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BIOSYNTHESIS OF LASALOCID A

METABOLIC INTERRELATIONSHIPS OF CARBOXYLIC ACID
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The metabolic interrelationships of isobutyrate, n-butyrate, and propionate in Strepto-
myces lasaliensis are established to show how these acids are used as precursors for the bio-
synthesis of the polyether antibiotic, lasalocid A.

It has been established through feeding experiments with isotopically labeled precursors that
polyether antibiotics like lasalocid A (1) are built from the simple fatty acids, acetate, butyrate, or
propionate, by bacterial secondary metabolism.” In two cases, narasin,” and lysocellin,® the label-
ing regiochemistry resulting from the incorporation of [1-], [2-], [3-], or [4-1*C]-n-butyrate, or [1-], [2-],
or [3-**C]propionate has been interpreted to be consistent with the metabolic conversion of n-butyrate
to propionate via alpha or omega oxidation. PoOsPiSIL et al. have shown that [1-**Clisobutyrate
labels the polyether antibiotics monensins A and B as if it were converted to [1-1*C]-n-butyrate before
entering the four-carbon unit of these antibiotics.¥ RoOBINSON and co-workers recently have elucidated
the stereochemistry of the isobutyrate-to-n-butyrate rearrangement,” and have proved that this is an
intramolecular rearrangement in the case of the monensin pathway.® Consequently, there are pre-
cedents for the metabolic interconversion of three and four carbon carboxylic acids in the biosynthetic
pathways of polyether antibiotics.

During our study of lasalocid A biosynthesis,” we observed that the labeling of lasalocid A (1)
by [1-1*C]-n-butyrate and [3-**C]propionate did not agree with some of the earlier findings for other
polyether antibiotics,?-* which led us to examine how n-butyrate, isobutyrate, and propionate are
related metabolically in Streptomyces lasaliensis. We present the results of our work in this paper and
discuss the pathways through which n-butyrate and propionate are interrelated in S. lasaliensis when

they serve as precursors of 1.

Results

We determined how variously *C-labeled forms of n-butyrate, isobutyrate, and propionate were

t Current address: Department of Chemistry, University of Utah, Salt Lake City, UT 84112, U.S.A.
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Table 1. !3C Enrichments® of lasalocid A (1).

130 92H.1- _13C]. 130 2H.1- _13C]. 1,3,3"-13C,)- 2.3.3/1C, ]
Carbons® [3l’ro(1:)’i%m£1té] n-[lgut)g]ate [rlr-BL(l:'&g‘zt]e Iscgi)utgr]ate }sobutyratﬂb %sobutyratae]b
1 3.6 — 3.9 4.5 — —
2 4.8 15:37 — — = =
3 1.9 — 12.0 7.2 — —
4 1.6 3.7 — — — =
5 2.1 — 2.2 2.9 — —
6 13 6.9 — — = —
7 2.8 — 4.6 B — —
8 3:3 6.2 — — — s
9 1.7 — 12.4 6.1 — —
10 1.8 —_ — — —_ —
11 1.6 — 10.0 5.1 — —
12 1.8 4.3 — — — —
13 1.0 — 8.9¢ 11:7 (38.3, d)e-f —
14 2.5 - = = (38.4, d)et (37.3, dyet
15 1.8 — 8.2 5.9 — —
16 3.3 — — — — _
17 1.3 — 20.0 13.2 (35.4, d)es* —
18 2.1 — — — (35.4, d)°-* (41.0, d)e-*f
19 2:9 18 3.3 o N | — —_
20 3.2 4.5 — — — —
21 1.2 — 17.0 I8l 7 (37.5, d)°-* —
2 — _ _ — (37.5, d)e-t 41.7, dye.t
23 2.2 3.3 3.6 3.1 — —
24 3.4 13.0 — — — —
25 0.9 — — — = (~37, dd)e.f
26 2.6 28.3 — — 1,94 6.0° (36.3, d)°
27 0.9 — o — - (~37, ddye.t
28 3.5 34.3 — — 2,54 7.8¢ (35.0, d)°
29 20.5 23.3 — — — —
30 1.7 — — — — (~35, dd)e.*f
31 — 30.7 — — 2. 7¢ 6.8° (35.0, d)°
32 16.9 11.3 — — — -
33 17.8 12.0 — — — —
34 16.7 18.9 — — — —

¢ Calcd as described in the Experimental section of ref 16.

