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Introduction

Penicillin G (Pen G) is a secondary metabolite of 
Penicillium chrysogenym (Brakhage et al., 2004; Keller 
et al., 2005; Bartoszewska et al., 2011b; Martin et al., 
2012). The biosynthesis of Pen G consists of at least three 
enzymatic steps. The δ-(L-α-aminoadipyl)-L-cysteinyl-
D-valine (ACV) synthetase (ACVS) is involved in a non-
ribosomal condensation of activated precursor amino 
acids L-α-aminoadipic acid (A), L-cysteine (C) and 
L-valine (V) to ACV tri-peptide (Weber et al., 2012a). 
Isopenicillin N synthase (IPNS) converts the ACV to 
isopenicillin (IPN). In this oxidative ring closure reac-
tion a bi-cyclic penam nucleus, consisting of a β-lactam 
and thiazolidine ring is formed (Weber et al., 2012a, 
2012b). The phenylacetyl-CoA ligase (PCL) and the 
hetero-dimeric acyl-coenzyme A (CoA):6-aminopeni-
cillanic acid (6-APA) acyltransferase (IAT) are involved 
in the last step of Pen G biosynthesis, in which the 
α-aminoadipyl group of IPN is substituted by a pheny-
lacetyl side chain (PA) (Weber et al., 2012b). 

Localization of the pathway of Pen G biosynthesis in 
P. chrysogenum cells has been studied using transmis-

sion electron microscopy (Kurzątkowski et al., 1991), 
immuno-gold electron microscopy (Kurzątkowski 
et al., 1991; Müller et al., 1995; van der Lende et al., 
2002a), cell fractionation (Müller et al., 1995; van der 
Lende et al., 2002a), biochemical and genetic meth-
ods (Martin et al., 2012). Nevertheless, at present, the 
reports concerning the cellular localization of ACVS 
and IPNS are ambiguous. The enzyme ACVS was pre-
viously found to be associated with small membra-
nous organelles (Lendenfeld et al., 1993). Based on 
its biochemical features, sub-cellular fractionation, 
immuno-gold electron microscopy localization van 
der Lende et al. (2002a) suggested that ACVS is a cyto-
solic enzyme. IPNS appeared to be a soluble cytosolic 
enzyme (van der Lende et al., 2002a), although its 
activity in cell free extracts seems to be stimulated by 
sonification (for review, see van de Kamp et al., 1999) 
– it suggests a partial compartmentalization of IPNS. 
This enzyme was also reported to be associated with 
membranous structures (Kurzątkowski et al., 1991). The 
enzyme IAT was located in peroxisomes – also called 
microbodies (Müller et al., 1995; van der Lende et al., 
2002a). The cellular organization in Pen G biosynthesis 
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by high-penicillin-producing strains of P. chrysogenum 
requires further explanation.

This experimental study was designed to provide 
additional details concerned with the organization of 
the productive mycelial cells of P. chysogenum at the 
high activity of Pen G biosynthesis. i.e.: differentiation 
of hyphal cells, formation and arrangement of peroxi-
somes, co-location of organelles and enzymes involved 
in Pen G overproduction. 

Experimental

Materials and Methods

Strains. In this experimental program the high-
penicillin-producing strain P. chrysogenum PQ-96 was 
examined. Activity of Pen G producing by this strain 
is presented in Fig. 1. For comparative ultra-structural 
analyses the low-penicillin-producing strain P. chryso­
genum Q-176 was investigated. Pen G production by 
this strain is presented in Fig. 2.

Cultivation conditions. The tested strains were 
grown in complex media described previously (Kurząt 
kowski et al., 1991). Sporulation medium was com-
posed of: saccharose, yeast extract, glycerol, CaSO4 
and agar. Inoculated slops of the sporulation medium 
were cultivated for 7 days at 25°C. Liquid seed media 
for growth of biomass of the tested strains contained 
soy meal and dextrin. The inoculated seed media were 
incubated in 500-ml flasks for 48 h at 25°C on a rotary 
shaker (Series 25 Incubator Shaker New Brunswick, 
Edison, New Jersey, USA) at 250 rpm. These cultures 
were used for inoculation of the production medium 
which consisted of: corn-steep liquor, glucose and lac-
tose as carbohydrate sources, CaCO3 and salts. The final 
cultures were incubated in 500-ml flasks at 25°C for 
72 h on a rotary shaker at 250 rpm. At 8-h intervals an 
aqueous solution of phenylacetic acid (PA) was added 
to the cultures at the stationary growth phase. To pre-
vent an overdose during PA administration, the growth 
of mycelia was observed under a phase-contrast micro-
scope Docuval (Carl-Zeiss, Jena, Germany). 

