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ABSTRACT: Transformation of 12-hydroxyoctadecanoic acid
(12-HOA) to 5-n-hexyl-tetrahydrofuran-2-acetic acid (5-HTFA}
by Bacillus lentus NRRL B-14864 (B-14864) was carried out in
the presence or absence of oligomycin, 2-bromooctanoic acid
(2-BA), or sodium azide. In addition, several saturated and mon-
ounsaturated monohydroxyfatty acids, saturated monooxofatty
acids, and monounsaturated fatty acid were used as substrates
for transformation reactions by B-14864 or corynebacterium
FUI-2. Methyl esters of the transformation products were ana-
lyzed by gas chromatography and gas chromatography/mass
spectroscopy. Various y-lactones and tetrahydrofuran fatty acid
derivatives were conversion products when saturated monohy-
droxyfatty acids were used as substrates; the production of 5-
HTFA from 12-HOA by B-14864 cells was completely inhibited
in the presence of high concentration of oligomycin, 2-BA, or
sodium azide; and fatty acid B-oxidation metabolic intermedi-
ates, 6-hydroxydodecanoic, 4-oxododecanoic, and 4-oxode-
canoic acids were products when 12-HOA, 10-oxo-, and 12-
oxooctadecanoic acids were used as substrates. Our results sug-
gest that the production of 5-HTFA from 12-HOA by B-14864
was through the fatty acid B-oxidation pathway. Three-day-old
driedfruit beetle pupae were topically treated with 5-HTFA to
test for juvenile hormone activity, and 5-HTFA was found to
possess juvenile hormone-like activity in pure form but not
when it was diluted to 10%.
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A microorganism capable of producing small amounts of 2-
hydroxymethylfuran-5-carboxylic acid was first reported by
Sumiki in 1929 (1). Since then, naturally occurring furan or
tetrahydrofuran fatty acids have been reported in Exocarpus
cupressiformis seed oil, Hevea brasiliensis Latex, grasses,
algae, a variety of plant cultivars, human urine, different or-
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gans of marine and freshwater fish and in a variety of Strep-
tomyces cultures. It has been claimed that chemically synthe-
sized tetrahydrofuran fatty acid derivatives possess some of
the biological activities of both prostaglandin E and insect ju-
venile hormone activity, as well as serving as a constituent of
the antibiotic Nonactin (2).

We have previously reported microorganisms Bacillus
lentus NRRL B-14864 (B-14864) and FUI-2 transformed 12-
hydroxyoctadecanoic acid (12-HOA) to 5-n-hexyl-tetrahy-
drofuran-2-acetic acid (5-HTFA) in good yield, and proposed
that the formation of 5-HTFA from 12-HOA was through the
fatty acid B-oxidation pathway (2). In order to support that
hypothesis, the biotransformation of 12-HOA to 5-HTFA by
B-14864 has been studied in the presence of the enzyme in-
hibitors 2-bromooctanoic acid (2-BA), sodium azide, and
oligomycin. In addition, the substrates for biotransformation
studies have been extended to include 8-hydroxy-, 10-hy-
droxy-, 12-hydroxy-, and 13-hydroxyoctadecanoic acids, and
14-hydroxyeicosanoic acid to see if their metabolism follows
the same pathway. The biological activity of 5-HTFA was
also investigated.

EXPERIMENTAL PROCEDURES

Materials. y-Decanolactone and y-dodecanolactone were
from Aldrich (Milwaukee, WI). (R)-12-hydroxyoctadecanoic
acid (12-HOA), hexadecanoic acid (palmitic acid), oligo-
mycin, sodium azide, (R)-12-hydroxy-9(E)-octadecenoic acid
(ricinelaidic acid), (R)-12-hydroxy-9(Z)-octadecenoic acid
(ricinoleic acid), and 9(Z)-octadecenoic acid (oleic acid) were
from Sigma (St. Louis, MO). Methoprene was from
Chem Service (West Chester, PA). 2-BA was from Fluka
(Ronkonkoma, NY). (D)10-Hydroxyoctadecanoic acid (10-
HOA), 10-oxooctadecanoic acid (10-OOA), and 12-oxo-
octadecanoic acid (12-O0A) were bioconversion products
purified (>95%) in our laboratory. (D,L)8-hydroxyoctade-
canoic acid (8-HOA) and (p,L)13-hydroxyoctadecanoic acid
(13-HOA) were gifts from Dr. Gerhard Knothe (NCAUR,
Peoria, IL)(3,4). (D)14-Hydroxyeicosanoic acid (14-HEA)

