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THE BIOSYNTHESIS AND PRODUCTION OF THE
POLYETHER ANTIBIOTIC LASALOCID A
Mary Martin Sherman

Under the supervision of Professor C. Richard Hutchinson

Lasalocid A is a polyether ionophore antibiotic produced by

Streptomyces lasaliensis. It has been proposed that lasalocid A

is formed on a multienzyme complex, similar to fatty acids, by the
repetitive addition of simple C-2 to C-4 subunits. Unlike fatty
acids, laslaocid A is a structurally complex molecule in which the
biosynthesis involves the use of uncommon precursors, a specific
order in which the subunits are assembled, and a precise
stereochemical configuration at 10 of the carbous in the molecule.
The study of lasalocid A biosynthesis was undertaken in order to
better understand the complexities of this polyketide assembly
pathway and its relationship to fatty acid biosynthesis; in
particular, the investigations focused on the considering the
origin of the C-2 to C-4 subunits and the process which controls
the absolute configuration of the chiral centers.

The biosynthetic studies were approached by determining the
isotopic distribution in lasalocid A by nuclear magnetic resonance
and mass spectroscopic analysis of samples labelled by the
incorporation of acetate, butyrate, isobutyrate, propionate and
succinate in a seriesaof different feeding experiments. The
results of the precursor studies have shown that the three main

subunits, acetate, propionate and butyrate, are available through
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normal primary metabolic pathways and also through the
interconversion of these three precursors. The interconversion
between acetate and propionate, and acetate and butyrate can be
explained by primary metabolic pathways, and the interconversion
of propionate and butyrate has been shown to occur by the common
intermediate isobutyrate. The results of the feeding experiments
with the 13C/180 labelled precursors suggest that the
stereocontrol exerted during the formation of the hydroxymethylene
centers occurs either by stereodivergent reductases or by
regiospecific epimerases during carbon chain assembly or on a free
intermediate; they also support the hypothesis that lasalocid A is
formed via a diene intermediate which undergoes air oxidation and
subsequent cyclization to give the cyclic ethers. The studies on
lasalocid A using labelled propionate, succinate and butyrate have
shown that the carbon chain extension process occurs by
condensation of the (2S) enantiomer of the activated CoA ester of
the subunit to the growing carbon chain, and that either a
racemization occurs at the time of the condensation, or a
regiospecific epimerizatioﬁ occurs after the carbon chain has been
formed.

A second series of studies was undertaken in order to
investigate what factors affect the production of the polyether
antibiotic laslaocid A. The following five things were examined:
the effect of precursér pressure as a result of adding various
levels of exogenous substrates; the effect of the fatty acid and

polyketide synthetase inhibitor, cerulenin; the effect of
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mono-oxygenase inhibitors, especially with regard to the putative
diene biosynthetic intermediate; the effect of protein synthesis
inhibitors on the antibiotic synthetase enzymes; the effect of
fluorinated substrate analogues. The results of these studies
were consitent with the formation of lasalocid A by a polyketide
pathway in which an intermediate is oxidized by a mono-oxygenase
and whose regulation is sensitive to the concentrations of normal

substrates and their analogues.




INTRODUCTION




THE THESIS PROBLEM

Biosynthetic studies of secondary metabolites are often based

on a comparison with the biochemistry of primary metabolites. One
classical example is the comparison of polyketide biosynthesis and
fatty acid biosynthesis. Polyketides are a class of secondary
metabolites which are assembled from acetate subunits in a manner
analogous to fatty acids; the primary difference between the two
substances being the notable lack of reduction or partial
reduction of the carbonyls, thus producing a wide variety of
structures. The field of polyketide biosynthetic studies began in
1907 when Collie published his paper on '"Derivatives of the
Multiple Keten Group" in which he noted that several plant
metabolites had structures that could be formed from the
polymerization of the acetate unit, which he called the "Keten"
group. This idea was later developed experimentally by Birch and
Donovan (1953). However, it was not until 1961 when Lynen and
Tada proposed a biochemical basis for the Polyacetate Rule, in
which they suggested a sfmilarity between fatty acid biosynthesis
and that of several aromatic secondary metabolites. 1In
particular, Lynen and Tada proposed a hypothetical scheme for the
biosynthesis of 6-Methylsalycylic acid (6-MSA) on a multienzyme
complex similar to that for fatty acid biosynthesis. Since Lynen
and Tada's work, sev;ral other secondary metabolites of the

polyketide class have been proposed to be synthesized similar to




fatty acids; of particular interest are the macrolide and

polyether antibiotics produced by Streptomyces spp.

Streptomyces are gram—positive, aerobic soil bacteria

belonging to the order Actinomycetes. The Actinomycetes produce

the greatest number and variety of antibiotics. Lasalocid A
(3-methyl=6-{7-ethyl-4-hydroxy-3,5-dimethyl-6-oxo-
7-[5-ethyl-3-methyl-5-(5-ethyl-5-hydroxy-6-methyl-2-tetrahydro-
pyranyl)-2-tetrahydrofuryl]heptyl}-salicylic acid) is a polyether

ionophore antibiotic produced by Streptomyces lasaliensis. 1t has

been proposed that lasalocid A is formed on a multienzyme complex,
similar to fatty acids, by the repetitive addition of simple C-2
to C-4 acids (Westley, 1974; see Figure 1). In this work, these
acid precursors or "building blocks" of the molecule, whether a
fatty acid or a polyketide, will be referred to as subunits. 1In
fatty acid biosynthesis, the repetitive addition of the same
subunit (the C-2 acid: acetate or its equivalent malonyl-CoA)
occurs by a stereochemically uniform mechanism. In lasalocid A
biosynthesis, three diffgrent subunits are used to produce a
stereochemically complex molecule with 10 asymmetric centers. The
study of lasalocid A biosynthesis was undertaken in order to
better understand the complexities of this polyketide assembly
pathway and its relationship to fatty acid biosynthesis. The

focus of the work was on three main questions.




(i) What are the origins of the C-2 to C-4 subunits?
(ii) What determines the order of assembly of the subunits?
(iii) What process controls the absolute configuration of

the chiral centers?




Figure 1: Biosynthetic Precursors of Lasalocid A
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GENERAL BACKGROUND
Fatty Acid Biosynthesis

Fatty acid biosynthesis represents one of the most thoroughly
studied metabolic pathways. It has been studied with regards to
the biochemical reactions, their stereochemistry, the enzymology
and more recently, the genetics. The ability to synthesize
long-chain fatty acids is ubiquitous in nature. Fatty acid
synthetase, the enzyme system which catalyzes the synthesis of
long-chain fatty acids from simple acetate units, has been found

in such diverse systems as Escherichia coli, plant chloroplasts

and higher vertebrates. Regardless of what system is being
studied, the chemical reactions involved in fatty acid
biosynthesis have been found to be essentially the same. They are

as follows.

(1) Acetyl-CoA Carboxylase

= &
CH3COC0A & HCO3 + ATP qgr—i—-'—o't-'; 02CCH2COSC0A

(1ii) Acetyl Transacylase

CH,CO0S-CoA + ACP-SH &——=CH,COS-ACP + CoA-SH

3 3

(iii) Malonyl Transacylase
HO,C-CH,COS~CoA + ACP-SH =———=H0,C-CH,COS-ACP

+CoA-SH

(iv) f-Ketoacyl-ACP Synthetase (Condensing Enzyme)




CH3COS-ACP + Enz-sug======cn3cos-ﬁnz + ACP-SH
CH3COS—Enz + HOZC-CHZ-COS-ACP _

CH3COCH2COS-ACP + CO2 + Enz-SH

(v) B-Ketoacyl-ACP Reductase
CH3COCH,COS-ACP + NADPH + HY —s———=

CH,CHOHCH, COS-ACP + NADP®

(vi) B-Hydroxyacyl-ACP Dehydratase
CH3CH0HCH2COS-ACP a=—==—Mtransg CH3CH-CHCOS-ACP

¥
HZO

(vii) Enoyl-ACP Reductase — — 3
CH,CH=CHCOS-ACP + NADPH + H'

+
CH3CH,CH,COS-ACP + NADP

(viii) Chain Elongation

Repeat (iii) through (vii) seven times

(viii) Chain Termination
a) Animals: Thioesterase
b) Yeast: Acyltransferase

¢) Bacteria: Thioesterase

The Fatty Acid Synthetase (FAS) system comprises reactions (ii)
through (vii); the initial reaction catalyzed by Acetyl-CoA
Carboxylase and the final chain termination reaction are separate

enzymes.




The stereochemical course of these reactions has been worked
out and found to be highiy stereospecific throughout the entire
sequence. Reaction (i), catalyzed by Acetyl-CoA carboxylase,
preferentially uses the 2S enantiomer of [ZH,3H]-acety1-CoA and
proceeds with retention of configuration (Sedgwick et al., 1977;
Sedgwick and Cornforth, 1977). The reaction catalyzed by g
-ketoacyl Synthetase (iv) is a concerted displacement reaction
(Arnstadt et al., 1975) that occurs with inversion of
configuration at C-2 of [2H,3H]—malony1 CoA. [-ketoacyl Reductase
(reaction v) is an NADPH specific reduction in all cases, and
produces the 3(R) B-hydroxy thiolester (Lynen, 1961; Wakil et al.,
1962). The dehydration reaction (vi) is a syn elimination of HOH
(Sedgwick et al., 1978). The Enoyl Reductase reaction is the
first point of diversification in the pathway. In animals the
reduction is NADPH specific; in yeast it requires in addition to
NADPH, the cofactor FMN; in E. coli, there are two separate
enzymes, one is NADPH specific and carries out a re-attack oﬂ the:
olefin, while the other enzyme is NADH specific and carries out a
si-attack. In the case of yeast (Sedgwick and Morris, 1980), the
Enoyl Reductase proceeds with an anti-addition of hydrogen; the H
from NADPH is donated to the 3-proS position, while H+ from the
media is donated to the 2-proR position. In the final step, chain
termination, again there is considerable diversification. In
animals as in procarybtes, the final thioester is hydrolyzed to

the free fatty acid by a Thioesterase, while in yeast the chain is
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terminated by an Acyltransferase, giving the CoA ester of the
fatty acid.

While the chemical reactions are essentially analogous in all
systems, this similarity ends with the molecular organization of
the Fatty Acid Synthetase enzyme system. In 1969, Brindley
suggested a classification system for the two prototype Fatty Acid
Synthetase enzyme systems already described in the literature.
Brindley referred to Type I Synthetase as those enzymes which were
multienzyme complexes, required no acetyl carrier protein (ACP),

and had a molecular weight in the range of 0.5 x 106 to 2.3 x 106.

