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Abstract [] Duclauxin, an antitumor agent, was isolated from sporulat-
ing Penicillium herquei (ATCC 34665) grown on a medium of peanut hulls
supplemented with potato starch solution (termed “Gostar”). The me-
dium was inoculated with a sporulating subculture of P. herquei estab-
lished on a 2% potato starch slurry supplemented with mineral salts. The
P. herquei grew as well on Gostar as on an enriched medium. Duclauxin
was isolated in crystalline form from Gostar-grown P. herquei. Compar-
ison of costs of duclauxin obtained from inexpensive Gostar versus costly
enriched media indicated that Gostar reduces production expenses.
Duclauxin was not effective as an antibiotic against certain species of
gram-positive and gram-negative bacteria, fungi, and viruses, but a
concentration-dependent inhibition of wheat coleoptile growth was ob-
served. Duclauxin was characterized by melting point, optical rotation, IR
and NMR spectroscopy, MS and X-ray diffraction.

Duclauxin is an excellent prospect as an antitumor agent.
Chemically, it consists of a heptacyclic system, containing an
isocoumarin and a dihydroisocoumarin nucleus.!:2 Duclauxin
is produced by Penicillium duclauxii,! P. stipitatum,3 and P.
herquei.*+5 Duclauxin has been shown to be effective against
Ehrlich’s ascites carcinoma cells,3.6-2 Lymphadenoma
1-5178,3 HeLa cells,3 tumor cells of the line P 388,10 and
murine leukemia L1210 culture cells.8:9.11 The mode of action
of duclauxin involves inhibition of mitochondrial respiration
(uncoupling of oxidative phosphorylation).s-11

Among the problems associated with isolating naturally
occurring antitumor agents are the low yields and high
production costs. To reduce production costs, we developed a
method of culturing P. herquei in which peanut hulls and
potato starch serve as substrate. This medium is termed
“Gostar”. Equally important is the potential for culturing
other fungi on a Gostar-type medium when liquid culture is
not possible, leading to the production of valuable products.
This may be fruitful because numerous fungal species have
been isolated from or associated with peanut hulls.12

We now describe the growth of P. herquei on Gostar

Duclauxin
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medium, the first reported isolation of crystalline duclauxin
from P. herquei, antibiotic resistance testing, and other
physical characteristics of duclauxin.

Experimental Section

Sporulation of P. herquei for Inoculum—A lyophilized culture of
P, herquei (ATCC 34665) was rehydrated and transferred to 20-mL
screw-capped tubes containing 10 mL of potato dextrose agar (PDA,
Difco) slants and grown for 7 days until mycelia covered the surface.
The fungus was transferred from the PDA medium to 20-mL screw-
capped tubes containing 10 mL of liquid medium consisting of 2%
potato starch, 0.2% NaNO;, 0.1% KH,PO,, 0.5% KCl, 0.05%
MgSO0, - TH,0, and 0.001% FeSO, - TH,0 (PSM); the final pH of this
solution was pH 6.3. The PSM was autoclaved at 121 °C for 25 min.
No further adjustment of pH was required. Inoculated tubes were
incubated as stationary cultures at 29 °C, and sporulation was
monitored by direct cell count with an Improved Neubauer chamber
(1/400 sq. mm X 1/10 mm). All manipulations were performed with
sterile conditions.

Gostar Medium—Gostar medium was prepared in 14 2.8-L Fern-
bach flasks containing dry peanut hulls ~5 cm in depth (~500 mL
loose peanut hulls). A 2% aqueous slurry of potato starch was
prepared, and 200 mL were added to each Fernbach flask. Flasks were
covered with inverted 500 mL-Nalgene beakers containing cotton ~2
cm deep and autoclaved at 121 °C for 45 min; the flasks were then
cooled at room temperature overnight. This procedure resulted in the
potato starch coating the peanut hulls. Each flask containing Gostar
medium was inoculated with ~1 mL of P. herquei spores subcultured
successively through the third generation (Gg) and incubated at 23 °C
(£2) in the light. P. herquei was incubated at 23 °C (+2) for 24
weeks, with harvesting at regular intervals.

