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Resolving Phenylalanine Metabolism Sheds Light on Natural Synthesis
of Penicillin G in Penicillium chrysogenum

Tania Veiga,>< Daniel Solis-Escalante,>< Gabriele Romagnoli,>< Angela ten Pierick,*< Mark Hanemaaijer,>< Amit Deshmuhk,?<

Aljoscha Wahl,P< Jack T. Pronk,2< and Jean-Marc Daran®<

Industrial Microbiology Section, Department of Biotechnology, Delft University of Technology, Julianalaan 67, 2628 BC Delft, The Netherlands?; Bioprocess Technology
Section, Department of Biotechnology, Delft University of Technology, Julianalaan 67, 2628 BC Delft, The Netherlands®; and Kluyver Centre for Genomics of Industrial

Fermentation, P.O. Box 5057, 2600 GA Delft, The Netherlandsc

The industrial production of penicillin G by Penicillium chrysogenum requires the supplementation of the growth medium with
the side chain precursor phenylacetate. The growth of P. chrysogenum with phenylalanine as the sole nitrogen source resulted

in the extracellular production of phenylacetate and penicillin G. To analyze this natural pathway for penicillin G production,
chemostat cultures were switched to [U-'*C]phenylalanine as the nitrogen source. The quantification and modeling of the dy-
namics of labeled metabolites indicated that phenylalanine was (i) incorporated in nascent protein, (ii) transaminated to phe-
nylpyruvate and further converted by oxidation or by decarboxylation, and (iii) hydroxylated to tyrosine and subsequently me-
tabolized via the homogentisate pathway. The involvement of the homogentisate pathway was supported by the comparative
transcriptome analysis of P. chrysogenum cultures grown with phenylalanine and with (NH,),SO, as the nitrogen source. This
transcriptome analysis also enabled the identification of two putative 2-oxo acid decarboxylase genes (Pc13g9300 and
Pc18g01490). cDNAs of both genes were cloned and expressed in the 2-0xo0-acid-decarboxylase-free Saccharomyces cerevisiae
strain CEN.PK711-7C (pdcl pdc5 pdc6A arol0A thi3A). The introduction of Pc13g09300 restored the growth of this S. cerevi-
siae mutant on glucose and phenylalanine, thereby demonstrating that Pc13g09300 encodes a dual-substrate pyruvate and phe-
nylpyruvate decarboxylase, which plays a key role in an Ehrlich-type pathway for the production of phenylacetate in P. chrysoge-
num. These results provide a basis for the metabolic engineering of P. chrysogenum for the production of the penicillin G side

chain precursor phenylacetate.

he interest in Penicillium as an antibiotic producer started with

the discovery of penicillin by Fleming (20). The recognition
of the therapeutic value of penicillin (9) led to intensive research
to increase productivity. This research involved strain improve-
ment as well as the extensive optimization of process conditions
and growth media (5, 50, 52, 57, 59, 66, 69). Growth in complex
media was found to promote the synthesis of a wide range of
B-lactam antibiotics (8), including benzylpenicillin (now commonly
known as penicillin G).

Penicillin G is the predominant type of penicillin produced in
P. chrysogenum cultures supplemented with corn steep liquor (50,
51). The analysis of penicillin G degradation products revealed the
release of phenylacetate (11, 52), and the incorporation of phenyl-
acetate in penicillin G was confirmed by labeling studies with deu-
terated phenylacetyl-Ny'-pDL-valine and ['“C]phenylacetate (4,
25). The addition of phenylacetate to the culture broth was shown
to lead to substantially increased penicillin yield and productivity
(52). Since then, the addition of the side chain precursor phenyl-
acetate has been an integral part of industrial fermentation pro-
cesses for the production of penicillin G with P. chrysogenum.

Instead of being incorporated in penicillin G, phenylacetate
also can be oxidized into 2-hydroxyphenylacetate and catabolized
to acetoacetate and fumarate via the homogentisate pathway (2,
17-19, 46). This enables some ascomycetous fungi (e.g., Aspergil-
lus nidulans and Penicillium notatum) to grow on phenylacetate
(17,61, 62). Although P. chrysogenum cannot grow on phenylace-
tate as the sole carbon source, it can efficiently oxidize it (61). This
ability has been severely reduced in modern production strains,
which preferentially incorporate phenylacetate to penicillin G in-
stead of catabolizing it (26, 72). In contrast to the P. chrysogenum
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NRRL 1951 strain, which is the ancestor of modern penicillin-
producing strain lineages, the model strain Wisconsin 54-1255,
which represents an early stage in strain improvement, already
exhibits the reduced consumption of phenylacetate and stable
penicillin G production. This phenotype was correlated with a
point mutation (598°~T) in the pahA gene that encodes phenyl-
acetate hydroxylase (61, 62).

While the fate of phenylacetate added to P. chrysogenum cul-
tures has been extensively studied (26, 51, 52, 61, 62), the path-
ways responsible for the natural production of penicillin G by this
fungus have scarcely been investigated. The metabolism of aro-
matic compounds in filamentous fungi presents a high degree of
metabolic diversity. Several biochemical studies showed that, in
ascomycetous fungi, phenylacetate is an intermediate of phenyl-
alanine catabolism (35, 47-49). [1*C]L-phenylalanine tracer ex-
periments in Aspergillus niger showed that L-phenylalanine me-
tabolism yielded metabolites such as phenylacetate, 2- and
4-hydroxyphenylacetate, and homogentisate, as well as 4-hydroxy-
mandelate and protocatechuate. Interestingly and in contrast to
findings for human metabolism, labeled tyrosine was not de-
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TABLE 1 S. cerevisiae and P. chrysogenum strains used in this study

Natural Synthesis of Penicillin G in P. chrysogenum

Strain Genotype Reference
S. cerevisiae
CEN-PK711-7C MATa MAL2-8¢ SUC2 ura3 pdc1Apdc5Apdc6Aarol0Athi3A 74
CEN-PK113-5D MATa MAL2-8C SUC2 ura3 74
IMZ001 MATa MAL2-8¢ SUC2 ura3 pdclApdc5Apdc6Aarol10Athi3Ap426GPD(URA3) 74
IMZ002 MATa MAL2-8¢ SUC2 ura3 pdc1Apdc5Apdc6Aaro10Athi3ApUDE001 (URA3 TDH3p-ARO10) 74
IME004 MATa MAL2-8¢ SUC2 p426GPD(URA3) 74
IMZ245 MATa MAL2-8¢ SUC2 ura3 pdclApdc5Apdc6Aarol10Athi3ApUDE98(URA3 TDH3p-Pc13g09300) This study
IMZ246 MATa MAL2-8¢ SUC2 ura3 pdc1Apdc5Apdc6Aaro10Athi3ApUDE99(URA3 TDH3p-Pc18g01490) This study
P. chrysogenum
DS17690 High penicillin producer 26

tected, suggesting the absence of a functional phenylalanine hy-
droxylase (35). In basidiomycetes (e.g., Schizophyllum commune),
phenylalanine also can be catabolized through the phenylpro-
panoid pathway, in which phenylalanine is converted into cin-
namate by a phenylalanine ammonia lyase (47-49).

Currently the phenylacetate added as a side chain precursor for
penicillin production is derived from petrochemical raw materials
(64). An understanding of natural pathways for the production of
phenylacetate and penicillin G by P. chrysogenum is required to
explore metabolic engineering strategies from the complete de
novo synthesis of penicillin G from renewable materials. More-
over, such knowledge may stimulate research into the role and
regulation of penicillin biosynthesis in natural environments.