The enymes from yeast, pigeon liver, rat liver and Mycobacteium

phlei, among others, were classified as Type I. The Type II
Synthetase enzyme systems were individual enzymes which jointly
catalyzed a multi-step reaction; they were non-aggregated and

required ACP. The enzymes from E. coli, Clostridium spp.,

Pseudomonas spp., Bacillus spp. and plant chloroplasts were
included in the Type II classification. More recently (Wakil and:
Stoops, 1983), the classification has been further delineated to
distinguish the Type IA Synthetases (those from animal tissues)
from the Type IB Synthetases (those from yeast and higher
bacteria).

Considerable work has been done towards elucidating the
molecular and structural organization and the physiological
properties of the various synthetases. Most of this information

has been reviewed recently (see for example, Bloch and Vance,

i —  p— —— e
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1977; Wakil and Stoops, 1983; Wakil et al., 1983; Alberts and
Greenspan, 1984). Some éf the pertinent information is summarized
here.

Among the Type II Synthetase systems, that from E. coli has
been most thoroughly studied. Since this enzyme system is
actually a series of non-aggregated, monofunctional enzymes, it
has been most useful in studying the individual reactions. On the
other hand, the Type I Synthetases have proven to be interesting
with respect to their molecular and structural organization.

It was originally believed that the Type I Synthetases were
simply a more organized form of the seven Type II Synthetase

enzymes. The Type I enzymes were considered to be multi-enzyme
complexes that could not be dissociated into their component
enzymes due to tight protein-protein interactions. Brindley noted
that both Type I and Type II Synthetases utilized ACP, but that
Type I enzymes had the ACP molecule bound into the complex, while
Type II enzymes required the ACP molecule for activation. While
the animal FAS enzymes were classified together with those from
yeast, it was recognized that the yeast complexes were
considerably larger based on their molecular weight and that there
were differences in the reactions, such as co-factor requirements
and mechanisms for chain termination. Initially the higher
molecular weight of Qhe yeast enzymes was attributed to a higher
degree of complexation of the subunit. Although this latter idea

is basically correct, the picture that has emerged recently has
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further defined the differences between the two Type I Synthetase
enzyme systems and redefined the concepts of multi-functional
proteins.

Much of the recent work on FAS enzymes has been advanced with
the use of yeast FAS mutants (summarized in Schweizer et al.,
1978). Two important conclusions have come out of this work.
First, the isolation of fatty acid synthesis-deficient mutants in

yeast led to the mapping of the fasl, fas2 and fas3 gene loci.

The fas3 gene codes for acetyl-CoA carboxylase, while fasl and

fas2 code for the FAS system. It was found that the fasl and fas2
genes are unlinked. Secondly, the isolation of a FAS mutant with
lowered protease levels finally allowed the separation of the
different subunits of the yeast FAS, which have been studied
biochemically and by electron microscopy. It is now known that
the yeast FAS system is composed of two different subunits,
designated alpha and beta in the oligomeric form of Q. The
alpha subunit has a molecular weight of 185,000 daltons, is
encoded for by the fas2 gene and contains the ACP molecules, the 8
-ketoacyl Synthetase and the (-ketoacyl Reductase activities. The
beta subunit has a molecular weight of 180,000 daltons, is encoded
for by the fasl gene and contains the Enoyl Reductase,
Dehydratase, Acetyl Transacylase and Malonyl Transacylase
activities. The alpha and beta subunits differ in their
structure; the alpha subunit appearing as a plate-like structure

in electronmicrographs, while the beta subunit is represented by
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arches on either side of'the plates. The alpha subunits are
arranged in reverse order so that there is a head-to-tail
organization of the six sites for fatty acid synthesis (Figure 2).
The yeast FAS system has now been classified as a Type IB
Synthetase. Also in this class are the synthetases consisting of

oligomers of either similar subunits, such as Mycobacterium

smegmatis which is an o -ag oligomer, or different subunits, as in
the case of yeast. Recently, the partial purification of FAS from

Streptomyces coelicolor was reported (Flatman and Packter, 1983).

The initial findings for this FAS indicate that it might belong to
the Type IA category. The Type IA Synthetases are from animal
tissues and consist of two identical subunits, @y, What this
implies is that all of the catalytic functions involved in fatty
acid biosythesis in animal tissues must be contained within one
subunit, or one multi-functional protein. The fact that yeast FAS

- is encoded for by two unlinked gene clusters, fasl and fas2, and

the idea that animal FAS could possibly be encoded for by a singlé
cluster gene has completely revised the understanding of the

structural organization of FAS enzyme systems.
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Figure 2: Proposed Model of Yeast Fatty Acid Synthetase
(Adapted from: Wakil, et. al., 1983)
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6-Methylsalicylic Acid Biosynthesis

6-Methylsalicylic acid (6-MSA) was first isolated from

Penicillium griseofulvum, a fungus, in 1931 (Anslow and Raistrick,

1931). It has since been found in Mycobacterium spp. and in

chloroplasts from dark grown barley leaves (Dain and Bentley,
1971). 1In 1961 Lynen and Tada postulated a hypothetical scheme
for the formation of 6-MSA based on the polyketide hypothesis and
what was then known about fatty acid biosynthesis. Since their
initial work, 6-MSA has been used as a model for understanding the
biosynthesis of polyketide secondary metabolites.

6-MSA is derived from a head-to-tail Claisen condensation of
acetate units where acetyl-CoA is the primer and malonyl-CoA is
the building block (Lynen and Tada, 1961; Dain and Bentley, 1971).
The reaction can be summarized as:

CH,CO-SCoA + 3 HOOC-CH,-CO-SCoA + NADPH + H'

3 2

——> 6-MSA + 3C0, + 4 HSCoA + NapP' + H.0.

2

The enzyme catalyzing this reaction is known as 6-MSA Synthetase.

The 6-MSA Synthetase from‘Penicillium patulum can be separated

from the FAS after the initial steps of purification. It is a
stable multi-enzyme complex which migrates as a single particle
with a molecular weight of 1l.1-1.5 x 106 daltons (Dimroth et. al.,
1970). It has been implicated to contain distinct central and
peripheral sulfhydryi groups that form a covalent attachment to
the substrates and intermediates during the synthesis of the 6-MSA

molecule (Dimroth et al., 1976). However, unlike FAS, no ACP or
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4'-phosphopantetheine molecules have been isolated from the 6-MSA
Synthetase (Scott gsngl.; 1974). 6-MSA Synthetase, like FAS, is
susceptible to the acetylenic inhibitors 3-pentynoyl-NAC,
2-hexynoyl-NAC and iodoacetamide. 6-MSA synthesis differs from
fatty acid synthesis in that only one reduction step is required
for three condensation reactions; and in the dehydration step,
where a cis intermediate is presumed to be formed, rather than the
trans-enoyl derivative in the fatty acid pathway. 6-MSA
Synthetase is specific for the priming substrate; substitution

- with propionyl-CoA led to the formation of 6-ethylsalicylic acid
at reduced rates (Dimroth et al., 1976). In the absence of NADPH,
6-MSA Synthetase catalyzes the formation of triacetic acid lactone
(TAL), a 6-carbon cyclic intermediate. The finding of TAL as a
side product, led to the hypothesis that the reduction step in
6-MSA synthesis is prior to the third condensation reaction. The

current model for 6-MSA Synthetase is illustrated in Figure 3.
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Figure 3: Proposed Model of 6-MSA Synthetase
(From: Scott, et. al., 1974)
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Polyketide Antibiotics

Polyketide antibiotics represent a structurally diverse class
of compounds (Lancini and Parenti, 1982; Vining, 1983). While
they are formed on the basis of the polyketide hypothesis,
substitutions for both the primer unit and the building block
occur, giving rise to several distinct groups of compounds within
the polyketide class. The substitution of the malonyl-CoA
building block by a C-3 unit, presumably by the conversion of
propionate to methylmalonyl-CoA or by a C-4 unit (butyrate to
ethylmalonyl-CoA) produces compounds with methyl and ethyl
substituents. The primer unit can be substituted with any of
several small activated acids including, for example, propionate,
isobutyrate, isovalerate, or malonamide. The substitutions, along
with the degree of reduction that occurs and consequently the
degree of aromatization, determine the final structure. Some of
the more important groups of polyketide antibiotics are the
tetracyclines, the ansamycins, the macrolides, the polyemnes and
the polyethers.

Tetracyclines are broad spectrum antibiotics, isolated from

Streptomyces spp., which are specific for bacteria and act by

inhibiting protein synthesis. The tetracyclines are formed from
the condensation of malonamide-CoA ester with eight malonate units
to give methylpretetramide, which is the common precursor of

tetracycline, chlortetracycline and oxytetracycline.
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Methylpretatramide is fully aromatic and represents one of the
simpler polyketide strucﬁures in that only the primer unit varies
from the classical polyketide structure.

The ansamycins have been isolated from Norcardia spp., an

actinomycete related to the Streptomyces. The ansamycins are

divided into two general classes; the benzene ansamysins and the
napthalene ansamysins. The benzene ansamysins, such as
geldanamycin and maytansin, are generally toxic. The napthalene
ansaymcins, including rifamycin, specifically inhibit RNA
synthesis in bacteria by forming a complex with the bacterial RNA
polymerase. The ansamycins are characterized by the ansa nucleus
which is a cyclic structure consisting of the aromatic nucleus
joined to a macrocycle by a lactam. The primer unit in the ansa
nucleus is 3-amino-5-hydroxybenzoic acid. 1In the case of the
napthalene ansamycins, the macrocyclic chain is formed from the
condensation of'two malonate units and 8 methylmalonate units.
The ansamycins represent a group of polyketide antibiotics that
have a composite structurg in that they are both aromatic and
macrocylic.

The macrolides isolated from Streptomyces spp. are typically

12- 14- or l6-membered macrocyclic lactones with deoxysugar
substituents. They should be distinguished from the recently
discovered avermectins, milbemycins and nargenicins, which are
fused macrolides, and'from the polyenes, which are large macrolide

structures. The typical macrolides are antibacterial agents which
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act by specifically inhibiting bacterial protein synthesis by
binding to the 508 ribosomal subunit. Among this class of
compounds in current use clinically are erythromycin, spiramycin,
leucomycin and tylosin, the latter being used only in veterinary
medicine. The aglycone portion of the molecule is formed
initially, usually from acetate and propionate units; frequently a
propionate serves as the primer. The condensation is assumed to
follow the normal polyketide pathway; however, due to the
extensive reduction of the carbonyls and the presence of methyl
substituents from the propionates, no intramolecular condensation
occurs to yield aromatic rings.