Assay of Pen G. Pen G extraction and analysis were 
carried out as previously indicated (Garcia-Estrada 
et al., 2008a).

Transmission electron microscopy. The prepara-
tion for a transmission electron microscopy was per-
formed as described previously (Kurzątkowski et al., 
1991) with some modifications. The mycelium of a 72-h 
culture of the tested strains was fixed in 4% glutaralde-
hyde (Sigma-Aldrich, Milwaukee, WI, USA) for 20 h 
at 3°C and then continued with 1% osmium tetroxide 
(Sigma-Aldrich, WI, USA) solution for 2 h. The samples 
were dehydrated in increasing concentrations of ethyl 

alcohol and embedded in Epon 812 (Serva-Electropho-
resis, Heidelberg, Germany). The blocs were polymer-
ized at 37°C for 24 h and at 64°C for 48 h, and cut on 
LKB III Ultra Microtome (Diversified Equipment, Inc., 
Lorton, VA, USA). The ultrathin sections were stained 
with uranyl acetate solution and then treated with 
Reynold’s reagent (Serva). The ultrathin sections were 
examined under a transmission electron microscope 
JEOL, JEM1220 (Tokyo, Japan). 

Antibody production. The IPNS from Cephalo­
sporium acremonium 278 was used in this experimental 
program (Kurzątkowski et al., 1991). The concentration 
of the purified enzyme used for immunization was 5 mg 
in 1 ml of solution. Rabbits were injected four times 
at 15-days intervals with 500-µl doses (first injection 
with a complete Freund’s adjuvant and an incomplete 
adjuvant for the other three injections). The cross-
reaction of the antibody with the fungal enzyme was 
confirmed in an enzyme-linked immunosorbent assay 
and by Western blot analysis.

Processing for immunoelectron microscopy. 
The methods for immunoelectron microscopy were 
described previously (Kurzątkowski et al., 1991). The 
mycelium of a 72-h culture of the high-penicillin-pro-
ducing strain was washed twice. Agar (2.5% w/v Oxoid 
agar in PBS) coated mycelium was fixed in 0.25% gluta-
raldehyde in PBP at 3°C for 15 h. The mycelium was 
dehydrated with ethanol during the progressive lower-
ing of the temperature conducted in accordance with 
the following protocol: 30% ethanol at 0°C for 30 min; 
50% ethanol at –10°C for 60 min; 70% ethanol at –20oC 
for 60 min; 90% ethanol at –35°C for 60 min; and 100% 
ethanol at –35°C for 90 min (twice). The infiltration 
of Lowicryl K4M resin into the mycelia cells was per-
formed at –35°C. Low temperature resin polymeriza-
tion was performed under UV light (nm) for 2 days at 
–35°C and then continued under UV light for 4 days at 
room temperature. All steps i.e. dehydration, embed-
ding and polymerization were performed using a freeze 
substitution apparatus Balzers FSU 010. Ultrathin sec-
tions for immuno-labeling were cut with a glass knife 
on a Reichert OM U3 ultra-microtome. Immuno-
labeling experiments were carried out at room tem-
perature directly on Lowicryl K4M ultrathin sections 
resisting on copper grids covered with carbon-coated 
Pioloform film. The grids were incubated on a drop 
(150 µl) of PBS-glycine solution, pH 7.4, consisting of 
60 mM glycine in PBS for 6 min. Subsequently, the grids 
were incubated (3 × 7 min) on a drop of phosphate-
buffered gelatine (PBG) solution, pH  7.4, composed 
of 0.2% (w/v) gelatine and 0.6% (w/v) bovine serum 
albumin in PBS. The rabbit immunoserum to IPNS 
was diluted 1:500 with PBG and centrifuged at 6000 g 
for 2 minutes. The grids with ultrathin sections were 
incubated on drops of diluted rabbit immunoserum to 
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Fig. 1.  (a-e)  P. chrysogenum PQ-96 (high-yielding strain), 72 h culture, activity of Pen G biosynthesis (U/ml): total yield at 72 h of 
cultivation – 8200, increase of yield between 48 h and 72 h of fermentation – 4800; average increase of yield per one h between 48 h 
and 72 h of cultivation – 200. Structural organization of the sub-apical metabolically active non-growing vacuolated cell of the 
hyphae: (a-c) transmission electron microscopy, (d, e) immuno-electron microscopy of IPNS, (d) immuno-gold localization of IPNS, 
(e) control sample – ultrathin sections treated with rabbit pre-immunoserum, followed by goat anti-rabbit IgG-15 nm gold conjugate. 
(a) De novo peroxisome (P) formation in association with osmophilic membranes (OM) is seen. Most peroxisomal electron opaque 
proteins are synthesized on free polyribosomes (pr) and imported directly from the cytosol into the peroxisome (arrous). Note the mem-
brane combined electron opaque proteins concentrated in foci that bud off into the peroxisomal matrix space (arrow heads). The site of 
peroxisome formation is surrounded by the rough endoplasmic reticulum (rer) and numerous polyribosomes which are accompanied 
by mitochondria (M). (b, c) Peroxisomes (P) in association with the rough endoplasmic reticulum (rer) and polyribosomes (pr) are 
visible. (b) The located at the cell wall (cw) large peroxisome (P) consisting of an electron dense protein-reach matrix surrounded by 
a thin single membrane (arrows) is combined with the tonoplast (t) of the vacuole (V). The peroxisomal volume seems to be an impor-
tant feature of Pen G production. The increased membrane surface may promote Pen G production as it can maximize the influx of IPN 
and PA from the cytosol and improve the transport of Pen G from the peroxisome into the cytosol. (c) Peroxisomes (P) from 0.1 μm 
up to 0.6 μm in diameter are peripherally located between the cell wall (cw) and the spherical interphase nucleus (N) with a nucleolus 
(Nu). The peroxisomes are associated with the rough endoplasmic reticulum (rer) and polyribosomes (pr). Note the structural process 
which might correspond to an initial step of fission inducing membrane curvature that causes peroxisome tubulation followed by organ-
elle scission (arrows). The nuclear envelope (Ne) is associated with the membranes of the rough endoplasmic reticulum and mitochon-
dria (M). (d) Immuno-gold labeling of the cytosolic IPNS (arrows) is mainly located at the periphery of the cytoplasm and around the 
vacuole (V), and absent in the vacuole as well as in any other organelles. In the cell wall channel-like (c) arranged gold grains can be 
observed. The peroxisomes (P) are characteristically located at both the cell wall (cw) and the vacuole (V). Vacuolar budding (b) is seen. 
(e) Immuno-gold electron microscopic localization of not specifically bound antibodies showed exceptionally few gold grains. Note the 
endoplasmic reticulum (er) which is accompanied by vacuolar budding (b). The mitochondria (M) and the electron transparent massive 

