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Stimulates the Expression of Alkaloid Biosynthesis in This Fungus†
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On searching for endogenous, low-molecular-weight effectors of benzodiazepine alkaloid biosynthesis in
Penicillium cyclopium uric acid was isolated from ethanolic or autoclaved mycelial extracts of this fungus. The
isolation was based on a three-step high-pressure liquid chromatography procedure guided by a microplate
bioassay, and uric acid was identified by mass spectrometry and the uricase reaction. Conidiospore suspen-
sions that were treated with this compound during the early phase of outgrowth developed emerged cultures
with an enhanced rate of alkaloid production. Uric acid treatment did not increase the in vitro measurable
activity of the rate-limiting biosynthetic enzyme, cyclopeptine synthetase. However, these cultures displayed a
reduced rate of uptake of the alkaloid precursor L-phenylalanine into the vacuoles of the hyphal cells as
assayed in situ. It is suggested that the depressed capacity of vacuolar uptake caused by the contact of
outgrowing spores with uric acid liberated from hyphal cells results in an enhanced availability of the
precursor L-phenylalanine in the cytoplasm and thus accounts at least in part for the increase in alkaloid
production.

Fungal cultures provide suitable eukaryotic research objects
of low complexity for studies on diffusible signal molecules that
either function within programs of cell specialization (12, 44)
or are involved in symbiotic or defense relationships (15, 17).
Such investigations may reveal interesting homologies or dif-
ferences with signal steps of either prokaryotes (3, 19) or
higher organisms (39, 46) and thus can aim at understanding
evolutionary aspects of signal transfer as well as secondary
metabolism (17, 20, 43).

For several pheromones (e.g., a- and �-factor in Saccharo-
myces, peptides a1 and a2 in Ustilago) and morphogenic factors
(e.g., cyclic AMP, DIF-1, and discadenin in Dictyostelium), it is
established that these primary signals are transferred via net-
works of protein phosphorylation into distinct patterns of gene
activation (for reviews, see references 2, 5, 6, and 7).

Much less is known about the identity and mode of action of
signal compounds that act on the expression and specific ac-
tivity of distinct branches of secondary metabolism in fungi.
Among the few examples are long-known stimulatory effects of
precursors like that of �-aminoadipic acid and lysine on the
expression of �-lactam biosynthesis in Penicillium or Aspergil-
lus (24, 31), of methionine on the transcription of genes en-
coding enzymes of the cephalosporin biosynthesis in Acremo-
nium (42), and of end products like the benzodiazepine
alkaloid cyclopenin in Penicillium cyclopium, which stimulates
enzyme activities involved in the biosynthesis of its precursor
amino acids (35).

The present paper reports on the identification of uric acid
in Penicillium cyclopium and its functioning as a stimulator of
the biosynthesis of benzodiazepine alkaloids in the same fun-

gus. These alkaloids are formed after a phase of intensive
hyphal growth and the expression of the biosynthetic enzymes
is coordinated with other events of cell specialization like the
formation of conidia (29, 25, 36). It has long been argued that
heat-stable, low-molecular-weight (low-MW) signal molecules
are involved in the expression of alkaloid biosynthesis as my-
celial extracts obtained from this fungus and added to outgrow-
ing conidiospores caused an elevated rate of alkaloid biosyn-
thesis in cultures developing from these conidia (4, 47).

Benzodiazepines are a group of secondary products that
occur in some filamentous fungi and actinomycetes (26, 36).
Among the natural benzodiazepines and related alkaloids are
compounds of increasing pharmacological and therapeutic in-
terest like asperlicin, an antagonist of the human hormone
cholecystokinin (11) and 3-O-methyl viridicatin, a strong inhib-
itor of the tumor necrosis factor alpha (TNF-�)-induced rep-
lication of human immunodeficiency virus (HIV) (18).

The main alkaloids of Penicillium cyclopium are cyclopenin
and cyclopenol (Fig. 1). They can be converted into the quino-
lines viridicatin and viridicatol, respectively, by the enzyme
cyclopenase present in the conidia (45). Both cyclopenin/cy-
clopenol and viridicatin/viridicatol are of ecological signifi-
cance due to their phytotoxic and antimicrobial properties (8,
41).

MATERIALS AND METHODS

Chemicals. All chemicals used were of analytical grade, and the solvents were
of high-pressure liquid chromatography (HPLC) grade. Enzymes were pur-
chased from Boehringer, Mannheim, Germany; U-[14C]L-phenylalanine was
from Amersham Buchler, Braunschweig, Germany.

Fungal culture. Penicillium cyclopium Westling, strain SM 72a, was cultured at
24°C in a minimal medium containing sucrose, glucose, and ammonium tartrate
as C and N sources, and the pH was adjusted to 5.5 (32). The strain was
maintained on agar slants, from which conidiospores were scraped off and used
for inoculating either submerged or emerged growing cultures.

Submerged mycelium was produced in 500-ml Erlenmeyer flasks containing
150 ml of nutrient solution inoculated with 5 � 107spores/ml on gyrotary shakers
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at 120 rpm over 48 h of culture. Emerged cultures were grown in petri dishes of
14-cm diameter (50 ml of culture liquid, 8 � 107spores/ml).