Extraction of Duclauxin from P. herquei Grown on Gostar
Medium-—All chemicals and solvents were reagent grade. Growth of
P. herquei was terminated by the addition of sufficient acetone (~500
mL) to cover the Gostar medium in each Fernbach flask. Groups of
three Fernbach flasks were combined and homogenized with an
Ultra-Turrax apparatus (Janke and Kunkel KG, Breisgau, Germa-
ny). This homogenate was vacuum-filtered through Whatman #4
filter paper (24 cm) in a Biichner funnel. The filtrate was collected and
concentrated under reduced pressure at 55°C to ~500 mL, then
extracted twice with an equal volume of ethyl acetate in a separatory
flask. The ethyl acetate phase (upper fraction), which contained the
duclauxin, was dried over granular, anhydrous Na,SO, overnight,
then passed through a glass column (10 X 10 c¢m) containing
anhydrous Na,SO, and evaporated to dryness under reduced pres-
sure. The dried residue was dissolved in ~5 mL of ethyl acetate, and
this solution was applied to a column (9 x 20 cm) of Silica Gel 60
(70-230 mesh, Merck) that was slurry-packed in benzene. The column
was eluted in a stepwise manner with 1 L each of benzene, ethyl
acetate, and acetone, and the fractions were collected individually
from each solvent elution. Bulk fractions were evaporated separately
to dryness under reduced pressure, and residues were dissolved in ~5
mL of ethyl acetate. Fractions containing duclauxin were identified
asdescribed (vide infra) and all that contained duclauxin were pooled.

TLC was performed to evaluate chromatographic fractions for the
presence of duclauxin. Silica Gel 60 Fy5, (5 X 10 cm, 0.25-mm thick)
TLC plates (Merck) were spotted at the origin with 1 uL of sample and
developed with toluene:ethyl acetate:formic acid/(5:4:1) as the mo-
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bile phase. The mobile phase was allowed to ascend to 1.5 cm from the
top of the TLC plate before removing the TLC plate from the chamber.
Plates were dried, then sprayed with 0.5% anisaldehyde solution
dissolved in 10 mL of glacial acetic acid, 85 mL of methanol, and 5 mL
of concentrated sulfuric acid.’3 Developed plates were heated at
105 °C for 20 min to visualize chromatographed compounds. Previ-
ously purified duclauxin from P. herquei (1 mg/mL) was used as the
internal standard.4

The pooled fractions were chromatographed in an open glass
column (3 x 45 em) of Silica Gel 60 (70-230 mesh) equilibrated with
benzene. The column was washed with ~500 mL of benzene, and then
a linear gradient of benzene to ethyl acetate was applied (1 L each
reservoir). Fractions of 16 mL were collected, and every third fraction
was analyzed by TLC to determine the presence of duclauxin. Those
fractions containing duclauxin were pooled and concentrated. The
concentrated fractions were applied to a column (1.75 X 25 cm) of
Silica Gel 60 equilibrated with methylene chloride:acetone (9:1, v/v).
Duclauxin eluted with the equilibrating solvent and was concen-
trated to dryness under reduced pressure. The residue was dissolved
in a minimum volume of ethyl acetate and stored at 4 °C. Duclauxin
crystals formed within 24 h. The supernatant solution was decanted,
and the crystals were redissolved in ethyl acetate and recrystallized
to remove impurities. Recrystallization was repeated until only
duclauxin remained. Recrystallization of duclauxin in decanted
supernatant solutions followed until virtually all the duclauxin was
recovered.

Bioassays—Etioclated wheat colecptiles were used to determine
stimulatory or inhibitory biological activity as previously de-
scribed.1* Microbial bioassays utilized gram-positive and gram-
negative bacteria and fungi as previously described.’4 Antiviral
activity was performed in light and in dark against Mouse CMV and
Sindbis viruses as previously described.15

Physical Analyses—The melting point (mp) was measured on a
Kofler block (hot-stage microscope apparatus) and is uncorrected. The
IR spectrum was obtained from a KBr disc with an Analect FX-6160
FTIR spectrometer. 'H and *C NMR spectra were recorded from
CDClj solutions on a Bruker AM-400 spectrometer. Optical rotation
was performed with a Perkin Elmer model 141 polarimeter with
CHCl, as the solvent blank. MS was performed with a Hewlett-
Packard 5985 B mass spectrometer interfaced with a computer
programed with the standard reference data base of the National
Institute of Standards and References. Samples were injected into the
mass spectrometer ballistically at a temperature of 170 °C. X-ray
diffraction was performed by mounting crystals in a random orien-
tation on a glass fiber for analysis with a Enraf-Nonius CAD-4
diffractometer with CuKa radiation at ambient temperature.