structure of the cell wall (cw) are visible. Scale bar = 1 μm.
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IPNS for 35 min and then washed (10 × 30 s) by placing 
on drops of PBG. Next, the grids were incubated for 
30 min on a  drop of goat anti-rabbit immunoglobu-
lin  G (IgG)-15 nm gold conjugate (BioCell, Cardiff, 
UK), diluted 1:25 with PBG. The thin sections were 
washed (10 × 30 s) on PBG drops and (10 × 30 s) on 
PBG-glycine drops. Washing was continued with dou-
ble-distilled water (5 × 30 min). The grids were stained 
with a  1% (w/v) aqueous solution of uranyl acetate 
for 3 minutes. Finally, the specificity of the immuno-
labeling procedure was established by performing the 
following controls: incubation of ultrathin sections with 
goat anti-rabbit IgG-15 nm gold conjugate alone, omit-
ting incubation with the specific antibody; incubation 
of ultrathin sections with rabbit pre-immunoserum 
(diluted 1:500 with PBG), followed by goat anti rabbit 
IgG-15 nm goat conjugate. The ultrathin sections were 
examined under transmission electron microscope 
JEOL, JEM1220 (Tokyo, Japan).

Results

At the 72 h of fermentation the quantity of Pen 
G in the broth of the high-yielding strain was about 
100 times higher than in the culture of the low-penicil-
lin-producing strain (Fig. 1 and Fig. 2). The antibiotic 
biosynthesis by the high-yielding strain was accom-
panied by continuous and intensive PA utilization. In 
the production medium between 24–72 h of fermen-
tation a  net-like mycelium composed of branching 

