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Published in Biochimica et Biophysica Acta, Vol. 1565, p. 73-80, 2002.  

 

 

Abstract 
 

The gene encoding the amino acid permease ArlP (Aromatic and leucine 

Permease) was isolated from the filamentous fungus Penicillium chrysogenum after 

PCR using degenerated oligonucleotides based on conserved regions of fungal amino 

acid permeases. The cDNA clone was used for expression of the permease in 

Saccharomyces cerevisiae M4054, which is defective in the general amino acid 

permease Gap1. Upon overexpression, an increase in the uptake of L-tyrosine, L-

phenylalanine, L-tryptophan and L-leucine was observed. Further competition 

experiments indicate that ArlP recognizes neutral and aromatic amino acids with an 

unbranched β-carbon atom.   
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Introduction    
 

Fungi can use amino acids either as nitrogen and/or carbon source or as 

building blocks for protein synthesis. The uptake of amino acids is mediated by a 

multiplicity of carriers with different, overlapping degree of specificity. In addition, 

cells harbor one or more broad-specificity, large capacity, general amino acid 

permeases (82), (186). Most of the sequenced and characterized fungal amino acid 

permeases from fungi belong to one related group, referred to as the AAP family (6). 

This family also includes some bacterial amino acid permeases. These transport 

systems have a common structural organization with 12 α-helical putative 

transmembrane segments and cytoplasmically located N- and C-terminal hydrophilic 

regions (186). Transport occurs by proton symport with the pmf as driving force (78, 

181).  

In Neurospora crassa, an amino acid permease specific for neutral aliphatic 

and aromatic amino acids was identified, which is not related to the AAP family (46, 

103, 195). It is a member of the amino acid/auxin permease (AAAP) family which 

includes auxin and amino acid permeases from plants and animals (231). 

In the yeast Saccharomyces cerevisiae, 24 members of the AAP family have 

been found (6, 140, 154) of which most have been functionally characterized (157). 

Based on their regulation at the transcriptional level, the permeases in S. cerevisiae 

are divided in two classes. The general amino acid permease Gap1p, which transports 

all D- and L-amino acids with high capacity (93), the proline permease Put4p (94) and 

the acidic amino acid permease Dip5p (159) are subject to nitrogen catabolite 

repression. The transcription of their genes is repressed when a rich nitrogen source 

like ammonia or arginine is available (222). The expression of most low-capacity, 

high specificity and affinity permeases, requires induction by sensing of an 

extracellular amino acid (38). Examples are the branched-chain amino acid 

permeases, Bap2p (67) and Bap3p, the tyrosine and tryptophan permease Tat1p (178) 

and the histidine permease, Hip1p (200),  

In filamentous fungi, amino acid uptake has been studied mainly by transport 

assays and characterization of mutants defective in uptake of one or more amino 

acids. In Neurospora crassa, five distinct transport systems (system I – V) have been 

identified. System III corresponds to the general amino acid permease. The other 

systems are specific for a group of related amino acids. A similar situation seems to 
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hold for Aspergillus nidulans (82, and references therein). The L-proline specific 

transport system, encoded by prnB, was the first amino acid permease from a 

filamentous fungus which was sequenced (21) and characterized with respect to 

kinetics and regulation (202). For the penicillin producing filamentous fungus 

Penicillium chrysogenum, nine different transport systems have been reported: system 

I for L-methionine (13); II for L-cysteine (183); III for neutral and basic amino acids 

(14); IV for acidic amino acids; V for L-proline; VI for L-lysine and L-arginine, VII 

for L-arginine; VIII for L-lysine and IX for L-cysteine (85).  The first two systems are 

expressed under sulphur starvation, while systems III-V are expressed under nitrogen 

and carbon starvation (NCR and CCR). Systems VI-VIII appear constitutive (82). 

Here we describe the cloning of a gene that specifies a novel amino acid permease 

from P. chrysogenum with an unusual specificity. 

 

  

Materials and methods 
 

Strains and media. The P. chrysogenum strain used in this study is 

Wisconsin 54-1255, a low-level penicillin-producing strain (kindly provided by 

DSM). Cultures were started on YPG medium (1% yeast extract, 2% peptone and 2 % 

glucose) and incubated for 16 h and subsequently diluted into minimal medium 

supplemented with 4 % glucose and 0.4 % ammonia acetate as described by (107). 

