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Inhibition of Farnesoic Acid Methyltransferase
by Sinefungin

Hans-J6rg FERENZ, Martin G. PETER* and Dieter BERG**

Fachbereich Biologie, Universitit Oldenburg,
Postfach 2503, D-2900 Oldenburg, F.R.G.
* Institut fiir Organische Chemie und Biochemie der Universitit Bonn,
Gerhard-Domagk-Str. 1, D-5300 Bonn, F.R.G.
** Bayer AG, Sektor Landwirtschaft, Chemische Forschung,
Pflanzenschutzzentrum Monheim, Alfred-Nobel-Str. 50,
D-5090 Leverkusen, Bayerwerk, F.R.G.

Sinefungin inhibited the S-adenosylmethionine-dependent farneseic acid methyltransferase in
a cell-free system containing a homogenate of corpora allata from female locusts, Locusta
inigratoria. The enzyme catalyzed the penultimate step of juvenile hormone biosynthesis in the
insects. Culturing corpora allata in the presence of sinefungin greatly suppressed juvenile hormone
production. The following in vivo effects were visible after injection of the inhibitor: increase in
mortality and reduction of total haemolymph protein titer and ovary fresh weight, as well as length
of terminal oocytes. Attempts to reverse these effects by topical application of the juvenile hormone
analog ZR-515 (methoprene) were only partly successful. Therefore, the in vivo effects may be due
to a general inhibition of methyltransferase enzymes in the insect. Sinefungin appeared to be of
potential interest as the first representative of a new class of insect growth regulators.

'

The antibiotic fungal metabolite sinefungin
(Fig. 1) is a potent inhibitor of a number of
S-adenosylmethionine-acceptor methyltrans-
ferases such as 7-RNA- and protein meth-
ylases®’ as well as cyclopropane fatty acid syn-
thetase? and histamine-N-methyltransferase.’
I5,-Values are in the range of 1073 to 1076 M.
In some cases, sinefungin is a much stronger
inhibitor of methyltransferases than S-adeno-
syl-homocysteine.? Inhibition of methyltrans-
ferases in insects by sinefungin has not been
investigated. Of special interest is farnesoic
acid methyltransferase, an enzyme that is in-
volved in the last steps of juvenile hormone
biosynthesis in insect corpora allata.*) It is well
established that this reaction consists of the
transfer of the methyl group from S-adeno-
sylmethionine (Fig. 1) to either farnesoic acid®
or to 10,11-epoxyfarnesoic acid or higher
homologues of the latter.*~® We now report
on the effects of sinefungin on female locusts,
Locusta migratoria, in vivo and on the inhibi-

tion of juvenile hormone biosynthesis in cor-
pora allata organ cultures as well as on the
inhibition of farnesoic acid methyltransferase
in a cell-free system.

MATERIALS AND METHODS

Insects. Locusta migratoria was obtained from the
“Insektarium Dr. Frieshammer” (Jaderberg, F.R.G.).
They were kept in the laboratory at 30°C with a daily
photoperiod of 14hr, and fed with fresh grass, wheat
shoots, and flaked oats.

Chemicals. Sinefungin was purchased from Sigma or
Calbiochem. [Methyl-'*C]methionine (specific activity 2.2
GBq mmol ! =60.4mCi mmol ') was from Amersham-
Buchler and [methyl-'*C]-S-adenosyl-methionine (specific
activity 2.2 GBq mmol~!=59.9mCi mmol ') was from
NEN-Chemicals. E,E-methyl farnesoate was prepared by
oxidative methylation® of farnesol (Fluka, mixture of E,E-
and Z, E-isomers) and the ester was subsequently hydro-
lyzed in 80% aqueous ethanol/109% (w/v) KOH. E E-
Farnesoic acid was obtained after chromatography of the
reaction products on a 3 x 34cm silica gel column which
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FiG. 1. Structural Formulas of S-Adenosylmethionine
and Sinefungin.

was eluted with n-hexane/109, ethyl acetate/1%, acetic
acid, followed by Kugelrohr distillation. The JH-analog
ZR-515 was a gift from Dr. D. Schooley and Dr. S. J.
Kramer of Zoecon Corp. to the first author. All glasswares
were coated with Carbowax 20M (Serva), by the standard
procedure.