hyphae not damaged by appropriate PA dosage was 
visible. A  remarkable feature is the differentiation of 
the cells of both strains along the hyphae. Among the 
469 cellular sections of the high-yielding strain exam-
ined using transmission electron microscopy the api-
cal regions were identified in 29 sections, sub-apical 
growing hyphal regions in 120 sections, sub-apical 
non-growing productive vacuolated cells (Fig. 1a-e) in 
296 sections, and late-apical degenerating highly vacu-
olated cells in 24 sections. The ultra-structural differ-
ences between these cells can be characterized as fol-
lows. The apical 1.0–2.0 μm is occupied by a mass of 
wall vesicles. In median longitudinal sections through 
the hyphal apex typical tip bodies (Spitzenkörper) com-
posed of small vesicles and groups of ribosomes could 
be observed (data not shown). The sub-apical growing 
hyphal regions are densely packed with ribosomes. In 
the cytoplasm peroxisomes associated with the rough 
endoplasmic reticulum and numerous mitochondria 
were visible. A lack of vacuoles and mature cross-walls 
characterizes these regions (data not shown). In sub-
apical productive non-growing vacuolated cells of the 
high-yielding strain the polyribosomes are frequently 
placed at the periphery of the cytoplasm and around the 
vacuoles. The membranes of the endoplasmic reticu-
lum abundantly transform into numerous peroxisomes 
from 0.1 μm up to 1.0 μm in diameter which are accom-
panied by the rough endoplasmic reticulum and polyri-
bosomes (Figs. 1a-c). De novo synthesis of peroxisomes 
is shown in Fig. 1a. The collocation of large peroxisome 
with vacuole (Fig. 1b) and peroxisome multiplication 
by fission (Fig. 1c) are significant features of the high 
productive non-growing cells. Massive autophagy was 
detected predominantly in the late-apical highly vacu-
olated cells. In these cells autophagosomes could be 
observed. Autophagy was accompanied by peroxisome 
and cytoplasm degradation (data not shown). At the 
high activity of Pen G biosynthesis the immuno-gold 
location of the cytosolic IPNS was concentrated at the 
periphery of the cytoplasm and around the vacuoles 
as well as in channel-like structures situated in the 
cell wall (Fig. 1d). Peroxisomes accompanied vacuolar 
budding could be observed (Fig. 1d, e). The immuno-
gold labeling of IPNS was analyzed on 240 sections 
of the sub-apical productive non-growing vacuolated 
cells of the high-yielding strain. Control experiments 
have been performed in order to check the specificity 
of immuno-gold labeling. The sample with IgG-gold 
conjugate alone was essentially devoid of labeling. The 
control incubation with pre-immunoserum, followed 
by goat anti-rabbit IgG-15 nm gold conjugate exhib-
ited only very light labeling of the cell (Fig. 1e). In the 
mature non-growing hyphal cells of the low-penicillin-
producing strain P. chrysogenum Q-176 a lack of per-
oxisomes above 0.1 μm in diameter could be observed 

Fig. 2.  P. chrysogenum Q-176 (low-yielding strain), 72 h culture, 
activity of pen G production: 80 U/ml. A characteristic feature 
of the non-growing cells is a lack of large peroxisomes. In the 
cell a vacuole (V) associated by mitochondria (M) are seen Scale 

bar = 1 μm.
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Fig. 3. (a, f) P. chrysogenum PQ-96 (high-yielding strain), 72-h of cultivation, structural organization of the sub-apical metabolically 
active non-growing vacuolated cell of the hyphae: (a, d) transmission electron microscopy, (b, c, e, f) immuno-gold electron micros-
copy of IPNS. (a) At the periphery of the cytoplasm close to the cell wall (cw) an osmophilic membrane (OM) embedded peroxisome 
is visible (P). The peroxisome is associated with the rough endoplasmic reticulum (rer) and polyribosomes (pr) which are accompanied 
by mitochondria (M). (b) The immuno-gold labeling of the cytosolic IPNS is concentrated at the polyribosomes (pr) situated in the 
peripheral cytoplasm close to the rough endoplasmic reticulum (rer) and peroxisomes (P). (c) Surface section of the hypha showing 
the linear arranged imuno-gold marker of IPNS (arrows) adhering to the membranes surrounding the cross sectioned peroxisomes (P). 
(d) Note the osmophilic membranes of the rough endoplasmic reticulum (rer) and polyribosomes (pr) located along the tonoplast (t) 
of the vacuole (V). Such a cellular organization is a characteristic feature of the sub-apical non-growing vacuolated cells at the high 
activity of Pen G biosynthesis. (e) The immuno-gold marker of IPNS is abundantly adhering to the polyribosomes (pr) located in the 
vicinity of the vacuolar (V) tonoplast (t). (f) Note the immuno-gold marker of IPNS linearly arranged around the peroxisome (P) 
and along the tonoplast (t) that is accompanied by polyribosomes (pr). During high activity of Pen G biosynthesis by the productive 
non-growing cells the peroxisomes engulfed by the vacuolar membrane showed frequently a structure not degraded by the vacuolar 

hydrolases. Scale bar = 1 μm.

(Fig. 2). This strain tolerated only 10% of PA that was 
added to the fermentation broth of the high-yielding 
strain. An overdose of PA resulted in extensive damages 
of the mycelial cells. Small peroxisomes were also rarely 
visible in the cytoplasm of the low-penicillin-producing 
strain Aspergillus niger (data not shown). 

Further comparative studies of the sub-apical non- 
growing productive vacuolated cells of the high-
yielding strain using transmission electron micros-
copy and immunoelectron microscopy are presented 
in Fig. 3 (a-f). These studies exhibit the accumulation 
of the cytosolic IPNS at both the rough endoplasmic 
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reticulum and polyribosomes abundantly arranged 
along the cytoplasm membrane and at the tonoplast 
as well as around the associated peroxisomes. Mod-
els depicting the cell biology in Pen G biosynthesis by 
P. chrysogenum PQ-96 including some putative trans-
port steps are depicted in Fig. 4.

