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Abstract Penicillium chrysogenum npe10 (Δpen; lacking
the 56.8-kbp amplified region containing the penicillin gene
cluster), complemented with one, two, or three penicillin
biosynthetic genes, was used for in vivo studies on
transport of benzylpenicillin intermediates. 6-Aminopeni-
cillanic acid (6-APA) was taken up efficiently by P.
chrysogenum npe10 unlike exogenous δ(L-α-aminoa-
dipyl)-L-cysteinyl-D-valine or isopenicillin N (IPN), which
were not taken up or were taken up very poorly.
Internalization of exogenous IPN and 6-APA inside
peroxisomes was tested by quantifying their peroximal
conversion into benzylpenicillin in strains containing only
the penDE gene. Exogenous 6-APA was transformed
efficiently into benzylpenicillin, whereas IPN was con-
verted very poorly into benzylpenicillin due to its weak
uptake. IPN was secreted to the culture medium. IPN
secretion decreased when increasing levels of phenylacetic
acid were added to the culture medium. The P. chrysogenum
membrane permeability to exogenous benzylpenicillin was

tested in the npe10 strain. Penicillin is absorbed by the cells
by an unknown mechanism, but its intracellular concentra-
tion is kept low.
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Introduction

Penicillium chrysogenum is a filamentous fungus able to
synthesize penicillins containing an aromatic side chain
(Martín et al. 1990; Elander 2003). However, this fungus is
known to also secrete isopenicillin N (IPN) and other
penicillins containing polar side chains (Demain 1983). The
ability to convert IPN into benzylpenicillins is exclusive of
a few species of fungi that have acquired the penDE gene
(Barredo et al. 1989; Gutiérrez et al. 1991). Penicillin
biosynthesis starts with the nonribosomal condensation of
the three amino acids L-α-aminoadipic acid, L-cysteine, and
L-valine to form the tripeptide δ(L-α-aminoadipyl)-L-
cysteinyl-D-valine (ACV) catalyzed by the multienzyme
δ(α-aminoadipyl)-cysteinyl-valine synthetase (encoded by
the pcbAB gene) (Díez et al. 1990; Byford et al. 1997;
Martín 2000a). ACV is cyclized to IPN by the activity of
IPN synthase (encoded by the pcbC gene) (Ramos et al.
1985; Müller et al. 1991). In the last step of the pathway,
the L-α-aminoadipyl side chain of IPN is exchanged for a
more hydrophobic side chain in a reaction catalyzed by the
IPN acyltransferase (IAT), which is encoded by the penDE
gene (Álvarez et al. 1987; Martín et al. 1990). The aromatic
acyl side chain has to be previously activated by a specific
aryl-CoA ligase (Lamas-Maceiras et al. 2006). These two
steps take place inside the peroxisomal matrix because IAT

Appl Microbiol Biotechnol (2007) 76:169–182
DOI 10.1007/s00253-007-0999-4

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-007-0999-4) contains supplementary material,
which is available to authorized users.

C. García-Estrada : I. Vaca : J. F. Martín
Instituto de Biotecnología (INBIOTEC),
Parque Científico de León,
Av. Real, 1,
24006 León, Spain

M. Lamas-Maceiras : J. F. Martín (*)
Área de Microbiología, Departamento de Biología Molecular,
Facultad de CC. Biológicas y Ambientales, Universidad de León,
Campus de Vegazana s/n,
24071 Leon, Spain
e-mail: jf.martin@unileon.es

http://dx.doi.org/10.1007/s00253-007-0999-4


and phenylacetyl-CoA ligase are located inside the micro-
bodies (peroxisomes) (Müller et al. 1991, 1992, 1995;
Lamas-Maceiras et al. 2006).

It is well known that the three intermediates of the
penicillin pathway are secreted to the culture broths. The
tripeptide ACV is found in the culture broth of P.
chrysogenum strains (López-Nieto et al 1985). Similarly,
IPN is present in the culture broths of P. chrysogenum
strains (Demain 1983), although nothing is known about its
possible reabsorption by the cells or its in vivo conversion
into aromatic penicillins. Finally, 6-aminopenicillanic acid
(6-APA) is well known to accumulate in the P. chrysoge-
num culture broths (Demain 1983) and has been reported to
be converted into aromatic penicillins (Meesschaert and
Eyssen 1981), which would require an uptake system. In all
these cases, it is unclear if the secretion of the intermediates
is due to an overflow of the biosynthetic pathway in the
high producing strains or whether it is a natural process
with ecological significance.

The aromatic penicillins produced by P. chrysogenum
are amphipatic compounds, are moderately hydrophobic
and negatively charged at normal cytosolic pH values
(Kirschbaum 1986), and might be secreted by diffusion
across both the microbody and plasma membrane. Howev-
er, the IPN is more hydrophilic, and its transport into
peroxisomes remains a mystery. To date, no penicillin
transporters have been identified in P. chrysogenum.
However, in Aspergillus nidulans, it was found that an
ABC transporter encoded by the atrD gene is involved,
somehow, in penicillin secretion (Andrade et al. 2000). It
was therefore of great interest to study the secretion and the
uptake of the intermediates of the penicillin biosynthetic
pathway.