The polyenes, isolated from Streptomyces, are considered to be

a subgroup of the macrolides described above. The polyenes are
macrocylic lactones containing 26-38 carbon atoms and are
specifically antifungal agents. The polyenes complex with the
sterols in the cell membranes of eucaryotes to alter membrane
function and integrity, consequently they are also toxic. Typicalj
of this group of compounds are candicidin, nystatin and
amphotericin B. For the polyene structures containing an aromatic
moiety, this appears to be the primer unit and most likely
originates from p-aminobenzoic acid, rather than from a polyketide
pathway. The remainder of the aglycone portion is formed similar
to the typical macrolides by condensation of acetate and

propionate units.
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Polyether Antibiotics

The polyether antibiotics are characterized by their diverse
and complex structures and distinct mode-of-action (Westley, 1982;
1983); they occur naturally in at least 53 different species of

Streptomyces (Westley, 1982). The discovery of this group of

antibiotics dates back to 1951 when Berger et al., first reported
the isolation of antibiotics X-206, X-464 (nigericin) and X-537A
(lasalocid A); at the same time nigericin was isolated by a second
group (Harned et al, 1951). While the structure of these
compounds was not elucidated for nearly 18 years, their unusual
properties were recognized immediately.

Polyether antibiotics range in molecular weight from 493
(Antibiotic X-14547A) to 1060 (K-41B). While the polyethers are
characteristically acidic, they are more soluble in organic
solvents than in aqueous bases, even in their salt form. In 1968,
the first structure of a polyether antibiotic, monensin, was
reported (Agtarap et al., 1967). This report was followed by the
structure of nigericin (Steinrauf et al.,1968; Kubota et al.,
1968), of lasalocid A (Westley et al., 1970; Johnson et al., 1970)
and others. The structural elucidation of these compounds led to
the recognition of common structural features, for example, one
terminus contains a carboxylic acid, while the other terminus has
a hydroxyl function. Polyethers are capable of forming hydrogen
bonds between their two terminii giving a cyclic structure where

the oxygen functions are concentrated towards the center. This
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cyclization produces a lipohilic complex that is capable of
binding and transportating ions, and thus conferring on the
polyether antibiotics the property of being ionophores (Pressman
et al., 1967; Westley, 1977).

Ionophore antibiotics act by specifically increasing the
permeability of membranes for certain cations. They are to bhe
distinguished from such antibiotics as polyenes, which act as a
surfactant on the membrane and generally disrupt membrane
function. The polyether antibiotics are classified by their
structure, and consequently by their ability to transport cations.
The classes are monovalent polyethers, monovalent glycosides,
divalent polyethers, divalent glycosides and divalent pyrrole
ethers (Westley, 1977). Lasalocid A is classified as a divalent
polyether; it is capable of existing either as a monomer or as a
dimer and is therefore more flexible in its ability to complex
other molecules. Studies have shown the following preference of
complexation for Lasalocid A: Ca++, co™> Ba™ st ethanolamine>’
rRbH> Na™> norepinephrine> ™t epinephrine> isoproterenol
(Pressman and de Guzman, 1974; 1975). The polyether antibiotics,
in particular lasalocid A and monensin A, have found their
greatest application in veterinary medicine where they are used as
poultry coccidiostats and to improve the feed efficiency in cattle
and sheep (Galitzer and Oehme, 1984). Lasalocid A has also been
tested for its ability to act as an antihypertensive agent

(Osborne and Cohen, 1979). However, the actual mechanism by which
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these antibiotics exert their effects is still not well
understood.

The polyether antibiotics are formed from acetate, propionate
and butyrate subunits in the typical polyketide condensation
pattern, yielding diverse and highly complex structures.
Contributing to this diversity and complexity is the use of
butyrate as a subunit which was first discovered in the polyether
antibiotics; the degree of reduction of the carbonyls which varies
considerably even within the individual compounds; and most
notably, the stereochemical complexity of the molecules.
Lasalocid has 10 asymmetric centers, monensin has 17, narasin has
19 and lonomycin has 23 asymmetric centers. These structural
 features make the ﬁolyether antibiotics a fascinating area in

which to pursue biosynthetic studies.
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Figure 4: Representative Polyketide Antibiotics:

Candicidin, a polyene antibiotic
Tylosin, a macrolide antibiotic
Monensin, a polyether antibiotic
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INTRODUCTION

In 1951, Berger reported the first isolation of the polyether

antibiotic Lasalocid A, initially called antibiotic X-537A. The

antibiotic was isolated from a culture of Streptomyces obtained

from local soil samples. Although the strucure of the antibiotic
was not known for some time, its unusual physical properties were
noted in Berger's report; most notably, the fact that the alkali
salts of the compound were soluble in organic solvents, and
insoluble in water. 1In 1970 the first reports on the structure of
antibiotic X-537A began to appear in the literature (Westley et
“ al., 1970; Johnson et al., 1970; Maier and Paul, 1971; Bissell and
Paul, 1972; Alpha and Brady, 1973). These structural studies
concentrated on X-ray analysis and chemical degradations and
~ derivatizations. By 1974 the first NMR study on lasalocid A was
~ reported (Schmidt et al., 1974). Also in 1974, Westley published
a series of papers on the biosynthesis of lasalocid, in which
various precursors were studied along with the isolation and
structure determination of an isomer and four homologs of
lasalocid A. This was followed in 1976 by a thorough IH—NMR study
(Anteunis, 1976) and in 1978 by the complete 13C-NMR assignment
(Seto et al., 1978). These last two works provided much insight
into the structural and ionophoric properties of the molecule.

The continual intefest in the complexing abilities of

lasalocid A is evidenced by the steady appearance of reports in
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the literature (see for example: Richardson and Das Gupta, 1981;
Grandjean and Laszlo, 1982; Hanna et al., 1983; Everett et al.,
1983; Shastri and Easwaran, 1984). Lasalécid A is capable of
complexing monovalent (see for example, Figure 5, p. 34), divalent
and trivalent cations along with several small molecules, such as
ethanolamine, norepinephrine, epinephrine and isoproterenol
(Westley et al., 1977). The free acid of a lasalocid derivative
is also capable of complexation; 5-bromolasalocid A forms dimeric
complexes with a HZO molecule in the center (Bissell and Paul,
1972). All of these complexes are lipid-soluble and can therefore
transport the ions or molecules across membranes, thus imparting
on lasolocid A, an important physiological effect.

Among its various biological applications, lasalocid A has
been most widely used in veterinary medicine. It was initially
used as a poultry coccidiostat (Berger, 1973), and later, also as
a growth promoter in cactle and sheep (Galitzer and Oehme, 1984).
The actual mechanism for these two properties is not well
understood, especially in terms of the ionophore property of
lasalocid A. In the case of the anticoccidial activity, it has
been proposed (Wang, 1978) that there is a loss of intracellular
nutrients due to the change in the membrane gradient, and that
this will result in a less favorable environment for the coccidia.
With regards to the growth promoter activity in cattle and sheep,
it is known that lasalocid A causes a change in the rumen

ecosystem resulting in overproduction of propionic acid and under
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production of acetic and butyric acids. This change in rumen acid
composition is believed fo be the cause of the growth promotion
(Ruff, 1982). A derivative of lasalocid A, S5-bromolasalocid A,
has been tested for its antihypertensive activity (Osborne and
Cohen, 1979), while lasalocid A and its salts have been shown to
produce myocardial stimulation (Westley, 1978). It is not known,
however, whether these compounds will reach the stage of being
marketed for their therapeutic value in humans.

Due to both the interesting physiological properties and to a
greater extent, the complex structure, two research groups have
accomplished the synthesis of lasalocid A. 1In 1978, Kishi
reported the first total synthesis of lasalocid A (Nakata et al.,
1978), in which he took advantage of the fact that lasalocid A
will undergo a retro-aldol cleavage in the presence of base or
heat (Westley et al., 1973). Kishi approached the synthesis by
carrying out the aldol reaction on the two halves of the molecule;
the right half was assembled from a diene precursor, which was
built up to the ketone fragment using regio- and stereo-controlled
reactions, while the left;half was obtained by synthesizing a
substituted benzyl salicylate, which could be ozonized to give the
aldehyde fragment. Ireland presented a second total synthesis of
lasalocid in 1980 (Ireland et al., 1980), in which the aldol
condensation was again the means of assembling the two halves of
the molecule. Howeve;, Ireland carried out the synthesis of the

difficult right half of the molecule starting with natural
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carbohydrate precursors. Ireland continued to develop his
synthetic strategies forAlasalocid A, and in 1983 reported on the
total synthesis of lasalocid A from the chiral starting materials
(R)-(-)-citronellene for the aldehyde and natural carbohydrate
precursors for the ketone fragment (Ireland, et al., 1983). While
it appears that synthetic approaches to lasalocid A will never
compete with the ability of the micro-organism to produce the
compound, it is still a great achievement to assemble a molecule
with 10 asymmetric centers, whether synthetically or

microbiologically.

In the course of investigating the production and biosynthesis
of a bacterial metabolite it is necessary to establish protocols
for the growth of the organism, the isolation and identification
of the metabolite, and the means for analyzing any changes in the
metabolite as a result of the conditions being tested. The intent
of this chapter, therefore, is to present the basic methodology
- used for the remainder of the investigations, and to compare the
methods that were developed during the course of this work with
those that had been previously established in the literature. The
standard methods used involved the maintenance and fermentation of

the micro-organism Streptomyces lasaliensis; the means by which to

assay for lasalocid A and other metabolites of interest; the
isolation and purificétion of lasalocid A; and the analysis of
lasalocid A by nuclear magnetic resonance (NMR) and mass spectral

(MS) techniques.
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Figure 5: Conformation of a Monovalent Metal
Lasalocid A Complex
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MATERIALS AND METHODS

Culture Methods: Maintenance and Fermentation Conditioms

Streptomyces lasaliensis, NRRL 3382R (lyophilized

23.Jan.1976), was obtained from the USDA, Northern Regional
Resource Service, Peoria, IL. The organism was initially
maintained by growth on slants with successive transfers; then
later, as frozen spore suspensions. Both methods are described

below. A second strain of Streptomyces that produced Lasalocid A

was obtained from Eli Lilly (strain #A41278).