13C Enrichments resulting only from the direct incorporation of this precursor are shown.

¢ 1Joc, Hz; multiplicity shown in parentheses: d=doublet + singlet; dd=double doublet + singlet.

4 13C Enrichment calculated from C-4 of [1,2,4-*C,]-n-butyrate derived from the [1,3,3’-*C;lisobutyrate.

e 13C Enrichment calculated from C-4 of [2,3,4-1C,]-n-butyrate derived from the [2,3,3'-'*C;lisobutyrate
by dividing total area of satellite peaks by area of center peak.

13C Enrichment not calculated for this position.

g As assigned in ref 16.

incorporated into 1 by *C NMR analysis. The most important data from an earlier communica-
tion™ and the present work are listed collectively in Table 1 as relative *C enrichments for the carbons
of 1. The enrichment value is not shown (—) when it was negligible. These data show that the
primary *C enrichments produced by [1-] and [4-1*C]-r-butyrate and [2-] and [3-**C]propionate are as
expected based on the earlier work of WESTLEY et al.®’

The secondary *C enrichments are of more interest and there are two metabolic relationships that
have a bearing on this. Fig. 1a shows what would happen if [1,4-'*C,]-n-butyrate were converted to
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propionate by alpha or omega oxidation. Loss of the A carbon by alpha oxidation is assured. It is
not clear if the ® or the A carbon would be lost by omega oxidation since the involvement of free suc-
cinate would scramble the labeling between the C-1 and C-4 positions; thus, loss of the one illustrated
is entirely arbitrary. In any event, the primary *C enrichment of 1 from n-butyrate (vertical arrow
on the left) should be accompanied by a secondary enrichment from [1-] or [3-*C]propionate (vertical
arrow on the right). Fig. 1b shows how n-butyrate and propionate would be labeled by [1-13Cliso-
butyrate based on the proposal of PospiSIL ez al.¥ and OMURA et al.” explaining their observations about
the incorporation of valine and isobutyrate into polyether and macrolide antibiotics, respectively. It
is known that valine is degraded to propionate by some microorganisms and mammals, and that /-
hydroxyisobutyryl-CoA and 2-methylmalonic semialdehyde are intermediates in this pathway.!°.'
The aldehyde carbon of 2-methylmalonic semialdehyde, which comes from C-3” of $-hydroxyisobuty-
rate, becomes the carboxyl of propionate in these systems as shown in Fig. 1c. Evidence presented
below shows that C-1 of propionate comes from the carboxyl carbon of isobutyrate in Streptomyces
species, however, as indicated in Fig. 1b.

The secondary *C enrichments of 1 show (Table 1) that the enrichment of those positions coming

Fig. 1. Metabolism of (a) n-butyrate by alpha or omega oxidation in streptomycetes; and of valine (b)
by a reversible intramolecular rearrangement of isobutyrate and n-butyrate in streptomycetes, or (c)
by the metabolism of p-hydroxyisobutyrate to propionate in other organisms.

The symbols indicate the predicted relationships between carbons that are retained or lost during
the metabolism (a) of n-butyrate to propionate, or (b, ¢) of valine to n-butyrate and propionate. In (c)
a dot is affixed on the aldehyde carbon of 2-methylmalonic semialdehyde to indicate that this carbon
becomes the carboxyl carbon of propionate during the metabolism of valine in bacteria other than the
streptomycetes and in mammals.