JAOCS, Vol. 73, no. 11 {1996)



1466

[prepared according to the method of Smith et al. (5)] was a
gift from Dr. Kenneth D. Carlson (NCAUR). Yeast extract
and dehydrated skim milk were from Difco Laboratories (De-
troit, MI).

Microorganisms. Isolation and identification of B-14864
and FUI-2 were as reported previously (2).

Medium preparation. The 1% YE medium contained 1%
yeast extract, 0.2% KH,PO,, 0.4% Na,HPO,, 0.2%
(NH,),S0,, 0.01% CaCl, - H,0, and 0.001% FeSO, - 7H,0,
pH 7.2. Medium was sterilized by filtration.

Conversion reactions with B-14864 or FUI-2. Cells of ei-
ther B-14864 or FUI-2 in 100 mL of 1% YE medium in 500
mL Erlenmeyer flasks were grown aerobically at 30°C on ro-
tary shaker (250 rpm) until ODgg, reached 2.0. Aliquots of 4
or 5 mL of the culture medium were each transferred to 50-
mL sterile conical tubes and the conversion reactions were set
up as follow: (i) 10-HOA, 10-O0A, 12-HOA, 12-O0A, or
14-HEA (in 100% ethanol) was added to each of the 5-mL
cultuares of either B-14864 or FUI-2. Except for 14-HEA, the
final concentration of each substrates were 0.2% (vol/vol).
Due to poor solubility of 14-HEA in 100% ethanol, the final
concentration of 14-HEA was about 0.03%; and (ii) 8-HOA,
13-HOA (in 100% ethanol) was added to each of the 4-mL
cultures of B-14864 to a final concentration of 0.1% (wt/vol).
In all cases the final concentration of the ethanol was 2%. In-
cubation was continued for 36 h. Samples of 0.5 mL were
taken at various times for gas chromatography (GC) and
GC/mass spectrometry (GC/MS) analysis. Cultures contain-
ing 2% ethanol served as controls.

Inhibition studies. Cells of B-14864 were grown in 1% YE
medium until ODyg, reached 2.0. An aliquot of 5 mL of cul-
ture medium was transferred to 50-mL conical tubes for inhi-
bition studies. Various amounts of oligomycin (final conc.
12.5, 50, 100, and 250 pg/mL culture), 2-BA [final conc.
0.02, 0.04, 0.2, and 0.4% (vol/vol)], or sodium azide [final
conc. 0.02, 0.04, 0.1, and 0.2%, (wt/vol)], was added to each
5-mL culture medium. Each culture medium containing in-
hibitor was allowed to grow for 30 min prior to the addition
of 12-HOA. After incubation for two days, samples (0.5 mL)
were taken for GC and GC/MS analyses. Cultures without in-
hibitor containing either 12-HOA or no 12-HOA served as
controls. The viability of the cells were determined by plat-
ing the diluted culture on nutrient agar plates. The plates were
incubated at 37°C overnight and the number of viable cells
were counted.