The lyophil of S. lasaliensis was reconstituted into 1 mL
sterile HZO and the resulting suspension was used to inoculate 20
slants of TPA. The slants were maintained at 26-28°C until

evidence of good sporulation, usually about 14-21 days; then they

were sealed with parafilm and stored at 4°C. The spores were
transferred to fresh media about every three months by scraping
the spores into 1-2 mL sterile H20, and inoculating fresh slants.
Spore suspensions of S. lasaliensis were prepared as follows.
An isolated colony was crushed and suspended in 1 mL of 20%
glycerol (2G Solution: 200 mL glycerol, 800 mL dd Hzo). A 0.1 mL
portion of this suspension was spread on each of 9 MYM Media
plates and the plates were incubated at 30°C for 10-14 days. The
spores were harvested by flooding the plates with 5 mL 20%
glycerol containing 0.1% Triton X-100 and scraping the spores from

the surface. The resulting spore suspension was transfered to a
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screw-cap tube and vortexed vigorously. The suspension was then
filtered through a spore filter tube (Hopwood, 1983) and the
filtrate centrifuged at 10,000 rpm for 10 min. The supernatant
was decanted and the pellet resuspended in in 20% glycerol. This
last step was repeated and the pellet was resuspended in 5-10 mL
207% glycerol; this suspension was then dispensed in 1 mL aliquots
and frozen at -20°C. Thirty MYM Media plates were spread with 100
uL of a 1:10 dilution of the above spore suspension. The plates
were incubated at 30°C for 10-14 days, the spores were harvested
as before and suspended in 20-30 mL 2G Solution, then frozen at
-80°C in 1 mL aliquots.

The following solid and liquid growth media were used for

culture maintenance and antibiotic fermentation.

Split Pea/Lard 0il Media (SP/LO)

10 gm/L Lard 0il

10 gm/L Stadex Dextrin #60
4 gm/L Yeast Extract

2 gn/L K,HeO,
e 7 dd HZO

1 gm Yellow Split Peas/50 mL media

The dd H20 is added to the lard oil, Stadex Dextrin, yeast extract

and K2HP04, with heating. This mixture is then dispensed in 50 mL

aliquots to the individual flasks containing the split peas, prior
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to autoclaving. Care must be taken to continually mix the media

while dispensing, since this is not a soluble mixture.

MYM Media
10 gm/L Malt Extract
4 gm/L Yeast Extract
4 gm/L Maltose

1 L dd HZO

The malt extract, yeast extract and maltose are mixed with the dd
“20 with slight warming, before being dispensed to the individual
flask, prior to autoclaving. The MYM agar media contains 207%

Difco bactoagar in addition to the above ingredients.

14C Media
10 gm/L Dextrose
2 gm/L Yeast Extract
.5 gm/L Monosodium Glutamate
.5 gm/L K,HPO,

1 1 dd Hzo

All ingredients are mixed with the dd H,0, with slight warming,

2

before being autoclaved.

Tomato Paste Agar Media (TPA)

20 gm/L Tomato Paste
10 gm/L Soyafluff 200W

10 gm/L Glucose
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2 gn/L CaCO,
1 gm/L Peptone
1 gm/L K,HPO,

20 gm/L Sucrose

20 gm/L Agar

1~ 1 . dd HZO

The tomato paste is mixed with a small portion of the dd H20 to
aid in solubilizing the paste, then the remaining ingredients are
added along with the remainder of the HZO' The media is

autoclaved prior to pouring the plates. The media is not soluble,

and must be mixed continuously while dispensing.

Lilly Vegetative Media

15 gm/L Dextrose

15 gm/L Soybean Grits

10 gmn/L Cornsteep Liquor
5 gm/L NaCl
2 gm/L CaCo

3

1 L tap H,O

2

All ingredients are mixed with the HZO’ then adjust to pH 6.8 with

1 M NaOH prior to sterilization.

Lilly Fermentation Media

15 gm/L Dextrose

35 gm/L Glycerol
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10 gm/L Peptone

4 gm/L NZ Amine A

5 gm/L Blackstrap Molasses
.5 gm/L MgSOA(7H20)

2 gm/L CaCo,
2 mL Czapek Mineral Stock (see below)

i L dd HZO

All ingredients are mixed with the HZO and the pH is adjusted to

7.0 with 1 M NaOH prior to sterilizationm.

Czapek Mineral Stock
100 gm/L KC1

100 gm/L Mgso, . 7H,0

2

4.7H20 - dissolve in 2 mL conc HCl

1. 'L  dd HZO

2 gm/L FeSO

"Monensin'" Media

30 gm/L glucose
30 gm/L Soyafluff 200W

1 gm/L CaCo,

.1 gm/L Kzupo4

5 gm/L Lard 0il

.1 gm/L MnClz(HZO) *
.6 gm/L Fez(soa)s;*
.3 gm/L ZnS0, (7H,0) *

s dd Hzo



All ingredients (except *) are mixed with Hzo’ with heating prior
to sterilization. The remainder of the ingredients (*) are filter

sterilized and added after autoclaving.

Berger Patent Media

20 gm/L brown sugar

20 gm/L Soyafluff 200W

5 gm/L Cornsteep Liquor
2 gm/L Lard 0il

1 gm/L KZHP04

"L dd HZO

All ingredients were mixed with dd H,0 with heating. The mixture

v
is dispensed in 50 mL aliquots to the flasks prior to autoclaving.
The mixture is not soluble and therfore must be mixed continually

while dispensing.

Media ingredidents were obtained from the following places. Yeast’

- extract, malt extract, Bactoagar, Bactopeptone, maltose, dextrose

and Antibiotic Media #1 wére from Difco Labs, Detroit, MI. The
lard oil (Peacock Special Prime Burning Lard 0il) was a gift from
George Pfau and Sons, Jeffersonville IN. The Stadex Dextrin #60
was received from A.E. Staley Mfg. Co., Decatur IL. The Soyfluff
200W was from Central Soya, Fort Wayne IN., NZ Amine Type A was
received from Humko-sﬁeffield Chemical, Memphis TN. Other

ingredients such as yellow split peas, soybean grits, tomato
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paste, and blackstrap molasses were purchased from local grocery
stores.

Stationary cultures were incubated at 30°C, Liquid cultures

were grown on a continual shaker at 250 rpm at 28-30°c.

Isolation and Purification of Lasalocid A

The solvents and chemicals used were the best commercially
available; where necessary, the solvents were redistilled. The
Celite 545 was obtained from J.T. Baker. PLC plates were prepared
from silica gel P254 and pouring to a 2 mm thickness. The TLC
plates used were commercial precoated silica gel F254, 0.25 mm
thickness. Solvents were generally evaporated either in vacuo on a
rotary evaporator at 30-35°C, or under a stream of N2 at room
temperature.

During the course of these experiments, two procedures were
developed for the isolation and purification of lasalocid A. The )
first was based on chromatographic separation by PLC, and then
recrystallization; the second method employed the advantages of a
semi-prep HPLC column.

In the first method, 5 gm Celite and 50 mL EtOAc were
added to 50 mL media and the mixture stirred vigorously for 1
hour. The slurry was filtered in a Buchner funnel, using Whatman
#2 filter paper to remove the mycelia. The mycelial pad was
rinsed twice with EtOAc and the combined filtrates were extracted

twice with additional EtOAc. The combined EtOAc phases were
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washed once with brine, dried over anhydrous Nazsoa, then the
solvent removed in vacuo to give a yellow oily residue.
In order to remove the bulk of the lard oil, the residue was

dissolved in 95% EtOH and then placed in an EtOH/ice bath at about

‘10°C, which caused the lard oil to solidify. This solution was
then filtered by suction through a medium frit filter funnel
packed with celite and jacketed with an EtOH/ice solution. The
EtOH was evaporated from the filtrate in vacuo to give a yellow
residue.

This residue was applied to 20 x 20 cm silica gel PF254 plates
and developed in hexane:lproH:AcOH (90:10:0.5). The blue
fluorescent (short UV) band was scraped and eluted with
CH,Cl,:MeOH (4:1). The residue was then reapplied to new plates

2

and developed first in CH CIZ:AcOH (98:2) and then in

2
CH2012:Me0H:Ac0H (95:5:0.5). The blue fluorescent band was
isolated as before, and the residue crystallized from 95% EtOH in
a Craig Tube.

Due to its strong ionophoric character, lasalocid A was
usually isolated as its soaium salt. To obtain the free acid, the
crystals were partitioned between Et20 and 0.1 N HCl. The Et20
layer was washed twice with HZO’ then evaporated with a
toluene-EtOH azeotrope, and the residue recrystallized from 957%
EtOH.

The presence of lasalocid A could be checked at any time

during the isolation by its characteristic bright blue
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fluorescence under short UV. An appropriate TLC system was
hexane:iPrOH:AcOH (9:1:0.05). By spraying with 3% vanillin/0.5%
conc HZSO4 in 95% EtOH and heating at 1200C, lasalocid A is
visualized as yellow-orange. Any attempts to separate lasalocid A
from its homologs or isolasalocid A by ILC were unsucessful.

The second method for the isolation of lasalocid A followed
essentially the same procedure in the beginning as described
above. Celite (5 gm) and EtOAc (50 mL) were added to each flask
immediately at the end of the fermentation. This mixture was then
worked up as described above, obtaining the EtOAc extract.

This extract was dissolved in 2 x 2 nL hexane:CHCl3 (2:1), and
loaded onto a Sep—PakTM (Waters Associates, silica gel) cartridge,
and eluted as "Fraction #1". The cartridge was then rinsed with 3
x 1 mL hexane:lpron (9:1), as "Fraction #2", and then with 2 x 1
mL CHCl;:MeOH (3:1), as "Fraction #3". Approximately 70% of the
lasalocid A was in "Fraction #2", the remainder was in "Fraction
#3" (occasionally, some would leak through into "Fractiom #1", but
this could be monitored by TLC). The solvent in Fractions #2 and
#3 was evaporated under a stream of N2 and the residue from each
fraction was chromatographed on a separate prep plate. The plates
were developed first in CH2012:AcOH (98:2), air dried, then
developed in CH,Cl,:MeOH:AcOH (95:5:0.5). The blue fluorescent

band (Rf ca. 0.6) was scraped and eluted with CH2C1 :MeOH (4:1).

2

The material from fractions #2 and #3 were combined, the solvent

removed.lg vacuo and the residue was tared.
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This residue was dissolved in CHCl3 and filtered through a
MillexR®-SR, 0.5 um disposable membrane. The CHCl3 was evaporated
and the residue redissolved in MeOH:CHCl3 (3:1) and injected onto
a semi-prep HPLC column (Waters, puBONDAPAK C18’ 7.8 mm x 30 cm).
The column was eluted with MeOH:17% Aqueous AcOH (75:25) at a flow
rate of 1.5 mL/min; fractions were collected at 4 min. intervals.
Typically, a column elution profile was: lasalocid A, 96-124 mins
(7 fractions); homologs, 124-144 min (5 fractions); isolasalocid
A, 144-164 mins (5 fractioms). The total column elution time was
3-3.5 hours. With this mobile phase, lasalocid A was isolated as

the free acid.
Growth Curves

Growth Curve Experiment f#1

The seed cultures were started by adding 1 vial frozen spore
suspension (1 mL) to each of 50 mL SP/LO media/250 mL flask and
the cultures were grown for 65 hours. The cells were then spun
down (10K, 10 min.), the supernatant decanted, and the cells
resuspended in NaZHP04 buffer (50 mM, pH 7.5). This last step was
repeated, and the cells were then resuspended in 100 mL 14C mediaj;
25 mL of this media was dispensed to 4 x 125 mL flasks. The
flasks were then returned to the shaker.