The goal of the present study was to gain insight into the mech-
anism of phenylacetate production in P. chrysogenum. 13C-
labeling experiments combined with metabolic network model-
ing, the analysis of intra- and extracellular product formation, and
genome-wide expression profiling were used to investigate phe-
nylalanine catabolism in chemostat cultures grown in the absence
of added phenylacetate. Based on this systematic approach, two
putative P. chrysogenum genes for 2-oxo-acid decarboxylase were
identified and functionally characterized by expression in a 2-oxo-
acid decarboxylase-negative Saccharomyces cerevisiae strain.

MATERIALS AND METHODS

Strains. The P. chrysogenum and S. cerevisiae strains used in this study are
listed in Table 1. P. chrysogenum DS17690 is a penicillin high-producing
strain, resulting from the DSM strain improvement program (3, 40, 55).
Requests for the academic use of the P. chrysogenum strains used in this
study, under a material transfer agreement, should be addressed to R. A. L.
Bovenberg (DSM Biotechnology Center, Delft, The Netherlands). All S.
cerevisiae strains were constructed in the CEN.PK background (16).
Strain construction. The Pc18g01490 and Pc13g09300 cDNAs were
PCR amplified using a cDNA pool synthesized from total RNA isolated
from P. chrysogenum DS17690, which was grown in glucose-limited che-
mostat cultures with phenylalanine as the nitrogen source, as the tem-
plate. cDNA was synthesized using the GeneChip one-cycle cDNA syn-
thesis kit (P/N 900431; Affymetrix, Santa Clara, CA) according to the
manufacturer’s recommendations. Pc18g01490 was PCR amplified with
the primer pair Pc18g01490 fw + Spel/Pc18g01490 rv + Xho (see Table
S1 in the supplemental material), using Phusion Hot-Start polymerase
(Finnzymes, Landsmeer, The Netherlands). The PCR product was cut
with the restriction enzymes Spel and Xhol and ligated into the plasmid
p426GPD (53), which was previously digested with the same enzymes.
The resulting plasmid was named pUDE98. Pc13g09300 was PCR ampli-
fied with the primer pair Pc13g09300 Gateway fw/Pc13g09300 Gateway rv
(Table S1) using Phusion Hot-Start polymerase (Finnzymes). The PCR
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fragment then was recombined into pDNOR221 by BP clonase (Invitro-
gen, Breda, The Netherlands). The resulting vector, pEntry-Pc13g09300,
then was recombined into pAG426-GPD (1) by LR clonase, resulting in
the expression vector PUDE99. Both cDNAs were sequenced to verify the
fidelity of the polymerase. The PCR products were sequenced by the
Sanger method at Baseclear (Leiden, The Netherlands). The resulting se-
quences were compared to the sequences of P. chrysogenum Wisconsin
54-1255 (71) using Clustal W (38), revealing no mutation relative to the
Wisconsin 54-1255 sequence. The coding sequences of Pc13g09300 and
Pc18g01490 were deposited in GenBank under accession numbers
JQ086348 and JQ086347, respectively. Plasmids pUDE98 and pUDE99
were transformed into S. cerevisitee CEN.PK711-7C, and the resulting
strains were named IMZ246 (Pc18g01490) and IMZ247 (Pc13g09300),
respectively (Table 1). S. cerevisiae strains were transformed using the
lithium acetate single-stranded carrier DNA-polyethylene glycol method
(22). Standard molecular biology methods were carried out as previously
described (63).

Sequencing the DS17690 pahA allele. Genomic DNA of the P. chryso-
genum strain DS17690 was isolated using the E.Z.N.A. fungal DNA kit
(Omega Bio-tek, Amsterdam, The Netherlands). The pahA gene from P.
chrysogenum DS17690 was PCR amplified from genomic DNA with the
primers pair pahA Fw/pahA Rv (see Table S1 in the supplemental mate-
rial). The PCR products were sequenced by the Sanger method at Base-
clear (Leiden, The Netherlands), and sequences were compared to that of
P. chrysogenum Wisconsin 54-1255 using Clustal W (38). The sequence
has been deposited at GenBank (accession number JQ086346).

Chemostat cultivation. Carbon-limited chemostat cultures of P.
chrysogenum were fed with a filter-sterilized carbon-limited defined min-
eral medium. Per liter of demineralized water, this medium contained 0.8
¢ KH,PO,, 8.75 g phenylalanine [(NH,)C,H,0,] or 5 g (NH,),50,,3.8 g
Na,SO,, 0.5 g MgSO, - 7H,0, 7.5 g of glucose, and 10 ml of trace element
solution. The trace element solution contained 15 g - liter ! Na,EDTA -
2H,0,0.5 g liter ! CuSO,, - 5H,0, 2 g liter ! ZnSO,, - 7H,0, 2 g - liter !
MnSO, - H,0,4 g liter ! FeSO,, - 7H,0, and 0.5 g - liter ! CaCl, - 2H, 0.
KOH was added to set the medium pH at 5.5. In carbon-limited chemo-
stat cultures of P. chrysogenum with (NH,),SO, as the sole nitrogen
source, penicillin G production was induced by the addition of 0.58 g -
liter—! of phenylacetate to the medium. Aerobic chemostat cultivation on
nonlabeled substrates was performed in 3-liter bioreactors (Applikon,
Schiedam, The Netherlands), with a working volume of 1.8 liters, at a
dilution rate of 0.03 h™! and at pH 6.5 as previously described (27), with
the exception of the employed antifoam. The BDH (10%, vol/vol) anti-
foam (VWR International BV, Amsterdam, The Netherlands) was re-
placed by silicone antifoam (Bluestar Silicone, Lyon, France). The culture
was decomposed in three phases: (i) an initial batch fermentation, (ii) a
fed-batch phase between the start of the feed and the steady state, and (iii)
the steady-state phase (12). Continuous cultures were assumed to be in
steady state after at least 5 volume changes had passed since the last change
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in cultivation conditions and when culture dry weight and off-gas CO,
analyses differed by less than 4% for two consecutive volume changes.

Labeling experiments with L-[U-'*C]phenylalanine [(NH,)"*C,
H,0,] (Cambridge Isotope Laboratories Inc., MA) were carried out in a
7-liter bioreactor (Applikon, Schiedam, The Netherlands), with a working
volume of 4 liters, and maintained by a level controller and a dilution rate
of 0.05 h™1. The airflow rate was set at 2 liters - min~! with a 0.3-bar
overpressure. The mixing of the reactor content was accomplished with
two six-bladed Ruston turbine impellers (diameter, 8 cm) operated at a
rotation speed of 500 rpm. Foam formation was suppressed by the addi-
tion of approximately 70 ul - h™! of antifoam agent BC86/013 (Basildon
Chemicals, Abingdon, United Kingdom). The temperature of the reactor
was kept at 25 * 0.1°C by means of a thermocirculator, and the pH of the
culture was maintained at 6.5 with 4 M NaOH by an automatic pH control
system (Applikon Schiedam, The Netherlands). Dissolved-oxygen ten-
sion was monitored but not controlled, and it never dropped below 50%
of air saturation during the course of the experiment. O, and CO, con-
centrations in the off gas were analyzed using a combined paramagnetic/
infrared NGA 2000 MLT 1 gas analyzer (Fisher-Rosemount GMbH & Co,
Hasselroth, Germany) (15, 54). After reaching steady state, the nonlabeled
phenylalanine medium was switched to a chemically identical medium
containing phenylalanine uniformly labeled on carbon as the sole nitro-
gen source.