Microplate assay of alkaloid production. Conidial suspensions in culture liq-
uid (about 6 � 107spores/ml) were passed through a glass filter of about 50-�m
pore diameter, divided into 250-�l portions, and cultured in a 96-well microplate
with a filter bottom (MultiScreen; Millipore, Bedford, Mass.).

Solutions (50 �l) containing potential effectors of alkaloid production (myce-
lial extract, HPLC fractions, or uric acid at the specified concentrations, pH
adjusted to 5.5) were added at the time of inoculation.

The minicultures that had developed during 7 days of emerged growth at 24°C
were filtered by suction (microplate handler Event; Millipore), and 100 �l of the
filtrates was transferred to a heat-resistant microplate (PS-type; Greiner, Ham-
burg, Germany) for the colorimetric determination of external benzodiazepine
alkaloid content. This assay is based on an acid-catalyzed conversion of the
benzodiazepines to quinolines that form a colored complex with Fe(III) (34). For
this purpose, 100 �l of a ferric citrate reagent made from 120 g of Fe(NH4)2SO4,
105 g of citric acid monohydrate, 100 ml of 37% HCl, and 900 ml of distilled
water was added to each well, the plate was tightly covered by a Duraseal foil,
heated to 80°C for 2 h, and cooled to room temperature. The optical density at
595 nm (OD595) was read in a microplate reader (Bio-Rad 450) immediately
after adding the reagent and after heating, and the difference was taken as a
measure of benzodiazepine alkaloid content. The assay was calibrated with
solutions of cyclopenin in culture medium. The alkaloid content of the mycelia
was determined with the same procedure in supernatants obtained after over-
night extraction from hyphal disks (about 1 ml of dimethyl sulfoxide per 5 mg of
dry mass) at 50°C, followed by 10 min of centrifugation at 10,000 � g.

Preparation of mycelial extracts. Submerged-grown mycelium was suspended
in distilled water (about 150 g of fresh weight [fwt]/liter), autoclaved at 121°C for
30 min, cooled to room temperature, and filtered through a 100-mesh nylon
filter. The filtrate was concentrated on a rotary evaporator and then lyophilized.
The lyophilisate was dissolved in water and ultrafiltered through Amicon YM

membranes of 10-kDa cutoff, and the resulting filtrate was ultrafiltered again
through YM membranes at 3-kDa cutoff. Then 1 ml of filtrate was equivalent to
50 mg of extracted dry mass. Alternatively, mycelia were extracted with ethanol
at low temperature in order to avoid potential artifacts formed by autoclaving.
For this purpose hyphal cells were collected by suction, washed three times with
water, and immersed in 80% (vol/vol) ethanol (60 g of fwt/liter). After 2 h of
gentle stirring at 4°C and subsequent centrifugation (5,000 � g, 4°C), the super-
natant was filtered using a Millipore express unit (0.22-�m pore size) and finally
lyophilized.

HPLC of mycelial extracts. The 3-kDa ultrafiltrate was subjected to a sequence
of HPLC separations performed on a Gynkotek HPLC system equipped with a
UV/VIS diode array detector.

(i) Cation exchange chromatography. The applied volume was 5 ml, the
stationary phase was Nucleosil 100 SA, 20 �m (Muder & Wochele, Berlin), the
column was 250 by 32 mm; the flow rate was 9.5 ml/min; eluent A was HCl at pH
3.0; and eluent B was NaCl at 1 M, used at the following gradient: 0, 0, 9, 100,
100, and 0% B at 0, 5, 25, 30, 50, and 55 min, respectively.

(ii) Reversed phase chromatography. The 9.50-ml fractions obtained in the
first step were neutralized with NaOH, vacuum dried, dissolved in 300 �l of water
and centrifuged (10,000 � g, 10 min); applied volume, 250 �l; stationary phase,
silica gel RP 8 (Nucleosil C8, 10 �m, VDS Optilab); column, 250 by 8 mm; flow
rate, 5 ml/min; eluent A, 0.1% (wt/wt) tetrahydrofuran; eluent B, acetonitrile at
the following gradient: 0, 0, 50, 50, 100, 100, and 0% at 0, 15, 25, 30, 40, 50, and
55 min, respectively.

(iii) Ion exclusion chromatography. The 10-ml fractions obtained in the sec-
ond step were brought to dryness, dissolved in 100 �l of 14 mM H2SO4, and
centrifuged (10,000 � g, 10 min); applied volume, 100 �l; stationary phase,
Nucleogel ION 300 OA (Macherey & Nagel, Düren, Germany); column, 300 by
7.8 mm; flow rate, 320 �l/min; eluent, 14 mM H2SO4, isocratic; temperature,
75°C.

FIG. 1. Biosynthesis of benzodiazepine alkaloids in P. cyclopium (according to Luckner 1980). Enzyme activities involved are: 1, cyclopeptine
synthetase; 2, cyclopeptine dehydrogenase; 3, dehydrocyclopeptine epoxidase; and 4, cyclopenin m-hydroxylase. SAM, S-adenosylmethionine.
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(iv) Desalting. Desalting of fractions obtained in either step was done by
reversed phase HPLC; stationary phase, RP C18, 5 �m (Macherey & Nagel);
column, 250 by 4.6 mm; flow rate, 1 ml/min; eluent A, water; eluent B, acetoni-
trile at the following gradient: 0, 0, 100, 100, and 0% at 0, 7, 11, 15, and 18 min,
respectively.