Samples were removed (1.0 mL aliquots) during the course of
the fermention. Two ;f the flasks were assayed frequently at t =

0 (time of transfer), 6, 12, 18, 24, 30, 36, 48, 54, 58.5, 72, 78,
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- 82.5, and 96 hours. The other two flasks were assayed only at t =
0, 24, 48, 72, and 96 hours.

These samples were assayed by HPLC for antibiotic content and
for dry cell weight. The 1.0 mL aliquot was spun down at 3000 rpm
for 10 min; the supernatant was pipetted off and saved. The cells
were washed with dd H20 (1.0 mL) by vortexing, and
recentrifugation, and the supernatant saved. The cells were
resuspended in a small amount of Hy0 and transferrea to a tared,
disposable aluminum weighing dish, dried at 90°C for 12-18 hours,
then transferred to a vacuum dessicator for an additional 18-24
hours before weighing. The combined aqueous phases were extracted
with CHCl3 (1.0 mL), vortexed, the aqueous layer was pipetted off,
and the CHCl, evaporated under N, at room temperature. The CHCl,
extract was dissolved in 0.2 mL MeOH:CHCl3 (3:1) for analysis of

antibiotic content by analytical HPLC as described below.

Growth Curve Experiment #2

The seed cultures for this experiment were started by adding 1:
vial frozen spore suspension (cell count: 2.8 x 108/0.1 mL) to 50
mL MYM media/250 mL flask and to 50 mL SP/LO media/250 mL flask.
The cultures were grown at 28-30°C 250 rpm for 72 hours, and were
then used to inoculate (2% v/v) 21 x 50 mL MYM media/250 mL flask
and 21 x 50 mL SP/LO media/250 mL flask, respectively.

Starting 24 hours after inoculation, and repeating every 24
hours for a total of 168 hours, 3 flasks of each media were

removed from the shaker and harvested. The flasks were worked-up
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by measuring the pH, the packed cell volume, and then extracting

with 3 x 5-10 mL CHCl3. ‘The CHCl3 extracts were combined and

evaporated under NZ' These extracts were assayed by TLC, by
bioautography, and by injecting 1/20 of the total amount onto the

analytical HPLC.

Growth Curve Experiment #3

The seed cultures for this experiment were started by adding 1
vial frozen spore suspension (cell count: 9.2 x 107/0,1 mL) to 50
mL SP/LO media/250 mL flask and to 50 mL MYM media/250 mL flask.
The cultures were grown for 72 hours, then used to inoculate (2%
v/v) 12 x 50 mL SP/LO media/250 mL flask and 12 x 50 mL MYM
media/250 mL flask, respectively. Starting at 48 hours after
inoculation, and repeating every 24 hours for 168 hours, 2 flasks
of ‘each media were removed from the shaker and worked-up as
follows: Celite (5 gm) and EtOAc (50 mL) were added to each
flask, and the mixture stirred vigorously for 1-1.5 hours at room
temperature. The mixture was filtered through a Whatman #2 filcer:
paper, and the filtrate was extracted with EtOAc (2 x 50 mL). The
combined organic layers were washed with brine, dried over
anhydrous Nazsoa, then evaporated in vacuo on a rotary evaporator
at 30°C. The resulting residue was assayed by TLC and analytical

HPLC as before.
Assay Methods

Thin Layer Chromatography and Bioautography
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TLC of the samples was run by spotting a known quantity of the
sample onto a Kieselgel 60 F-254 plate; usually 6 samples and 1
standard could fit onto one 20 x 20 cm plate. The plates were run
in duplicate by developing them in 1007% EtOAc. One set of plates
was visualized by vanillin/A , as described under the Isolation
and Purification section, while the other set was subjected to
bioautography.

The bioautogram was prepared as follows. Antibiotic Media #1
(200 mL) was autoclaved and cooled to 55°C. Then 2 mL spore

suspension of Bacillus subtilis (the original spore suspension was

prepared by J.M. Weber, 1977), and 1 mL 4% aqueous
2,3,5-Triphenyl-tetrazolium chloride solution were added to the
media and mixed vigorously for 5 min. The entire mixture was
poured slowly and evenly into a large, sterile Pyrex baking dish.
The TLC plate was air dried thoroughly, then placed on the surface

of the agar; once the 8102 layer was H,0 saturated, the plate is

allowed to remain in position for 30-45 min before removing. The
agar plate was covered and incubated at 30°C for 18 hours before
reading. The amount of aﬁtibiotic could be quantitated by
comparison of the size of growth inhibition zone against a

standard dose-response curve prepared from pure lasalocid A.

Analytical HPLC

A Waters pBONDAPAK C,o column was routinely used with the
mobile phase being MeOH:1% aqueous AcOH (75:25) at a flow rate of

1.5 mL/min. Samples were dissolved in 0.2 mL MeOH:CHCl3 (3:1) for
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loading onto the column. The column effluent was monitored with a
Waters Series 441 monitor set at 254 nm and fractions were
collected at 4 min. intervals. A normal column elution profile
was: echinomycin, 4 min; lasalocid A, 19 min; lasalocid homologs,

26 min; isolasalocid A, 31 min. All peaks were verified by

standards obtained from Dr. John Westley, Hoffmann-La Roche,

Nutley, N.J.
Mass Spectral (MS) Protocol

Mass spectral samples were prepared by dissolving the

lasalocid A in CH2012, transferring 20-30 ugm to a small

capillary, then drying in vacuo for 2 hours. Most (ca. 95%) of

: the samples were run on an AEI MS9-DS50: 8KV acceleration voltage;
70eV ionization voltage; 130°C source temperature. The more
recent samples were run on a KRATOS MS25-DS55: 2KV acceleration
voltage; 70eV ionization voltage; 150°C source temperature, 200°C
probe temperature.

Mass spectral analysis was used regularly to determine

1isotopic enrichment factors. The approximate percentages of (M+l)

and (M+2) were calculated from the following formulas (Silverstein

E_t_ g]_._o, 1974):
Z(M+1) = 100((M+1))/M = 1.1 x # C atoms

T(M+2) = 1000 (H+2)) /4

= (l.l1 x # C atoms)z/ZOO + 0.2 x # O atoms



(no corrections were made for N atoms, since none were present in
any of the compounds used). These values were used to correct the
peak heights of the M+l and M+2 species for contributions from
natural abundance, and the corrected values were used to determine
the percentage of labelled species. Since it is impossible to

distinguish enrichment due to 2H from that of A3

C by low
resolution MS methods, the enrichment values are given simply as:

L0 (unlabelled), L1 (single label), L2 (double label), and so on.
Nuclear Magnetic Resonance (NMR) Protocol

Samples of lasalocid A were prepared for NMR spectroscopy by

first precipitating it either to the sodium salt or to the free
acid, depending on which signals were of interest. It is

important, however, to ensure that the sample is completely in one
form or the other, and to note that the free acid slowly converts
to the sodium salt upon storage in solution in glass tubes.
v,Samples were usually dissolved in 0.4-0.5 mL CDCl3 (Aldrich Gold
Label, 99.8%) just prior to acquiring spectra. TLasalocid A will
~ decompose in CHCl3 if expoéed to light and/or stored at room
temperature for longer than 48 hours.

During the course of these experiments, NMR spectra were
acquired on different spectrometers at several different
institutions. The specifics of each instrument and the parameters

used are listed with each spectra or experiment.
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RESULTS AND DISCUSSION

Organism and Compound

The order, Actinomycetales, consists of the filamentous,
branching bacteria. Within this order the family

Streptomycetaceae, genus Streptomyces, is the largest producer of

the polyether antibiotics. Streptomyces lasaliensis NRRL 3382R

(Stempel and Westley, 1973) was the primary organism used for the
production of lasalocid A throughout these experiments. The NRRL
strain (Figure 6) has been characterized taxonomically as having
gray spiny spores that are formed in spiral chains (Prosser aund

; Palleroni, 1982). A second organism that produces lasalocid A was
 obtained from E1li Lilly (Lilly #A41278); however it was found that
| this organism produces lasalocid A both later in the fermentation
and in lower quantity than the NRRL strain, and consequently was
not used.

The conditions under which the organism is maintained are
critical. The initial method of successive slant transfer was
inadequate; the organism reverted to non-producer after several
transfers. The method of isolating spores from a single colony,
and then storing the spores as a frozen suspension was a
considerable improvement. However, what is not yet known is how

long these spore suspénsions remain viable, and to what degree the
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Figure 6: Sporulated Plate of Streptomyces
lasaliensis (NRRL 3382R)

prepared by suspending

lony in 1 mL 2G solution,

1 mL onto a MYM plate.
bated for 14 days at
the spores.

The plate was

an isolated co
and spreading O.
The plates were incu
30°c. The dark area constitute
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inoculum size is a critical factor in determining production.
Experiments in which the'spore suspension was at least a year old,
and in which the cell count was not known, resulted in low
production of lasalocid. The experiments that were carried out in
the last four months using recently prepared spore suspensions of
; known cell count (noted in the experimental) showed high levels of
antibiotic production. By following the production of lasalocid
f over time, with a known spore inoculum size, the viability of the
spores and whether or not the cell count is a critical factor can
~ be determined.
During the course of these experiments, various medias and
'fgrowth conditions were tested in order to both improve yields and
'establish reproducible antibiotic production conditions. Tomato
;paste and MYM media were used for solid cultures used in
sporulation. The following medias were tested for liquid culture
{conditions: SP/LO media, 14C media, "Monensin" media, Berger's
_Patent media, Lilly Fermentation media, and more recently, MYM
- media. The SP/LO media was also tested with various oils,
including : lard oil, methyl oleate, soyabean oil, Pristane and
~ Prochem 51. 1In addition, the size of flask, the flask angle
~ (using 15° "ErlAngle" clamps), and other shaker conditions were
~ tested.