Results

Growth of P. herquei and Isolation of Duclauxin—An
inoculum of sporulating P. herquei was prepared by growing
the organism in a 2% potato starch slurry supplemented with
a mineral salts solution. Selected potato starch concentra-
tions from 0.5 to 9% were tested, but 2% was found to be
optimal for the highest induction of spores. At concentrations
of potato starch of 1% or less, mycelia and fruiting bodies were
observed, but as the concentration of potato starch was
increased beyond 2%, the number of spores decreased. Figure
1 shows sporulation cycles for three successive subcultures of
P. herquei grown on liquid PSM. P. herquei spore counts for
G4 were higher than for the first (G,) or second (G,) genera-
tions. Consequently, G; was selected as inoculum for the
Gostar medium based on its apparent vitality. Also, subcul-
turing P. herquei through the third generation on PSM
resulted in an inoculum that approached 100% spores. Be-
cause duclauxin is a secondary metabolite and because inoc-
ulation of enriched medium with P. herquei not subcultured
for spore production resulted in comparatively lower yields of
duclauxin (data not shown), the efficacy of subculturing
spores is apparent. However, a detailed study of the nature of
the subculturing has not been performed.

Optimal conditions for sporulation of P. herquei were
determined by the rate of spore formation. Sporulation was
best at 27-29 °C, in screw-capped culture tubes compared
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Figure 1—Average spore numbers of P. herquei transferred through
three generations of growth. Inoculation was with 0.1% of the previous
generation. Key: (H) G,; (®) G,; (A) G;.

with sponge-capped or to N,-flushed, stoppered culture tubes.
Spore cultures were more prolific in still than shake cultures.
For each variable, the observation accounts only for spore
concentration in the culture {mycelia were not counted).
These favorable conditions were used during growth of each
generation of P. herquei and may have aided in spore induc-
tion. Attempts to induce sporulation of P. herque: with corn
starch or corn steep liquor, as opposed to potato starch, were
not successful.

Gostar medium promoted visible growth of P. herquet that
was indistinguishable from the enriched medium previously
described.16 Flasks were inoculated with 1 mL of G, spores of
P. herquei (Figure 1). A thick, green fungal mat covered the
peanut hulls, and mycelia extended into the liquid in the
bottom of the flask exactly as when grown on enriched
medium,

Duclauxin was isolated in crystalline form by the extrac-
tion procedure described followed by column chromatogra-
phy. The purification was monitored by TLC analysis. Those
fractions containing duclauxin were pooled and concentrated
prior to further purification. By the final stage of purification,
a mixture of duclauxin and three other compounds remained.
On standing overnight at 4 °C, colorless crystals formed from
an amber supernatant solution. TLC analysis indicated the
presence of duclauxin and the three other metabolites in the
supernatant solution. Duclauxin was the only compound in
the crystals as determined by cochromatography with du-
clauxin previously isolated.

Bioassays—Certain bacterial species including Bacillus
subtilis, B. cereus, Microbacterium thermosphactum, Esche-
richia coli, Enterobacter cloacae, and Citrobacter freundii
were resistant to duclauxin as determined with standard PDA
plate growth. Certain fungi, including Curvuloria lunata,
Gaeumannomyces graminis, and Aspergillus flavus, were also
resistant to duclauxin. Duclauxin was found not to have
antiviral activity, either in light or in dark, against Mouse
CMYV or Sindbis viruses. By contrast, duclauxin was found to
significantly inhibit etiolated wheat coleoptiles (p <0.01).17
The pereents of inhibition at selected concentrations of du-
clauxin relative to controls were: 100% at 10~ M, 80% at
107* M, 39% at 107° M, and 0% at 107° M.