Mass spectra. GC/MS was performed as previously reported
(2). Methy! esters of various conversion products were chro-
matographed with a Hewlett-Packard (Avondale, PA) model HP
5890A series I1 gas chromatograph equipped with a flame-ion-
ization detector. Esters were separated on a SPB-1 column (15
m x 0.32 mm 1.d. and 0.25 pm thickness; Supelco Co., Belle-
fonte, PA) either isothermally (220°C) or temperature-pro-
grammed (3 min at 100°C, 100 to 270°C at 10°C/min and 4 min
at 270°C). Peak areas were determined with a Hewlett-Packard
3396A electronic integrator. Methyl palmitate served as internal
standard for quantitative analyses. Electron impact mass spectra
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of methyl esters and trimethylsilyl (TMS) ether derivatives were
obtained on a Hewlett-Packard 5890 gas chromatograph
(equipped with DB-5MS capillary column, 15 m x 0.25 mm
i.d.; J&W Scientific Co., Folsum, CA) coupled to a Hewlett-
Packard 5970 mass-selective detector with programmed tem-
perature as above. The mass spectrum of methyl 4-oxodode-
canoate had fragmentation ions at m/z 197(M-31, 9%),
141(12%), 130(82%), 115(46%), 98(130-32, 100%), and 88
(87 + H, 17%). The m/z 141, 115, and 88 resulted from a-cleav-
age of the sigma bond to the left and right of the oxo-group (6).
The mass spectrum of methyl 4-oxodecanoate is identical to the
literature value (7). The mass spectrum of methyl 6-trimethylsi-
lyl-oxydodecanoate gave prominent fragment ions at m/z 217
(42%) and 187 (64%), resulting from o-cleavage of the sigma
bond on the left and right of the TMS group, respectively (8).

Insects. Driedfruit beetles (Carprophilus hemipterus) were
reared on a pinto bean-based diet as described previously (9).
Three-day-old pupae were topically treated with 0.2 pL of lig-
uids using a 10 uL. Hamilton syringe (Hamilton Co., Reno,
NV) fitted with a Hamilton repeater. When the test compound
was examined, any dilution occurred in acetone, and acetone
was used as control. At least 20 pupae were used for each treat-
ment. Insects were examined after seven days for mortality and
normality of emerged adults.

RESULTS AND DISCUSSION

Identification of conversion products. y-Lactones and 2-
tetrahydrofuranyl acetic acid conversion products (methyl es-
ters) were identified by means of the GC retention time on a
DB-5MS capillary column. The typical mass ions detected
were m/z 85 (furanone ring) (10) or m/z 143, 116(143-32)
and 111 (methyl 2-tetrahydrofuranylacetate) (2,11).

When 8-HOA was used as substrate for biotransformation
by B-14864, there were three prominent conversion products
(Fig. 1). One was y-tetradecanolactone (retention time, 11.8
min); the remaining two were stereoisomers of 5-n-decyl-
tetrahydrofuran-2-acetic acid (retention times, 12.9 and 13.0
min). When 10-HOA was used as substrate for biotransfor-
mation by B-14864 or FUI-2, there were two prominent con-
version products. One was y-dodecanolactone (retention time,
9.4 min) and the other was 5-n-octyl-tetrahydrofuran-2-acetic
acid (retention time, 10.8 min). When 12-HOA was used as
substrate for biotransformation by B-14864 or FUI-2, the
prominent conversion products were y-decanolactone (reten-
tion time, 7.0 min) and 5-HTFA (retention time, 8.7 min)
(Fig. 1). Another product, 6-hydroxydodecanoic acid (6-
HDA )(retention time, 10.3 min) was present in the conver-
sion products of FUI-2 (1.5% yield), but not in the conver-
ston products of B-14864. When 13-HOA was used as sub-
strate for biotransformation by B-14864, y-lactones and
2-tetrahydrofuranylacetic fatty acid derivatives were not de-
tected. With 14-HEA as substrate for biotransformation by B-
14864 or FUI-2, the major conversion products detected were
Y-decanolactone (retention time, 6.9 min) and 5-HTFA (re-
tention time, 8.6 min) (Fig. 1).
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Substrate Conversion Product
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FIG. 1. Names and chemical structures of substrates and prominent conversion products.

