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Erythromycin A (1) is a broad spectrum antibiotic which is
a potent inhibitor of protein synthesis both in vivo and in vitro.!
The erythromycins are representative of a large class of some 50
macrolide antibiotics, substances possessing 12-, 14-, or 16-
membered lactone rings and substituted with a complex array of
methyl and hydroxy! functions as well as a novel group of neutral
and nitrogen-containing deoxy sugars. The complex chemical
structures and potent biological activity of these substances have
stimulated intensive investigations of their biological origin,
chemical synthesis and properties, and biochemical mode of action
since the discovery of pikromycin in 1950.2 In spite of the diversity
of structures exhibited by the known macrolides, Celmer has made
the intriguing observation that all these substances can be rep-
resented by a single stereochemical model.’ While this apparent
regularity has been of great utility in the structure determination
of new macrolides and has important implications for the biog-
enesis of this class of metabolites, to date no satisfactory hypothesis
has been advanced which accounts for the observed stereochemical
pattern.

The general outlines of the biosynthesis of the macrolide family
of antibiotics are by now reasonably well understood* (Scheme
I). Incorporations of radioactive propionate and methylmalonate
into erythromycin A (1) and partial degradations have confirmed
the proposals of Woodward’ and Gerzon' that the aglycons of these
substances are formed by condensation of propionate units in a
manner analogous to the synthesis of saturated fatty acids.® These
early experiments have been placed on a more rigorous footing
by recent experiments in which 13C NMR spectroscopy was used
to establish the positions of labeling in erythronolide B (2) derived
from feeding [**C]propionate to cultures of a blocked mutant of
Streptomyces erythreus.” At the enzyme level, Lynen has in-
vestigated a propionyl-CoA carboxylase isolated from S. eryth-
reus® Further insight into the erythromycin biosynthetic pathway
has come from the use of a series of blocked mutants.” The first
identified intermediate after propionate and methylmalonate is
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Figure 1. Hypothetical pathways of macrolide formation.
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6-deoxyerythronolide B (3). This substance bears all the carbon
atoms of the erythromycin aglycon in the proper stereochemistry,
differing only by the absence of tertiary hydroxyl functions at C-6
and C-12. Oxidation of 3 at C-6 generates erythronolide B (2)
which is further metabolized by successive introduction of my-
carose and desosamine sugars at C-3 and C-5, respectively, to
generate erythromycin D (4). At this point the pathway appears
to branch, Methylation of the mycarosy! 3”-OH residue generates
the corresponding cladinose derivative, erythromycin B (6). On
the other hand, initial oxidation at C-12 produces erythromycin
C (5) which undergoes 3”-O-methylation to produce erythromycin
A (1). The latter steps have been studied in detail by Corcoran
who has described the purification of the S-adenosyl-L-methionine
transmethylase as well as the corresponding mixed function ox-
ygenases.!%!!  Studies of several other macrolides, although not
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Figure 2. Partial !*C NMR spectra of erythromycin A 2’-benzoate showing the signals of the oxygen-bearing carbon atoms of the lactone ring.
Spectroscopic parameters are given in Table I, footnote a. Lower trace: sample derived from [I-!*C]propionate. Upper trace: sample derived from

[1-1%0,,1-1*C]propionate.

as detailed as those applied to erythromycin, are consistent with
the same general picture. #1271

Although a great deal is known about the stereochemistry and
detailed enzymology of fatty acid biosynthesis,!6 the relationship
to the enzymes responsible for the assembly of the macrolide
aglycons remains obscure, and nothing is known about the details
of the steps by which the simple carboxylic acid precursors are
converted to the corresponding branched chain polyhydroxy
lactones. Several explanations have been advanced for the oxy-
genation pattern of the macrolides (Figure 1). (A) According
to one hypothesis, a branched chain saturated fatty acid is first
assembled and subsequently undergoes oxygenation at the several
sites with the appropriate stereochemistry.!”  All the oxygen atoms
of the aglycon, save the lactone carbonyl, would therefore be
derived from molecular oxygen. (B) An alternative hypothesis
views the biogenesis of the macrolide carbon skeleton as a variant
of fatty acid biosynthesis in which condensation of each me-
thylmalonyl-CoA can be followed by a sequence terminating with
B-ketoacyl-CoA reduction, dehydration, or double-bond reduction,
respectively, before addition of the next unit of methylmalonyl-
CoA. Furthermore, the stereochemical course of each ketone
group reduction would depend on the position in the growing
carbon chain.#®!” In the latter case each oxygen atom at an
odd-numbered center of the macrolide would be derived from the
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Table I. Incorporation of [1-'*0,,1-'*C]Propionate
into Erythromycins

erythromycin A 2'-benzoate® erythromycin B 2'-benzoate?®

3Cshift, AS, 180/ 13C shift,  AS, 180/
C ppm ppmb 16Ce ppm ppmb 160¢

1 175.57 0.04 50:50 176.03 0.04 50:50
3 79.85 0.02 50:50 80.24 0.03 40:60
5 83.26 0.03 45:55 83.12 0.03 50:50
7 38.25 37.81
9
1
3

222.21 0.05 15:85 219.83 0.06 15:85
69.07 0.02 50:50 69.55 0.02 40:60
76.90 0.03 55:45 75.05 0.04 55:45

@ Bruker WM 250, 62.9 MHz; spectral width 19230 Hz, 32K
time domain plus 32K zero points; quadrature detection; 90°
pulse; repetition rate 1.0 s; 21 000 transients; 40 mg in 2 mL of
CDCl,, §(Me,Si) 0; resolution enhancement was achieved by
Lorentz-Gauss multiplication of the FID prior to Fourier transfor-
mation [R. R. Ernst, Adv. Magn. Reson., 2, 59 (1966)], -1.0-Hz
line broadening, 0.25 Gaussian multiplier; 0.009 ppm/data point.
b 13C180 jsotope shift, +0.01 ppm. € +5; uncorrected for contri-
bution of natural abundance '*C to !*C!¢Q peak.