HPLC-coupled ESI-MS. Probes were applied to a reversed phase HPLC
column (LiChrospher 100 RP 18 5 �m, 2 by 100 mm) and eluted isocratically at
0.2 ml/min with an acetonitrile-water mixture (1:9, vol/vol) on a constMetric 4100
HPLC instrument (Thermo Separation Products). Fractions were processed to a
Finnigan TSQ 700 mass spectrometer and analyzed under the following condi-
tions: electrospray voltage, 4.5 kV; nitrogen sheath gas; detection at 25 eV
(negative ions) and �25 eV (positive ions); argon pressure, 0.27 Pa. EI-MS data
were obtained from individual samples at an ionization energy of 70 eV.

Uricase assay of uric acid content. Purified samples (200 �l; HPLC fractions,
uric acid, or allantoin solutions used as calibration standards) were mixed with
100 �l of a solution containing 10 mg of uricase (EC 1.7.3.3; specific activity, 5
to 10 U/mg of protein) per ml of phosphate buffer (pH 8.5, 50 mM) and
incubated for 20 min at room temperature. The reaction products were sepa-
rated by reversed phase HPLC, stationary phase: silica gel RP 8 (Nucleosil C8, 10
�m, VDS Optilab), isocratic elution with acetate buffer (pH 4.2, 50 mM) at 1
ml/min and 30 °C. Identification of peaks was assisted by diode array spectra.
Allantoin was quantified via the height of its OD214 peak (retention time, 2.65
min), which was calibrated to concentration with solutions of authentic allantoin.

Crude samples (mycelial extracts) were lyophilized and resuspended to 100 mg
dry weight (dwt)/ml of sodium carbonate buffer, pH 10.0. After removal of
insoluble material by filtration through Millipore Ultrafree microcentrifuge fil-
ters (0.22-�m cutoff), 4 to 20 �l of the filtrate was mixed with 380 �l of the same
buffer containing 100 �M lucigenin. After 4 min, 20 �l of the aforementioned
uricase solution was added, and the concentration of H2O2 produced was mon-
itored luminometrically over 3 to 5 min (Clinilumat; Fa. Berthold), integration
time 10 s. The method was calibrated via internal standards, and uric acid
concentrations were calculated based on the initial rate of lucigenin oxidation.

Cyclopeptine synthetase assay and HPLC of benzodiazepine alkaloids.
Emerged grown, 6-day-old mycelium (about 150 cm2 of culture area) was sepa-
rated from the culture liquid, the conidiospores were brushed off, and the hyphal
pads were rinsed with water, immediately frozen in dry ice, and lyophilized. The
lyophilisate was ground with dry ice and then stirred at 4°C in Tris-HCl buffer
(pH 7.5), 200 mM, containing phenylmethylsulfonyl fluoride (PMSF), 50 mg/
liter, and 2-mercaptoethanol, 50 �l/liter. After centrifugation (10,000 � g, 15
min) the supernatant was subjected to (NH4)2SO4 fractionation: the first pre-
cipitation occurred at 35% saturation with (NH4)2SO4, and the second sediment
was obtained with the first supernatant brought to 65% saturation. Precipitations
at 0°C over 45 min were collected by centrifugation at 12,000 � g for 20 min.

The second sediment was dissolved in Tris-HCl buffer (pH 7.5, 50 mM, con-
taining 10% sucrose [wt/vol]), and 100 �l of this preparation was assayed for its
ability to synthesize cyclopeptine. The reaction mix contained 1 mM anthranilic
acid, 1 mM S-adenosylmethionine, 1 mM U-[14C]L-Phe, 1 mM dithiothreitol
(DTT), 10 mM KCl, 2 mM ATP, 2 mM ADP, 4 mM MgSO4, 1 mM phosphoenol-
pyruvate, and 100 �kat of pyruvate kinase in a total volume of 120 �l. (The last
four components constitute an ATP regenerating system that proved to maintain
the ATP level above 1 mM.) After 20 min of incubation at 35°C, the reaction was
stopped by adding 50 �l of acetone, and the mixture was centrifuged for 20 min
at 12,000 � g. Then 10 �l of the supernatant was subjected to reversed phase
HPLC; stationary phase, Nucleosil 120-5C18 (Macherey & Nagel); flow rate, 1
ml/min at 30°C; eluent A, water; eluent B, acetonitrile, used at the following
gradient: 0, 0, 35, 50, 100, 100, 0, and 0% at 0, 1, 4, 12, 15, 19, 21, and 30 min,
respectively.

Detection and quantification of the produced [14C]cyclopeptine were done by
simultaneous monitoring of radioactivity and OD235, respectively; for this pur-
pose a flowthrough detector (Berthold, Germany) was attached to the HPLC
system.

For the separation of cyclopenin, cyclopenol, and dehydrocyclopeptine, these
alkaloids were extracted from culture filtrates and mycelia with ethylacetate.
After evaporating the solvent in vacuum, the residue was dissolved in acetonitrile
and subjected to the same HPLC procedure as described above. Quantification
was based on OD235 and authentic alkaloids were used as standards.