(o]
L} o
® A /07 \)J\GOOH ; \/COG‘I
a) \/\COOH 202 "
w
\/COOH
ch. a
" CooH o,
®

COOH & HO :
b) ——— — >7cosom _ > ->—coscm
NH2

~~8oon coouA
COSCoA

l

A
~_~CooH

HO CHO
c) _>-—COSCOA — >—coon —> —> < _-CooH



1138 THE JOURNAL OF ANTIBIOTICS AUG. 1986

directly from C-1 of n-butyrate (C-13, 17 and 21) was highest in the labeling experiments with [1-*C]-
n-butyrate and -isobutyrate. Positions labeled by C-1 of propionate (C-3, C-9, C-11 and C-15) had
the next highest level of enrichment, and positions labeled by C-1 of acetate (C-1, C-5, C-7, C-19 and
C-23) had the lowest level. These data eliminate the occurrence of alpha oxidation of n-butyrate in
the lasalocid A pathway since propionate could not acquire a C-1 label this way, and support the in-
terrelationships of isobutyrate, n-butyrate, and propionate shown in Fig. 1b. They also reinforce the
knowledge that n#-butyrate can be degraded to acetate by beta oxidation.

[4-1*C]-n-Butyrate most heavily labeled the positions coming directly from the methyl group of
butyrate (C-26, C-28 and C-31) and to a lesser amount the methyl groups of propionate-derived units
(C-29, C-32, C-33 and C-34). As expected, [4-1*C]-n-butyrate also labeled the positions coming from
the methyl carbon of acetate directly (C-2, C-6, C-8, C-20 and C-24) and indirectly (C-4 and C-12;
C-10 and C-16 were not resolved well enough at 50 MHz to measure) via the TCA cycle and the con-
version of succinate to 2-methylmalonate. Of the two positions in the propionate-derived units of 1
corresponding to C-2 and C-3 of succinate, which [2-*CJacetate will label, the one corresponding to
C-3 of propionate was *C-enriched much more which suggests that [4-*C]-n-butyrate was converted
to [3-*C]propionate by more direct route than its degradation to [2-*Clacetate, etc. These data are
consistent with the alpha oxidation route, but as its operation already has been ruled out, this leaves
only the omega oxidation or isobutyrate routes (Fig. 1) as possible explanations of the labeling data.
Yet omega oxidation of [4-'*CJ-n-butyrate can give either C-1 labeled or unlabeled propionate but
never C-3 labeled propionate; thus only the n-butyrate—isobutyrate— propionate pathway explains
the observations.

[3-**C]Propionate labeled those positions coming directly from the propionate methyl group
(C-29, C-32, C-33 and C-34) much more than any others, such as those coming from C-2 of acetate,
which could be labeled via the catabolism of propionate to acetyl-CoA as in plants and animals.!?
The data from the [2-**C]propionate experiment confirm that propionate entered 1 directly with a very
minor amount of catabolism to acetate.

To solidify the above arguments, we examined the incorporation of multiply *C-labeled isobutyrate
into 1. Following trial feeding experiments with [U-'*C]valine and [2,3,3’-1*Clisobutyrate to establish
the specific incorporation of carbon isotope, samples of [1,3,3’-1*C,Jisobutyrate and [2,3,3’-*C,Jiso-
butyrate were synthesized and fed to S. lasaliensis in separate experiments as described in the Experi-
mental section. Analysis of the 125 MHz *C{H} NMR spectrum of the resulting samples of '*C-
labeled 1 established clearly that the carboxyl carbon of isobutyrate had migrated intramolecularly to
C-3/3" in forming the n-butyrate which provides the four-carbon units of lasalocid A. This conclusion
rests firmly on the observation of satellite doublets* for the signals of C-13, C-14, C-17, C-18, C-21
and C-22; and strongly enhanced singlets for C-26, C-28 and C-31 in 1 labeled by [1,3,3’-1*C,liso-
butyrate (Fig. 2A shows representative spectral data). Moreover, the signals shown in Fig. 2B of
portions of the three-carbon subsets, C-22, C-25 and C-26; C-18, C-27 and C-28; and C-14, C-30 and
C-31, of 1 labeled by [2,3,3’-13C,lisobutyrate exhibited satellites with a doublet-double doublet-doublet