In P. chrysogenum, the three genes responsible for
penicillin biosynthesis are clustered in a DNA region that

is amplified in tandem repeats bounded by a conserved
hexanucleotide TGTAAA/T in penicillin-overproducing strains
(Fierro et al. 1995; Newbert et al. 1997). The 56.8-kbp
amplified region of P. chrysogenum contains 13 open reading
frames (ORFs) linked to the penicillin gene cluster (Fierro et
al. 2006), but the implication of the proteins encoded by these
ORFs in penicillin metabolism or transport is not yet clear.

The hydrophobic penicillin biosynthesis is an excellent
model to study the enzyme targeting and the transport
systems involved in the localization of the pathway
intermediates because there is good knowledge on the
molecular genetics and the biochemistry of the biosynthetic
enzymes (Aharonowitz et al. 1992; Martín 2000b). The lack
of appropriate mutants to clarify the transport processes has
prevented progress in this field. In the present work, we
generate several tailored strains to obtain an insight on the
in vivo secretion and uptake of benzylpenicillin and its
intermediates.

Materials and methods

Strains and culture conditions

Penicillium chrysogenum Wis54-1255, which contains a
single copy of the penicillin gene cluster (Fierro et al. 1995),
and P. chrysogenum Wis54-1255 npe10 pyrG−(Δpen), an
uridine auxotroph of Wis54-1255 npe10 lacking the whole
amplified region including the penicillin gene cluster
(Cantoral et al. 1993; Fierro et al. 1996), were used in this
work. Tailored P. chrysogenum strains, such as npe10-AB·C,
npe10-DE, npe10-C·DE, npe10-AB·C·DE, and npe10-C·DE-
ACV, were generated by introducing the genes pcbAB,
pcbC, or penDE in different combinations into the npe10
pyrG−(Δpen) strain as a host strain (Table 1). Fungal spores

Table 1 Tailored P. chrysogenum strains used in this work and plasmids used to obtain them

P. chrysogenum strain Features Integrated plasmid

npe10 pyrG−

(Δpen)
A deletion derivative of P. chrysogenum Wis54-1255 lacking the 56.8-kbp amplified region None

npe10-AB·C npe10 pyrG− (Δpen) complemented with plasmdid pPyrAB-C. Contains the pcbAB and pcbC
genes under the control of their own promoters

pPyrAB-C

npe10-AB·C·DE npe10-AB-C strain complemented with the penDE gene under the control of the gdh promoter.
Phleomycin-resistant

pPyrAB-C and
pPenIAT

npe10-DE npe10 pyrG− strain (Δpen) containing the penDE gene under the control of the gdh promoter.
Uridine auxotroph. Phleomycin-resistant

pPenIAT

npe10-C·DE npe10 pyrG− strain (Δpen) containing the pcbC and penDE genes under the control of their
own promoters. Uridine auxotroph. Pheomycin-resistant

pPenC-DE

npe10-C·DE-ACV npe10 C-DE strain complemented with the pcbAB gene under the control of its own promoter.
Uridine auxotrophy was complemented with plasmid pBG

pPenC-DE,
pACV + pBG

170 Appl Microbiol Biotechnol (2007) 76:169–182



were plated on Power medium (Casqueiro et al. 1999) and
grown for 5 days at 28°C. Penicillium chrysogenum liquid
cultures were initiated inoculating fresh spores in 100 ml of
defined double porosity (DP) medium (Casqueiro et al.
1999) without potassium phenylacetate. After incubation at
25°C for 20 h in an orbital shaker (250 rpm), a 10% aliquot
was inoculated in DP medium (100 ml in 500-ml flasks)
with or without phenylacetate (see “Results” section). Uridin
auxotrophs were grown in the presence of 140 μg/ml of
uridine.

For uptake experiments, ACV, 6-APA, IPN, or potassi-
um penicillin were added to DP medium at this inoculation
time. Penicillium chrysogenum phlAR+, a strain over-
expressing the gene encoding the phenylacetyl Co-A ligase
(phl gene), and P. chrysogenum DPhl1, a strain disrupted in
the phl gene (Lamas-Maceiras et al. 2006), were also used
for studies on the effect of phenylacetic acid on IPN
secretion. Three different cultures were performed in
duplicates to obtain the data from secretion and uptake
experiments. Escherichia coli DH5α cells were used for
plasmid amplification and were grown in Luria–Bertani
medium supplemented with ampicillin (100 μg/ml).

Plasmid constructions

Plasmid pPyrAB·C, used for the expression in P. chrys-
ogenum of both the pcbAB and the pcbC genes, was
constructed as follows: Clone NA1 containing a 17-kbp
recombinant fragment including both genes pcbAB and
pcbC was isolated from a P. chrysogenum NRRL 1951
genomic library in the vector 1GEM12 (Promega, Madison,
WI, USA). The recombinant fragment was excised by
digestion with NotI and ligated to NotI-digested pBG
plasmid (a pBluescript® KS + derivative containing the P.
chrysogenum pyrG gene in the HindIII site).

Plasmid pPenIAT was constructed to express the acyl-
transferase (IAT) in the tailored strains of P. chrysogenum
as follows. The cDNA of the penDE gene was cloned in the
NcoI–StuI sites of pIBRC43 (Cardoza et al. 1998) between
the Aspergillus awamori gdh gene promoter (a very
efficient promoter in ascomycetes) and the Saccharomyces
cerevisiae cyc1 transcriptional terminator, thus generating
plasmid pIBRC43-penDE. Digestion with KpnI and HindIII
released the cassette Pgdh-penDE-Tcyc1, which was
inserted in the same restriction sites of plasmid pJL43Trp,
which contains the ble gene (for phleomycin resistance) as
selectable marker under the control of the gpdA promoter
and the trpC terminator.