S. cerevisiae was grown in glucose-limited chemostat cultures on a
filter-sterilized defined mineral medium containing, per liter of
demineralized water, the following: 3 g KH,PO,, 5 g phenylalanine
[(NH,)CyH,0,] or 5g (NH,),SO,, 6.6 g K,SO,, 0.5 g MgSO, - 7H,0, 7.5
g of glucose, 1 ml of trace element solution, 1 ml of vitamin solution, and
8% antifoam-C emulsion (Sigma-Aldrich, Zwijndrecht, The Nether-
lands) (6). Trace element and vitamin solutions were prepared as de-
scribed previously (73). The chemostat cultivation of S. cerevisiae was
performed in 2-liter bioreactors (Applikon, Schiedam, The Netherlands)
with a working volume of 1 liter and a dilution rate of 0.10 h™!, as de-
scribed previously (74). Continuous cultures were assumed to be in steady
state after at least 5 volume changes and when the culture dry weight and
off-gas CO, analyses differed by less than 2% for two consecutive volume
changes.

Sampling for intracellular metabolite analysis. For intracellular me-
tabolite measurements, approximately 1.2 ml of sample was withdrawn
into 8 ml of 40% (vol/vol) aqueous methanol solution at —27.5°C, using
a rapid sampling device, for the immediate quenching of the metabolic
activity (15, 37). The sample then was washed 3 times with 20 ml of 40%
(vol/vol) aqueous methanol via vacuum filtration, and the samples sub-
sequently were stored at —27.5°C as previously described (13, 15). After
the final methanol washing step for the steady-state samples, different
amounts (120 and 300 wl) of a '3C internal standard solution (0°C) were
pipetted on top of the dry filter cake for accurate quantification by isotope
dilution mass spectrometry (IDMS) (78). The metabolites then were ex-
tracted using 30 ml of 75% (vol/vol) ethanol-water at 73°C and subse-
quently kept in a water bath at 95°C for 3 min (24). The extracts were
centrifuged at 4,600 rpm for 7 min and filtered (0.2 pum filter; FP30/0.2
CA-S; Whatman, Maidstone, England). Filtrates were placed in an evap-
orator (Labconco Corporation, Kansas City, MO) for 2.5 h at 30°C. The
final volume was adjusted to 600 ul with Milli-Q water, and samples were
flash frozen with liquid nitrogen and stored at —80°C until further anal-
ysis (15).

Sampling for extracellular metabolite analysis. For extracellular me-
tabolite analysis, approximately 2 ml of broth was withdrawn from the
bioreactor and immediately quenched with cold steel beads in a syringe
(45) and filtered (0.45-um-pore-size membrane filter). For steady-state
samples, 20 wl of 13C extract was added to 80 ul of this filtrate. Vials were
immediately frozen with liquid nitrogen and stored (at —80°C) for further
analysis.

Analysis of metabolites and isotopologues. Mass isotopomer
distribution (MID) and concentration were measured using gas chro-
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matography-mass spectrometry (GC-MS) as previously described (13).
One hundred-ul samples were lyophilized and derivatized using 75 ul
acetonitrile and 75 ul of N-methyl-N-(tertbutyldimethylsilyl) trifluoro-
acetamide (MTBSTFA; Thermo Scientific, Rockford, IL). Derivatized me-
tabolites were obtained with fragment M-57 (see Table S2 in the supple-
mental material). The influence of derivatization agents and non-carbon
atoms on the MID was corrected (76). The metabolite concentration was
determined using IDMS with '3C-labeled cell extract as an internal stan-
dard (45, 78). The metabolites phenylethanol and phenylethylamine did
not show a peak in standards, while no standard was available for phe-
nylacetaldehyde.

Glucose and phenylacetate concentrations in media and culture su-
pernatant were measured by high-performance liquid chromatography
(HPLC; Waters Alliance 2695 separation module supplied with a Waters
2487 dual absorbance detector and a Waters 2410 refractive index detec-
tor; Waters, Milford, MA) with a Bio-Rad HPX87H column (Bio-Rad,
Hercules, CA). The mobile phase consisted of 0.5 mM, and the elution
conditions were set at 60°C and at 0.6 ml - min~! for the flow rate.

Penicillin G was measured on a Waters 2690 with a Zorbax column
(Agilent, Amstelveen, The Netherlands) and a Waters 486 turnable absor-
bance detector (UV/VIS) at 30°C. The mobile phase consisted of 5 M
acetonitrile, 5 mM KH,PO,, and 6 mM H;PO, (10).

Dry weight. Biomass dry weight was measured in duplicate samples
via filtration and drying as described previously for P. chrysogenum (23)
and S. cerevisiae (6). For sampling from labeling experiments, filters with
mycelia were dried for 24 h at 70°C.

Preparation of cell extracts. For the preparation of cell extracts of S.
cerevisiae strains, culture samples were harvested by centrifugation,
washed twice with 10 mM potassium phosphate buffer (pH 7.5) contain-
ing 2 mM EDTA, and stored at —20°C. Before cell breakage, the samples
were thawed at room temperature, washed, and resuspended in 100 mM
potassium phosphate buffer (pH 7.5) containing 2 mM MgCl, and 2 mM
dithiothreitol. Extracts were prepared by sonication with 0.7-mm glass
beads at 0°C for 2 min at 0.5-min intervals with an MSE sonicator (150-W
output; 8-um peak-to-peak amplitude). Unbroken cells and debris were
removed by centrifugation at 4°C (20 min; 36,000 X g). The purified cell
extract was used for enzyme assays.

Pyruvate and phenylpyruvate decarboxylase assays. Pyruvate decar-
boxylase activity was measured at 30°C, immediately after the preparation
of cell extracts, using a Tecan GENios Pro set (Tecan, Giessen, The Neth-
erlands). The assay mixture contained, in a total volume of 300 ul, 40 mM
imidazole-HCI buffer (pH 6.5), 0.2 mM thiamine pyrophosphate, 0.15
mM NADH, 88 U - ml~! alcohol dehydrogenase, 5 mM MgCl,, and cell
extract. The reaction, which was monitored as a decrease of absorbance at
340 nm, was started by the addition of 50 mM pyruvate. Reaction rates
were linearly proportional to the added amount of cell extract. Measure-
ments for the calculation of enzymatic kinetic properties, K,,, and V..,
were performed under the same conditions as those for the pyruvate de-
carboxylase activity measurements, using substrate concentrations rang-
ing from 0 to 75 mM. Phenylpyruvate decarboxylase activity was mea-
sured by monitoring the reduction of NAD™ in the presence of excess
aldehyde dehydrogenase from yeast using a Hitachi model 100-60 spec-
trophotometer at 340 nm (Hitachi, Tokyo, Japan). The reaction mixtures
contained, in a total volume of 1 ml, 100 mM KH,PO,-K,HPO, buffer,
pH 7.0,2 mM NAD*, 5 mM MgCl,, 15 mM pyrazole, 0.2 mM thiamine
diphosphate, and 1.75 U of yeast aldehyde dehydrogenase from yeast
(Sigma-Aldrich, Zwijndrecht, The Netherlands) (dissolved in 1 mM di-
thiothreitol). The reaction was started with the addition of 5 mM phe-
nylpyruvate. Reaction rates were linearly proportional to the amount of
cell extract added.

Protein determination. Protein concentrations in cell extracts were
determined by the Lowry method (42). Bovine serum albumin (Sigma-
Aldrich, Zwijndrecht, The Netherlands) was used as the standard.