* Since the samples of 1 are an admixture of unenriched (natural abundance) and **C-enriched (labeled)
molecules, each signal consists of a singlet from the natural abundance material and a doublet or double doublet
from molecules having two or three adjacent *C-labeled sites. The spectral resolution of <5 Hz and line widths
of the singlet resonances prevented the direct verification that the center carbon of three adjacent **C enriched
sites actually was a double doublet as stated in the text.
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Fig. 2. (A) The 30 to 90 ppm portion of the 125 MHz *C{*H} NMR spectrum of lasalocid A (free acid)
in CDCl, labeled by [1,3,3’-*C;lisobutyric acid. (B) The 6 to 36 ppm portion of the 125 MHz *C{*H}
NMR spectrum of lasalocid A (free acid) in CDCI; labeled by [2,3,3’-*C;lisobutyric acid.

The symbols indicate the labeling pattern resulting from the rearrangement of isobutyrate to #-
butyrate in vivo. Secondary labeling due to the catabolism of n-butyrate and isobutyrate to acetate
and propionate also appear in these spectra; e.g., at C-20, C-29 and C-34 in (B).

A)

85.0 80.0 75.0 70.0  65.0 60.0 55.0 50.0 45.0  40.0 35.0 30.0 ppm
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pattern*.** (ignoring two-bond carbon-carbon couplings and **C alpha or beta isotope shifts) that can
only result from intact incorporation of carbons 2,3, and 3’ of isobutyrate into the n-butyrate-derived
subunits of 1. These results confirm the earlier observation by REyNoLDs and ROBINSON about the

incorporation of [1,3,3’-*C,lisobutyrate into monensin A.%

Discussion

Our observations about the *C-labeling of lasalocid A by its simple fatty acid precursors confirm
the results of others,*~%-® which have revealed that streptomycetes metabolize isobutyrate and n#-butyrate
through a novel pathway (Fig. 1b). It is reasonable to speculate that valine catabolism may be an
important source of these carboxylic acids for the biosynthesis of polyether as well as macrolide anti-
biotics. This would be consistent with the knowledge that extensive protein breakdown occurs during
the most active time of antibiotic formation by streptomycetes,'® and that Streptomyces fradiae mu-
tants deficient in the level of valine dehydrogenase, the first enzyme of the valine catabolic pathway,®
produce reduced amounts of a macrolide antibiotic precursor whose formation requires the same three
carboxylic acids needed for polyether antibiotics.!*” Furthermore, branched-chain amino acids like
leucine and valine can be the sole C and N sources for growth and macrolide antibiotic production in
defined media.'®

Experimental

General
The procedures used for culture maintenance and fermentation, standard chemical methods, and
isolation and spectral analyses of 1 are described in ref 16.

[2,3,3’-1*ClIsobutyrate

Disodium malonate (2.96 g, 20 mmol) and disodium [2-**C]malonate (0.1 mCi, 19.9 mCi/mmol)
were admixed, the pH adjusted to 2 with 6 M HCI, the solvent evaporated, and the residue dried in
vacuo. The resulting [2-'*C]lmalonic acid - NaCl mixture was dissolved in EtOH (15 ml) with heating,
HCI gas bubbled in, and the reaction mixture refluxed for 3.5 hours. The reaction was cooled to room
temp, the material rinsed out of the flask with 100 ml H,O, and extracted 3 times with 100 ml Et,O.
The combined organic layers were dried over anhydrous Na,SO, and evaporated in vacuo at room
temp. The recovered material (2.2 g, 13.8 mmol, 68 % yield) was checked by ‘*H NMR (CDCl,) which
showed two resonances corresponding to the ethyl ester at 1.25 ppm and 4.2 ppm, and a resonance at
3.35 ppm corresponding to the methylene protons. Its specific radioactivity was 7.3 pCi/mmol.