When monounsaturated hydroxyfatty acids (ricinoleic and
ricinelaidic acid) and oleic acid were used as substrate for
biotransformation by B-14864 or FUI-2, we did not detect the
presence of 2-tetrahydrofuranylacetic acid derivatives in the
conversion products (Fig. 2). When 10-OOA was used as sub-
strate for biotransformation by B-14864 or FUI-2, the promi-
nent conversion product was 4-oxododecanoic acid (retention
time, 9.6 min) (Fig. 3). When 12-O0A was used as substrate,
the prominent conversion product was 4-oxodecanoic acid
(retention time, 7.2 min).

Mechanism for the formation of 5-HTFA from 12-HOA by
B-14864. Several pieces of evidence support the formation of

Substrate

5-HTFA from 12-HOA by B-14864 through the fatty acid B-
oxidaton pathway. First, B-14864 transformed 8-HOA, 10-
HOA, 12-HOA, and 14-HEA to y-lactones and 2-tetrahydro-
furanylacetic acid derivatives. As the hydroxyl group in the
starting material becomes more distant from the carboxyl
group, the products become shorter due to the removal of car-
bon from the carboxylic end of the starting materials. Remov-
ing two carbon units one at a time from carboxylic end of the
molecules during fatty acid degradation via the B-oxidation
pathway would shorten the carbon length of the substrate and
provide metabolic intermediates which could form the con-
version products (Scheme 1).

Conversion Product

Name Structure
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FIG. 2. Names and chemical structures of substrates.
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Conversion Product

Name Structure
0
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FIG. 3. Names and chemical structures of substrates and prominent conversion products.
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SCHEME 1

Secondly, nonenzymatic formation of 5-methyltetrahydrofu-
ran-2-acetic acid from 6-hydroxy-2(F)-heptenoic acid by acid
catalysis (12), for tetrahydrofuran fatty acid derivatives under
low pH (13) or by Pd(II) activation of hydroxyalkenes (14), and
for 5-HTFA from R(-)-3-hydroxy-5(Z)-dodecenoic acid under
extremely low pH (11) have been reported. These starting mate-
rials share the common feature of containing either a hydroxy
group and a double bond separated by 1 or 2 methylene groups,
or two hydroxy groups separated by 2 methylenes.

During fatty acid B-oxidation of saturated monohydroxyfatty
acids, the metabolic intermediates have similar structures, as
mentioned above. These metabolic intermediates may become
the precursors for synthesis of tetrahydrofuran fatty acid deriva-
tives or may be further oxidized by fatty acid f-oxidation.

These observations may also explain why 13-HOA gave
no detectable tetrahydrofuran fatty acid derivatives in the
conversion products. During the fourth cycle of fatty acid p-
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oxidation of 13-HOA, the metabolic intermediates should ei-
ther contain a hydroxy group and a double bond or two hy-
droxy groups separated by three methylene units. The addi-
tional methylene group in this intermediate may not provide
the necessary molecular structure for enzymatic reaction(s) to
form 2-tetrahydrofuranyl acetic acid derivatives. Chemical
synthesis of a tetrahydropyran derivative and not a tetrahy-
drofuran derivative from the hydroxyalkenes having a hy-
droxy group and a double bond separated by three methylenes
has been reported (14). This result indicates that it is impossi-
ble to form a five- or six-membered cyclic ether ring simply
by chemical means under our experimental conditions.

Third, the metabolic intermediates, 4-oxodecanoic acid and
4-oxododecanoic acid were detected in the conversion products.
4-Oxododecanoic acid was the metabolic intermediate during
the fourth cycle of fatty acid B-oxidation of 10-OOA, and 4-
oxodecanoic acid was the metabolic intermediate during the
fifth cycle of fatty acid B-oxidation of 12-OOA. The length of
the n-alkyl side chain is identical both in the substrate and con-
version product. These results not only confirmed that fatty acid
B-oxidation occurred but also indicated the importance of the
hydroxyl group in order to form the tetrahydrofuran ring.

Fourth, the metabolic intermediate, 6-HDA, was detected
from the conversion products of 12-HOA by FUI-2, but not
by B-14864. We do not know why B-14864 could not trans-
form 12-HOA to 6-HDA, and there is no explanation why no
similar metabolic intermediate accumulated when 8-HOA,
10-HOA, and 14-HOA were substrates for FUI-2. Fifth, in-
hibitors which specifically inhibit the enzymes for fatty acid
B-oxidation inhibited the formation of 5-HTFA by cells.