Isotopically instationary model. The general isotopically instationary
model for the simulation '*C-labeling experiments, developed previously
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(56), was used to estimate the network fluxes derived from [U-13C]-
labeled L-phenylalanine. Simulation and parameter estimation were car-
ried out with a tool developed in Matlab (Mathworks, Natick, MA)
and gPROMS (Process Systems Enterprise Limited, London, United
Kingdom)

Transcriptome analysis. Chemostat culture broth (60 ml) was rapidly
sampled and filtered over a glass fiber filter (type A/E; Pall Life Sciences,
East Hills, NY). The filter containing the mycelium was immediately
wrapped in aluminum foil, quenched in liquid nitrogen, and stored at
—80°C. Samples were processed as described previously (26, 71). The
acquisition and quantification of microarray images and data filtering
were performed using Affymetrix GeneChip Operating Software (GCOS;
version 1.2). Arrays were globally scaled to a target value of 100 using the
average signals from all probe sets. The arrays were analyzed as previously
described (26). Significant changes in the expression of the replicate arrays
experiments were assessed statistically by using the software Significance
Analysis of Microarrays (SAM; version 1.21) (70). The fold change (FC)
was set to 2, and the false discovery rate was set to 1%.

Nucleotide sequence accession numbers. The coding sequences of
Pc13g09300 and Pc18g01490 were deposited in GenBank under accession
number JQ086348 and JQ086347, respectively. The sequence of the pahA
gene from P. chrysogenum DS17690 has been deposited in GenBank under
accession number JQ086346.

Microarray data accession numbers. Transcriptome data analyzed in
this study have been deposited at the Genome Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE32097.

RESULTS

Growth of P. chrysogenum on phenylalanine as a nitrogen
source: penicillin G production in the absence of added phenyl-
acetate acid. To investigate the capacity of P. chrysogenum
DS17690 for the synthesis of penicillin G using either phenylace-
tate or phenylalanine, the strain was grown in glucose-limited
chemostat cultures with phenylalanine as the nitrogen source. The
normal startup process for a P. chrysogenum chemostat culture
involves three phases: a batch phase, a fed-batch phase, and a
chemostat phase (12). When phenylalanine was used as the nitro-
gen source, significant concentrations of phenylacetate and peni-
cillin G were observed in all three phases of two independent rep-
licate runs (Fig. 1). In reference experiments in which ammonium
sulfate was added as the nitrogen source and phenylacetate was
not included in the medium, concentrations of phenylacetate and
penicillin G remained below their detection limits (0.01 and 0.02
mM, respectively). These results demonstrate that the side chain
precursor phenylacetate can be formed from phenylalanine. In
addition to phenylacetate and penicillin G, tyrosine and ho-
mogentisate were detected in culture supernatants of cultures
grown with phenylalanine as the nitrogen source (Fig. 1).
During the continuous cultivation phase of the chemostat cul-
tures, the biomass concentration stabilized at ca. 7 g - liter ! (Fig.
1). The apparent biomass yield on glucose in the continuous cul-
tivation phase was 0.92 * 0.03 g biomass (g glucose) !, which is
2.5-fold higher than the biomass yield of chemostat cultures
grown under the same conditions with ammonium sulfate as the
nitrogen source (0.37 = 0.00 g biomass [g glucose] 1) (these data
are from three independent steady-state chemostat cultures). This
increase in biomass yield indicates that in addition to using phe-
nylalanine as a nitrogen source, P. chrysogenum DS17690 is able to
use this amino acid as a carbon and/or energy source. Consistent
with this conclusion, extracellular concentrations of phenylala-
nine decreased to the analytical detection limit (50 uM), and free
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FIG 1 Biomass and extracellular metabolite profiles of P. chrysogenum
DS17690 during batch cultivation, the fed-batch phase, and the continuous
cultivation phase in two replicate glucose-limited chemostat experiments with
phenylalanine as the nitrogen source (dilution rate, 0.05 h™!; temperature,
25°C; pH 6.5). (A) Levels of biomass dry weight (closed circle) and concentra-
tions of ammonia (open circle), glucose (closed triangle), and phenylalanine
(open triangle) are expressed in g - liter ~!. (B) Concentrations of phenylacetate
(open circle), homogentisate (closed square), tyrosine (closed triangle), and
penicillin G (closed circle) are expressed in g - liter . The time scale is ex-
pressed in days. Data are presented as averages * mean deviations from inde-
pendent duplicate cultures.

ammonia was detected in the continuous cultures at concentra-
tions of ca. 2.5 mM (Fig. 1).

Although biomass concentrations (Fig. 1) and respiration rates
(data not shown) stabilized during the continuous cultivation
phase, extracellular concentrations of phenylalanine and other
metabolites derived from aromatic amino acid metabolism con-
tinued to decrease during the continuous cultivation phase (Fig.
1). This precluded a precise comparison of penicillin G produc-
tion rates to those observed in cultures to which the side chain
precursor phenylacetate has been added. However, throughout
the continuous cultivation phase, concentrations of penicillin G
in the phenylalanine-grown cultures were about 20-fold lower
than those in corresponding phenylacetate-supplemented cul-
tures grown with ammonium sulfate as the nitrogen source (30
versus 600 mg - liter ! of extracellular penicillin G). Combined
with the 2.5-fold higher biomass concentration in the phe-
nylalanine-grown cultures, this indicated that the biomass-
specific rate of penicillin G in the latter cultures was about 2% of
that in phenylacetate-supplemented cultures.

Quantitative analysis of phenylalanine flux distribution in
Penicillium chrysogenum. To determine the in vivo flux distribu-
tion of phenylalanine in P. chrysogenum, glucose-limited chemo-
stats with unlabeled phenylalanine were first grown to steady state,
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FIG 2 Measured and calculated '*C enrichment of intra- and extracellular metabolite profiles obtained after switching a P. chrysogenum DS17690 glucose-
limited chemostat culture (dilution rate, 0.05 h~'; temperature, 25°C; pH = 6.5) grown with L-phenylalanine as the sole nitrogen source to a medium containing
[U-13C]-labeled phenylalanine. The x axes of the graphs represent the sampling period expressed in hours. The lines indicate three modeling scenarios (see
Results). Scenario i is presented with black dashed lines, scenario ii is represented with blue dashed-dotted lines, and scenario iii is represented with green lines.
A full description of the reaction networks for the different scenarios is provided in Table S3 in the supplemental material. Phe, phenylalanine; Phe,,,,
extracellular phenylalanine; Tyr, tyrosine; Tyr,,,, extracellular tyrosine; PhePyr, phenylpyruvate; PhePyr,,, extracellular phenylapyruvate; PheAc, phenylacetate;
PheAc,,,, extra cellular phenylacetate; 4HOPheAc, 4-hydroxyphenylacetate; 4HOPheAc,,,, extracellular 4-hydroxyphenylacetate; 2HOPheAc, 2-hydroxyphe-

nylacetate; HGA, homogentisate; HGA_,,, extracellular homogentisate.

based on biomass concentration and the CO, biomass-specific
production rate on unlabeled substrate, and then switched to a
medium that contained [U-!3C]-labeled L-phenylalanine. Sam-
ples for intracellular and extracellular metabolite concentration
measurements were taken before and after the switch to the la-
beled substrate, and then enrichment was measured during a pe-
riod of 1 h.

In the [U-13C]r-phenylalanine feeding experiments, only a
small fraction of the phenylalanine was recovered as penicillin G.
The measured uptake rate of L-phenylalanine was 307 wmol ! -
(g dry biomass) ! - h™!, and the penicillin G production rate was
below 1 wmol ! - (g dry biomass) ! - h™1. The extracellular accu-
mulation of fully labeled phenylpyruvate, phenylacetate, tyrosine,
4-hydroxyphenylacetate, 2-hydroxyphenylacetate, and homogen-
tisate (Fig. 2 and Table 2) confirmed the in vivo activity of a phe-
nylalanine hydroxylase in P. chrysogenum as well as of a homogen-
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tisate pathway for phenylalanine catabolism (Table 2 and Fig. 2).
The overall activity of the 2-hydroxyphenylacetate pool was 10-
fold lower than that of phenylacetate, which is consistent with
two previously reported single-nucleotide mutations (598<—T,
1357¢~T) in the phenylacetate hydroxylase gene (pahA) that lead
to a near-complete elimination of enzyme activity (61). The pres-
ence of these mutations in P. chrysogenum DS17690 was con-
firmed by the resequencing of pahA (data not shown).