It was found that both tomato paste media and MYM media were
good for sporulation; however, the MYM media is the preferred

media, since it is considerably easier to handle, both in
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preparation and in any analytical work. Only three of the liquid
culture media tested prerd to be of any use, SP/LO, MYM, and to a
lesser degree, 14C (see results of the growth curve experiments).
All other medias tested resulted in low or no production of the
antibiotic. The oil in SP/LO media is critical; it aids in the
extraction of lasalocid from the aqueous media into the oil phase,
presumably due to the lipophilicity of lasalocid. Omission of the
0il completely from this media resulted in no production of the
antibiotic, while substitution of other oils gave a decreased
production. It is possible for the lard oil to go rancid, again
affecting production, so it is best to store the lard oil at 4°cC,
which also makes it easier to handle. The 14C media is adequate
and was used initially in experiments that required analysis of
the metabolites during the course of the fermentation due to its
relatively uncomplex cogposition. Surprisingly, the simple MYM
media proved to be not only a good sporulation media, but also a
good production media., It is also interesting to note that none
of the media that are suitable for the production of monensin, a

polyether antibiotic from Streptomyces cinnamonensis, will support

the production of lasalocid.

The physical conditions for the growth of the organism also
proved to be crucial. The growth temperature, shaker speed and
aeration of the cultures all exerted an affect on the production
of the antibiotic. For liquid cultures, the temperature should be

maintained at 28-30°C and protected from any fluctuations due to
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differences in ventilation within the shaker-incubator. The
optimal shaker speed is 250 rpm; differences in actual shaker
speed due to position on the shaker platform were noticeable in
terms of the amount of antibiotic produced. The most critical
factor in the culture conditions was the aeration. The optimal
conditions are 25 mL media/125 mL erlenmeyer flask or 50 mL
media/250 mL erlenmeyer flask, grown at 250 rpm on a continual
shaker. Attempts to scale up the fermentation, even to 100 mL

- media/500 mL flask resulted in a decrease in antibiotic; likewise,
scaling the fermentation down to 5 mL media/tube gave

~ non-reproducible results. The use of the "ErlAngle" clamp had no
 noticeable affect on production in SP/LO media, probably due to

- the fact that the media is quite viscous, and consequently

~ increasing aeration in this manner is not as effective. No

~ comparisons were done using the simpler medias, such as 14C or

~ MM, however it was noticed that aeration increased when the angle
{?clamps were used for these medias. The use of continual shaking
during the course of the entire fermentation was a decisive factor
: in obtaining reproducible antibiotic production. Removing a flask
during the fermentation, even for 1-2 minutes, could result in
little or no antibiotic being produced. Consequently, a flask was
designed which would allow for the feeding and sampling of the
shaking culture via tubes (Figure 7). 1In this manner the cultures

could be grown without interruption and reproducibly.



56

Figure 7. 250 mL Erlenmeyer Feeding Flask

The tygon tubing allows for feeding
and sampling the cultures during
the fermentation.
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The growth curve experiments represent the standard conditions
used for the fermentatioﬁ of S. lasaliensis and the production of
lasalocid during the course of these experiments (Figures 8, 9 and
10). In all cases, the onset of production of lasalocid occurred
in idiophase, as evidenced by the decreased growth rate as
measured either by dry cell weight (DCW) or packed cell volume
- (PCV). In the first experiment, where the seed cultures wére
grown in SP/LO and then transferred to the 14C media, the measured
- DCW shows a gradual decline, which is probably an indication of
the utilization of residual oil from the seed culture media. The
- onset of antibiotic production in idiophase has been attributea to
a survival mechanism in the producing organism (Martin and Demain,

;1980). It is believed that the antibiotic-producing strains are

1
.

'Qensitive to their own antibiotic during growth phase
(trophophase), and that later during a slowed growth phase
(idiophase) the organism expresses a self-resistance mechanism and
; the production of the antibiotic begins. While this is a

- plausible theory, there is still no conclusive evidence to support

~ this idea.
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Figure 8: Growth Curve Experiment #1

a) Tables of:
Amount (AMT) of Lasalocid A and
DCW (WT) of each aliquot sampled. p. 60

b) Plot of Amount of Lasalocid A vs
Time during the fermentatiom. p. 61

¢) Plot of Weight of each aliquot
sampled vs Time during the
fermentation. pe 62




GROWTH CURVE EXPERIMENT #1

GCE1 CODE
0 HRS
6 HRS
12 HRS
18 HRS
24 HRS
30 HRS
36 HRS
48 HRS
54 HRS
58.5 HRS
72 HRS
78 HRS
83 HRS
96 HRS
0 HRS
24 HRS
48 HRS
72 HRS
96 HRS

AMT(1)
.0148
.0126
.0236
.0301
.0392
.0576
.0613
L0771
.0543
.0946
.0936
.0928
.0718
.0586

.013
.0216
.0291
.0523
0677

AMT(2)
.0083
L0142
L0141
.0248
.0276
.0201
L0416
.0542
.0776
.0796
.0501
.0823
.0795
.0123
.0248
.0336
.0598
L0461

AVG AMT
«01155
0134
.01885
.02745
.0334
.03885
.05145
.06565
.0508
.0861
.0866
.07145
.07705
.06905
.01265
.0232
.03135
.05605
.0569

GROWTH CURVE EXPERIMENT #1

GCE1 CODE
0 HRS
6 HRS

12 HRS
18 HRS
24 HRS
30 HRS
36 HRS
48 HRS
54 HRS
58.5 HRS
72 HRS
78 HRS
83 HRS
96 HRS
0 HRS
24 HRS
48 HRS
72 HRS
96 HRS

WT(1)
17.54
16.64
17.36
16.78
15.83
14.95
14,45
11.10
13.03
12.13
10.92
11.07
10.91
9.32
12.76
13.27
21.68
9.15
8.35

WT(2)
13.57
12.94
14.65
14,34
12.71
12.32
12.57
10.46
10.38
10.46

9.90

9.08

8.92

7.72
13.04
13.06
14.81

9.86

8.79

AVG WT
15.55
14.79
16.00
15.56
14.27
13.63
13.51
10.78
5 L
11.30
10.41
10.07

9.91
8.52
12.90
13.16
18.25
9.50
8.57

60
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Figure 9: Growth Curve Experiment #2

a)

b)

c)

Table of Amount (AMT)
of Lasalocid A

Tables of:
pH and PCV of each flask
at end of fermentaion

Plot of Amount of Lasalocid A
vs Time during fermentation
SP/LO0 Media g— Fe 3
MYM Media @&— — —@ — — @

Pe

P.

Pe

64

65

66




GCE2 CODE
SPLO-48
SPLO-72
SPLO-96
SPLO-120
SPLO-144
SPLO-168
MYM-48
MYM-72
MYM-96
MYM-120
MYM-144
MYM-168

GROWTH CURVE EXPERIMENT 2

AMT(1)
01474

NA
.05308
.17064
.20367
.19168
.00393
.17890
.16789
.35426
.43988
«27523

AMT(2)
.01853
.00668
.08552
.09122
«25478
. 14567
.01278
.10321
.26147
.31995
.18086
1.18103

AMT(3)
.01966
.02674
.03853
.15688
.07077
.30826
.01062
.18401
.04954
«32457
.68847
.96429

AVG AMT
01764
.01671
.05904
.13958
17641
«21520
.00911
«15537
.15963
.33293
.43640
.80685

(+/-)
.00246
.01003
.02349
.03971
.09201
.08129
.00442
04040
.10596
.01715
.25380
.45290

64



GCE2 CODE
SPLO-24
SPLO-48
SPLO-72
SPLO-96
SPLO-120
SPLO-144
SPLO-168
MYM-24
MYM-48
MYM-72
MYM-96
MYM-120
MYM-144
MYM-168

GCE2 CODE
SPLO-24
SPLO-48
SPLO-72
SPLO-96
SPLO-120
SPLO-144
SPLO-168
MYM-24
MYM-48
MYM-72
MYM-96
MYM-120
MYM-144
MYM-168

GROWTH CURVE EXPERIMENT #2

pH (1)
6.38
6.38
6.74
6.75
6.93
6.95
7.32
5.36
5.88
5.80
5.94
6.35
6.39
7.03

PACKED CELL VOLUME (cc)

(1
10
15
20
20
20
20
15

—
NNNONUB W

pH (2)
6.29
6.42
6.69
6.89
6.89
7.23
7.09
5.42
5.88
5.88
5.69
5.79
6.22
6.99

(2)
10
15
20
20
20
18
20

pH (3)
6.27
6.47
6.72
6.84
6.96
6.98
7.34
5.31
5.88
5.90
5.96
5.84
6.52
7.19

(3
10
15
20
22

AVG pH
6.31
6.42
6.72
6.83
6.93
7.05
7.25
5.36
5.88
5.86
5.86
5:99
6.38
7.07

AVG
10
15

20"

21
21
18
18

[oxWe IR NIV B LY, IYUe

65
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Figure 10. Growth Curve Experiment #3

a) Table of Amount (AMT)
of Lasalocid A p. 68

b) Plot of Amount of Lasalocid A
vs Time during fermentation

SP/LO Media & & &
MYM Media — — 9 — — pe 69




GROWTH CURVE EXPERIMENT #3

GCE3 CODE
SPLO-48
SPLO-72
SPLO-96
SPLO-120
 SPLO-144
SPLO-168
MYM-48
MYM-72
MYM-96
MYM-120
MYM-144
MYM-168

AMT(1)
.1966
1.1304
3.3342
4.,7674
8.5570
17.9882
.1769
3.8532
1.8165
4.0380
8.5871
6.1435

AMT(2)
«3539
.2202

2.5557

7.7379

10.0557
10.6081
.6605

1.9345

5.2372

3.8807

6.1946

7.0773

AVG AMT
<2752
.6753

2.9449
6.2526
9.3064

14,2981

<4187
2.8938
3.5269
3.9594
7.3909
6.6104

68
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GROWTH CURVE
EXPERIMENT #3
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The 14C media and MYM media can be reproducibly extracted with CHCl3
in tubes which was the method used for assaying aliquots removed during
the course of the fermentation. The SP/LO media, due to its complex
composition, can not be readily assayed by simple extraction procedures.
In comparing the results of the second and third experiments, it is
interesting to note the increased level of isolatable compound. While
the two experiments used different solvents for the extraction, the
critical difference is more likely the actual procedure. That is, in the
third experiment, a full extraction using Celite to bind the mycelia and
stirring the mixture for 1-1.5 hours resulted in a large increase of
isolated lasalocid. Lasalocid, due to its lipophilic nature, readily
binds to the mycelia which is primarily lipid in compositién.
Consequently, a complete extraction has to involve a means for extracting
:” the lasalocid from the mycelia as well as from the pure aqueous phase.