Saccharomyces cerevisiae M4054 strain (MATα, ura3, ∆gap1) (67) was used for the 

functional expression and transport assays. Cells were grown in a minimal buffered 

medium containing 1 % succinate, 0.6 % NaOH, 0.16 % Yeast Nitrogen Base without 

ammonium sulphate and without amino acids (Difco), 2 % glucose and 0.1 % proline 

as a nitrogen source (MP), or on YPG (1 % yeast extract, 2 % peptone, and 2 % 

glucose). Minimal medium containing 0.5% (NH4)2SO4 instead of proline was used 

for selection of transformants containing the plasmid yCA and yCN (see below). E. 

coli DH5α was employed for all cloning steps, carried out as described in (174). 

 

Amplification of amino acid permease gene fragment by PCR. 

Degenerated oligonucleotides (5′-ATGATSKCCMTSGGYGSYISYMTIGGIACIGG-

3′ and 5′-GAAYTCGRIYTCRSCRWAIGGICG-3′) were designed based on 

conserved regions of fungal amino acid permease genes. PCR was performed on 
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chromosomal DNA of P. chrysogenum Wisconsin 54-1255 in a Perkin-Elmer 

thermocycler for 30 cycles, with each cycle consisting of 94ºC for 45 s, 40ºC for 1 

min and 72ºC for 1 min. At the end of 30 cycles, samples were incubated for 5 min at 

72ºC. Gel purified products, ranging from approx. 350 bps to 500 bps were subcloned 

into the pGEM-T Easy vector (Promega) for DNA sequence determination. Of the 25 

clones sequenced, two identical clones showed homology with known amino acid 

transporter-encoding genes.  

 

Isolation of permease gene from genomic library. A genomic library of P. 

chrysogenum DNA in phage Lambda ZAP II (Stratagene), was screened by plaque 

hybridization as described by (174). Approximately 30,000 plaques were transferred 

to Zeta-Probe blotting membranes (BioRad), and probed with the radioactively 

labeled, above-mentioned PCR product. One positive plaque was isolated, phages 

were released and pBluescript was rescued from the Lambda ZAP II vector by in vivo 

excision, using M13. The 8-kb insert carried the complete permease gene.  

 

Expression in S. cerevisiae M4054. For expression, a construct was created 

based on the yeast-E. coli shuttle vector yEP352 (76). The copper inducible promoter 

pCUP1 of S. cerevisiae was inserted into yEP352. The cDNA of the amino acid 

permease gene was amplified by PCR from a cDNA library and cloned behind 

pCUP1. The terminator of AatA, encoding acyl coenzyme A:isopenicillin N 

acyltransferase of P. chrysogenum, was cloned behind the permease gene resulting in 

the plasmid yCA. For control experiments, the same construct without the permease 

gene was used, denoted yCN. Plasmids were transformed into S. cerevisiae strain 

M4054. To test transcript levels, total RNA was isolated from cells disrupted by 

vortexing with glassbeads and extracted with Trizol reagent (Gibco BRL). Specific 

arlP mRNA levels were measured by quantitative RT-PCR.  

 

Transport studies. Overnight cultures grown in minimal medium containing 

proline as the sole nitrogen source, were diluted with fresh medium, supplemented 

with 0.2 mM CuSO4, and growth was continued at 30ºC until an OD600 of 0.4 - 0.8. 

Cells from 50 ml of culture were harvested, washed in minimal medium without any 

nitrogen source and resuspended to OD600 of 10 in the same medium. After 10 min of 

preincubation at 30ºC, 100 µl of cells were added to 150 µl of the same medium 
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containing 25 µM 14C-labeled L-amino acid (0.05 µCi). For competition studies, the 

uptake of 250 µM [14C-] L-tyrosine was analyzed in the presence of a 10-fold excess 

of an unlabeled L-amino acid. For the determination of the Km value, the 

concentration of L-tyrosine was varied between 25 µM and 2.5 mM, while for Ki 

determinations, the kinetics was analyzed in the presence of 500 µM of the indicated 

unlabeled amino acid. The uptake of amino acid was stopped by the addition of 2 ml 

of ice-cold 0.1 M LiCl, immediately followed by filtration through a 0.45-µm-pore-

size nitrocellulose filter. The filters were washed with 2 ml of ice-cold 0.1 M LiCl, 

submerged in scintillation fluid and the retained radioactivity was measured in a 

scintillation counter. 