Plasmid pPenC·DE, derived from plasmid pIBRC43
(Cardoza et al. 1998), includes the phleomycin-resistant
cassette and a 5-kb SalI genomic fragment carrying the
pcbC and penDE genes. Plasmid pACV, containing the
12.1 kb SpeI fragment that includes the complete pcbAB

gene (with its native promoter and terminator regions)
cloned into a SpeI-digested pBluescript® KS+(Stratagene,
La Jolla, CA, USA), was used to cotransform together with
plasmid pBG (which includes the pyrG gene as indicated
above) the npe10-C·DE strain.

Transformation of P. chrysogenum protoplasts

Protoplasts were obtained and transformed as previously
described (Cantoral et al. 1987; Díez et al. 1987). Trans-
formant clones were selected by either complementation of
the uridine auxotrophy or by resistance to phleomycin.

Southern, Northern, and Western blotting

DNA and RNA isolation Southern and Northern blotting
hybridizations were carried out as indicated previously
(Lamas-Maceiras et al. 2006; Fierro et al. 2006). Immuno-
logical detection of IAT was performed as previously
described (Fernández et al. 1994). “Precision Plus Protein
All Blue Standards” (Bio-Rad, Hercules, CA, USA),
ranging in size between 10 and 250 kDa, were used as
molecular weight markers. Polyclonal antibodies against
P. chrysogenum IAT were obtained previously (Fernández
et al. 2003).

Penicillin intermediates

BisACV (disulfide form) was obtained from Bachem Fein
Chemicalien AG (Bubendorf, Switzerland), and monomeric
ACV was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Crude ACV preparations (obtained from A. chrysoge-
num N2) were a gift from Jorge Martín (INBIOTEC, Leon,
Spain). Potassium penicillin was kindly provided by Anti-
bióticos S.A. (Leon, Spain), and 6-APA was a gift from
Gist-Brocades (Delft, the Netherlands). IPN was purified in
our laboratory. Stock solutions of potassium benzylpenicillin,
IPN, and monomeric ACV were prepared in Milli-Q water.
BisACV was dissolved directly in DP medium. 6-APA was
dissolved in 50 mM sodium borate pH 7.7.

Bioassays and cell extracts for high-performance liquid
chromatography analysis

Agar plugs containing sporulated P. chrysogenum strains on
solid Power medium and bioassays with Micrococcus
luteus ATCC 9341 were performed as described by
Casqueiro et al. (1999). Mycelia samples were centrifuged
for 10 min at 4,400×g and washed three times in 0.9%
NaCl. Then, they were resuspended in 0.05 M borate
pH 7.5, sonicated on ice (six pulses of 10 s with 30-s
pauses between each pulse) and centrifuged at 4,400×g for
10 min at 4°C. The extract supernatant was used for further
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high-performance liquid chromatography (HPLC) analysis
of the intermediates or the penicillin itself.

Extraction and HPLC analyses of penicillin from filtrates
and intracellular extracts

Filtrates or cell extracts (3 ml) were acidified until pH 2.0
with 0.1 N HCl. Benzylpenicillin was extracted by adding
n-butyl acetate (3×1 ml) and re-extracted from the organic
phase with 10 mM phosphate buffer pH 7.5 (3×1 ml). This
procedure was performed at 4°C. The aqueous phase was
lyophilized and resuspended in 300 μl of Milli-Q water for
filtrates (in 100 μl for intracellular extracts), which were
analyzed by HPLC and bioassay.

HPLC analysis of benzylpenicillin was performed in an
Agilent 1100 HPLC system (Santa Clara, CA, USA) with
an analytical 4.6×250 mm (5 μm) RPC18 Lichrospher®

100 (Merck, Darmstadt, Germany) column, a flow rate of
1 ml/min, and a detector wavelength of 214 nm. Samples
(20 μl) were injected and eluted using as mobile phase
buffer A (30 mM ammonium formate pH 5.0 and 5%
acetonitrile) and buffer B (same as buffer A plus acetoni-
trile 20:80, v/v) with an isocratic method (85% of A).
Benzylpenicillin showed a retention time of 15.39±
0.17 min and its detection limit was 0.1 μg/ml.

Derivatization of IPN and 6-APA and HPLC analysis

Culture supernatants or cell extract samples (1 ml) were
deproteinized by adding 2 ml of acetone and centrifugation
at 4,400×g for 30 min at 4°C. After centrifugation, 300 μl
of 0.2 M sodium-borate buffer pH=7.7 and 400 μl of
15 mM 9-fluoronylmethyl chloroformate (FMOC) (Sigma-
Aldrich) diluted in acetone were added to each sample and
vortexed for 1 min. After a 4-min incubation at room
temperature, the excess FMOC was removed by extraction
with hexane (3×4 ml). The derivatizated IPN and 6-APA
samples were analyzed in the same HPLC system as
described above but using an analytical 4.6×150 mm
(3.5 μm) Eclipse XDB-C18 (Agilent) column. Samples
(10 μl) were injected in the HPLC using 50 mM sodium
acetate pH 4.2 as solvent A and acetonitrile as solvent B.
The elution gradient for IPN was as follows: 20%B→25%
B linear over 7 min, 25%B→20%B linear over 8 min,
20%B→45%B for 15 min. For 6-APA, the elution
gradient was 20%B→30%B linear over 10 min, isocratic
for 8 min, 30%B→35%B linear over 2 min, isocratic for
10 min. The flow used was 1 ml/min. Detection was
performed at 254 nm. Under these conditions, the
retention time for derivatized IPN was 22.24±0.08 min
and for derivatized 6-APA was 24.78±0.03 min. Detection
limits of 0.1 and 0.01 μg/ml were achieved for IPN and
6-APA, respectively.