An immediate enrichment of intracellular metabolites with
13C-labeled carbon atoms was observed upon the switch to the
labeled r-phenylalanine (Fig. 2). Intracellular L-phenylalanine
reached an enrichment of 50% after about 10 min, which was
significantly slower than the dynamics of the extracellular pool
(50% after 30 s). Phenylpyruvate reached 50% enrichment after
about 20 min and tyrosine after 50 min. The remaining metabo-
lites did not reach 50% enrichment within 1 h. For the quantita-
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TABLE 2 Extra- and intracellular metabolite concentrations of phenylalanine catabolism pathway in P. chrysogenum®

Metabolite concn

Metabolite EC (pumol - liter—') IC (umol - [g dry wt] 1) IC (wmol - [liter—1]) IC/EC concn ratio
Phenylacetate 79 0.1 35 0.4

2-Hydroxy phenylacetate 7 0 3 0.4
L-Phenylalanine 24 20 7919 324
Phenylpyruvate 939 0.3 110 0.1
Homogentisate 339 ND ND

a P. chrysogenum DS17690 was grown in glucose-limited chemostat cultures with phenylalanine as the sole nitrogen source. A cellular volume of 2.5 ml - (g dry weight) ~! was

assumed (58). EC, extracellular; IC, intracellular. ND, not detected.

tive evaluation of the enriched fractions, a metabolic reaction net-
work was constructed and the respective C-atom transitions were
calculated (see Table S3 in the supplemental material). To evalu-
ate the different hypotheses, the distribution of three scenarios
was considered (Table 3).

In the first model, the concurrent linear reactions were in-
cluded; a reaction network was used in which phenylalanine was
either incorporated into protein, incorporated into penicillin G,
metabolized via the homogentisate pathway, or metabolized via
tyrosine (scenario i) (see Table S3 in the supplemental material).
Stoichiometric coefficients for tyrosine and phenylalanine incor-
poration into P. chrysogenum protein were taken from reference
72 (Table 2). Scenario i reproduced the observed enrichment pro-
file of extracellular L-phenylalanine and, to a certain extent, phe-
nylpyruvate. However, dynamics of other metabolites could not
be reproduced. The enrichment prediction rates were much faster
than the measured values (Table 3 and Fig. 2).

In scenario ii, an additional hypothetical pathway for phenyl-
alanine metabolism, which did not involve any of the measured
metabolites, was introduced into the model (flux for phenylala-
nine degradation in Table S3 in the supplemental material), as well
as an exchange of phenylalanine and tyrosine with the protein
pool (synthesis and degradation). This led to a significant (60%)
diversion of the predicted labeled inflow of phenylalanine into the
unknown sink, which reduced predicted fluxes into the homogen-
tisate and tyrosine branches compared to those of scenario i and
strongly improved the reproduction of the experimental data (Ta-
ble 3 and Fig. 2). This observation indicates that in addition to
metabolism via the tyrosine and homogentisate pathways, P.

chrysogenum contains additional pathways for phenylalanine uti-
lization.

A model based on scenario ii still did not correctly reproduce
the dynamics of phenylpyruvate, phenylacetate, and 4-hydroxy-
phenylacetate (Fig. 2). In particular, the calculated '*C enrich-
ments in the later phase of the experiments (>30 min) were too
high for phenylacetate and too low for phenylpyruvate. Therefore,
in scenario iii (Table 3; also see Table S3 in the supplemental
material), hypothetical hydroxylase activities were included that
convert phenylpyruvate to 4-hydroxyphenylpyruvate and phenyl-
acetaldehyde to 4-hydroxyphenylacetaldehyde, thereby effectively
connecting the two pathways of phenylalanine catabolism (Fig. 3
and Table 3; also see Table S3).

With the reaction network based on scenario iii, the model
predictions for the enrichment of phenylpyruvate, phenylacetate,
tyrosine, and homogentisate closely resembled the experimental
observations. Compared to those of scenario ii, in scenario iii the
flux from L-phenylalanine to phenylpyruvate was increased, while
the flux to phenylacetate was reduced by branching into 4-hydroxy-
phenylacetate (Table 3). Around 14% of the L-phenylalanine was
directed via these two reactions.

Transcriptome analysis of phenylalanine and ammonium
sulfate-grown P. chrysogenum. To gain more insight into possi-
ble pathways for phenylalanine metabolism in P. chrysogenum, the
transcriptomes of aerobic glucose-limited chemostat cultures of
P. chrysogenum grown with either phenylalanine or ammonium
sulfate as the nitrogen source were analyzed using DNA microar-
rays. The average coefficient of variation for biological replicates
(triplicates for the carbon-limited cultures with ammonium sul-

TABLE 3 Intracellular net fluxes obtained by growing P. chrysogenum with medium containing [U-13C]-labeled phenylalanine

Intracellular net flux (uwmol - [g dry weight] ~! - h™') for scenario®

iii (with protein exchange

Reaction i (initial model) ii (with protein exchange) and hydroxylase)
Phenylalanine uptake 306.7 306.7 306.7

Penicillin G production 12.2 13.3 3.5
Phenylalanine—phenylpyruvate 18.1 19.3 51.5
Phenylalanine—tyrosine 280.2 85.6 63.8
Phenylalanine—unknown sink 0.0 193.5 183.1
Phenylalanine—4-hydroxyphenylpyruvate 0.0 0.0 21.6
Phenylacetaldehyde—4-hydroxyphenylacetaldehyde 0.0 0.0 20.4

@ Three different network scenario hypotheses were employed to obtain an optimal fit for flux distribution: scenario i, phenylalanine was incorporated into protein, incorporated
into penicillin G, metabolized via the homogentisate pathway, or metabolized via tyrosine; scenario ii, an unidentified pathway for phenylalanine metabolism, which did not
involve any of the measured metabolites, was introduced into the model together with exchanges of phenylalanine and tyrosine with the protein pool (synthesis and degradation);
and scenario iii, hypothetical hydroxylase activities that convert phenylpyruvate to 4-hydroxyphenylpyruvate and phenylacetaldehyde to 4-hydroxyphenylacetaldehyde were

included.
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FIG 3 Pathways for L-phenylalanine metabolism in P. chrysogenum. Shown are genes that are possibly involved in phenylalanine metabolism and that were found
to be upregulated in cultures with phenylalanine as the nitrogen source. The values between brackets represent the average fold changes in the expression of
phenylalanine-grown cultures relative to levels of expression in ammonium-grown cultures. 1, aromatic amino acid transaminase; 2, phenylpyruvate decarbox-
ylase; 3, aldehyde dehydrogenase; 4, phenylacetate hydroxylase; 5, phenylalanine ammonia lyase; 6, phenylalanine hydroxylase; 7, 4-hydroxyphenylacetate
decarboxylase; 8, 4-hydroxyphenylacetate 3-hydroxylase; 9, 3-hydroxyphenylacetate 6-hydroxylase; 10, homogentisate dioxygenase; 11, oxalacetylacetoacetate
hydrolase; 12, putative hydroxylase; 13, 4-hydroxyphenylacetate dioxygenase; 14, 2-hydroxyphenylacetate 5-hydroxylase; 15, maleylacetoacetate isomerase; 16,
fumarylacetoacetate hydrolase; 17, acetoacetyl-CoA synthase; 18, acetyl-CoA acetyltransferase.

fate and duplicates for the carbon-limited cultures with phenylal-
anine) were below 20%. This value is in accordance with values
generally obtained from previous chemostat-based genome-wide
expression monitored in P. chrysogenum (14, 26, 27, 36, 68, 71).