In vivo: Experiments. Females of Locusta migratoria
were injected two days after emergence with 10ul of a
solution containing varying amounts of sinefungin (see
Table I) in locust saline,'® ) using a 50-ul Hamilton syringe.
Five microliters of haemolymph were collected before the
injections, and total haemolymph protein was measured
by Lowry’s method.'? The injections of sinefungin solu-
tions as well as the collection of haemolymph samples were
repeated every two days. The animals were dissected on
the 15th day after emergence and again haemolymph
protein concentration as well as ovary fresh weight and
length of terminal oocytes were measured. Some of the
sinefungin-injected locusts were given S ul of a solution of
the juvenile hormone analog ZR-515 in acetone (20 mg
-ml~!) or acetone alone (topical application) after each
injection. ’

Organ culture of corpora allata. Corpora allata were
dissected from 0~24hr old adult female locusts, washed
in sterile incubation medium, and incubated as described
previously.'? To stimulate glands to maximum bio-
synthetic activity, farnesoic acid was added to the incu-
bation medium to give a final concentration of 0.1 mm'?
The concentration of methionine (radio-labelled plus
radioinactive from medium) was adjusted to 0.31 mm. The
corpora allata were removed from the culture after 2 hr
and the medium was extracted with 300 ul of iso-octane.!
Samples of the extract were used for measurement of
radioactivity.

Cell-free system. An extract of 50 pairs of corpora allata
was prepared as described by Feyereisen et al.!¥ The

glands were homogenized in 300 ul of ice-cold sodium
phosphate buffer (100mMm, pH 7.0) containing 1mM
EDTA and 1 mM mercaptoethanol. The homogenate was
layered onto 500 ul of the phosphate buffer consaining 5%
sucrose. After 2 hr of centrifugation at 88,000 x g at 4°C,
200 ul of the top layer of the supernatant were removed,
mixed with 200 ul of 309 aqueous glycerol solution, and
stored in several batches frozen at —70°C. A 10-ul sample
containing 1.7 gland pair equivalents, was incubated in
90 ul of the phosphate buffer to which 0.4 ug (1.6 nmol) of"
farnesoic acid and 0.7 ug of [methyl-'*C]S-adenosylme-
thionine hydrogensulfate (1.7 nmol, containing 0.1 uCi) as
well as varying amounts of sinefungin were added. The
total volume was consequently 100 ul. After incubation for
30 min at 30°C, the mixture was extracted once with 300 ul
of iso-octane containing 1.3 ug of methyl farnesoate and
samples of the iso-octane phase were removed for count-
ing and HPLC-analysis.

Analytical procedures. Radioactivity was measured
either in a Packard Prias PL liquid scintillation counter
using Instafluor (Packard) as the liquid scintillation cock-
tail or in a Berthold BF 820 apparatus in Rialuma Cock-
tail (Baker). Counting efficiency was 85~92% for '“C
depending on quenching effects as measured by the ex-
ternal standard method. Quench corrections were made by
use of an on-line HP 9815 calculator. Centrifugation was
done in a Beckman L8 Ultracentrifuge using the Beckman
rotor SW 55Ti with adaptors for 0.8 ml centrifugation’
tubes. HPLCs were done with an apparatus built from
Waters components. The column was either 0.4 x 31 cm p-
porasil, eluted with n-hexane/0.5% ethyl acetate/0.005%, 2-
propanol at a flow rate of 1.0ml-min~*, or 0.4 x31cm u
Bondapak connected with a 0.4 x3cm C,g-porasil pre-
column which were eluted with a linear gradient solvent
system running from 50~ 1009, methanol in H,O over
60min at a flow rate of 1.0ml-min~'. Compounds were
detected by UV-absorption at 235nm. Fractions of 0.5 ml
were collected for observation of radioactivity distribu-
tions.

RESULTS

Effects of sinefungin in vitro

The production of juvenile hormone (JH-
IIT) by corpora allata stimulated by farnesoic
acid was measured in organ culture. Exami-
nation of extracts of the culture medium by
thin layer chromatography revealed that the
radioactivity from [methyl-'*C]methionine
was incorporated almost exclusively into JH-
ITII. A greatly decreased incorporation of
radioactivity into JH-III was apparent already
at 0.3 mM sinefungin and hormone production
fell down to background levels of inhibitor
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Fic. 2. Inhibition of Juvenile Hormone Biosynthesis by
Sinefungin in Organ Cultures of Corpora Allata Pairs of
Female Locusta migratoria.

Data points are mean values +SEM (n=38).
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FiG. 3. Inhibition of Farnesoic Acid Methyltransferase
in a Cell-free System from Corpora Allata of Female
Locusta migratoria.