Clean sodium (700 mg, 30.4 mmol) was placed in a dry, N, flushed 25 ml flask fitted with reflux
condenser attached to an oil bubbler. EtOH (3 ml, dried over Mg) was added dropwise to the Na
with stirring at room temp. The reaction was heated until all the Na had dissolved; additional EtOH
(4.5 ml) was then added dropwise and the solution refluxed for 1 hour more. The reaction was cooled
until reflux had subsided, then all of the diethyl [2-1*C]malonate prepared above was added dropwise.
The reaction mixture was stirred vigorously with mild heating until all of the precipitate had dissolved
and then maintained at this temp for an additional 1.5 hours. [**C]Methyl iodide (58 mCi/mmol,
diluted with CH,I to 8.5 pCi/mmol, 15.4 mmol) was added slowly to the reaction mixture without heat-
ing. After the addition was complete, the reaction was refluxed for 5 hours, cooled to room temp,
and the mixture was washed with H,O, evaporated partially to remove excess EtOH, then extracted
several times with Et,O (50 ml). The combined Et,O layers were dried over anhydrous Na,SO, and
evaporated to give 1.0 g (5.32 mmol, 39 % yield) of [3,3’-**C]dimethylmalonic acid diethyl ester.

*  See footnote on p. 1138, *.
*%  The 'Jgq couplings among the various subsets of *C-labeled carbons of 1 were confirmed by one-dimen-
sional Inadequate spectra in this experiment.
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A cold solution of 5% ag NaOH (2.2 mol per mol) was added to the crude diethyl ester and the
reaction stirred at room temp for 20 hours. After cooling, the reaction mixture was acidified to pH 1
with 6 M HCI and extracted 3 times with Et,O. The Et,O extracts were combined and evaporated
in vacuo to give 690 mg (5.23 mmol, 98 9 yield) of orange crystals of 2,2-dimethylmalonic acid which
were recrystallized once from hexane.

The crystals were placed in a dry 25 ml flask fitted with a reflux condenser attached to an oil bub-
bler and a stir bar. The temperature of the bath surrounding the flask was raised slowly to 170°C
and then held at 150°C for 1 hour. The flask was cooled to room temp to give a residue weighing 307
mg (3.53 mmol, 67% yield, 4.2 xCi/mmol). 'H NMR analysis (CDCI,) of this material showed res-
onances at 1.22 ppm (d, J=7.5 Hz) and 2.58 ppm (heptet, J=7.5 Hz) for the protons at C-3,3" and
C-2, respectively, of isobutyric acid.

Sodium [1,3,3"-1*C,]Isobutyrate

[eyano-**C]Ethylcyanoacetate was prepared from bromoacetic acid (1.04 g, 7.5 mmol) and [**C]-
KCN (0.5g, 7.6 mmol, 90 mol % *C) according to the literature.!” Following the method of
PuiLLips,'® the crude product (0.65g, 5.7 mmol) and [**C]methyl iodide (2 g, 14 mmol, 99 mol %
13C) were dissolved in EtOH (20 ml) containing 2 drops of phenolphthalein, then a solution of NaOEt
(2.4 mol per mol) in EtOH (5 ml) was added dropwise to the magnetically stirred mixture at such a
rate that the color was not intensely purple. When the color had been sustained for about 20 minutes,
the addition of base was stopped, the majority of the solvent evaporated, and the resulting residue
partitioned between H,O and Et,O. Evaporation of the ether layer and combined ether extracts gave
crude *C-labeled 2,2-dimethyl ethylcyanoacetate (0.53 g).

To prepare the free acid, crude 2,2-dimethyl ethylcyanoacetate (1.10 g) was stirred with 4 M NaOH
(1.2 equiv, 2.5ml) in MeOH (8 ml) overnight at room temp, then the solution was acidified with
dilute acid to pH~ 1 and extracted repeatedly with CH,Cl,. After evaporation of the organic solvent
extract, the crude acid was heated to 140°C and distilled (Kugelrohr) to effect decarboxylation. Upon
repeating this distillation twice, it was found that some [3,3-**C,Jisobutyric acid also had been formed
from loss of the cyano group, rather than CO,, and had co-distilled with the desired nitrile (ratio of
nitrile to acid=5:1 by *H NMR analysis). The crude yield of the combined products was 0.34 g.
This mixture was dissolved in H,O (ca. 5 ml), titrated to a phenolphthalein endpoint, and the aqueous
layer and *C-labeled isobutyronitrile recovered by distillation (Kugelrohr).