 

Expression of arlP. For expression studies, main cultures were incubated for 

48 h (early stationary phase) in a rotary shaker at 200 rpm and 25ºC, then transferred 

to fresh minimal medium containing either urea (0.4 %, w/v), ammonia acetate (0.4 

%, w/v) or ammonia acetate plus 10 mM tyrosine, phenylalanine or leucine as 

nitrogen source. Incubation was continued for 5 h, and mycelial samples were taken at 

various times, washed and grounded with liquid nitrogen. RNA was extracted using 

Trizol reagent (Gibco BRL) and specific arlP mRNA levels were measured by 

quantitative RT-PCR. 

 

 

Results 
 

Cloning of amino acid permeases of Penicillium chrysogenum. To clone 

genes encoding the P. chrysogenum amino acid permeases, PCR was performed using 

degenerated primers based on conserved regions of fungal amino acid permeases (Fig. 

1). Products that varied in length from about 350 to 550 bps were cloned, sequenced, 

and analyzed by means of BLAST searches (2). Of the 20 different PCR products, 

only one fragment of 406 bp showed significant homology (up to 37 % amino acid 

identity) with genes encoding amino acid permeases of S. cerevisiae and other fungi. 

To clone the complete gene, a genomic library of P. chrysogenum in lambda ZAP II 

(Stratagene) was screened by plaque hybridization. One positive plaque was isolated 

and by in vivo excision from the lambda ZAP II phage vector, pBluescript, containing 
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                             1                                  
                        -----------                                       
Put4  GDSEPHKLKQGLQSRHVQLIALGGAIGTGLLVGTSSTLHTCGPAGLFISY  99 - 148 
Dip5  GKDENTRLRKDLKARHISMIAIGGSLGTGLLIGTGTALLTGGPVAMLIAY  75 - 124 
Can1  GEVQNAEVKRELKQRHIGMIALGGTIGTGLFIGLSTPLTNAGPVGALISY  77 - 126 
Lyp1  AHYEDKHVKRALKQRHIGMIALGGTIGTGLFVGISTPLSNAGPVGSLIAY  99 - 148 
Gap1  IITAQTPLKHHLKNRHLQMIAIGGAIGTGLLVGSGTALRTGGPASLLIGW  79 - 128 
Tat2  GSFDTSNLKRTLKPRHLIMIAIGGSIGTGLFVGSGKAIAEGGPLGVVIGW  71 - 120 
Inda  ---GMVELERPMKARHLHMIAIGGSIGAGFFVGSGGALAKGGPGSLFVDF  57 - 103 
 
ArlP  QLKEIHEFRQGLHQRHIQMIALAGTVGTGIFLSSGRAIVEAGPLGAFLAY  45 - 94 
 
 
                     2                                                 
                 --------                                              
Put4  CVVVILNFSAVKVYGESEFWFASIKILCIVGLIILSFILFWGGGPNHDRL  246 - 295 
Dip5  VVIVAINVVGVKFFGEFEFWLSSFKVMVMLGLILLLFIIMLGGGPNHDRL  219 - 268 
Can1  VIITIMNLFPVKYYGEFEFWVASIKVLAIIGFLIYCFCMVCGAG-VTGPV  220 - 268 
Lyp1  VIITLMNFFPVKVYGEFEFWVASVKVLAIMGYLIYALIIVCGGS-HQGPI  242 - 290 
Gap1  LAIVIINMFGVKGYGEAEFVFSFIKVITVVGFIILGIILNCGGGPT----  222 - 267 
Tat2  AVIVSINLFGVRGFGEAEFAFSTIKAITVCGFIILCVVLICGGGPD----  213 - 258 
Inda  GVIIIINLFGALGYAEEEFWASCFKLAATVIFMIIAFVLVLGGGPKDGRY  196 - 245 
 
ArlP  LLMLSTAFVFVRVYGELEFGFSILKIMLIIGVNLMALVITCGGAPNKSSI  187 - 236 
 
 

Figure 1. Amino acid sequence alignment of conserved regions of fungal amino acid permeases. 

Sequences were searched from PubMed database at NCBI (www.ncbi.nlm.nih.gov/PubMed) using the 

program BLAST (2), except for the ArlP sequence (this work). Alignments were made with ClustalX 

(95). Degenerated oligonucleotides were based on the indicated sequences (dashed lines). Put4 (221), 

Dip5 (159), Can1 (80), Lyp1 (197), Gap1 (93) and Tat2 (178) are S. cerevisiae permeases for proline, 

glutamate and aspartate, arginine, all amino acids and aromatic amino acids respectively; Inda is a 

general amino acid permease from T. harzianum (223).  