Determination of phenylalanine and anthranilic acid content in the culture.
Ethanolic mycelial extracts were prepared as described above and lyophilized,
and the residue was dissolved in citrate buffer, 10 mM, pH 2.2. Samples were
applied to an amino acid analyzer LC 3000 (Biotronic), separated on cation
exchange resins (divinylbenzene-polystyrene-copolymer, 125 by 4 mm), and
peaks were detected by postcolumn derivatization with ninhydrin. Quantification

of phenylalanine and anthranilic acid via the respective peak areas was based on
comparison with the authentic compounds added as internal standards.

Assay of vacuolar Phe transport. The plasma membrane of hyphal cells was
permeabilized by nystatin treatment (5 �g of nystatin/ml for 6 min) as described
elsewhere in detail (33). Permeabilized hyphae were resuspended (4 mg fwt/ml)
in 60 mmol of sodium morpholineethanesulfonic acid (Na MES) buffer, pH 7.0,
with 0.4 mol sorbitol, 0.15 mol KCl, and 1 mmol MgATP per liter. Intact hyphae
(used in reference experiments) were resuspended in 60 mmol maleate buffer,
pH 3.5, per liter. The suspension was gently aerated through a glass sinter funnel,
and after 1 min unlabeled L-Phe (final concentration 50 �mol/liter) together with
U-[14C]-L-Phe (final concentration, 1 �mol/liter) and effectors were added. La-
beled L-Phe accumulated in the vacuoles was determined in 5-ml samples that
were rapidly injected into 10 ml of the same buffer kept on ice, sucked onto
cellulose nitrate filters (1.2-�m cutoff), and washed with 15 ml of this buffer
(intact cells) or of 0.7 mol sorbitol/liter (permeabilized cells) at 0°C. The cell
pellet was then immersed in 2 ml of 80% (vol/vol) ethanol, shaken for 2 h,
centrifuged at 5,000 � g for 10 min, and radioactivity was counted in 1 ml of the
supernatant by a liquid scintillation counter (Hewlett Packard LS).

In order to correct for ATP-independent uptake or binding, blank experiments
were run without MgATP. Furthermore, the different pH optima of transport by
in situ vacuoles and intact hyphae (around 7.0 and 3.5, respectively [33]) were
routinely used as a criterion to check the efficiency of plasma membrane per-
meabilization. The rate of ATP-independent uptake at pH 3.5 compared to the
uptake in the presence of MgATP at pH 7.0 can be roughly considered as the
share of nonpermeabilized hyphal cells. This percentage was usually below 5%;
suspensions with a lower degree of permeabilization were discarded.

At least 90% of the radioactivity extracted by 80% ethanol from intact cells
after 80 min of incubation with U-[14C]L-Phe were chromatographically identical
with phenylalanine, as confirmed by reversed phase HPLC amino acid analysis.

Protease treatments were performed according to the manufacturer’s instruc-
tions.

RESULTS

Screening for signal molecules of alkaloid formation.
Emerged cultures of Penicillium cyclopium react with an accel-
erated onset of alkaloid formation if low-MW compounds ob-
tained by autoclaving mycelial suspensions were added to the
conidiospores at the time of inoculation. As shown in Fig. 2,
the mycelial extract causes an increased extent of alkaloid
formation in batch cultures of 4 to 9 days postinoculation (p.i.),
whereas control cultures reach the same maximum alkaloid
content only 1 to 2 days later. The separation and identification
of signal molecules that selectively stimulated the expression of
alkaloid biosynthesis without influencing growth rate or sporu-
lation (termed alkaloid-stimulating activity in the following)
proved difficult due to the presence of a multitude of com-
pounds with either stimulating or inhibitory effects on alkaloid
formation and overlapping influences on the development of
conidia and hyphal growth (4, 47).

Under the conditions used, only emerged-grown mycelia or
conidiospore suspensions produced benzodiazepine alkaloids,
while low-MW fractions with alkaloid-stimulating activity could
be extracted from both emerged- and submerged-grown mycelia.
Isolation of effector molecules started from submerged-grown
cultures because of their higher growth rate and the absence of
conidiospores whose pigments otherwise complicated separation.
An essential part of the purification protocol was a newly devel-
oped microplate-based bioassay that allowed a high throughput of
samples to be tested for their influence on alkaloid production of
emerged-grown minicultures (see Materials and Methods).

A �3-kDa ultrafiltrate of an aqueous mycelial extract was
subjected to a sequence of three HPLC runs. Cation exchange
HPLC resulted in one major fraction with alkaloid-stimulating
activity that was separated from most but not all of the growth-
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stimulating activity. This fraction on subsequent reversed
phase chromatography yielded two active peaks that did not
stimulate growth. Both peaks could be further separated by ion
exclusion HPLC, which yielded fractions with alkaloid-stimu-
lating but also -inhibiting activity (Fig. 3). The most active
fraction (termed I2-6) was finally purified (desalted) by re-
versed phase HPLC and yielded a homogeneous peak at
OD254.