Results

Complementation of the P. chrysogenum npe10 strain
(Δpen) with the pcbAB and pcbC genes restores
the biosynthesis of IPN

The 56.8-kbp amplified region of P. chrysogenum, which
bears the three genes responsible for penicillin biosynthesis
(pcbAB, pcbC, and penDE) was found to contain 13 ORFs
linked to the penicillin gene cluster (Fierro et al. 2006). To
test whether any of these ORFs is essential for IPN
production or transport, a tailored P. chrysogenum strain
containing only the pcbAB and pcbC genes and lacking the
other 13 ORFs present in the amplified region was obtained
by introducing pPyrAB·C (see “Materials and methods”
section and Table 1), carrying the two early genes (pcbAB
and pcbC) of the pathway, into P. chrysogenum npe10
pyrG−(Δpen). Transformants were selected based on their
ability to produce IPN, which was confirmed in one of the
randomly selected transformants (transformant T3) by
bioassay (Fig. 1a) and HPLC analysis (Fig. 1b); the
transformant tested showed the production of a β-lacta-
mase-sensitive compound coincident with a control of IPN.
This strain, which only contains the first two penicillin
biosynthesis genes, is referred to hereafter as P. chrysoge-
num npe10-AB·C. The IPN synthesized was secreted in
both solid and liquid cultures of P. chrysogenum npe10-
AB·C. These findings confirm that IPN is secreted without
being converted to benzylpenicillin.

Complementation of the P. chrysogenum npe10-AB·C strain
with the penDE gene restores benzylpenicillin biosynthesis
and secretion

When the npe10-AB·C strain was transformed with plasmid
pPenIAT, containing the cDNA of the third gene of the
penicillin pathway (penDE) encoding the IAT, under the
control of the strong A. awamori gdh gene promoter
(Table 1), all the transformants produced benzylpenicillin
as shown by bioassay (Fig. 2a). Different transformants
produced distinct levels of benzylpenicillin due to integra-
tion of the penDE gene in different places in the genome as
seen by Southern blotting (data not shown). Transformant
T5 was selected for further studies and will be referred to
hereafter as P. chrysogenum npe10-AB·C·DE. Benzylpeni-
cillin formation in this strain was confirmed by HPLC
(Fig. 2b). Benzylpenicillin specific production of the
npe10-AB·C·DE and the parental Wis54-1255 strains was
compared in liquid cultures in defined DP medium. Results
(Fig. 2c) showed that the Wis54-1255 strain produces, in
liquid cultures, approximately four times more benzylpeni-
cillin than the npe10-AB·C·DE strain. To test whether this
difference was due to a lower production of IPN in the
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tailored strains, this compound was measured by HPLC in
the npe10-AB·C, npe10-AB·C·DE, and Wis54-1255 strains
cultured in defined DP medium without phenylacetic acid
(to optimize IPN production). Results showed that the
Wis54-1255 strain also produces approximately three to
four times more extracellular IPN than the npe10-AB·C or
npe10-AB·C·DE strains at 72 h (Fig. 2d). This result
indicates that differences in benzylpenicillin production
observed between the parental (Wis54-1255) and the
engineered strain might be due to a lower ability of the
latter to synthesize IPN. The intracellular IPN levels were
also analyzed, being approximately twofold lower in the
Wis54-1255 strain than in the npe10-AB·C or npe10-
AB·C·DE strains at 72 h (Fig. 2e), even though the
Wis54-1255 strain synthesizes and secretes much higher
levels of IPN than the engineered strain. This result
suggests that the engineered strain npe10-AB·C·DE is less
efficient in secreting IPN, which might cause a feedback
inhibition of its biosynthesis.

Taken together, these results indicate that, although the
presence of the pcbAB, pcbC, and penDE genes is sufficient
for basic IPN and benzylpenicillin production, some of the

missing 13 genes in npe10-AB·C·DE may contain informa-
tion required for enhanced IPN and penicillin production in
liquid cultures.

Extracellular ACV is not significantly taken up
by P. chrysogenum

ACV is known to be partially secreted to the culture broth.
The ability of P. chrysogenum to take up this tripeptide was
assessed by quantifying the conversion of extracellullar
ACV to benzylpenicillin by an engineered strain containing
only the last two genes involved in penicillin biosynthesis
(npe10 strain transformed with plasmid pPenC·DE;
Table 1). Three positive transformants (T1, T2, and T3)
were analyzed by Northern blotting using total RNA from
these transformants to assure the expression of both pcbC
and penDE genes. The three positive transformants were
able to express these genes at levels similar to those
generated by the P. chrysogenum wild-type strain (Fig. 3a).
Transformant T1 was selected and named P. chrysogenum
npe10-C·DE strain. To be sure about the ability of this
strain to synthesize benzylpenicillin when ACV is provided,