The concentration of farnesoic acid was 16 M (@) or
32 uM (O) respectively. The concentration of [methyl-**C]-
S-adenosylmethionine was always 16 uM. Each data point
was obtained from five experiments. The SEM is smaller
than the diameter of the point in the graph, if not
indicated.

concentrations above 3 mm (Fig. 2).

Further confirmation of the inhibition by
sinefungin of the methylation of farnesoic acid
from S-adenosylmethionine was obtained
using a crude methyl-transferase containing an
enzyme preparation from corpora allata.
Figure 3 shows that there is a strong inhibi-
tion of incorporation of radioactivity from
[methyl'*C]-S-adenosylmethionine into
products which can be extracted with iso-
octane. The effect was obvious already at
sinefungin concentrations of 0.1mm. Com-
plete inhibition was observed at concentra-
tions of about 0.5mM. To see whether radio-
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activity was also incorporated into products
other than methylfarnesoate, a sample of
the combined extracts from 10 enzyme in-
cubations without sinefungin which contain-
ed 152,000 dpm were analyzed by HPLC on a
1 Bondapak column. All of the injected radio-
activity (95,000 dpm) were recovered in the elu-
ate. Methylfarnesoate contained 83,800 dpm
and the remaining radioactivity was associat-
ed with one major and several minor more
polar products. The major polar product was
eluted shortly behind synthetic JH-III. Simi-
larly, when an extract from 10 incubations
of corpora allata with 1.0 mwm sinefungin (con-
tained 2,250dpm) was analyzed under the
same conditions, more than 959 of the inject-
ed radioactivity was in the peak correspond-
ing to methylfarnesoate.

Effects of sinefungin in vivo

The observations made after six repeated
injections of sinefungin into female locusts are
summarized in Table I. An increase in mor-
tality of the insects was only found at rather
high doses of the inhibitor. Locusts surviving
at such high doses moved and ate much less.
Their cuticle had an unusual reddish-brown
colour and a paper-like consistency. A dose-
dependent reduction in ovary weight, oocyte
development, and total haemolymph protein
were caused by the injection of increasing
amounts of sinefungin. Higher doses of sine-
fungin suppressed any development of the
ovaries and the fatbody. Both of the tissues
remained in the premature stage of develop-
ment found right after adult emergence; i.e.,
the oocytes were very small and the un-
developed fatbody had a whitish colour indi-
cating the absence of reserve materials. After
injection of small amounts of sinefungin, the
locust ovaries showed a retarded growth and
often resorption of partly matured oocytes
occurred. Figure 4 shows the correlation be-
tween inhibitor dose and total haemolymph
protein concentration during adult develop-
ment. The protein concentration reached a
maximum .on the 13th day in the control
animals. This maximum was apparently sup-
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TaBLE 1. EFFECTS® OF SINEFUNGIN ON SEXUAL MATURATION DURING THE
FIrRsT GONOTROPHIC CYCLE OF Locusta migratoria
S.in.efungin Haemol}fmph Ov'ary Oocyte Mortality
injected® protein weight length 0 N
(ug) (mg-ml™") (mg) (mm) o
0 67.7+3.9 233.3+33.3 4.3+0.6 14 12
6 67.2+5.2 211.8+34.0 39403 7 14
60 59.3+3.9 100.9+22.8 2.6+04 13 13
150 36.9+2.3 15.6+ 1.9 <1.3 9 10
300 24.3+4.5 83+ 1.8 <1.3 75 4

4 All measurements were made on day 15 after adult emergence. Data are mean values + SEM.
b The amounts are the sum of six equal doses applied by repeated injections every second day (see MATERIALS AND

METHODS).
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Fic. 4. Concentration of Total Haemolymph Protein in Female Locusta migratoria after Consecutive
Injections of Varying Amounts of Sinefungin on 2, 4, 6, 8, 10, and 12 Days after Emergence.

Each bar represents the results of 4 to 15 individual haemolymph samples (mean value + SEM). Each
measurement was done in duplicate. Dose amounts of sinefungin per injection are a) 0.0 ug, b) 0.1 ug, ¢) 1.0 ug,

d) 10.0 ug, e) 25.0 ug, and f) 50.0 ug.