As a further indication of purity, this fraction contained no
peptide compounds (which were present in most other frac-
tions), as indicated by the absence of 9-fluorenylmethyl-chlo-
roformate- or N,N-dimethylamino naphthylsulfonyl-reactive
amino acids after acid hydrolysis or after protease treatment
(proteinase K, endoproteinase Glu-C, carboxypeptidase P, and
acylaminoacid peptidase). Neither of these protease treat-
ments reduced the alkaloid-stimulating activity of the low-MW
ultrafiltrates.

Identification of uric acid. ESI-mass spectrometry of the
purified fraction I2-6 yielded a mole peak at m/z � 168 (167 at
negative, 169 at positive ionization) that gave rise to daughter
ions of m/z � 124, 96, and 42.5. Further fragment ions ap-
peared at m/z � 83, 69, 60, and 44. A comparison of these data
with the MS fragmentation patterns of authentic compounds
yielded a high degree of coincidence with uric acid.

Authentic uric acid that was added to fraction I2-6 comi-

grated during reversed phase HPLC with the aforementioned
peak measurable at OD254. The identification of uric acid was
confirmed by using the high specificity of the uricase enzymatic
reaction. During incubation of the above fraction with this
enzyme, the product allantoin appeared in the reaction mix-
ture, while the original peak disappeared (shown by reversed-
phase HPLC, Fig. 4).

Once identified, uric acid could be quantified via the uricase
reaction in the crude, ultrafiltered extracts of hyphal cells.
Autoclaving and ethanol extraction at 4°C yielded identical
uric acid contents, and thus an artifactual formation of this
compound by heat treatment of the fungal biomass can be
excluded. The enzymatic assay in the crude ultrafiltrates (ob-
tained from either extract) resulted in 18 �g of uric acid per g
(dry weight) of the extracted mycelium. Similar contents were
found in ethanol extracts of submerged (i.e., non-alkaloid-
producing) or of emerged (i.e., alkaloid-producing) cultures.
Our multistep isolation procedure yielded 1.4 �g of uric acid
per g (dry weight), thus indicating a final yield of around 8% of
the pure compound.

Uric acid stimulates the expression of alkaloid biosynthesis.
Several lines of evidence indicate that uric acid acts as a pos-
itive signal on the expression of alkaloid biosynthesis if it is
present externally during an early stage of culture develop-
ment.

FIG. 2. Alkaloid concentration and biomass during the development of emerged cultures under the influence of mycelial extract or uric acid.
Mycelial extract (3-kDa ultrafiltrate, diluted 1:4 with culture liquid; final uric acid concentration, 1.1 �M) or uric acid (final concentration, 1 �M)
was added immediately after inoculation. At the times indicated, 100 �l of culture filtrate was withdrawn and spotted on microplates, and the
alkaloid content was determined colorimetrically as described for the microplate assay (see Materials and Methods). Data are means with SD for
three different emerged cultures inoculated with the same conidiospore suspension. Alkaloid concentrations (solid lines, left axis) are corrected
for differences in the biomass that were observed only between cultures treated with mycelial extract and other cultures. Dry mass: dotted lines,
right axis (SD �10%).
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Uric acid, fraction I2-6, and the crude mycelial extract all
exerted an alkaloid-stimulating activity if one of these effectors
was present in the external medium during a period of com-
petence in the first 24 h of culture development (Fig. 5). Within
this time window, a minimum length of effector contact of 1 h
was sufficient to give rise to cultures with an enhanced rate of

alkaloid production, as shown by rapid filtering and resuspend-
ing of the effector-treated conidia in fresh culture liquid (Fig.
5). During the 1-h period of incubation, the uric acid content
of a 1 �M bathing solution was not significantly diminished,
indicating that no substantial uptake or metabolization of this
compound was required for the observed stimulation of alka-
loid productivity. This is in line with earlier findings showing
that nutrient solutions containing the ultrafiltrate could be
used repeatedly without losing the alkaloid- stimulating activ-
ity.

Uricase treatment totally abolished the alkaloid-stimulating
activity of fraction I2-6 (Fig. 5).

The uric acid content of fraction I2-6 was around 0.77 mmol/
liter (assayed by uricase treatment; see Materials and Meth-
ods). Addition of this fraction to the culture liquid of emerged
cultures at an estimated final concentration of 1 �M caused
about 40% stimulation of total alkaloid production and a 20%
stimulation of the external alkaloid content. This stimulation
was fairly identical with that exerted by uric acid at the same
final concentration (Fig. 5 and 6).

On a large scale, the alkaloid-stimulating activity of uric acid
shows a bimodal concentration dependence (Fig. 6). At 1 �M,
a maximum stimulation of about 42% was observed, whereas
concentrations in the range between 2 and 100 �mol/liter dis-
played little or no effect. Surprisingly, 1 mM uric acid triggered
a stimulation of alkaloid production similar to that seen with 1
�M. The same tendency is true for the extracellular alkaloids.
The uric acid concentration of our crude ultrafiltrate was
around 5 �M, as determined by the uricase assay, and its final
concentration in the routine test was diluted to about 1 �M
(Fig. 2). As the volume of mycelial extract prepared from a
given biomass was adjusted to roughly equal the liquid of a
culture that had produced the same biomass, it appears that
concentrations in the micromolar range are responsible for the
alkaloid-stimulating activity of the mycelial extracts. Pretreat-
ment of conidiospores with 1 �M uric acid had no effect on the
growth rate (Fig. 2) or on the external pH of the developing
test cultures.