Discussion

In our study the organization of mycelial cells of the 
high- and the low-yielding strains at the high activity 
of Pen G biosynthesis was compared. These findings, 
based on the analyses of a large number of ultrathin 
sections examined using transmission electron micros-
copy and immuno-gold localization of IPNS, provide 
new details regarding the compartmentalization in 
Pen G biosynthesis. The overproduction of Pen G was 

associated with a strictly adjusted cellular organiza-
tion. The productive mycelia cells of the high-yielding 
strain exhibited numerous large peroxisomes frequently 
arranged at the periphery of the cytoplasm and around 
the vacuoles. Using the method of immuno-gold labe-
ling of IAT such a characteristic arrangement of peroxi-
somes was also visible in the cells of the high-yielding 
strain of P. chrysogenum (van der Lende et al., 2002a; 
Garcia-Estrada et al., 2008a). Our findings suggest that 
at the high activity of Pen G biosynthesis IPNS is accu-
mulated at the place of its biosynthesis, i.e. at polyribo-
somes frequently situated in the peripheral cytoplasm 
and around the vacuoles, including the polyribosomes 
surrounding the peroxisome encompassed IAT and 
PCL. Such an arrangement of peroxisomes may increase 
the IAT and PCL supplying efficacy in Pen G biosyn-
thesis from the medium and from the cytosol as well as 
from the vacuolar pool. Moreover, the increased cellular 

Fig. 4.  A schematic overview of the pathway of Pen G biosynthesis compartmentalized in sub-apical productive non-growing vacuo-
lated hyphal cells of P. chrysogenum PQ-96 (high pen G yielding strain) at high activity of Pen G production. Note the aggregated organ-
elles building the assembly line of Pen G biosynthesis. The arrangement of the osmophilic membranes (OM) of the endoplasmic reticu-
lum (er/rer) at the periphery of the cytoplasm and around the vacuoles is a significant ultrastructural feature in Pen G biosynthesis. The 
osmophilic membranes transform abundantly into peroxisomes. The ACVS and IPNS distributed over the cytosol and concentrated at 
both the rough endoplasmic reticulum (rer) and polyribosomes surrounding the peroxisomes can be sufficiently supplied with precur-
sor amino acids and the tri-peptide intermediate from the cytosol (A, C, V, ACV) as well as from the medium (eC, eV, eACV). More-
over, the sequestered into a vacuolar pool precursor amino acids sA, sC, sV and the intermediate sACV may play an ancillary supplying 
role in Pen G biosynthesis. The intermediate IPN is transported from the cytosol into the peroxisome where the two enzymes PCL and 
IAT involved in the last steps of Pen G biosynthesis are located. Some putative enzymatic and transport steps building the assembly lines 

of Pen G biosynthesis are depictured by arrows. Abbreviations: (cw) cell wall, (s) septum.
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vacuolization caused by peroxisome associated vacuolar 
budding seems to be involved in Pen G biosynthesis. 
Our findings suggest that in Pen G biosynthesis the 
structurally grouped organelles build a well organized 
“assembly line” composed of cytosol concentrated and 
membrane encompassed enzymes, substrates, interme-
diates, precursors, side- and end-products. Such a cel-
lular organization was not visible in the mature cells of 
the low-penicillin-producing strain Q-176. This finding 
seems hardly to confirm our remarks concerning the 
cellular organization in Pen G biosynthesis. Our dis-
coveries are consistent with the reported positive cor-
relation between the number of large peroxisomes and 
Pen G biosynthesis (Kiel et al., 2005; 2009; Meijer et al., 
2010; Nagotu et al., 2010), as well as between the extend 
of vacuolization and antibiotic production (Paul and 
Thomas, 1996). It was also reported that the vacuole 
may play an auxiliary role in the supply of precursor 
amino acids, and in the storage of intermediates in Pen 
G biosynthesis (Lendenfeld et al., 1993; van de Kamp 
et al., 1999). Our observations of the high-yielding 
mature cells of the mycelium exhibited both the de novo 
formation of large peroxisomes from the endoplasmic 
reticulum and peroxisome fission. In accordance with 
our results, two models of peroxisome development 
have been documented, namely de novo synthesis from 
the endoplasmic reticulum and multiplication by fis-
sion of pre-existing organelles (Hoepfner et al., 2005; 
Tam et al., 2005; Motley and Hettema, 2007; Jourdain 
et al., 2008; Motley et al., 2008; Perry et al., 2009; Meijer 
et al., 2010; Bartoszewska et al., 2011a; 2011b; Nuttall 
et al., 2011; Opaliński et al., 2012).