Fig. 1 IPN production after
complementation of the P.
chrysogenum npe10 strain
(Δpen) with the pcbAB and
pcbC genes. a Bioassays using
filtrates taken at 72 h from
cultures of the Wis54-1255
(control), the npe10, and the
npe10-AB·C strains (trans-
formant T3). b HPLC of culture
filtrates (72 h) of the trans-
formant T3 of the npe10-AB·C
strain (npe10-AB·C T3). Pure
IPN was used as standard
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it was cotransformed with plasmids pACV (carrying the
pcbAB gene; Table 1) and pBG (carrying the pyrG gene).
Several transformants were analyzed by bioassay, and the
production of benzylpenicillin in one of the transformants

(named npe10-C·DE-ACV) was confirmed by HPLC
(Fig. 3b). This result indicates that the npe10-C·DE strain
is able to synthesize benzylpenicillin when the tripeptide
ACV is supplied intracellularly (provided in the npe10-

Fig. 2 Complementation of the P. chrysogenum npe10-AB·C strain
with the penDE gene. a Bioassay using sporulated agar plugs with
different transformants of the npe10-AB·C·DE strain. The Wis54-
1255, npe10, and npe10-AB·C strains were used as controls.
b Chromatogram showing the benzylpenicillin extracted at 72 h from
filtrates taken from cultures of the npe10-AB·C·DE strain (trans-
formant 5). Potassium benzylpenicillin (PenG) was used as control at
a concentration of 10 μg/ml. c Relative benzylpenicillin specific
production between the Wis54-1255 strain (black bars) and the
complemented npe10-AB·C·DE strain (gray bars). Filtrates were taken
at 30, 48, and 72 h and bioassayed. The penicillin production
corresponding to the Wis54-1255 strain at 72 h was set as 100%.
d IPN production of the Wis54-1255 strain (black bars), the npe10-

AB·C·DE strain (gray bars), and the npe10-AB·C strain (striped bars).
Filtrates were taken at 30, 48, and 72 h and IPN was determined by
HPLC. Results were expressed as micrograms of IPN/milligram of dry
weight. IPN production at 48 and 72 h is also plotted as percent
(inset), referred to the value corresponding to the Wis54-1255 strain as
100%. e Intracellular levels of IPN in the Wis54-1255 strain (black
bars), the npe10-AB·C·DE strain (gray bars), and the npe10-AB·C
strain (striped bars). Cellular extracts from samples taken at 30, 48,
and 72 h were analyzed by HPLC. Results were expressed as
micrograms of IPN/milligram of dry weight. Samples were taken in
duplicate from three different cultures. Vertical lines above the bars
indicate standard deviation of the mean value
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C·DE-ACV strain by the ACV synthetase coded by the
pcbAB gene). Therefore, ACV uptake was tested adding to
cultures of the npe10-C·DE strain two different concen-
trations of crude ACV preparations. No benzylpenicillin
was detected at any time with any of the two concentrations
of crude ACV used (Fig. 3c). The same experiment was
repeated, but 0, 50, and 250 μg/ml of pure dimeric ACV
(Bachem) were added to the culture medium. As shown in
Fig. 3d, penicillin was not detected at any time, even when
250 μg/ml of ACV was added to the culture media. The
same results were obtained when 50 μg/ml of pure
monomeric ACV (Sigma-Aldrich) was added to the culture
medium (data not shown). These results indicate that
extracellular ACV is not significantly taken up in P.
chrysogenum.

Uptake of 6-APA and IPN in P. chrysogenum

To test whether the secreted penicillin precursors IPN and
6-APA are able to be taken up again from the culture
medium, the P. chrysogenum npe10 strain was cultured in
the presence of 0.05, 0.5, and 2.5 mg/ml (0.214, 2.14, and
10.7 mM, respectively) 6-APA or 0.05 and 0.5 mg/ml
(0.139 and 1.39 mM) IPN. External and intracellular IPN
and 6-APAwere quantified by HPLC in filtrates and cellular
extracts taken at 12, 24, 36, 48, and 72 h after addition of
these compounds. Results (Fig. 4a) showed that 6-APA was
accumulating inside P. chrysogenum along the incubation
process when added at 0.5 and 2.5 mg/ml to the culture.
This finding indicates that 6-APA is well transported inside
P. chrysogenum, and this uptake is dose-dependent.

Fig. 3 Characterization of the
npe10-C·DE strain and transport
of exogenous ACV inside P.
chrysogenum. a Northern blot
analysis performed with total
RNA obtained from three trans-
formants of the P. chrysogenum
npe10-C·DE strain (T1, T2, and
T3) and the Wis54-1255 strain
(W). The membrane was hy-
bridized to probes containing the
penDE, the pcbC, and the β-
actin genes (the latter was used
as internal control). b Chro-
matogram showing the benzyl-
penicillin extracted from 72 h
culture filtrates of the npe10-
C·DE-ACV strain, confirming
the ability of the npe10-C·DE
strain to synthesize benzylpeni-
cillin when the tripeptide ACV
is provided. Potassium benzyl-
penicillin (PenG) was used as
control at a concentration of
5 μg/ml. c Bioassays using
culture filtrates obtained at dif-
ferent time points from the
npe10-C·DE strain supple-
mented with two different con-
centrations of crude ACV.
Filtrates obtained from the
Wis54-1255 strain were used as
control. d Bioassays using cul-
ture filtrates obtained at different
time points from the npe10-
C·DE strain treated with 0 (left
petri dish), 50 (middle), and
250 μg/ml (right) of pure di-
meric ACV. Filtrates from the
Wis54-1255 strain were used as
control. Note the lack of con-
version of exogenous dimeric
ACV into penicillin
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The internalization ratio of 6-APA was calculated. Plots
(Fig. 4b) showed that, at 12 h, only a small fraction of 6-
APA had been taken up into the cells. After this time, the
internalization of 6-APA gradually increased.