Of the two methods developed for the extraction and purification of

I lasalocid, the second method utilizing HPLC purification, is by far
superior. In 1974, Westléy reported the isolation and structure of four
, homologs and an isomer of lasalocid A, (Westley et al., 1974b; 1974c).
The homologs are referred to as lasalocid B, C, D and E, while the isomer
is known as isolasalocid A (Figure 11). Westley stated that lasalocid
could be isolated from its homologs and isomer by various TLC systems;
however, the TLC separation never proved successful during the course of
these investigations. Consequently, the HPLC separation was developed,
based on a previous report in the literature (Hagel, 1978), and is the

preferred method for the purification of lasalocid.

‘1“‘;;
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Figure 11l. Structure of the Lasalocids

Lasalocid A - major metabolite
Lasalocids B, C, D and E - homologs *
Isolasalocid A - isomer

* Collectively referred to as the "Homologs"
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Lasalocid

R|= R2 = R3 =Rq = CH3 Lasalocid A

R=CHy CH3, Rp=R3 =R4=CH; Lasalocid B
R2 = CH2 CH3. RI =R3 =R4 =CH3 Lasalocid C
R3 = CH2CH3. R| = Rz"' R4= CH3 LéSO'OCid D

R4=CH2CH3 - Rl "'Ra =R3 =CH3 Lasalocid E

COoH ) /

NN

"‘I'| l

q %% o
OH

HO
OH o

Isolasalocid A
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Two different means of assaying lasalocid were developed and used
during these experiments. The first method is a bioassay which uses the
combined results of TLC and bioautography (Figure 12). The simple disc
bioassay (Kavanagh, 1975) for antibiotics will not work in this case due
to the co-production of a second antibiotic, echinomycin (Figure 13), by
S. lasaliensis;Lthe biocautography allows for the separation of
echinomycin from the lasalocids. When developing the TLC plates for use
in bioautography, it is important to use EtOAc as the solvent system,
rather than the héxane:iPrOH:AcOH mixture, since any residual acid on the
plates will interfere with the tetrazolium chloride dye reaction and
inhibit the growth of the test organism. Later in these experiments the
analytical HPLC assay was employed and was found té be superior to the
bioautography both in levels of detection and in separation of lasalocid
A from its homologs and its isoﬁer (Figure 14). 1In a typical growth
curve experiment, lasalocid can be detected at 48 hours after inoculation
by HPLC, whereas by bioautography lasalocid is not readily detectable

until 72 hours after inoculation (see Figures 9 and 12 for comparison).
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Figure 12. Bioautograms of Growth Curve Experiment {2

a) MYM Media at 48, 72, 96, 120
144 and 168 hours

b) SP/LO Media at the same time
intervals

In both cases, the lower R_. zomne

of inhibition is due to ecﬁinomycin.
In the case of the SP/LO media, the
results of the assay are erratic due
to the complex media.

po

75
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Figure 13. Structure of Echinomycin,
a Quinoxaline Oligopeptide Antibiotic

Echinomycin is co-produced by
Streptomyces lasaliensis
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Figure 14. High Performance Liquid Chromatogram

of the Lasalocids

Waters uBondapak C1 Analytical Column
Mobile Phase: MeOH:?% Aq. AcOH (75:25)
Flow Rate: 1.5 mL/min

Monitored at 254 nm

Chart Speed: .25 cm/min

The initial peaks are solvent and echinomycin.
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MS and NMR Analysis

The mass spectral analysis of the lasalocids was reported by Westley
et al. (1974c) in their structural determination of the four homologs and

isomer of lasalocid A (Figure 15). These assignments were found to be

- consistent with both the standards obtained from Westley and from the

i isolated fermentation product, and were therefore used throughout these
”‘investigationé. The predominant pathway is the cleavage of the §-ketol
 systen (Scheme 1, Figure 15), resulting in the peaks at m/e 211, m/e 155

and m/e 174 which served as the basis for analysis of enrichment. The

:'fragments arising from the anhydro-descarboxy ion (Scheme 2, Figure 15)

j;were always‘a minor contribution, and could readily be distinguished from

'{any enriched peaks in the primary pathway by high-resolution MS.
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Figure 15. Mass Spectral Fragmentation Pattern
of the Lasalocids

Tables are from Westley, et al., 1974c




Scheme 1. Cleavage of the g-ketol system and subsequent pyrolytic and mass spectral fragmenta-
tion of the lasalocid molecule.

CoH Ry Ry E1 R,

R‘ R4
' Et
T =/
0= 10" gy —> g
Rs
10 " 13 4
) Molecular m/e values for mass spectral
Lasalocid component weight fragments
7 12 13 14
1 Lasalocid A 590 57 211 155
2 Lasalocid B 604 57 211 155
3 Lasalocid C 604 57 21 155
4 Lasalocid D 604 I 228 155
$ Lasalocid E 604 57 225 169

Scheme 2. Lasalocid mass spectral fragments that arise from the anhydro-descarboxy ion 1.

R, Ry Et R, flz Ry
HO 7 Cat
| o
Ry
17
HO CHz
S SRRE B o
0 e =
Ry Et R . Ry
16 18 19

mje values for mass spectral fragments
16 17 18

Lasalocid component 15 19

1 Lasalocid A 528 385 231 175 121
2 Lasalocid B 542 39 245 189 138
3 Lasalocid C 542 399 245 189 121
4 Lasalocid D 542 399 245 175 121
§ Lasalocid E 542 399 231 175 121
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The molecular weights of each fragment were calculated using the

- following values (Silverstein, 1974).

12¢ = 12.0000 13¢ = 13.00336
ly = 1.00783 2y = 2.01410
166 = 15.9949 185 _ 17.9992

“'Thus, for the fragments of interest the calculated molecular weights for

- the unenriched peaks are:

m/e 211 = C)3H,.0, = 211.16989 ‘
m/e 155 = CyH;90; = 155.14367
m/e 174 = C,,H,,0, = 174.10452

In the case of distinguishing a peak at m/e 174 that is enriched from

thac of the minor pathway at m/e 175, the following values would be

_expected
m/e 175 = C;,H, 0, = 175.11235
12, 13 -
m/e 175 Cp1 € H 40, = 175.1079

w/e 175 = ¢, %, ' 0, = 175.11079

13°1
Fy-er optimum conditioms, these differences in molecular weights could be

determined by high-resolution MS on the AEI MS9.

The nuclear magnetic resonance (NMR) spectroscopy of the polyether
;?ntibiotics has presented a considerable challenge due to the highly
complex nature of this class of compounds; lasalocid A is one of the
1$nmpler polyethers in that it only contains 34 carbons and 54 protons.
i?-o groups have published results of the systematic study of the NMR
‘spectra of the polyethers; Anteunis et al. have pursued the 1H—NMR

assignments, while Seto et al. have undertaken the 13C—NMR studies. In
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both cases, the investigations did not begin until the early 1970's when

- higher-field nmr spectrometérs became available.
Anteunis published his lg-t® study of lasalocid A in 1976, using a

! 300 MHz instrument. By combining the use of double resonance and
:homo—INDOR studies on different forms of lasalocid A, the majority of the
:Jproton assignments could be made. Lasalocid A will change conformations
:‘hgtween the sodium‘salt and the free acid forms, and it will undergo
1:aromatic solvent induced shifts (ASIS). Thus, sodium lasalocid A in
1;03013 is in the closed complex form (see Figure 5), while lasalocid A

~ free acid in C6D6 is an open chain form. Despite his rigorous study,
_:sevetal ambiguities remained in the proton assigmments.

| At the beginning of these investigations in an attempt to resolve
%inme of these uncertainties, the 400 MHz 1H--NMR of sodium lasalocid and

Q;he free acid form were run by J.C. Vederas, University of Alberta

fﬂFigure 16). Vederas used single-frequency-of f-resonance-decoupling
iKSFORD) techniques to make the assignments. In most cases, but not all,
‘the assignments made by ngeras and those made by Anteunis coincide
7{(Figure 16).

Most notably, the 9 line multiplet at 2.14 ppm (sodium lasalocid A in
CDCl3) was assigned to H-10 by Anteunis and to H-16 by Vederas. The
:assignment made by Vederas was based on irradiating H-29, H-15 and H-17;
?of these only H-15 is clearly resolved from any other resonance.
!Anteunis, on the other hand, noted that there was a large inverse ASIS

- for H-10 vs H-16 in CDCl3, and he could therefore not rely on a simple

?comparison between solvents in order to make the assignments.
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3 Consequently, he used éonsequtive INDOR and double resonance experiments
irradiating H-8 (A and B) aﬁd H-9 (A and B) to assign H-10; and H-30 (A

; and B), H-14 and H-15 to aséign H-16. Again, while these methods are
rigorous the resonances for these protons are not clearly distinguishable
~ at 300 MHz. Interestingly though, the two assignments for H-10 and H-16
i of lasalocid A free acid in CgDg coincide; that is, H-10 is assigned to

- 1.87 ppm while H-16 is assigned to 1.65 ppm. For the purposes of these
;fexperiments, the 1H—NMR of lasalocid A was run using the free acid in

} cGD6 in order to distinguish these two resonances.

In one case the 1H—NMR of sodium lasalocid A was obtained on the 600
;”Mﬁz instrument at Carnegie-Mellon. While the higher field clearly
:trasolved several overlapping multiplets (see Figure 16), no rigorous
decoupling experiments were carried out, and consequently very few of the
- ambiguities in the spectra were resolved. As a result, the lH—NMR of
flasalocid A is still not absolutely assigned; however, the available data
;were adequate for the purposes of these investigations. With the
f'increase in availability of high-field spectrometers (400-500 MHz), and

- the use of 2D spectroscopy, especially 13C-1H correlated spectroscopy, it

~ should now be considerably easier to make the 1y assignments,
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Figure 16: 1

H-NMR Assignments of Lasalocid A

a) The different numbering systems used p. 88
in the literature for lasalocid A.

The currently accepted numbering system

is that proposed by Westley, which is

base on a common polyether nucleus

(Westley, et al., 1979) 1
For simplification, all assignments are

given using Westley's numbering.

b) Tables of 1H—NMR Assignments p. 89
p. 90
p. 91

All chemical shifts are in ppm
relative to TMS.