 
 

an insert of 8 kb, was obtained. The insert was sequenced and found to contain an 

ORF that specifies a permease gene. The full-length sequence of arlP is shown in Fig. 

2. The ORF of 1680 bp is interrupted by one intron of 59 bp. The encoded transport 

protein shows the highest homology with putative amino acid transporters of 

Uromyces fabae (41% amino acid identity), Amanita muscaria (39%), 

Schizosaccharomyces pombe (39%) and with characterized amino acid transporters of 

Saccharomyces cerevisiae (Dip5, 37%; Put4, 36%) (BLAST search (2)).  
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-320  GAGACGCTAG ATGCCCTATT TAAACCCCGC TGAAAAGTTT CTTTTTTTCT GATTTCTTTG  

  
-240  TTTTACGCGA AAGCCGCGCT GTAAAGGTGG CCCAGTTTAT CAGCCAACAA TACAATGTGA 
   
-180  ATTGCAAATT GGCCCTTTCC AAGTAGCTGT GATTGTTCAA CTATGCCTGG GGCCACGATC 
   
-120  TGCGCAATAG GGGGGAGAAT TAGTTACGTG AAAAAAAAAG TACGAGCAAT AATGACTTGT 
   
- 60  TATTCCTTAG CTTAAGTCTT TTCCTTCCCA AAGATTTTGT GTCACGCCAC GGGGTTCTCA 
   
+  1  ATGTCACCTT TTATAACGAC CCATGTTTGG AAGGACGATG GCAGTACTAC CCCCATCGTG   
        M  S  P   F  I  T   T  H  V  W   K  D  D   G  S  T   T  P  I  V   
 
  61  TCCAACCCAA ATGTCCCAAT CTACGGAGAC GGCGAAATGA GCGACAATAG CGAAATAGAG   
        S  N  P   N  V  P   I  Y  G  D   G  E  M   S  D  N   S  E  I  E   
 
 121  AATGCGGCCG GTCAGCTCAA GGAGATTCAC GAGTTCAGAC AGGGCCTGCA TCAGCGACAC   
        N  A  A   G  Q  L   K  E  I  H   E  F  R   Q  G  L   H  Q  R  H   
 
 181  ATTCAGATGA TTGCTCTCGC CGGTACGGTG GGGACGGGTA TTTTCCTCAG TTCGGGCCGT   
        I  Q  M   I  A  L   A  G  T  V   G  T  G   I  F  L   S  S  G  R   
 
 241  GCCATTGTGG AAGCTGGACC ATTGGGCGCG TTCTTGGCAT ATACAATCAT TGGTGCTACT   
        A  I  V   E  A  G   P  L  G  A   F  L  A   Y  T  I   I  G  A  T   
 
 301  GTTGCGAGTG TCGTCTACGG AGTTGGTGAG ATGGGAGCCC TGGTACCTCT CAATGGTGGT   
        V  A  S   V  V  Y   G  V  G  E   M  G  A   L  V  P   L  N  G  G   
 
 361  GTTATTCGCT ACGCAGAGAT CTTCTGTGAC CCCGCGCTAG CGTTCGCCAA TGGGTGGAAC   
        V  I  R   Y  A  E   I  F  C  D   P  A  L   A  F  A   N  G  W  N   
 
 421  CAGATATACT CCTACTGTGT GTCGATTCCG TCGGAGATTG TCGCTGCGGC TGTTATCATT   
        Q  I  Y   S  Y  C   V  S  I  P   S  E  I   V  A  A   A  V  I  I   
 
 481  GAATTCTGGA TCACGGTCAA CAACGCAATA TGGATCACTG TGCTTGGTCT TCTTATGCTT   
        E  F  W   I  T  V   N  N  A  I   W  I  T   V  L  G   L  L  M  L   
 
 541  TCCACCGCCT TTGTCTTTGT TCGCGTGTAT GGAGAGCTCG AGTTCGGCTT TTCTATTCTC   
        S  T  A   F  V  F   V  R  V  Y   G  E  L   E  F  G   F  S  I  L   
 
 601  AAAATTATGC TCATTATCGG CGTAAACCTG ATGGCTCTGG TGATTTCACC CTCTAGGTCG  
        K  I  M   L  I  I   G  V  N  L   M  A  L 
 