Seen together, the above data strongly suggest that a signal-
ing effect exerted by external uric acid in the early phase of
culture development is responsible for the alkaloid-stimulating
activity of the most potent low-MW fraction isolated from P.
cyclopium cells.

Search for potential targets of uric acid in the stimulation of
alkaloid biosynthesis. (i) Cyclopeptine synthetase, the first
committed enzyme of the biosynthetic chain. The initial step of
alkaloid biosynthesis is catalyzed by the enzyme cyclopeptine
synthetase, a multienzyme complex that catalyzes the ATP-
dependent formation of two peptide bonds between phenylal-
anine and anthranilic acid, together with the methylation of the
NH2 group of Phe (Fig. 1). This reaction represents the most
ATP-consuming step of alkaloid formation, as it includes the
chemical activation of both precursor amino acids via amino-
acyl adenylates (14). The formation of cyclopeptine most prob-
ably limits the overall rate of cyclopenin biosynthesis, as this
intermediate was found in alkaloid-producing cultures only in
minute amounts (�0.1% of total alkaloids) compared to the
subsequent metabolites dehydrocyclopeptine (1 to 2%) and
cyclopenin/cyclopenol (100%). In our experiments, the cyclo-
peptine content, if detectable at all, did not measurably in-

FIG. 3. Ion exclusion HPLC of compounds affecting the expression
of alkaloid biosynthesis. A peak fraction with the main alkaloid-stim-
ulating activity that had previously been obtained by reversed phase
HPLC was separated on a Nucleogel ion exclusion column. Upper
panel: a typical elution profile. Ordinate: OD220; abscissa, retention
time (minutes); numbers indicate fractions that were collected and
screened for their influence on alkaloid formation. Lower panel: ac-
tivities of the fractions indicated above, as measured by the microplate
assay for the expression of alkaloid biosynthesis (see Materials and
Methods for details).
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crease in cultures derived from uric acid- or I2-6-treated
conidia compared to control cultures.

In the present study, the activity of cyclopeptine synthetase
was assayed by monitoring the accumulation of the end prod-
uct (see Materials and Methods). As shown in Table 1, the in
vitro measurable activity of this enzyme was not significantly
enhanced in cultures derived from uric acid- or I2-6-treated
spores compared to control cultures. Furthermore, the pres-
ence of uric acid during the in vitro assay did not influence the
rate of cyclopeptine formation by this enzyme. Thus, the stim-
ulatory effect of uric acid on alkaloid formation is unlikely to
involve an increased amount or altered catalytic capacity of the
rate limiting biosynthetic enzyme.

(ii)Vacuolar transport of the precursor phenylalanine. On
searching for alternative targets of uric acid in the stimulation
of alkaloid formation, the availability of amino acid precursors
for the biosynthetic process was investigated. The total amount
of precursor amino acids that was extractable with ethanol
from 7-day-old mycelia was not increased in cultures treated
with 1 �M uric acid: their Phe content ranged between 80 and
72% of the level found in standard cultures (about 3 ng/mg of
protein), whereas in the case of anthranilic acid, only trace
amounts were detectable (around 0.1 ng/mg of protein) that
showed no significant difference between uric acid-treated and
standard cultures. While these total contents would not reflect
shifts of local cytoplasmic precursor concentrations, we at-
tempted to get indications of such changes from assays of
intracellular Phe transport.

From earlier experiments with Penicillium cyclopium it is
known that the precursor Phe is highly concentrated in the
vacuole (30, 33) and is channeled from this central pool to the
site of biosynthesis in the cytoplasm (28). In contrast, anthra-
nilic acid is not accumulated in the vacuole but needs to be
supplied from cytoplasmic sources. This has been established
in conidiospores whose plasma membrane was selectively per-
meabilized for micromolecules by polyene treatment, which
left the vacuole functionally intact and allowed studies of vac-
uolar accumulation and alkaloid formation in situ. These cells
were able to accumulate Phe but not anthranilic acid, and the
accumulated Phe was incorporated into alkaloids only after
anthranilic acid was supplied in the medium (30).

The short phase of alkaloid biosynthesis shown by conidio-
spores (within 3 h after resuspending in water) was not influ-
enced by the mycelial extract (H. Pechstädt and W. Roos,
unpublished data). In hyphal cells, the plasma membrane can
likewise be permeabilized for micromolecules by nystatin treat-
ment, and the vacuolar transport measured in situ was shown
to maintain regulatory mechanisms that otherwise could be
lost during the isolation of the vacuole (33). Such experiments
have revealed that the extravacuolar concentration of purine

ration of authentic uric acid and allantoin (reference). Middle panel:
fraction I2-6, 30 s after adding uricase (some allantoin has already
been formed). Lower panel: fraction I2-6 incubated with uricase for 20
min (all uric acid disappeared, only allantoin is present). Uricase
treatment was done under the conditions used for the uric acid assay
(see Materials and Methods). Elution profiles were recorded at OD214
(ordinate, instrument units). Abscissa: retention time in minutes. The
peak indicative of uric acid also appeared at 294 nm; at this wave-
length, allantoin shows no absorbance.