The abbreviations A and B refer to

the two protons of the CH2 group; :
the abbreviations a and e refer to the ;
axial and equatorially oriented protons

for the given position.

c) ly-mr Spectra Obtained at 400 MHz

Sodium Lasalocid A in CDCl3 pPe- 92
Expansion p. 93
Lasalocid A Free Acid in C6D6 p. 94

Expansion P. 95




NUMBERING SYSTEM FOR LASALOCID A

WESTLEY

88



1

)

oM O LW,

uwwt\.l.\oxm

Ll
U0 B NWOOWL s~ 0

w N L

NN D W
® e o o o & o o © © o & o
£ OO - NN
WOoOOWPFrWFOW

L]
N O NN O

L]
LN OOWO~WWwH

O O OO O O M = et bt bt et it et it s
L]
~N O

Anteunis

Position

w

OH
11
8A
23
15
19
12
14
8B
34
10
30A
20a
9A
16
25A
2le
9B
30B
20e
24
33
26
29
32
28
31

)

Vederas

89

H-NMR ASSIGNMENTS OF SODIUM LASALOCID A IN CDC13

Multiplicity Position

J(Hz)
d,8
d,8

’
’
S

d, 10
d,12
dq,7,10
d,10
br s

9 line m
d of q
m
m

d of d

w

OH
11
8,23

15
19
12
14

34,8

16
30
20a
17,9
25



1H-NMR ASSIGNMENTS OF SODIUM LASALOCID A IN C6D6
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The 13C-NMR spectrum of the polyether antibiotics can be as complex
~ as the 1H—NMR spectrum due to overlapping resonances. Nevertheless, the
{ 13C-NMR assignment of lasalocid A was done by Seto et al. in 1978 at 22.5
:jHHz. The assignments were made based on various model compounds
representing fragments of lasalocid A, as well as with biosynthetically
- enriched samples of lasalocid A. The two drawbacks to this study are:
f first, the use of a relatively low-field spectrometer; and secondly, the
use of biosynthetically enriched samples to make assignments. At the
;tiﬁe that this study was done a thorough biosynthetic study of laslocid A
;had not been completed, so that to use biosynthetically enriched samples
;as a means to make assignments becomes a circular argument.

Despite the complexity of the 13C—NMR spectrum, there are three

f strategies that can be used to clarify the spectra. First, the 13

C-NMR
‘:spectrum, like the 1H--NMR spectrum, shows characteristic shifts between
;'the sodium salt form and the free acid of lasalocid A (both in CDC13),
"amd resonances that overlap in one form often are separated in the other.
d Secondly, the use of higﬁer—field nmr spectrometers which will resolve

Beowr

the resonances. At the beginning of these investigations the
1Lspectra of both the free acid and sodium salt of lasalocid were obtained
at 100 MHz by J.C. Vederas (Figure 17). Finally, the use of some of the
{ recent NMR pulse programs which will distinguish CH3- from —CHZ_ and
] -CHl-, in particular, the Attached Proton Test (APT) developed by Patt
and Schoolery (1981), has proven to be a useful method for distinguishing
the resonances of lasalocid A at 50 MHz (Figure 17) which until very

recently was the maximum field strength available on this campus.



97

The APT experiment is a double spin-echo pulse sequence which

- converts the J coupling intb amplitude modulation, resulting in a 13C-NMR
ilpectra which distinguishes ‘carbons of different multiplicity. The APT
experiment is an alternative to SFORD, and in larger molecules is often
”mnre‘accurate than SFORD techniques. 1In the case of lasalocid A, the

'. ;ptllse sequence: 90°- 9 -180°-7 —A-180°—A—, was used, with T set to 8
:ulec and A to 1 msec. This sequence gave a spectra in which the methyl
?and methine carbons are negative signals, the methlyene carbons are
;?ogitive signals and the quartenary carbons are essentially unmodulated.
Tn the APT spectra of lasalocid A, it was possible to distinguish several
&aignals which were overlapping in the broadband decoupled 13C—NMR
]@pectfa. In particular, C-23 which normally lies under or very close to
‘the CHCl3 triplet was resolved as a negative signal, while the solvent
;peaks remained positive; C-11 and C-22 which coincide at 50 MHz at ca. 72
ppm were distinguised as ; positive signal for C-22 and a negative signal
- for C-11 that switch relative positions in going from fhe sodium salt to
. the free acid form of lasalocid A; the signals for C-10, C-16 and C-8 at
.‘ca. 34 ppm differ by only 0.1-0.3 ppm, however in the APT spectra C-8
;7could be resolved as a negative peak, while C-10 and C-16 were positive,
.-The data from the Vederas and APT studies gave assignments of lasalocid A
3 corrésponding to those made by Seto et al. The absolute chemical shifts
(in ppm, relative to CDC1l; assigned to 77.0 ppm) will differ by a few

tenths of a ppm from those given by Seto et al.; however, the relative

- sequence of the peaks remains the same.
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The combined analytical techniques of HPLC, MS and NMR, used during
these investigations, ‘assurves that lasalocid A can be readily identified,
and separated from any interfering compounds, such as its homologs or its
isomer; and, that accurate éssigmnents can be made in order to follow the

biosynthetic pathways.

=24
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Figure 17. 13

C-NMR Assignments of Lasalocid A
a) Table of Assignments p. 100
All chemical shifts are in ppm
relative to TMS at O ppm, or
relative to CDCl3 at 77 ppm.
b) 13c-MMR of Lasalocid A at 100 MHz
Sodium Lasalocid A p. 101
Lasalocid A Free Acid p. 102
c) APT Spectra of Lasalocid A ét 50 MHz
Sodium Lasalocid A p. 103

Lasalocid A Free Acid p. 104
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13c\MR ASSIGNMENTS OF LASALOCID A IN o,c1,

Position Free Acid Sodium Salt
1 173.6 176.4
2 111.2 118.2
3 161.6 161.3
4 124,1 123.0
5 135.1 131.5
6 124.1 123.0
7 144.4 143.5
8 34,8 33.4
9 37.0 38.1

10 34,9 : 34.5
11 72.8 71.0
12 48.9 49.0
13 . 214,1 219.9
14 55.4 55.9
15 84,2 83.1
16 34.8 34,1
17 38.7 37.9
18 86.7 87.6
19 70.9 68.6
20 20.0 19.5
21 30.2 29.2
22 72.4 71.5
23 76.6 77.2
24 14.0 13.6
25 30.7 31.1
26 6.6 6.7
27 30.6 29.8
28 «9.2 9.5
29 15.9 16.0
30 16.7 16.2
31 12.9 12.4
32 13.2 12.6
33 13.4 13.3
34 15.7 15.3
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CHAPTER TWO

BIOSYNTHESIS OF THE POLYETHER ANTIBIOTIC LASALOCID A:

STABLE ISOTOPE STUDIES
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INTRODUCTION

In 1970, Westley et al. reported the results of the initial

. biosynthetic studies on Antibiotic X-537A (lasalocid A) in which
- they investigated the incorporation of several small 140 labelled
i.precursors.‘ These investigators were interested particularly in
' the origin of thé methyl and ethyl groups of lasalocid A. Their
;fstudy showed that the primary precursors for lasalocid A were

i acetate, propionate and butyrate; and that formate, methionine,
~ethionine and mevalonate were not incorporated. Based on these

f results it was concluded that the methyl and ethyl groups in
?lasalocid A arise from the propionate and butyrate precursors, and
.not by transmethylation, transethylation or introduction of
;terpenoid units (Figure 18).

This report was followed by a second study in which the same
- group (Westley et al., 1972) looked at the incorporation of
;[1-130]—propionate and [1-13C]—butyrate into lasalocid A by
jv;:13C-NMR. The results of this study showed that [1-13C]—propionate
jenriched the carbons at C-3, C-9, C-11 and C-15 about four times
<‘above natural abundance; while [1-13C]—butyrate enriched the

. carbons at C-13, C-17 and C-21 about four times above natural

- abundance, and those at C-5, C-11, C-15 and C-23 about 1.5 times
ﬂ‘natural abundance. From these data it was proposed that all

~ methyl groups, except the one at C-23, arise from a propionate

- precursor; while all three ethyl groups arise from a butyrate
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Figure 18. Biosynthetic Precursors of Lasalocid A
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precursor. The authors noted that there is an interconversion of
acetate and butyrate, prébably via condensation of two acetate
units to acetoacetate and thence butyrate, or conversely, by I
—oxidation of butyrate to acetate, based on the labelling pattern
observed With‘[1‘13c]—butyrate and [1—14C]-acetate. While their
data show that there is an apparent conversion of butyrate to
propionate, no mention was made of this in the report.

In 1974, a series of papers appeared on the biosynthesis of
lasalocid A (Westley et al., 1974a; 1974b; 1974c) in which the
investigators looked not only at the incorporation of 13C and 14c
labelled precursors into lasalocid A, but also reported the
isolation and structural elucidation of four homologs and an
isomer of lasalocid A (Figure 11, p. 72). From these studies, the
investigators concluded that lasalocid A was formed from 5
acetate, 4 propionate and 3 butyrate subunits; that acetate served
as the starting unit at C-23 and C-24; and that the ethyl groups
In lasalocid A arose from a butyrate precursor via ethylmalonate,
the first such case to be reported. It was also suggested that
the lasalocid homologs arise as a result of propionate deficiences
in the fermentation media (Westley et al., 1974c). Westley et al.
(1974a; 1974b) then advanced a biosynthetic pathway for lasalocid,
in which the assembly of the lasalocid subunits occurs on a
multienzyme complex similar to fatty acids and 6-MSA. It was

proposed that the formation of lasalocid proceeds through a diene



intermediate, which after oxidation to the diepoxide, can

rearrange to either lasalocid A or isolasalocid A (Figure 19).

110
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Figure 19. Hypothetical Scheme for the Biosynthesis of
Lasalocid A

Adapted from Westley, et al., 1974b
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The model proposed by Westley et al. serves as a good starting
: point for additional invéstigations into the assembly of the
polyether antibiotic lasalocid A. While Westley's investigations
- concentrated on tracing out the different subunits involved in the
1 biosynthesis ofvlasalocid, they did not delve further into the
‘;ctual assembly process. Lasalocid A is a structurally complex
~ molecule in which the biosyﬁthesis involves the use of uncommon
';precursors, a specific order in which the subunits are assembled,
-:and a precise stereochemical configuration at 10 of the carbons in
- the molecule. The focus of my investigations, and in particular,
~ the work presented in this chapter, was therefore on the following

- three questions.

(1) What are the origins of the C-2 to C-4 subunits?
(1i) What determines the order of assembly of the subunits?
(i1ii) What process controls the absolute configuration of

the chiral centers?

The ground work laid out by Westley's investigations suggested
that the C-2 to C-4 subunits of lasalocid are derived from intact
acetate, propionate aﬁd butyrate via their respective malonylCoA
f esters. However, these conclusions were reached by looking at the

[1-13C] labelled acids, or at variously 14C labelled acids. 1In

the case of the 13C labelled acids, since only the C-1 position
contained a label, it could not be concluded for certain that the

subunits were incorporated intact. The investigations with the
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': 14

C labelled acids were more thorough in that di<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>