The pairwise comparison of phenylalanine- to ammonium
sulfate-grown cultures yielded a total of 331 genes that were dif-
ferentially expressed (|[FC| > 2; false discovery rate of 0.01%). Of
these 331 genes, 291 were expressed at a higher level in the phe-
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TABLE 4 MIPS functional categories overrepresented in the selected set of genes*

MIPS category Description ke nb P value
Significantly (P < 1.0E—03) overrepresented
in upregulated genes (n = 291)

01 Metabolism 137 2472 3.52E—-29
01.01 Amino acid metabolism 55 467 2.3E—25
01.01.01 Amino acid biosynthesis 17 205 2.4E—06
01.01.01.15 Biosynthesis of the pyruvate family (Ala, Ile, Leu, Val) 5 26 2.1E—04
01.01.10 Amino acid degradation (catabolism) 34 170 2.2E—23
01.01.10.01 Degradation of amino acids of the glutamate group 8 28 9.7E—08
01.01.10.01.01 Degradation of proline 3 10 1.1E-03
01.01.10.01.04 Degradation of glutamate 5 9 5.5E—07
01.01.10.04 Degradation of amino acids of the pyruvate family 9 19 74E—11
01.01.10.04.02 Degradation of valine 4 12 9.5E—-05
01.01.10.04.03 Degradation of leucine 6 13 1.5E—07
01.01.10.04.04 Degradation of isoleucine 3 8 5.3E—04
01.01.10.05 Degradation of amino acids of the cysteine-aromatic group 12 62 7.3E—09
01.01.10.05.05 Degradation of phenylalanine 30 3.9E—05
01.01.10.05.06 Degradation of tyrosine 6 15 4.3E—07
01.05 C compound and carbohydrate metabolism 49 1069 4.5E—07
01.05.01 C compound and carbohydrate utilization 46 760 2.3E—10
01.05.01.01 C compound, carbohydrate catabolism 18 377 2.3E—04
01.05.01.01.03 C, compound and organic acid catabolism 6 29 3.1E—-05
01.06 Lipid, fatty-acid and isoprenoid metabolism 31 410 1.5E—09
01.06.01 Lipid, fatty-acid and isoprenoid biosynthesis 17 252 3.8E—05
01.06.04 Breakdown of lipids, fatty acids and isoprenoids 9 91 1.6E—04
01.06.07 Lipid, fatty-acid and isoprenoid utilization 7 52 1.2E—04
01.20.15 Biosynthesis of derivatives of dehydroquinate, shikimate and chorismate 3 10 1.1E-03
02 Energy 26 312 4.6E—09
02.16 Fermentation 5 36 1.0E—-03
02.25 Oxidation of fatty acids 4 13 1.3E—04
40 Subcellular localization 88 2434 3.4E—07
40.03 Cytoplasm 25 577 8.3E—04
40.16 Mitochondrion 33 348 9.7E—13
40.19 Peroxisome 8 68 1.1IE—-04
67.04.01.01.01 Siderophore-iron transporter 4 16 3.2E-04

Significantly (P < 1.0E—03) overrepresented

in downregulated genes (n = 40)

01.06 Lipid, fatty-acid and isoprenoid metabolism 8 410 1.9E—05
01.06.01 Lipid, fatty-acid and isoprenoid biosynthesis 6 252 8.1E—05
01.06.01.07 Isoprenoid biosynthesis 4 104 2.3E—04
01.06.01.07.07 Diterpene biosynthesis 2 11 4.4E—04
01.06.99 Other lipid, fatty-acid and isoprenoid metabolism activities 2 15 8.4E—04
11 Cell rescue, defense and virulence 9 809 4.2E—04
11.07 Detoxification 6 379 7.3E—04

@ k represents the number of genes in the MIPS category found to be differentially expressed.

b n represents the number of genes of the same MIPS category found in the whole genome.

¢ Shown are MIPS functional categories overrepresented in the set of genes significantly differentially expressed (|[FC| > 2; false discovery rate, 1%) in glucose-limited chemostat
cultures of P. chrysogenum grown with phenylalanine as the nitrogen source relative to results for cultures grown with ammonium sulfate as the nitrogen source. P values were

calculated via Fischer exact statistics.

nylalanine cultures, and 40 exhibited the inverse profile (see Table
S4 in the supplemental material). These two groups of genes were
analyzed for the overrepresentation of functional categories using
Fischer’s exact test.

Genes involved in amino acid degradation were clearly over-
represented in the set of 291 genes that showed an increased tran-
script level when phenylalanine was used as the nitrogen source.
This overrepresentation was found not only for genes involved in
the degradation of aromatic amino acids but also for genes in-
volved in the degradation of branched-chain amino acids and
glutamate-, proline-, and sulfur-containing amino acids (Table

February 2012 Volume 11 Number 2

4). Among the same set of 291 genes, a significant subset of 46
transcripts (16%; P > 1.0E—04) were previously shown to exhibit
an increased transcript level in chemostat cultures supplemented
with phenylacetate (see Table S5 in the supplemental material)
(26). This subset comprised genes that, based on sequence homol-
ogy, are expected to encode enzymes involved in the homogenti-
sate pathway, e.g., phenylacetate hydroxylase (Pc21g14280 and pahA),
maleylacetoacetate isomerase (Pc12g09020), fumarylacetoacetase
(Pc12g09030), acetoacetyl-coenzyme A (CoA) synthase (Pc22g00960),
3,4-dihydroxyphenylacetate-2,3-dioxygenase (Pc12g09040), and a tran-
scription factor similar to S. cerevisiae Aro80 (Pc12g09010). In contrast,
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the putative homogentisate pathway genes encoding 4-hydroxy-
phenylpyruvate dioxygenase (Pc12g09060) and gentisate-1,2-dioxy-
genase (Pc06g00170), which convert 4-hydroxyphenylpyruvate to ho-
mogentisate and homogentisate to maleylacetoacetate, were upregulated
in phenylalanine-grown cultures but not in cultures supplemented with
phenylacetate (Fig. 3). These transcriptional modifications confirm the
involvement of the homogentisate pathway in phenylalanine catabolism
by P. chrysogenum.

P. chrysogenum DS17690 exhibits extremely low conversion of
phenylacetate to 2-hydroxyphenylacetate, which is consistent
with the 598~ mutation in its pahA gene (61). Labeling exper-
iments indicated the activity of an alternative route toward ho-
mogentisate, starting with the hydroxylation of phenylalanine to
tyrosine. Several uncharacterized hydroxylases were strongly up-
regulated in cultures grown with phenylalanine as the nitrogen
source (Pc06g01260, Pc16g01770, Pc13g01500, Pc13g05260,
Pc20g02710, Pc22g11860, Pc22g18500, Pc22g23500, and
Pc22g24900). However, sequence analysis did not reveal a signif-
icant similarity of any of these genes to known eukaryotic or pro-
karyotic phenylalanine hydroxylases. Interestingly, although it has
already been proposed to be present in A. nidulans but has never
been demonstrated (17, 18), phenylalanine hydroxylase has not
been detected in A. niger (35), and no fungal phenylalanine hy-
droxylase genes have been cloned yet.