Based on the biochemical features van de Kamp 
et al. (1999) concluded that ACVS is predominantly 
located in the cytosol. A more recent cell fractionation 
under conditions that prevent proteolysis and immuno-
gold electron microscopy localization indicated that 
ACVS is a  cytosolic enzyme (van der Lende et al., 
2002a). This finding is in accordance with the active 
status of ACVS in Pen G biosynthesis. Purified ACVS 
has a sharp pH optimum above 7.5 (Theilgaard et al., 
1997) corresponding with the cytosolic pH of approx. 
7.0–7.6. We suggest, that the cytosolic enzyme ACVS 
of the high-yielding strain is collocated with IPNS and 
accumulated at the polyribosomes. It is in accordance 
with the reports concerning a membrane-associated 
location of ACVS from P. chrysogenum. For example, 
with the help of antibodies against ACVS, Müller et al. 
(1995) detected ACVS in a 100,000-g pellet that con-
tains small membranous structures. They indicated that 
tri-peptide formation is a membrane-attached process. 
On the bases of marker enzyme activities, Lendenfeld 
et al. (1993) assigned the 100,000-g pellet fraction to 
vacuolar vesicles. This study pointed to a loose attach-
ment of ACVS to membranes.

The intracellular precursor amino acids concentra-
tion is important in view of the affinity of ACVS for 
its substrates. ACVS from P. chrysogenum has affini-
ties in sub-mM range, i.e.: 46 μM for A, 80 μM for C 
and 83 μM for V. The above suggested accumulation 
of ACVS in the productive cells of the high-yielding 
strain enables its continuous and efficient supplying 
with precursor amino acids directly from the cytosol 
and vacuole as well as from the fermentation broth. In 
accordance with this argumentation, it was described 
that in P. chrysogenum these precursor amino acids are 
sequestered from the cytosol into a vacuolar pool. It 
was also indicated that the precursor amino acids are 
withdrawn specifically from the vacuolar pool (van 
der Lende, 2002a). An exchange between cytosolic and 
vacuolar pools may play an important role in Pen G 
biosynthesis by P. chrysogenum (Lendenfeld et al., 1993; 
van der Lende, 2002a). Total intracellular concentra-
tions of A, C and V are approx. < 0.1–1.4, 0.1–0.4 and 
1.1–2.4 mM. A positive correlation exists between the 
extracellular precursor amino acids concentration and 
Pen G production. The transport of precursor amino 
acids from the fermentation medium through the 
plasma membranes into the cytoplasm was reviewed by 
van de Kamp et al. (1999). Uptake of amino acids from 
the medium may contribute to Pen G biosynthesis (van 
de Kamp et al., 1999). Special additions to the medium 
contain amino acids. An example is corn-steep liquor 
that is used for Pen G biosynthesis by P. chrysogenum 
which contains C and V. 

Fractionation experiments clearly demonstrate that 
IPNS is a soluble cytosolic protein (Müller et al., 1995). 
Using immuno-gold electron microscopy, IPNS was 
localized in the cytosol (van der Lende at al., 2002a). It 
was also reported that IPNS activity in cell free extracts 
seemed to be stimulated by the addition of Triton X-100 
or by sonification (for review, see van de Kamp et al., 
1999). It suggests the partial compartmentalization 
of IPNS in the cell. The surveys of a large number of 
hyphal sections leads us to the conclusions that IPNS 
may abundantly appear between polyribosomes and 
peroxisomes abundantly arranged at the periphery 
of the cell and along the tonoplast. For immuno-gold 
localization of IPNS, the preservation of the protein 
antigenicity and ultra-structure of the tested strain are 
prerequisites for a sensitive and accurate immunogold-
labeling. Fixation with 0.25% glutaraldehyde, dehydra-
tion by the technique involving progressive lowering of 
temperature, low-temperature embedding into Lowic-
ryl K4M proved to be suitable procedures employed 
in our experimental program. After treatment of 
ultrathin sections with antibodies to IPNS and IgG 
gold conjugates a labeling pattern was obtained. The 
conducted control experiments ascertain the specificity 
of immunogold-labeling.
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The suggested cellular accumulation of IPNS may 
enhance its selective, continuous and sufficient substrate 
supply in Pen G biosynthesis. In line with this argumen-
tation, it was recently found that ACV is present in the 
cytosol and vacuoles and accumulates in the medium 
to concentrations of up to 2 mm (Lendenfeld et al., 
1993). The intracellular ACV content during high-level 
Pen G production by P. chrysogenum increases from 0.25 
to 4.0–6.5 mm. The affinity of IPNS for ACV is in the 
sub-mM range (for review, see van de Kamp et al., 1999). 
The high concentration of ACV in the fermentation 
broth might explain our unexpected results concerning 
the localization of IPNS at the periphery of the cyto-
plasm and in the channel-like lamellar structures of the 
cell wall. Such a location might be a precisely adopted 
structural arrangement enabling the withdrawal of ACV 
immediately from the fermentation broth and from the 
cytoplasm for the peripherally located IPNS to increase 
the efficacy and yield in Pen G biosynthesis. 