Unlike 6-APA, which is clearly taken up by the cell, no
IPN was detected by HPLC in cell extracts of the P.
chrysogenumnpe10 strain at any time and at any dose added
to the culture medium (data not shown); this finding
indicates that IPN is poorly or not transported inside P.
chrysogenum (see “Discussion” section).

Conversion of IPN and 6-APA into benzylpenicillin:
internalization of exogenous 6-APA and IPN
into peroxisomes

Because IPN is synthesized in the cytosol and the
conversion of IPN to benzylpenicillin occurs inside the
peroxisomal matrix (Müller et al. 1991, 1992, 1995), this
precursor has to enter the peroxisome to form penicillin. 6-
APA is formed by the IAT, and this reaction also takes place

inside peroxisomes. Because 6-APA is able to be internal-
ized by P. chrysogenum, as seen above, the ability of this
compound to be transported into peroxisomes was also
tested by following its conversion to benzylpenicillin in a P.
chrysogenum strain containing only the penDE gene
(Table 1). Expression and correct processing of IAT
resulting in the formation of the 11+29 α–β heterodimer
was confirmed by Western blotting (Fig. 5a) in one of the
transformants (referred to hereafter as P. chrysogenum
npe10-DE). This strain expresses the penDE gene, but it
is unable to synthesize penicillin because it lacks the pcbAB
and pcbC genes. Cultures of P. chrysogenum npe10-DE
were supplemented with 10 or 100 μg/ml IPN (0.0278 and
0.278 mM, respectively) or 6.5 and 65 μg/ml 6-APA
(0.0278 and 0.278 mM, respectively), and culture filtrates
were taken at 0, 24, 36, 48, 60, 72, and 84 h. After acidic
extraction, samples were analyzed by HPLC for benzylpen-
icillin detection. High benzylpenicillin levels were formed
(Fig. 5b) when exogenous 6-APA was added to cultures of
the npe10-DE strain. However, when IPN was added to the

Fig. 4 Uptake of exogenous 6-
APA by P. chrysogenum npe10.
a Intracellular levels of 6-APA
(as μg/mg dry weight) in cul-
tures supplemented with 0.5
(continuous line) or 2.5 mg/ml
(dotted line) of 6-APA. b Extra-
cellular/intracellular ratio of 6-
APA in cultures supplemented
with 0.5 (left panel) or 2.5 mg/ml
(right panel) of 6-APA
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culture medium, only trace levels of benzylpenicillin were
detected, indicating important differences in the transport of
these two intermediates and confirming our findings on the
poor uptake of IPN (see above). Quantitative data obtained
with bioassay determinations that are very sensitive (Fig. 5c)
indicate that benzylpenicillin production at 72 h is
approximately 40-fold higher when 0.278 mM exogenous
6-APAwas added than when the same concentration of IPN
was used. These results indicate that 6-APA is transported
through both the cellular and peroxisomal membranes of P.
chrysogenum and converted into benzylpenicillin, unlike
IPN, which is very poorly taken up into the cell.

Secretion of IPN depends on phenylacetyl Co-A
intracellular levels: phenylacetic acid directs the pathway
to benzylpenicillin precluding IPN secretion

To study the correlation between intracellular phenylacetyl
Co-A levels and IPN secretion, increasing concentrations
(0, 0.6, 1.2, and 2.4 mg/ml) of phenylacetic acid, which is
activated to phenylacetyl Co-A before being used as
substrate by the IAT, were added to cultures of the parental
Wis54-1255, phlAR+ [a strain overexpressing eightfold the
phl gene encoding the phenylacetyl Co-A ligase (Lamas-
Maceiras et al. 2006)], DPhl1 [a Δphl strain disrupted in

Fig. 5 Characterization of the
npe10-DE strain and transport
studies of exogenous 6-APA and
IPN showing their peroxisomal
conversion into penicillin.
a Western blotting showing the
correct expression and process-
ing of IAT in one of the trans-
formants of the npe10-DE strain
at 48 h (T). Note that the anti-
bodies only recognize the β-
subunit (29-kDa) of the active
α–β heterodimer. Protein
extracts taken at 48 h from
cultures of the npe10 strain were
used as control (C). b Chro-
matogram showing the benzyl-
penicillin extracted at 72 h from
culture filtrates of the npe10-DE
strain supplemented with
0.278 mM of IPN and 6-APA.
Potassium penicillin was used as
internal control at a concentra-
tion of 10 μg/ml. c Representa-
tive bioassays performed using
filtrates taken at different time
points from cultures of the
npe10-DE strain supplemented
with 0.0278 and 0.278 mM of
IPN and 6-APA. As control, a
solution of diluted potassium
penicillin (0.1 μg/ml) was used
(C). Benzylpenicillin production
data corresponding to these bio-
assays are listed in Table 2
(supplementary material)
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the phl gene but keeping some phenylacetyl: Co-A ligase
activity from alternative acyl-CoA ligase genes (Lamas-
Maceiras et al. 2006)], and npe10-AB·C strains. Culture
filtrates were taken at 72 h, and the amounts of secreted
IPN were quantified by HPLC (Fig. 6a). Results indicated
that IPN secretion drastically decreased in all strains
(Wis54-1255, phlAR+, DPhl1, and npe10-AB·C) when
increasing amounts of phenylacetic acid were added
(Fig. 6b). In the Wis54-1255, phlAR+, and DPhl1 strains,
this decrease is very likely due to intracellular conversion
of IPN into benzylpenicillin. The finding that the disrupted
Dphl1 mutant secretes more IPN than the Wis54-1255 or
the phlAR+ strains (even when 1.2 mg/ml of phenylacetic
acid is added to the culture medium) appears to be due to a