The measurement of ['*C]phenylpyruvate and ['*C]pheny-
lacetate confirmed the occurrence of a metabolic route similar to
that of the Ehrlich pathway in S. cerevisiae (28). The first and third
steps in this pathway are the transamination of phenylalanine to
phenylpyruvate and the oxidation of phenylaldehyde to phe-
nylacetate, respectively (Fig. 3). Seven genes (Pc12g09430,
Pc12g11860, Pc22g16780, Pc22g19440, Pc22g20630, Pc22g23100,
and Pc22g23830) with high similarity to known transaminases
were significantly upregulated in phenylalanine-grown cultures.
Interestingly, Pc12g11860 exhibited more than 50% sequence
similarity (E value < 6E—129) to S. cerevisiae AROS8, which en-
codes one of the two aromatic amino acid aminotransferases. No
gene encoding an aldehyde dehydrogenase was differentially ex-
pressed. Out of the 9 putative aldehyde dehydrogenase genes iden-
tified in P. chrysogenum (Pc14g01080, Pc21g22810, Pc22g24860,
Pc18g02760, Pc14g01040, Pc22g17230, Pc20g11160, Pc22g19300,
and Pc06g00180), only three were expressed in at least one condi-
tion. Pc21g22810 was expressed only on ammonia cultures, dis-
qualifying it for actively participating in this pathway. The two
remaining genes, Pc18g02760 and Pc06g00180, exhibited a slight
upregulation on phenylalanine with a fold change of +1.4 each.
However, Pc06g00180 might be the most prominent one, as its
expression level was 16-fold higher than that of Pc18g02760. Fi-
nally, we focused on the second step of the Ehrlich pathway, in
which phenylpyruvate is decarboxylated to phenylacetaldehyde
(Fig. 3). In S. cerevisiae, ARO10 encodes the main phenylpyruvate
decarboxylase (74, 75). A search for AROI0 homologs in the P.
chrysogenum genome sequence (comprising 13,670 proteins;
GenBank accession numbers AM920416 to AM920464) (71), us-
ing the ArolOp amino acid sequence as a query, revealed three
open reading frames with a sequence similarity above 50% (E
value < 6E—50): Pc18g01490, Pc13g09300, and Pcl16g13320.
Whereas Pc16g13320 was not expressed under the conditions tested
in this study, Pc18g01490 and Pc13g09300 were strongly upregulated
in cultures grown with phenylalanine (fold changes of 12.8 and 4.3,
respectively). To investigate whether these genes indeed encode fun-
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FIG 4 Growth of two S. cerevisiae strains expressing putative P. chrysogenum
2-oxo acid decarboxylase genes and their controls, a thiamine pyrophosphate-
dependent 2-oxo acid decarboxylase-free strain and its positive control, on
synthetic medium agar plates with ethanol (A) and glucose (B). Ethanol plates
were incubated for 7 days, and glucose plates were incubated for 3 days at 30°C.
Strain 1, IMZ245 (pdclA pdc5A pdc6A arol0A thi3A Pc13g09300); strain 2,
IMZ246 (pdclA pdc5A pdc6A arol0A thi3A Pc18g01490); strain 3, IMZ001
(pdcIA pdc5A pdc6A arol0A thi3A); strain 4, IME004 (PDCI PDC5 PDC6
AROI10 THI3).

gal 2-oxo acid decarboxylases involved in the production of phenyl-
acetate via an Ehrlich-type pathway (Fig. 3), they were functionally
characterized via their expression in S. cerevisiae.

Expression of Pc13g09300 in S. cerevisiae: evidence for a py-
ruvate and phenylpyruvate decarboxylase gene in P. chrysoge-
num. S. cerevisiae contains five homologous open reading frames
that have been implicated in the synthesis of 2-oxo acid decar-
boxylases. PDCI, PDC5, and PDC6 encode pyruvate decarboxyl-
ase isozymes (30, 31), AROI10 codes for a phenylpyruvate decar-
boxylase with a broad substrate specificity (75), and THI3 codes
for a putative decarboxylase (28). A strain deleted for the five
decarboxylase genes cannot grow on glucose in batch cultures,
because in S. cerevisiae pyruvate decarboxylase activity is an essen-
tial enzyme for growth on glucose (21). Moreover, since an active
Ehrlich pathway is required for growth on phenylalanine as the
nitrogen source, it also cannot grow on phenylalanine as the sole
nitrogen source (74). The strain S. cerevisiae CEN-PK711-7C,
which bears these quintuple deletions, was transformed with plas-
mids carrying overexpression cassettes for the putative decarbox-
ylase genes Pc18g01490 and Pc13g09300, resulting in strains
IMZ245 (Pc18g01490) and IMZ246 (Pc13g09300). The two over-
expression strains were grown on synthetic medium agar plates
with 2% glucose as the sole carbon source along with control
strains IMZ001 (quintuple-deletion CEN.PK711-7C transformed
with the empty plasmid p426GPD) and the positive control
IME004 (PDCI PDC5 PDC6 THI3 AROI0).

Only S. cerevisiae IMZ245 (Pc13g09300) and the positive con-
trol (IME044) were able to grow on glucose (Fig. 4). Consistently
with a pyruvate decarboxylase activity of Pc13g09300, ethanol was
formed in glucose-grown shake flask cultures of IMZ245 (syn-
thetic medium with 2% glucose; data not shown). Neither
IMZ001 nor IMZ246 grew in shake flask culture with glucose as
the sole carbon source, confirming the plate assay results. These
data demonstrate that Pc13g09300, but not Pc18g01490, encodes
a pyruvate decarboxylase. To test the ability of the two decarboxy-
lases to restore the growth of the quintuple deletion strain on
phenylalanine as the sole nitrogen source, S. cerevisiae IMZ245
(Pc13g09300) was grown in an aerobic glucose-limited chemostat
(dilution rate, 0.05 h™!) with phenylalanine as a nitrogen source.
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TABLE 5 Specific pyruvate and phenylpyruvate decarboxylase activities
in cell extracts of S. cerevisiae IMZ245 (Pc13g09300)*

Nitrogen Sp act (nmol - [mg protein] ~! - min~") of:

source Pyruvate decarboxylase ~ Phenylpyruvate decarboxylase
(NH,),S0, 287 %9 11+2

Phenylalanine 314 * 41 17 £2

aS. cerevisiae IMZ.245 (Pc13g09300) was grown in aerobic glucose-limited chemostat
cultures, with (NH,),SO,, or phenylalanine as the nitrogen source, at a dilution rate of
0.05 h™!. Data are presented as averages * mean deviations from independent
duplicate measurements.

S. cerevisiae IMZ246 was grown under the same conditions but
with ethanol instead of glucose as the carbon source to investigate
the possibility that Pc18g01490 encodes a specific phenylpyruvate
decarboxylase. Only strain IMZ245 (Pc13g09300) was able to
grow on phenylalanine, with a biomass yield of 0.29 g - (g glu-
cose)~! and a biomass-specific phenylacetate production rate
of 0.156 mmol - (g biomass)~! - h™ ! These data indicate that
Pc13g09300 encodes a pyruvate decarboxylase that also can decar-
boxylate phenylpyruvate.

Characterization of the (phenyl)pyruvate decarboxylase en-
coded by Pc13g09300. To further characterize the decarboxylase
encoded by Pc13g09300, cell extracts prepared from aerobic,
glucose-limited chemostat cultures of S. cerevisiae IMZ245 were
grown with either phenylalanine or (NH,),SO, as the nitrogen
source. Enzyme activity assays revealed a clear pyruvate decar-
boxylase activity in the extracts of both phenylalanine- and
(NH,),SO,-grown cultures. A 15-fold lower phenylpyruvate de-
carboxylase activity was measured as well (Table 5). In contrast to
Arol0p in S. cerevisiae, which has much higher activity in cultures
grown with phenylalanine as the nitrogen source than in cultures
grown with ammonium sulfate as the nitrogen source (74) due to
a posttranscriptional regulation process, no drastic effect of the
nitrogen source on the activity of Pc13g09300 was observed. The
phenylpyruvate decarboxylase activity measured in cell extracts of
glucose-limited chemostat cultures grown with phenylalanine as
the nitrogen source (17 nmol - [mg protein] ~!' - min~!) was suf-
ficient to explain the in vivo flux toward phenylacetate (8 nmol -
[mg protein] ! - min~!), which was calculated from data shown
in Table 3 based on a soluble protein content of yeast biomass of
339% (60).