Physical Characteristics—The mp was 196-198 °C, with
softening at 194 °C (lit. mp 230 °C1; 235-236 °C16). The optical
rotation value ([a] D) of a 1% solution of duclauxin in CHCl,
was +164.5 (lit [a] D +272.516); IR (KBr disc): 3300-2850 (w,
br), 1751, 1703, 1682, 1629, 1567, 1280, 1228, 1200, 1077, and
757 em ™! (consistent with the literature!); 'H NMR (CDCl,):
§11.70 (s, 1H), 10.66 (s, 1H), 7.70 (s, 1H), 6.90 (s, 1H), 6.64 (s,
1H), 5.20 (s, 1H), 5.08 (d, J = 12 Hz, 1H), 4.78 (d, J = 12 Hz,
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1H), 4.14 (s, 1H), 3.98 (s, 1H), 2.97 (s, 3H), 2.74 (s, 3H), 2.22
(s, 3H), 2.11 (s, 3H) (virtually identical to that reported in the
literatureté); 3C NMR (CDCl,): 193.65, 190.80, 169.47,
167.25,164.75,163.80,161.74,151.97, 148.68, 142.83, 132.85,
121.32, 120.90, 120.78, 118.21, 113.21, 104.77, 101.36, 88.72,
78.82, 71.32, 67.33, 63.98, 51.76, 51.06, 22.58, 22.15, 21.03,
and 20.92 ppm.

MS analysis indicated a molecular ion peak (M+) at m/z of
546 with specific ion peaks at m/z of 259, 85, and 83. No other
peaks were detected. The molecular formula was calculated to
be CyH,,0;,. This result is in exact agreement with the
molecular weight (546.49) and formula of duclauxin. Specific
ion peaks corresponded to the molecular weights of tricyclic
rings (259) and aromatic rings (85 and 83) of duclauxin.

X-ray diffraction was performed with single crystals of
duclauxin grown from ethyl acetate that were colorless thin
plates of dimensions 0.05 x 0.4 x 0.5 mm. Twenty five
diffraction maxima between ® 15-30 ° produced an orienta-
tion matrix with cell dimensions (&) of @ = 13.179(1), b =
12.074(1),¢ = 17.963(1), and 8 = 109.10(7) °, and a cell volume
of 2701.0(5) A3. Systematic absences along the unique b axis
of the monoclinic cell indicated a space group of P2,. With a
formula weight of 546.49 amu and four molecules per cell, a
reasonable density of 1.34 g/cm® was calculated. Therefore,
there are two molecules per asymmetric unit, and a solution
of the structure requires determination of 80 nonhydrogen
atomic positions.

Discussion

Of particular importance is the cost of production of du-
clauxin from P. herquei grown on Gostar medium compared to
enriched media. Table I compares costs based on current
media prices. Although the yields of duclauxin from the
Gostar-type media (7.71-1.32 mg/flask) are less than for the
enriched medium (8.57 mg/flask), the cost comparison greatly
favors the Gostar-type medium for this process. Replacing the
shredded wheat of the enriched medium with peanut hulls
accounts for much of the cost savings. Lowering the yeast
extract and mycological broth to 25% of that in the enriched
medium further reduces the cost of duclauxin but does not
significantly reduce the yield. Because P. herquei was isolated
from green peanuts? and because peanut hulls and potato
starch effluent are, respectively, a liability!® and a waste,?
these substrates are not only inexpensive but are suitable for
the production of a valuable and costly pharmaceutical
produced by the fungus. Alternate uses of peanut hulls as fuel
for boilers, mulch, roughage for cattle feed, litter for poultry
houses, compressed logs, etc. are of limited demand given the
irregular supply.18.20 By contrast, the yearly requirement for

Table I—Media Cost Comparison of Duclauxin Production by
P. herquel Grown on Gostar versus Enriched Medium

Mg duclauxin/  Cost/ Cost/
Medium? Fembach Fembach 100 mg
Flask Flask, $° duclauxin, $°
Enriched medium (shredded 8.57 2.43 28.35
wheat, sucrose 20%, YX
2%, MB 5%)
Gostar + YX 0.5%, MB 1.25% 7.71 0.36 4.67
Gostar + YX 0.25%, MB 0.5% 2.91 0.21 7.22
Gostar 1.32 0.05 3.79
Peanut hulls only (minus 1.57 0.00 ~0.00
starch)
Liquid — 2% potato starch 0 - —_
with 0.25% YX