lower formation of phenylacetyl Co-A in that strain and
therefore to a lower consumption of IPN for benzylpeni-
cillin synthesis. IPN secretion is, therefore, suppressed by
the higher affinity of the IAT for IPN when sufficient
intracellular phenylacetic-CoA (the second substrate of
IAT) is available. Remarkably, the secretion of IPN also
decreased when phenylacetic acid was added to cultures of the
npe10-AB·C strain, though the IPN intracellular levels in this
strain remained above those formed by the other strains
(Fig. 6b). Because the npe10-AB·C strain lacks the IAT
encoded by penDE and therefore there is no conversion of
IPN into benzylpenicillin, a mechanism other than depletion
of IPN by the IAT must also be controlling the secretion of
IPN to the culture medium (see “Discussion” section).

Fig. 6 Effects of internal phe-
nylacetyl Co-A levels on IPN
secretion. a Representative
chromatograms of filtrates taken
at 72 h from the Wis54-1255,
phlAR+ (overexpressing the phl
gene encoding the phenylacetyl
Co-A ligase), DPhl1 (disrupted
in the phl gene), and npe10-
AB·C strains after addition of
0.6 mg/ml of phenylacetic acid
(PA+) to the culture medium or
without addition of this com-
pound (PA−). IPN was added to
these samples as internal con-
trol. b Relative IPN specific
secretion (%) in filtrates taken at
72 h from cultures of the Wis54-
1255, phlAR+, DPhl1, and
npe10-AB·C strains when in-
creasing amounts of phenylace-
tic acid were added to the
culture medium. The inset plot
shows the percentage of IPN
secreted in these strains (mean ±
SD from three independent cul-
tures performed in duplicate).
These values are relative to the
IPN concentrations secreted by
the Wis54-1255, phlAR+,
DPhl1, and npe10-AB·C strains
at 72 h without the addition of
phenylacetic acid, which were
set to 100%
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Permeability of the P. chrysogenum membrane
to benzylpenicillin

A possible uptake of exogenous penicillin in P. chrysoge-
num was proposed several years ago to explain an apparent
feedback regulation of penicillin biosynthesis (Gordee and
Day 1972; Nestaas and Demain 1981). The permeability to
exogenous benzylpenicillin was tested in vivo by adding
100 μg/ml (0.279 mM) of benzylpenicillin to cultures of P.
chrysogenum npe10, which cannot synthesize endogenous
penicillin. Samples were taken at 24, 48, and 72 h, and
extracellular and intracellular penicillin levels were quanti-
fied by HPLC. As shown in Fig. 7a, a compound coincident
with the retention time of authentic benzylpenicillin was
found in intracellular extracts at 24 h and increased until
72 h, suggesting that the npe10 is able to internalize some
penicillin. Results of the quantification experiments
(Fig. 7b) indicated that the P. chrysogenum npe10 strain
internalizes external benzylpenicillin up to intracelullar
levels similar to those shown by the Wis54-1255 strain.

Calculation of the external/internal benzylpenicillin ratio
indicated that the Wis54-1255 strain secretes the antibiotic
very efficiently, accumulating it outside the cell and

keeping an outside/inside ratio of approximately 70 along
the culture time.

Discussion

Genome research has allowed us to identify the genes
responsible for the biosynthesis of penicillin in P. chrys-
ogenum and other fungi. These genes are clustered in the
56.8-kbp amplifiable region of P. chrysogenum together
with other 13 ORFs (Fierro et al. 2006). However, a
putative enhancing role of some of the protein encoded by
these ORFs on penicillin biosynthesis or transport of the
intermediates in and out of the peroxisomes or the
cytoplasmic membrane is not clear to date and requires
further research.

As shown in this article, IPN secretion was observed in
the npe10 strain (a mutant lacking the whole 56.8-kbp
region) when the pcbAB and pcbC genes were introduced in
this strain (Fig. 1), indicating that this hydrophilic penicillin
(independently of its conversion to the hydrophobic
benzylpenicillin) is secreted by a transport system. In other
words, the penDE gene (encoding the IAT) is not strictly

