl group is only chiral if H, 
D and T are present in the same mole- 
cule) and .that the replacement of this 
hydroxyl group by the migrating hydro- 
gen occurs with inversion of configura- 
tion. It is known that the migration of 
the hydrogen from C-4 to C-6 is media- 
ted by a tightly enzyme-bound pyridine 
nucleotide, leading to the additional 
plausible interpretation that the trans- 
fer of this hydrogen, since it is intra- 
molecular, must be suprafacial. On the 
basis of the results and this assumption, 
the stereochemical course of the reaction 
can be completely delineated as shown 
in Fig. 37. In a formal sense, the elim- 
ination of water between C-5 and C-6 
proceeds with syn stereochemistry and 
the subsequent reduction of the carbon- 
carbon double bond involves anti addi- 
tion of a hydride and a proton. 

The same stereochemical question 
was then investigated for the formation 
of the 6-deoxyhexose function in grana- 

ticin. 6R- and 6s-glucose-6-phosphate- 
[4-D, 6-TI were dephosphorylated and 
then fed to cultures of Streptomyces 
violaceoruber. In this case no dilution 
with added unlabeled glucose was neces- 
sary because of the extensive endoge- 
nous synthesis of glucose in the orga- 
nism. The resulting granaticin was then 
degraded by Kuhn-Roth oxidation and 
the chirality of the acetate was analyzed 
'as before. The results (Table XI) clearly 
indicate that the formation of the 6- 
deoxy function in Streptomyces occurs 
also by a completely intramolecular hy- 
drogen shift from C-4 to C-6 of the 
hexose and with the same stereochemis- 
try observed for the enzyme' from E. 
coli. The stereochemistry of the replace- 
ment of the hydroxy function at  G 2  
of the precursor by a hydrogen was 
studied by feeding glucose-[2-Dl to the 
cultures and analysis of the resulting 
granaticin by proton NMR spectros- 
copy. Analysis of the coupling pattern 
of the proton in the 3'-position clear- 
ly showed that the deuterium at  C-2' 
occupied the S position. Therefore re- 

- O=on 
QoTw - T,!,H 

I 
0 H 

COOH 
J 

Fig. 37. Stereochemical course of the dTDP-glucose oxidoreductase reaction. 

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



Biosynthesis of Antibiotics 377 

Table XI 
Stereochemistry of 6-deoxyhexose formation in granaticin biosynthesis 

Precursor fed 
(6R)-[4-D, 6-Tlglucose (6s)-[4-D, 6-Tlglucose 

Tritium retention-in chirality 
analysis of acetate from Kuhn- 
Roth oxidation of granaticin: 37 Ole, 37 OIo 

Configuration of methyl group: S R 

Conclusion: Hydrogen transfer from C-4 to  C-6 is intramolecular and stereospecific and occurs 
with inversion of configuration a t  C-6. Stereochemistry of reaction is the same as in E. coli. 

placement of the hydroxyl group by 
hydrogen has occurred with retention 
of configuration. This finding and the 
observed loss of tritium from the 3- 
position of glucose are in agreement 
with a mechanism for the formation of 
the 2-deoxy function involving pyri- 
doxamine phosphate as a co-factor, si- 

milar to that observed by STROMINGER 
and co-workers for the formation of 
3-deoxyhexoses [43]. 

In summary, the biosynthetic path- 
way of granaticin can be formulated as 
shown in Fig. 38. The organism initially 
synthesizes the 4-keto-2,6-dideoxy- 
hexose nucleotide and the basic benzo- 

CH20H CH3 OH 0 

QOX - - o=@ox 
HO OH QyJ, 

OH 0 COOH 

( GRANATICIN 1 

~ 3 ' - - . ~  0 

H OH 0 COO H 

Fig. 38. Biosynthetic pathway for granaticin. 
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isochromane-quinone moiety. These two 
units then combine to  form a C-glyco- 
side which in the form of its "boatn 
conformer undergoes a second carbon- 
carbon bond formation with the aro- 
matic ringsystem to give dihydrograna- 
ticin. Enzymatic closure of the five 
membered lactone ring finally comple- 
tes the biosynthetic sequence. Further 
work will be directed towards estab- 
lishing the validity of this proposed 
scheme and towards elucidating its 
mechanistic details as well as questions 
relating to  the substrate specificity and 
the stereospecificity of some of the en- 
zymes involved. 

Conclusion 

The preceding summarizes the cur- 
rent status of our investigations into the 
biosynthesis of a number of antibiotics. 
While a considerable amount of infor- 
mation has been uncovered on the for- 
mation of these systems, much remains 
to be learned. The detailed chemistry of 
a number of the transformations which 
have been demonstrated to take place 
will have to be elucidated and the enzy- 
mology of some of the more interesting 
reaction steps should be studied. The 
utility of some of the microbial systems 
to carry out molecular modifications 
of some of the biologically active com- 
pounds should be explored, particu- 
larly in the benzoisochromane-quinone 
series. Finally, we are extending our 
studies to additional new compounds 
whose biosynthesis is not entirely ap- 
parent from inspection of their struc- 
tures, In particular, we have initiated 
studies on the biosynthesis of boromy- 

cin [I 11 and aplasmomycin [37], ' the 
only two boron-containing antibiotics 
known to date. 
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