The crude isobutyronitrile was dissolved in H,O (12 ml), solid KOH (5 g) was added to make
a 30% solution followed by a 30% solution of H,O, (2 ml), and the mixture was stirred at 40°C for 1
hour in a flask fitted with a condensor. A stream of nitrogen was slowly bubbled through the reac-

Table 2. Precursor feeding experiments data.

Lasalocid A isolated

A(mount Cfged

Precursor M, ol Amount Incorporation®
3H/*C ratio) (mg) F(’%)
[2,3,3’-1*C]Isobutyrate® 1 6 31
[2,3,3’-1*C]Isobutyrate® 2.5 9 89
[2,3,3’-1C]Isobutyrate® 5 5 141
[U-*C]Valine 1 nd 17
[U-*C]Valine S nd 78
[U-*C]Valine 10 nd 116
[1-*C]Isobutyrate 5 37 s
[1,3,3"-1*C,]Isobutyrate® % 50 —
[2,3,3’-12C,]Isobutyrate® * 55 —

@ Prepared as described in Experimental section.

Calcd as described in ref 16.
* 1 mmol *C-labeled plus 1 mmol unlabeled sodium salt of the acid was fed to 200 ml of culture.
nd: Not determined.
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tion mixture as its temperature was raised to 95°C. After 3 hours at this temp, the reaction mixture
was cooled to room temp, saturated aq FeSO, (1 ml) was added, and the mixture stirred for 2 more
hours. The reaction mixture was acidified to pH ~ 1 with concd sulfuric acid and the product acid
azeotropically distilled with H,O until the pH of the distillate was ca. 5. The distillate was titrated
with 1 M NaOH to a phenolphthalein endpoint and evaporated to give sodium [1,3,3’-1*C,lisobutyrate
(0.23 g, 279 overall yield): *H NMR (90 MHz, D,0-DSS) ¢ 2.36 (1H, m), 1.09 (6H, dm, J=126 Hz);
13C NMR (22.5 MHz, D,0-DSS) 0 176.5, 9.3; MS m/z (% relative intensity) 91 (11, M* for 13C,),
75 (43) 45 (100).

Sodium [2,3,3’-*C,]Isobutyrate

Following the method of SINGH,'® a mixture of diethyl [2-'*C]malonate (1.0 g, 6.24 mmol, 99
mol % **C) and [**C]methyl iodide (0.97 ml, 15.6 mmol, 99 mol % *C) was added dropwise to a mag-
netically stirred slurry of benzyltriethylammonium chloride (1.42 g) in 14 ml of 12.5 M NaOH at room
temp. The resulting mixture was stirred for another 4 hours at the same temp, diluted with H,O and
extracted with Et,O several times. The aqueous layer was acidified to pH ~1 and re-extracted with
Et;O. The combined ether extracts were evaporated to a residue of crude, *C-labeled diethyl 2,2-
dimethylmalonate (1.06 g, 909 yield) which was hydrolyzed to the acid by stirring with 3.2 ml (2.3
equiv) of 4 M NaOH in MeOH (10 ml) at room temp overnight. The reaction mixture was acidified
to pH ~1 and extracted repeatedly with Et,O, then the combined ether extracts dried (MgSO,) and
evaporated to give crude **C-labeled 2,2-dimethylmalonic acid. This material was decarboxylated
and simultaneously distilled (Kugelrohr) at 150°C, and the distillate was titrated with 1 M NaOH to a
phenolphthalein endpoint then evaporated to give sodium [2,3,3’-1*C,Jisobutyrate (0.11 g).* 'H NMR
(90 MHz, D,0-DSS) 4 2.37 (1H, dm, J=130 Hz), 1.09 (6H, dm, J=126.4 Hz); **C NMR (22.5 MHz,
D,0-DSS) ¢ 27.5 (t, J=31.7 Hz), 10.1 (d, J=31.7 Hz); MS m/z (% relative intensity) 91 (9.5, M+ for
13C,), 75 (45), 46 (100).

Precursor Feedings
The conditions used are described in refs 7 and 16, and the results are listed in Tables 1 and 2.
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