FIG. 4. Conversion of fraction I2-6 by uricase and separation of
uric acid and allantoin by reversed phase HPLC. Upper panel: sepa-
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and pyrimidine nucleotides specifically regulates the efflux of
preaccumulated phenylalanine into the cytoplasm (33, 38). The
minimum structural requirement for this control function was
found to be a noncyclic mononucleotide, i.e., nucleic acid bases
and their analogs were inactive. It was therefore not unex-
pected to find that uric acid in concentrations between 1 �M
and 1 mM did not influence the release of preaccumulated Phe
from the vacuoles in situ (38).

In the present study, we investigated the effects of uric acid
treatment on the uptake of radiolabeled L-Phe into the vacu-
oles. While the presence of extravacuolar uric acid during the
uptake assay had no effect on Phe transport (data not shown),
vacuoles of hyphal cells that had developed from uric acid-
treated conidia displayed a depressed rate of phenylalanine
uptake compared to vacuoles of standard cultures (Fig. 7).
Hence it appears that contact of this compound with conidio-
spores within the phase of spore outgrowth exerts a negative
influence on the expression of vacuolar transport capacity for
L-Phe.

It is known that in Penicillium cyclopium the capacity of
vacuolar accumulation strongly influences the size of the cyto-
plasmic pool and the availability of this amino acid in the
cytosol, as shown by comparing efflux rates of preaccumulated
Phe in intact cells and vacuoles in situ (33). A reduced activity
of Phe uptake into the vacuole might therefore result in a
higher availability of this alkaloid precursor at the cytoplasmic

sites of biosynthesis and thus allow an enhanced rate of alka-
loid formation. Such an idea is consistent with the finding that
the inhibition of vacuolar Phe transport was caused by the
same concentrations of uric acid (around 1 �M and around 1
mM, see Fig. 7) that stimulated alkaloid formation (Fig. 6).

DISCUSSION

Uric acid has long been known as a central product of purine
degradation of higher animals that is excreted by humans,
birds, and some reptiles or further degraded by other species
(21, 40). In several fungi it has been characterized as a strong
inducer of enzymes of purine catabolism, namely, xanthine
oxidase and urate oxidase in Aspergillus nidulans (37), Neuro-
spora crassa (27), and Schizosaccharomyces spp. (13), which is
consistent with the ability of saprophytes to use uric acid as a
substrate, e.g., Histoplasma (23) and Hyphomyces (22) spp. It is
now well established that the expression of several structural
genes involved in purine uptake and catabolism is subject to
uric acid induction and mediated by the product of the positive
regulatory gene uaY (9, 10, 16), including posttranslational
modifications of the degrading enzymes (1).

The data presented here add two new facets to the biological
functions of this many-sided molecule. (i) Uric acid is a gen-
uine constituent of P. cyclopium, i.e., it is produced in the
fungal cell itself. The mass spectrometric identification of uric

FIG. 5. Stimulation of alkaloid biosynthesis of emerged-grown cultures by mycelial extract, fraction I2-6, or uric acid. Conidial suspensions in
300 �l of culture liquid were grown in microplate compartments. At the times indicated they received the 3-kDa ultrafiltrate, fraction I2-6, 1 �M
uric acid, or fraction I2-6 after uricase treatment, as marked. Mycelial extract and fraction I2-6 were diluted to 1 �M uric acid. The mycelial extract
added represented low-MW material extracted from 9.3 mg (dry weight); the final uric acid content was 1 �M. Fraction I2-6 was also present at
a final concentration of 1 �M uric acid. Uricase treatment was done under the conditions used for the uric acid assay (see Materials and Methods).
Additional columns of the time-zero experiment (termed 1 h) represent minicultures grown from conidiospores that were treated for 1 h with either
mycelial extract or 1 �M uric acid, filtered, and resuspended in fresh culture liquid prior to incubation in the microtiter plates. Total alkaloid
content was assayed after 8 days of culture as described in Materials and Methods. All data are means with SD, n � 8 wells.
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acid isolated via HPLC as well as the high selectivity of the
uricase assay allow little doubt about the chemical identity of
the isolated molecule. The detection of similar contents of this
compound both in aqueous autoclaved cell suspensions and in
ethanolic extracts obtained at low temperature confirms that
substantial amounts accumulate in the mycelia (around 18 �g,
i.e., 0.11 �mol per g [dry weight]).

(ii) A relatively short contact of outgrowing conidiospores
with uric acid accelerates the onset of alkaloid production
during the following development of emerged cultures. This
effect could clearly be separated from the growth-promoting
activity of other constituents of the crude mycelial extract. One
attractive candidate for the molecular processes leading to

FIG. 6. Concentration dependence of uric acid stimulatory effects on alkaloid biosynthesis in emerged-grown cultures. Minicultures in 300 �l
of culture liquid were grown in microplate compartments and received the indicated concentrations of uric acid at the time of inoculation. External
alkaloid (hatched columns) was assayed in the individual culture filtrates after 7 days of emerged culture; in addition, the mycelial alkaloid was
determined (see Materials and Methods). Total alkaloid (solid columns) represents the sum of mycelial plus external alkaloid. All data are related
to the same amount of dry weight and are means with SD, n � 14 wells.