Effect of inhibitors. Transformation of 12-HOA to 5-HTFA
by B-14864 was carried out in the presence or absence of
oligomycin, 2-BA or sodium azide. Oligomycin is an ATPase
inhibitor. The synthesis of ATP is coupled to the oxidative
phosphorylation system. When the activity of ATPase is in-
hibited, so is the activity of oxidative phosphorylation and
fatty acid B-oxidation. With low concentrations of oligomycin
(12.5 and 50 pg/L), ATPase activity was not completely in-
hibited and some degree of fatty acid B-oxidation occurred
which resulted in production of small amounts of 5-HTFA (8
and 3% yield, respectively). As the concentration increased
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to 100 and 250 pg/mL, the ATPase activity was fully inacti-
vated, resulting in no production of y-decanolactone and 5-
HTFA. However, there were 58% (2.9 x 10%/mL culture) vi-
able cells in culture medium. A sub-lethal dose of oligomycin
inhibited the production of 4-hydroxydecanoic acid and 5-
HTFA from ricinoleic acid by Rhodotorula glutinis and
Sporobolomyces odorus (15). Oligomycin at concentrations
from 50 to 100 pg/mL of culture has been widely used to in-
hibit microorganism growth. Sodium azide is an oxidase in-
hibitor in the oxidative phosphorylation system. As the activ-
ity of oxidase is inhibited, so is the activity of oxidative phos-
phorylation and fatty acid -oxidation system. In the presence
of low concentration of sodium azide (0.02%), cells produced
a small amount of 5-HTFA (2% yield). However, as the con-
centration increased from 0.04 to 0.2%, there was no de-
tectable 5-HTFA, even with 75% (4.8 x 108/mL) viable cell.
Sodium azide at concentrations from 0.03 to 0.05% (wt/vol)
has been widely used to inhibit microorganism growth.

2-BA is a specific inhibitor of the 3-ketoacyl-CoA thiolase of
fatty acid B-oxidation enzyme complex. When thiolase activity
is inhibited, so is fatty acid §-oxidation. In the presence of low
concentration of 2-BA (0.02 to 0.4%), cells did not produce 5-
HTFA, even though there were 70% (4.2 X 108/mL culture) vi-
able cells after incubation for two days. Ten uM of 2-BA com-
pletely inactivates thiolase activity of rat liver mitochondria (16).

These results indicated that 2-tetrahydrofuranylacetic acid
derivatives were produced through fatty acid B-oxidation
pathway. The results also suggest that enzymes are probably
involved in the cyclization of fatty acid B-oxidation interme-
diates to 2-tetrahydrofuranylacetic acid derivatives. This con-
cept was further supported by the results obtained with rici-
noleic, ricinelaidic, and oleic acids as substrates. In theory,
tetrahydrofuran derivatives should be formed if the cycliza-
tion reaction does not require high temperature and low pH.
However, we did not detect the presence of 2-tetrahydrofu-
ranylacetic acid derivatives in their conversion products.

Biological activity test. Initial tests with 1 mg/mL acetone
solutions of methoprene, a juvenile hormone (JH) analog,
produced 15% pupal-adult intermediates after seven days
under the conditions normally used to rear the insects, as in-
dicated by tanning (browning) of wing covers and abdomens
without molting into aduits. Thus, this insect is suitable for
demonstrating JH activity of our test compound. At 1 and
10% concentration, 5-HTFA showed no effect on the pupae
that was different from that on the insects treated with solvent
alone. However, when used undiluted (0.2 puL per pupae),
only 20% of the treated pupae emerged as normal adults, as
compared to 100% of control insects. The remainder of the
insects showed various forms of developmental abnormali-
ties, including tanning or molting into “adults” that still re-
tained pupal characteristics (such as undeveloped wings).
These effects suggest that S-HTFA has JH-like activity.
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