1
1

precursor propionyl-CoA. (C) A third alternative envisages re-
duction of each intermediate 38-keto ester with a common stere-
ochemistry, followed by inversion of specific hydroxyl groups by
a dehydration—rehydration sequence with concomitant epimeri-
zation of the adjacent secondary methy! substituent. A conse-
quence of the latter pathway would be the derivation of certain
hydroxy! oxygen atoms (for example, at C-3, -5 and -11) of the
macrolide from water with the remainder originating directly from
the carbonyl oxygens of propionate. We report below the results
of [*®*O]propionate incorporations which establish unambiguously
that in the biosynthesis of erythromycin all the oxygen atoms of
the initial macrolide aglycon 3 are retained from the precursor.

Sodium [1-P*C]propionate (0.333 g, 90 atom %), mixed with
0.667 g of unlabeled sodium propionate'® and 9.74 X 10 dpm
of sodium [1-*C]propionate as internal standard in 10 mL of

(18) The "C-labeled precursor was diluted with unlabeled substrate in
order to avoid excess intramolecular multiple labeling of the macrolide product
which results in undesirable broadening of the resultant *C NMR resonances
due to 2J(C—C) couplings.
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water was administered in portions (2 mL after 48-h, 3 mL after
72-h, and 5 mL after 96-h incubation time) to 100 mL of a
growing fermentation of Streptomyces erythreus'® in a complex
cotton seed medium. After a total of 6 days, the resulting mixture
of antibiotics was extracted with chloroform and the mixture of
erythromycins A and B isolated as the readily crystallized 2’-
benzoate esters. Separation of the two esters was achieved by
chromatography on Sephadex LH 20 (1:1 chloroform-hexane)!!
to give 27 mg of erythromycin A 2’-benzoate and 16 mg of er-
ythromycin B 2’-benzoate as well as 11 mg of a mixture of the
two esters. Analysis of the 62.9-MHz 1*C NMR spectrum of each
of the labeled macrolide esters established that carbons 1, 3, §,
7,9, 11, and 13 were labeled as expected.”® The observed signal
enhancements (ca. 13% 1>C per labeled site) were in accord with
the enrichment calculated from the measured specific activity (2.59
% 106 dpm/mmol). A starter effect® was apparent in the slightly
greater enhancement of the signals corresponding to C-13.2!
Suitable conditions for incorporation of labeled propionate
having been established, 100 mL of S. erythreus were fed a
mixture of sodium [1-120,,1-1>C]propionate?? (0.333 g; 54.9%
130,13C, 32.1% 1BO1C, 3.6% ¥0C), 0.667 g unlabeled sodium
propionate, and a trace of sodium [1-!4C]propionate and the
resulting labeled erythromycins A and B were isolated and purified
as the derived 2’-benzoates in the manner described above. The
sites of *O enrichment were determined directly by *C NMR
spectroscopy by taking advantage of the isotope shifts on the
resonances of the attached >C nuclei, a technique recently in-
troduced independently by Van Etten?* and Vederas.?® As
summarized in Table I and illustrated in part in Figure 2, the peaks
corresponding to C-1, -3, -5, -9, -11, and -13 in both erythromycin
A and B benzoate each appeared as enhanced pairs of signals
corresponding to ¥*C-1¢Q and 13C-180 species, the latter reso-
nances being shifted 0.02—-0.05 ppm upfield, according to the type
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of C-O bond. From these results it is clear that each oxygen atom
present in the first-formed macrolide aglycon, 6-deoxyerythronolide
B (3), must have been derived largely from the precursor pro-
pionate (Scheme II). In particular, the four secondary hydroxyl
sites (including C-13) all bore excess oxygen isotope, irrespective
of their individual configurations. Interestingly although the
carbonyl group at C-9 appeared to have undergone considerable
oxygen exchange, a small amount of O (ca 15%) was still evident.
Variable but much smaller amounts of exchange had occurred
at each of the remaining sites.

Since the tertiary hydroxy! groups at C-6 and C-12 of eryth-
romycin A and at C-6 of erythromycin B have already been shown
to originate from molecular oxygen,'®!! the origin of all the
macrolide aglycon oxygens has now been established. The above
results clearly exclude both the oxidation pathway A and the
dehydration-rehydration pathway C described earlier. Whether
the stereochemical arrangement of the secondary methyl groups
at C-2, -4, -8, -10, and -12 is determined by the choice of 2(R)
or 2(S)-methylmalonyl-CoA as condensation substrate or whether
condensation of a single enantiomer of methylmalonyl-CoA is
followed in some instances by epimerization of the a-methyl-3-
ketoacyl-CoA intermediate remains to be established. Nonetheless
the stereochemical homology among the various known macrolides
embodied by the Celmer Model emphasizes the potential generality
of our results which are also completely in accord with related
findings on the biosynthesis of the polyethers monensin® and
lasalocid?? described in the accompanying papers.
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The polyether antibiotic monensin A (1), an important agent

in the control of coccidiosis in poultry,! is one of a large class of
naturally occurring ionophores which have attracted increasing
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