TABLE 1. Activity of cyclopeptine synthetase measured in vitroa

Expt/culture type

Enzyme activity (pkat/mg of protein) of
uric acid concn (�M):

0 0.1 1 10 100 1,000

A/cultures developed from
uric acid-treated spores

1.40 1.50 1.45 1.30 1.45 1.40

B/control cultures, uric acid
present in enzyme assay

1.20 1.15 1.10 1.15 1.20 1.20

a Data are means with SD obtained from five emerged cultures inoculated with
the same conidiospore suspension. Experiments A and B were performed with
two different sets of cultures that were inoculated with different spore suspen-
sions. SD, �6.2% (experiment A) and �9.2% (experiment B). Within each
experiment, the data presented did not differ significantly (t test, P� 95%).

FIG. 7. Time course of L-Phe uptake by permeabilized hyphal cells.
At the time of inoculation, submerged cultures received uric acid at 1
�M (�) or 1 mM (E) or no addition (■ ). After 48 h of growth, cells
were harvested and selectively permeabilized by nystatin treatment,
and the vacuolar transport of U-[14C]L-Phe was assayed as described in
Materials and Methods. Data are means with SD obtained from three
different cell suspensions.
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enhanced alkaloid biosynthesis is the expression of vacuolar
amino acid transport systems. Uric acid acts as a modulator of
intracellular amino acid transport by lowering the expression
of the vacuolar accumulation capacity for L-phenylalanine at
both of its alkaloid-stimulating concentrations. For this effect,
the direct presence of uric acid at the vacuolar surface is not
necessary, as shown by the lack of direct effects of this com-
pound in both uptake and efflux assays in situ.

Since the net uptake of L-Phe into the vacuole is one of the
processes that control the cytoplasmic level of this precursor
amino acid (30, 33), reducing the uptake rate might well in-
crease the cytoplasmic concentration of precursors and thus
allow higher rates of alkaloid formation. The importance of
local precursor supply is underlined by our finding that the
rate-limiting enzyme activity of the alkaloid pathway (cyclo-
peptine synthetase) measured under saturating substrate con-
centrations in vitro was not changed by uric acid treatment. Of
course, as not all cellular processes that influence precursor
supply and alkaloid formation have been investigated, other
potential sites of influence of uric acid on alkaloid biosynthesis
also need to be considered. Among them should be, e.g., the
impact of uric acid on the supply of the other precursors, i.e.,
anthranilic acid and S-adenosylmethionine.

The molecular details behind the newly found effects of uric
acid appear as an attractive goal of further research not only in
the present organism, but also in related peptide-producing
fungi. For instance, one major question is whether the alka-
loid-stimulating effect of uric acid is a consequence of the
induction of purine-metabolizing enzymes and transporters (as
known from A. nidulans) and the resulting metabolic changes,
or whether it represents a novel, direct influence of this mol-
ecule on the expression of amino acid transport systems at the
vacuolar membrane. The complex concentration dependence
of the alkaloid-stimulatory effect (see Fig. 6) argues for more
than one point of interaction of uric acid with the fungal
secondary metabolism.

(iii) An intriguing biological feature of uric acid lies in the
fact that this molecule needs to be present outside the conidia
during an early phase of culture development in order to stim-
ulate alkaloid formation. Under natural conditions that typi-
cally include discontinuous availability of nutrients and phases
of strong starvation, the outgrowth phase of conidiospores
proceeds in close neighborhood to the decay of the hyphal
cells. In emerged batch cultures of P. cyclopium, during the
later stages of development the hyphal mat is covered by a
layer of conidia that obviously fell off the conidial chains car-
ried by the conidiophorous cells. These spores are likely to
come in contact with uric acid liberated from deceased hyphal
cells. Thus, in the mycelium developing from these conidia, the
ability for alkaloid formation should be induced or at least
enhanced by uric acid pretreatment.

Although local concentrations of uric acid in the conidial
layer of the emerged cultures are hard to determine, it can be
roughly estimated that a hyphal mass of around 10 mg (dry
weight) contains uric acid that would allow 1 ml of a 1 �M
solution, i.e., a concentration that influences vacuolar Phe up-
take and alkaloid biosynthesis. Whether the alkaloid stimula-
tion shown experimentally by 1 mM uric acid (the concentra-
tion which is close to its solubility) can be of real significance
in the fungal culture cannot yet be decided, especially because

1 �M and 1 mM uric acid show the same inhibitory effect on
vacuolar Phe transport (Fig. 7).

(iv) Finally, it should be recognized that uric acid is not the
only micromolecular effector of alkaloid biosynthesis present
in mycelial extracts. Other positive-acting components are in-
dicated by a difference between the alkaloid-stimulating activ-
ity of uric acid and of the �3-kDa ultrafiltrate; the latter was
usually about 30% higher than the prediction, based on its uric
acid content. Furthermore, during the course of HPLC frac-
tionation, the presence of extract constituents with negative
effects on alkaloid production became apparent (cf. the effects
of fractions 3, 4, and 5 in Fig. 3). The strong inhibitory activity
of these hitherto unknown compounds suggests that the actual
rate of alkaloid biosynthesis is under the control of both pos-
itively and negatively acting low-MW regulators.
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