The localization of IAT in peroxisomes was shown 
by immuno-gold labeling in combination with trans-
mission electron microscopy performed on whole cells 
and on sub-cellular fractions enriched in peroxisomes 
(Garcia-Estrada et al., 2008a, 2008b; Müller et al., 1995; 
van der Lende et al., 2002a). This solid evidence was 
also confirmed by biochemical data (Martin et al., 
2012). PCL and IAT both harbor a peroxisomal type 1 
targeting signal (PTS1) at the C-terminus (for review, 
see van de Kamp et al., 1999). The pH of the lumen of 
the peroxisomes of P. chrysogenum is in the range of pH 
7.5 – 8.0 and is comparable with the pH optima of IAT 
and PCL of 8.0 and 8.5, respectively (van der Lende, 
2002b; Koetsier et al., 2009). The advantages for peroxi-
somal compartmentalization of IAT and PCL could be 
a higher concentration of both enzymes and substrates, 
as well as possibility of preventing the loss of metabolic 
intermediates (Evers et al., 2004).

During high-level Pen G production by P. chrys­
ogenum the intracellular IPN concentration is in the 
range of 0.5–1.0 mm. IPN does not accumulate in 
the medium, its extracellular concentration remains 
approx. constant at 0.2–0.4 mm. It was suggested that 
the IPN substrate of IAT might be regained from the 
fermentation broth via transport across the plasma 
membrane. The affinity of the peroxisome-located 
IAT from P. chrysogenum for IPN lies in the μM-range 
and for PA-CoA is 6.0 μM (for review, see van de Kamp 
et al., 1999). Our findings indicate that IPN transport 
for IAT results abundantly from the IPNS entrapped 
between the polyribosomes and the peroxisomal mem-
branes. PA is supplied for Pen G biosynthesis from the 
fermentation broth across the plasma membrane. It was 
concluded, that during Pen G biosynthesis the main PA 
flow across the plasma membrane and the peroxisomal 
membrane occurs through passive diffusion (Hillenga 

et al., 1995; Weber et al., 2012a). Depending on the 
external concentration, its intracellular accumulation 
ranges up to hundreds of mM (Hillenga et al., 1995).