Fig. 7 Permeability of the P.
chrysogenum plasma membrane
to benzylpenicillin. a Chromato-
grams showing the benzylpen-
icillin levels at 24, 48, and 72 h
in the intracellular extracts of
both the Wis54-1255 strain (left
panel) and the npe10 strain cul-
tured in presence of 0.1 mg/ml of
exogenous benzylpenicillin (right
panel). b Intracellular levels of
benzylpenicillin (μg/mg dry
weight) detected in the Wis54-
1255 strain (continuous line) and
in the npe10 strain cultured in
presence of 0.1 mg/ml exoge-
nous of benzylpenicillin (dotted
line)
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required for β-lactam antibiotic biosynthesis and secretion
and may be a late addition to the basic penicillin gene cluster
(pcbAB–pcbC) (Liras and Martín 2006). This hypothesis is
supported by the presence of a gene with high similarity to
penDE in sequenced genomes of several ascomycetes that
lack, however, the pen gene cluster, like Aspergillus clavatus
(GenBank accession number XP_001271254), Neosartorya
fischeri (GenBank accession number XP_001263202), or
Aspergillus fumigatus (GenBank accession number
XP_754359). Because IPN and benzylpenicillin production
is partially restored in the npe10 strain after transformation
with the pcbAB, pcbC, and penDE genes (Fig. 2), it is
concluded that the rest of the ORFs present in the amplified
region are not strictly essential for the transport of precursors
or intermediates of penicillin or for proper targeting and
processing of the biosynthetic enzymes. Nevertheless, we
have found a fourfold decrease in both IPN and benzylpe-
nicillin specific production in both the npe10-AB·C and
npe10-AB·C·DE strains, as compared to the Wis54-1255
parental strain. Because the npe10-AB·C and npe10-
AB·C·DE strains contain at least one copy of the pcbAB
and pcbC genes (as it occurs in the Wis54-1255 strain) and
because these genes are expressed from their own wild-
type promoter, differences in IPN and benzylpenicillin
levels are probably due to the absence of the other genes in
the 56.8-kbp DNA region. This indicates that some of the
genes of the 56.8-kbp region may be necessary for
enhanced penicillin biosynthesis.

Another interesting finding is the fact that the secretion
of IPN depends on phenylacetyl Co-A intracellular levels. It
is clear that the decrease in the extracellular IPN when
phenylacetic acid is added is a consequence of the
conversion of IPN into benzylpenicillin. However, the
npe10-AB·C strain lacks the penDE-encoded IAT. A
decrease in the secretion of IPN was observed when
increasing concentrations of phenylacetic acid were added
to this strain (Fig. 6b), indicating that other mechanisms
related to the intracellular levels of phenylacetyl-CoA
control the secretion of IPN to the culture medium.
Phenylacetic acid is toxic and it is transported very
efficiently into P. chrysogenum (Hillenga et al. 1995), and
this fungus has probably developed a detoxification
mechanism to remove it (Lamas-Maceiras et al. 2006).

Secretion of ACV, IPN, and 6-APA might be a waste of
intermediates for benzylpenicillin production. Important
differences were found in the uptake of the penicillin
biosynthesis intermediates. ACV is not taken up into P.
chrysogenum cells, even when high concentrations of this
compound were added to the culture medium (Fig. 3d).
ACV can be found either in a reduced monomeric form or
as an oxidized dimer (disulfide bisACV), which is formed
in oxic (aerobic) culture medium. BisACV may be reduced
back to LLD-ACV by the thioredoxin–thioredoxin reduc-

tase system in the cytoplasm. The fact that the oxidized
dimer is the predominant ACV form in culture broths may
explain the lack of internalization. Even when ACV is
added as a monomer, no internalization was observed,
probably because of the rapid oxidation under the con-
ditions of the culture medium.

Regarding IPN, it was found that this compound was
taken up very poorly inside P. chrysogenum. In fact, no IPN
was detected in the cells when it was added to cultures of
the npe10 strain. This is in contrast to what was found with
6-APA, which was detected at relatively high concentra-
tions in intracellular extracts of the npe10 strain when it
was added to the culture medium (Fig. 4), indicating that
exogenous 6-APA is taken up efficiently. The disparity
observed between the uptake of IPN and 6-APA may be
due to differences in the polarity of these two intermediates.
Thus, the higher polarity of IPN may decrease the passive
transport of this compound through the P. chrysogenum
membrane. In turn, 6-APA, which is more hydrophobic, is
transported more efficiently inside this microorganism.

The penicillin biosynthetic pathway occurs in different
cellular compartments. ACV synthetase and IPN synthase
are cytosolic enzymes, whereas IAT and phenylacetyl Co-A
ligase are targeted into peroxisomes (Müller et al. 1991,
1992, 1995; Gledhill et al. 1997; Van der Lende et al. 2002;
Lamas-Maceiras et al. 2006). Results obtained with the
npe10-DE strain proves that exogenous 6-APA not only
enters the cell membrane but also is transported across the
peroxisomal membrane because benzylpenicillin was syn-
thesized when this intermediate was added to cultures of
this strain (Fig. 5). The fact that IPN has to be transported
through the peroxisomal membrane to synthesize penicillin,
together with the poor IPN uptake observed through the
plasma membrane, indicates that an active IPN transport
system must be present in the peroxisomal membrane to
assure an adequate pool of IPN inside the peroxisomal matrix.

The secretion of antibiotics is a useful tool in nature for
the microorganisms that produce them (Martín et al. 2005).
In some producer organisms, these compounds are also
toxic to them in high concentrations (Cundliffe 1991).
Therefore, the producer strains have developed mechanisms
for protection against their own antibiotics. One of these
mechanisms is the membrane permeability barriers coupled
to efficient efflux mechanisms for removal and secretion of
drug molecules from the cells (Cundliffe 1991; Martín et al.
2005). It is known that very high concentrations of
benzylpenicillin and other hydrophobic penicillins exert
toxic effects on eucaryotic cells due to lipophilic inter-
actions with the plasma membrane and intracellular
membranes (Sikkema et al. 1995). Indeed, benzylpenicillin
is actively pumped out of the cells.

In summary, most of the endogenously synthesized
penicillin is efficiently secreted and only minor amounts
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of the final product are reintroduced into the cells, explain-
ing the well-known accumulation of extracellular penicillin
in the culture broths.
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