When pyruvate decarboxylase activities were assayed at pyru-
vate concentrations ranging from 0 to 75 mM, a sigmoidal rela-
tionship between substrate concentration and reaction rate was
observed that could be fitted with the Hill equation (29). The
estimated kinetic properties of Pc13g09300 in cell extracts were
K,,=13.8mMand V_,, = 2.1 umol (mgprotein) ! - min~ ! with
pyruvate as the substrate. The derived Hill coefficient of 2.0 indi-
cated that, similarly to pyruvate decarboxylases from other organ-
isms (7, 32), this fungal pyruvate decarboxylase exhibits coopera-
tivity with respect to pyruvate.

DISCUSSION

Phenylalanine utilization in P. chrysogenum. Since the 1940s,
the industrial production of penicillin G fermentations has relied
on the addition of phenylacetate to fermentation media. This
study shows that both phenylacetate and penicillin G can be pro-
duced in vivo from the catabolism of phenylalanine via an Ehrlich-
type pathway that involves phenylpyruvate decarboxylation as a
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key reaction. Although fluxes from phenylalanine toward phenyl-
acetate and penicillin G were low, they provide an adequate expla-
nation for the beneficial effect of complex medium components,
such as corn steep liquor, on penicillin G production in early
studies (50-52).

The model-based analysis of 1*C-labeled metabolite pools sug-
gests the involvement of an Ehrlich-type pathway involving sub-
sequent transamination, decarboxylation, and oxidation reac-
tions, combined with draining reactions catalyzed by hydroxylases
that act upon the intermediates of this pathway. The metabolic
branch toward phenylpyruvate and onward resembles metabo-
lism already described for several fungal species (35, 47-49). Fur-
thermore, the modeling results suggest the conversion of phenyl-
alanine to tyrosine via a phenylalanine hydroxylase.

The cinnamate pathway, which is involved in phenylalanine
catabolism in several ascomycetes (e.g., Aspergillus oryzae) and
basidiomycetes (33, 65), is unlikely to contribute to phenylalanine
catabolism under the conditions employed in the present study.
No labeled cinnamate was detected in intra- and extracellular me-
tabolite samples from phenylalanine-grown P. chrysogenum cul-
tures, and moreover, Pc16g03670, the P. chrysogenum ortholog of
the A. oryzae phenylalanine ammonia lyase (XP_001826366.2),
was not expressed when phenylalanine was added as the nitrogen
source or when ammonium sulfate fulfilled this role.

Testing the hypothesis that phenylalanine hydroxylase con-
tributes to phenylalanine catabolism in P. chrysogenum, which is
in contrast to the assumption that this pathway is absent from
ascomycetous fungi, will require an in-depth functional analysis
of putative hydroxylase genes in this fungus.

(Phenyl)pyruvate decarboxylase in P. chrysogenum. The
presence of a 2-oxo acid decarboxylase in P. chrysogenum confirms
that phenylacetate originates from a fungal Ehrlich-like pathway
for phenylalanine catabolism, a conclusion that is further sup-
ported by the concerted transcriptional upregulation of
Pc13g09300 and genes involved in the homogentisate pathway
(Fig. 3). Pyruvate decarboxylases are broadly distributed in fungi
and plants, and scientific interest is related mainly to their crucial
role in alcoholic fermentation. The role of pyruvate decarboxy-
lases in aerobic, nonfermentative organisms such as P. chrysoge-
num is incompletely understood. Several examples suggest that
alcoholic fermentation contributes to the short-term anaerobic
survival of aerobic organisms (34, 41). For example, the deletion
of the alcohol dehydrogenase gene adhCin A. nidulans reduces the
ability of this fungus to survive long periods of anaerobic stress.
This could be an explanation for the fact that A. nidulans does not
appear to have other pathways for regenerating NAD™ in the ab-
sence of oxygen (34). In Rhizopus oryzae, the expression of the
genes encoding the two pyruvate decarboxylases, pdcA and pdcB,
is tightly connected to hypoxic stress and was correlated with the
formation of ethanol (67). Our work demonstrates the existence
of a functional pyruvate decarboxylase in P. chrysogenum. The
high expression of Pc13g09300 in aerobic cultures grown with
phenylalanine as the nitrogen source indicates that the transcrip-
tional regulation of pyruvate decarboxylase is not exclusively re-
lated to anaerobicity. The demonstration that, in addition to its
pyruvate decarboxylase activity, Pc13g09300 utilizes phenylpyru-
vate as a substrate raises the possibility that this and other fungal
pyruvate decarboxylase genes are not subject to a dual regulation
by oxygen status and nitrogen source. Moreover, by analogy to the
situation in S. cerevisiae (28), it seems probable that Pc13g09300
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and/or its two homologs in the P. chrysogenum genome are in-
volved in Ehrlich-type pathways for the catabolism of other amino
acids.

Metabolic engineering of phenylacetate supply in P. chryso-
genum. In current industrial processes for the production of pen-
icillin G with P. chrysogenum, phenylacetate has to be fed at a
controlled rate to ensure that its concentration does not limit pen-
icillin G synthesis while at the same time avoiding toxic side effects
(77). The high costs derived from the external addition of phenyl-
acetate, which is produced from petrochemistry, already has stim-
ulated research into a more efficient use of phenylacetate (39, 61).
The increased understanding of the native P. chrysogenum path-
way for phenylalanine production, combined with the increased
accessibility of this fungus to genetic modification (68), now make
metabolic engineering strategies for the complete synthesis of
penicillin G from glucose, ammonia, and sulfate a realistic pros-
pect. A first objective in such metabolic engineering studies should
be to increase the intracellular concentration of phenylacetate.
This concentration would have to be optimized by increasing the
flux through the phenylalanine biosynthetic pathway. To do so,
strategies have already been applied in other organisms (i.e., Esch-
erichia coli [43] and S. cerevisiae [44]). In S. cerevisiae, the simul-
taneous replacement of the 3-deoxy-Dp-arabino-heptulosonate-7-
phosphate synthase (ARO4) and the chorismate mutase (ARO?)
with tyrosine feedback-insensitive alleles (ARO4K??°L and
ARO7C115) ]ed to a 4.5-fold increase of the in vivo flux toward
phenylalanine (44). Subsequently, the synthesis of undesirable by-
products and the degradation of intermediates will have to be
minimized. The identification and deletion of the gene(s) encod-
ing putative phenylalanine and phenylpyruvate hydroxylase activ-
ities may be an essential requirement to fulfill this objective. The
deletion of these genes in combination with the loss-of-function
mutation in the phenylacetate hydroxylase (pahA) (61) gene
might lead to an increased flux toward phenylacetate. Finally, the
flux through phenylpyruvate decarboxylase should be improved
by, for example, the replacement of the newly identified phenylpy-
ruvate decarboxylase (Pc13g09300) with a heterologous enzyme
with better kinetic properties. An interesting option is provided by
the S. cerevisiae gene ARO10, which encodes a well-characterized
phenylpyruvate decarboxylase (74, 75). In comparable experi-
mental setups, Arol10p exhibited an in vitro phenylpyruvate activ-
ity that is 15-fold higher than the one found in this study for
Pc13g09300 (270 nmol - [mg protein] ! - min~! versus 16.7
nmol - [mg protein] ~! min~!). In addition to improved process
economics, the replacement of petrochemically produced phenyl-
acetate with a renewable sugar substrate can further improve the
sustainability of large-scale penicillin G production.
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