2 YX: yeast extract (Difco); MB: mycological broth (Difco). © All costs
are in US dollars and based on current prices of YX and MB of ~$36.00
per 454 g. ©—, Not applicable.
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peanut hulls as media would be minimal compared with the
estimated 125 000 tons of hulls that a single processing plant
may accumulate per year.!8 Similarly, the effluent from
potato processing plants contains considerable starch that is
not considered economically feasible to recover but that could
serve as fermentation substrate, based on composition, with-
out further treatment.2! Presently, most effluent is treated as
a waste product requiring biological oxidation or land dispos-
8.1.21

Bacterial resistance testing indicated that duclauxin does
not have antibacterial properties against those gram-positive
and gram-negative organisms tested. This is not surprising
because the apparent mode of action of duclauxin is inhibition
of mitochondrial oxidative phosphorylation that does not
exist in bacteria. Duclauxin also displayed no antifungal
properties against those species tested. Because fungal me-
tabolism may proceed by glycolysis or membrane-bound
electron transport mechanisms, inhibition of mitochondrial
oxidative phosphorylation would not necessarily be antibi-
otic. As expected, duclauxin displayed no antiviral activity.
However, duclauxin displayed a concentration-dependent
inhibition of growth of etiolated wheat coleoptiles that are
sensitive to plant growth regulators.22 Because duclauxin
displayed no antibiotic activity toward normally growing
bacteria, fungi, and viruses of this study and because malig-
nant tumor cells (like etiolated coleoptiles) are characterized
by rapid cell growth and division, duclauxin apparently
displays selectivity in targeting tumor cells.

Duclauxin obtained from P. herquei grown on either Gostar
or enriched medium displayed mp (196-198 °C) and optical
rotation ([a] D +164.5) values that were lower than those
reported by previous researchers (230 °C! and 235-236 °C,1é
and [a] D +272.5!). However, IR and 'H NMR spectra were
essentially identical to those previously reported.!.¢ To in-
sure that the compound isolated in this study was duclauxin,
MS analysis was performed. The result indicated the exact
molecular weight (546) and molecular formula (C,,H,,0,,)
expected for duclauxin. Also, specific ion peaks were consis-
tent with molecular weights of the tricyclic rings (259) and
the aromatic rings (85 and 83) that would be expected for
duclauxin. Further, X-ray diffraction indicated no discrepan-
cies with the known structure of duclauxin. The unit cell is
composed of four molecules of duclauxin, of which two mole-
cules are symmetrical and two are asymmetrical. Prelimi-
nary structural analysis also indicated that a single molecule
of ethyl acetate is associated with each molecule of duclauxin.

Because duclauxin in this study was crystallized from ethyl
acetate and the duclauxin from previous studies was crystal-
lized from benzene or acetone/ethanol, the ethyl acetate
trapped in the crystal lattice may account for the observed
differences in mp and optical rotation. Structural analysis by
X-ray diffraction of monobromoduclauxin crystallized from
acetone/ethanol indicated no residual solvent contained in the
crystalline lattice.? Attempts to recrystallize duclauxin in
benzene (ethanol and toluene were not successful) resulted in
a somewhat higher observed mp (~216 °C), although not as
high as previously reported. Because duclauxin is composed of
two tricyclic rings hinged by a five-membered ring (see
structure), the molecule can apparently fold into a “castanet-
like” conformation trapping a molecule of ethyl acetate.2
However, this possibility remains to be conclusively deter-
mined. A full set of 5825 unique intensities to ® 75 ° was
measured.

Regardless, the data greatly favor the conclusion that
authentic duclauxin is produced by P. herquei whether grown
on Gostar or enriched media. A similar anomaly regarding mp
was previously reported for diplodiol (diplosporin) from Diplo-
dia macrospora. Chalmers et al.23 reported a mp for diplos-
porin (diplodiol) of 60 °C, whereas Cutler et al.2* reported a



mp for diplodiol of 47-48 °C. The groups exchanged samples
and all other characteristics including stereochemistry, GC-
MS, *H NMR, 3C NMR, and IR spectroscopy, and TLC values
were identical. As for duclauxin, the only explanation offered
for the observed anomaly was the different solvents of crys-
tallization that were used. However, no exact resolution of the
discrepancy was ever determined.
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