Classical strain improvement has yielded industrial 
P. chrysogenum strains that produce high titers of Pen G. 
These strains contain up to eight copies of the Pen G bio-
synthetic gene cluster consisting of three genes pcbAB, 
pcbC and penDE encoding the key enzymes ACVS, IPNS 
and LAT, respectively. The PCL enzyme encoded by phl 
gene is not a part of the Pen G biosynthetic gene clus-
ter. Numerous genomic and transcriptional analysis of 
strain lineages have led to the identification of several 
essential alterations in high-yielding strains, including 
the amplification of the Pen G biosynthetic gene cluster, 
elevated transcription of genes involved in biosynthesis 
of this antibiotic and its amino acid precursors, and 
genes encoding peroxisome proliferations (for a review, 
see Weber et al., 2012a; 2012b). In P. chrysogenum, the 
biosynthetic pathway of Pen G is compartmentalized 
(Evers et al., 2004; Martin et al., 2010) and is suggested 
to take place in sub-apical, productive non-growing 
vacuolated hyphal cells (Paul and Thomas, 1996). Our 
findings allow suggest that in the productive cells of 
the high Pen G yielding strain the cytosolic enzymes 
ACVS and IPNS are concentrated at the peroxisome 
encompassed IAT and PCL. It implies that ACV can 
be immediately oxidized to IPN (van der Lende et al., 
2002a), which is important since ACVS appears to be 
a relatively inefficient enzyme with a low turnover value 
and IPNS is rather instable in the presence of ACV 
(Perry et al., 2009). The aggregation of peroxisomes at 
the periphery of the cytoplasm and around the vacuoles 
where ACVS and IPNS are suggested to be collocated 
may facilitate the continuous and efficient biosynthetic 
flow and the immediate conversions in Pen G biosyn-
thesis. The formation of the β-lactam nucleus takes 
place in the cytosol. IPN is subsequently transported 
into the adjacent peroxisomes where the hydrophilic 
L-α-aminoadipyl side chain of IPN is exchanged for 
a hydrophobic phenylacetyl group of the side chain pre-
cursor by IAT (van der Lende et al., 2002a; Weber et al., 
2012a; 2012b). The side chain precursor has to be acti-
vated before the transacylation occurs. This reaction is 
catalyzed by the peroxisomal PCL (Meijer et al., 2010). 
It was suggested, that the peroxisomal collocation of 
IAT and PCL provides a clear benefit for the coordina-
tion of the last step in Pen G biosynthesis (Martin et al., 
2012). Peroxisomes play a crucial role in the biosyn-
thesis of Pen G by P. chrysogenum (Müller et al., 1995). 
High Pen G producing strains show increasing num-
bers of peroxisomes (van den Berg et al., 2008; Meijer 
et al., 2010; Weber et al., 2012a). Mutants blocked in 
the biosynthesis of peroxisomes have a significantly 
reduced Pen V production (Weber et al., 2012a). Over-
expression of the peroxisome proliferation gene pex11 
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in P. chrysogrnum results in an increase of both peroxi-
some numbers and the activity of PenV biosynthesis 
(Kiel et al., 2005). When the PTS1 targeting signal is 
removed from IAT, the enzyme no longer localizes the 
peroxispmes, but is diverted to the cytosol and the vacu-
ole. In these cells, Pen G production by P. chrysogenum 
is completely abrogated (Weber et al., 2012a). The pres-
ence of functional peroxisomes is important for the effi-
ciency of β-lactam antibiotics production by P. chrys­
ogenum (Kiel et al., 2005; van den Berg et al., 2008; 
Meijer et al., 2010; Opaliński et al., 2010; Bartoszewska 
et al., 2011a; 2011b; Opaliński et al., 2012). A constitu-
tive autophagy-related degradation of peroxisomes and 
cytosolic compartments was observed in late sub-apical 
cells of P. chrysogenum under penicillin production con-
ditions. The inactivation of this processes by disruption 
of ATG gene encoding a serine-threonine kinase results 
in enhanced IAT and IPNS levels and in significantly 
increased production of Pen  V (Meijer et al., 2010; 
Bartoszewska et al., 2011a). Metabolic engineering has 
proven to be a rational alternative to classical strain 
improvement (Thykaer and Nielsen, 2003). So far, it is 
unknown whether IPN and Pen G transport over the 
peroxisomal membrane requires active transport or 
utilizes peroxisomal pore proteins (Antonenkov and 
Hiltunen, 2012). Secretion of Pen G across the plasma 
membrane of P. chrysogenum is only poorly understood 
(Weber et al., 2012a). The extracellular level of Pen G is 
tenfold higher than the intracellular concentration (van 
den Berg et al., 2008), which suggest an active secretion 
mechanism (for revive, see Weber et al., 2012a). 

In high concentration PA is toxic to the mycelial cells 
(Martin et al., 2012). During industrial production of 
Pen G, PA is fed in small amounts to the medium to 
avoid toxic side effects (Hillenga et al., 1995). The fun-
gal cytoplasmic acidification results in the inhibition of 
enzymatic reactions and amino acid transport, leading 
to cell death. PA is taken up from the medium and in the 
peroxisomes coupled with 6-APA. We suggest that the 
numerous large peroxisomes arranged at the periphery 
of the cytoplasm and at the vacuoles seem to build a PA-
binding target protecting the cell from the toxicity of the 
precursor of Pen G biosynthesis. It suggests that Pen G 
biosynthesis in the industrial scale is involved in a cel-
lular detoxification process. In accordance with this sug-
gestion, it was described that the formation of secondary 
metabolites has implications for various cellular pro-
cesses, including cellular defense (Keller et al., 2005). In 
this process peroxisomes mainly perform detoxification 
reactions of toxic to the cytoplasm organic compounds 
and metabolites leading to the biosynthesis of second-
ary metabolites with interesting biological or pharma-
cological activities (Martin et al., 2012). Peroxisomes are 
dynamic organelles that often proliferate in response to 
compounds that they metabolize (Tam et al., 2005).

The novelty of this experimental program is the dis-
covery of essential cellular features in Pen G biosynthesis 
by P. chrysogenum PQ-96. These findings allow suggest 
a phenylacetic acid detoxification hypothesis of Pen G 
production. The sub-apical non-growing peroxisomal 
cells of the mycelium of the high-yielding strain are 
privileged in the overproduction of Pen G. The antibi-
otic biosynthesis by the high-yielding strain is associated 
with numerous large de novo synthesized peroxisomes 
which are abundantly arranged at the plasma membrane 
and in the neighborhood of the tonoplast. The cytosolic 
enzyme IPNS is accumulated between the polyriboso-
mal membranes and the peroxisomes. Such an arrange-
ment increases the peroxisomal IAT and PCL supplying 
efficacy in Pen G biosynthesis from the medium and 
from the cytosol as well as from the vacuolar pool. 
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