TasLe II. EFFECTS OF THE JUVENILE HORMONE
ANALOG (ZR-515) ON SINEFUNGIN-
INJECTED LocusTs

Ovary Oocyte
Treatment? weight length N
(mg) (mm)
Saline, acetone 425.7+108.0 50+03 8
Saline plus
100 g ZR-515 6059+ 79.7 5.6+02 9
200 ug sinefungin, 52.6+ 9.1 <1.3 9
acetone
’ . .
00 ug sinefungin 655+ 7.3 <13 7

plus 100 ug ZR-515

a

Sinefungin was injected into the animals, whereas
ZR-515 was applied topically as a solution in ace-
tone (see MATERIALS AND METHODS for details).

pressed by sinefungin exceeding 10 ug per in-
jection. Although we attempted to restore the
process of sexual maturation in sinefungin-

injected female locusts by application of high
doses of the juvenile hormone analog ZR-515,
it was not successful (Table II). However, there
were signs for enhancement of fatbody de-
velopment and increase of haemolymph pro-
tein concentration. Occasional inspection of
corpora allata revealed that sinefungin-inject-
ed animals had rather small glands, reflecting a
low biosynthetic activity.

DISCUSSION

The biosynthesis of juvenile hormone in
Locusta migratoria is known to occur by the S-
adenosylmethionine dependent methylation of
farnesoic acid to give methyl farnesoate, which
is then oxidized at the terminal double bond
to (10R)-2E,6E-10,11-epoxy-3,7,11-trimethyl-
dodecadienoate methyl ester (epoxyfarnesoic
acid methyl ester, JH-III).5-'#) This sequence of



steps is reversed in several other insects, such
as in the lepidoptera Manduca sexta and
Hyalophora cecropia:'> The enzyme from
Locusta corpora allata catalyzes the methyl-
ation both farnesoic acid and 10,11-epoxy-
farnesoic acid in vitro.

We observed in preliminary experiments
that the epoxyfarnesoic acid methyltransferase
from male accessory sex glands of Hyalophora
cecropia®®'> was inhibited by sinefungin. The
amount of enzyme available then was too
small to do a more detailed study. This indi-
cated, however, that the effects of sinefungin
were interesting enough for us to-investigate
the inhibitor in another insect, Locusta mig-
ratoria, which was available more easily. The
results of this study showed that farnesoic acid
methyltransferase was inhibited by sinefungin
in a cell free enzyme preparation. HPLC anal-
ysis of the reaction mixture from an incubation
without sinefungin showed that most of the
extractable radioactivity was indeed present as
methyl farnesoate. The incorporation of
[methyl-'*C]-S-adenosylmethionine into far-
nesoic acid in the presence of sinefungin de-
creased drastically with increasing concentra-
tions of the inhibitor. Though the properties of
the enzyme have not yet been measured due to
the obvious problems in obtaining sufficient
amounts for a complete assessment of sub-
strate conversion and inhibition kinetics, it is
reasonable to assume that sinefungin acts as a
competitive inhibitor of farnesoic acid methyl-
transferase.

In organ culture of corpora allata, the in-
corporation of radioactivity from [methyl-
14C]-methionine into juvenile hormone can be
used as a measurement of juvenile hormone
production!® (see ref. 17 for review and dis-
cussion). Strong inhibition of juvenile hor-
mone production was observed in organ cul-
ture in the presence of about 1 mm sinefungin.
The inhibition of hormone synthesis may be
due to several effects, including disturbance of
regulatory processes in enzyme synthesis and
transportation phenomena. The observations
on farnesoic acid methyltransferase in the cell
free system suggest, however, that sinefungin
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may also act in organ culture to inhibit the
same enzyme.

It is presently impossible to argue about the
mode of action of sinefungin in vivo. The
reduction of ovary fresh weight, as well as of
the size of terminal oocytes and fatbody, were
similar to those observed: after allatectomy at
early stages of sexual maturation.’®~2® The
decrease in haemolymph protein concentra-
tion may. be in part attributed to a lack of
vitellogenin synthesis which is regulated by
juvenile hormone.!®2V It was, however, not
possible to reverse these effects notably by
topical application of the juvenile hormone
analog ZR-515. An increase in mortality was
found only after 6 injections of 50 ug sine-
fungin, and this dose was five-fold higher than
that required for the appearance of the other
effects. Though the animals were not lethally
affected by small doses of sinefungin, it may be
expected that at least the fertility of the females
will be severely impaired. Most likely, sine-
fungin acts in locusts as a generally toxic agent
and the inhibition of juvenile hormone bio-
synthesis may be only one of the reasons for
the inhibition of ovarian development. We do
believe that the observations reported here on
both in vitro and in vivo systems will stimulate
further research on a new class of insect
growth regulators.
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