 661   GGAACATGTC TACTTTGCGT GCTAATCCTT TTTGATAGG TAATTACCTG CGGTGGAGCC   
                                                   V  I  T   C  G  G  A   
 
 720  CCGAATAAGT CGTCCATTGG ATTTGCTTAC TGGAAAGCAC CCTACGGCCC CTTCGTCCAG   
        P  N  K   S  S  I   G  F  A  Y   W  K  A   P  Y  G   P  F  V  Q   
 
 780  TACTTGGGGG TGGGCGGGCC CCTTGGCCGG TTTTTGGGCT TCTGGAAAAC CTTCGACAAC   
        Y  L  G   V  G  G   P  L  G  R   F  L  G   F  W  K   T  F  D  N   
 
 840  GCGCTCTTCG CTTACTCTGG TATCGAGAAC TTTACTCTCG CTGCGGCTGA GACTCGAAAC   
        A  L  F   A  Y  S   G  I  E  N   F  T  L   A  A  A   E  T  R  N   
 
 900  CCTCGACACT CTATCCCCAT GGCCGCTAGA CGTATCTTCG TCCGCATTCT GCTCTTTTAC   
        P  R  H   S  I  P   M  A  A  R   R  I  F   V  R  I   L  L  F  Y   
 
  

Figure 2. Nucleotide sequence and deduced amino acid sequence of the genomic clone of P. 

chrysogenum ArlP. Sequences with gray background indicate the position of the conserved regions of 

AAP family permeases, on which degenerated primers were based. The 59 bp intron is boxed in black. 

The 12 predicted transmembrane segments are underlined. 
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960   GTGATCACCA TCTTTATGAT CGGCCTGATT GTTTCGTCTG CCGATAAAAG ACTCCTGGGC   
        V  I  T   I  F  M   I  G  L  I   V  S  S   A  D  K   R  L  L  G   
 
1020  TCGTCGGGGA CAGCCTCGCA GTCCCCTTTC GTTATCGCAG CGCGCCATGC TGGCATCAAG   
        S  S  G   T  A  S   Q  S  P  F   V  I  A   A  R  H   A  G  I  K   
 
1080  GTGGTTCCTT CGATCATCAA CGCAGTTGTG CTCACATCAG CATGGTCCTC CGGGAACAGC   
        V  V  P   S  I  I   N  A  V  V   L  T  S   A  W  S   S  G  N  S   
 
1140  AATATCTTGG GTGGCTCCAG AATCCTATAC GGTATGGCAA CCCAGGGTCA TGCCCCCGCC   
        N  I  L   G  G  S   R  I  L  Y   G  M  A   T  Q  G   H  A  P  A   
 
1200  GTCTTCACAC GTATCAACCG CTTCGGTATC CCTTGGGTTG CTGTCGCGCT CTATGGCGTC   
        V  F  T   R  I  N   R  F  G  I   P  W  V   A  V  A   L  Y  G  V   
 
1260  TTCATGTCAC TTGGATACAT GAGTCTTTCC AGCTCGGCCA GCACGGTATT CACATGGCTA   
        F  M  S   L  G  Y   M  S  L  S   S  S  A   S  T  V   F  T  W  L   
 
1320  CAGAACCTTG TCTCTATCTC GACTCTAGTG AACCTGATGT GCATCTGTAT TGTCTACCTT   
        Q  N  L   V  S  I   S  T  L  V   N  L  M   C  I  C   I  V  Y  L   
 
1380  AGATTCTACT ACGGATGCAA GAAGCAGGGA ATTGATCGCT TCAAGGAGCT CCCGTGGGCA   
        R  F  Y   Y  G  C   K  K  Q  G   I  D  R   F  K  E   L  P  W  A   
 
1440  GCACCTTTCC AGCCATACAT AACTTGGATC TCGTTGTTCA TTTATGTTGT CCTTTTCTTC   
        A  P  F   Q  P  Y   I  T  W  I   S  L  F   I  Y  V   V  L  F  F   
 
1500  ACCGGAGGGT TTACGACATT TATGCGCGGT CATTGGAGCA CTGCAACCTT CGTTTCGACT   
        T  G  G   F  T  T   F  M  R  G   H  W  S   T  A  T   F  V  S  T   
 
1560  TATTTCAACC TGCCATTCAT CGTCATTGTG TATTTTGCCT ACAAGTTCTG GGCAAAAACG   
        Y  F  N   L  P  F   I  V  I  V   Y  F  A   Y  K  F   W  A  K  T   
 
1620  AAGATCATCC CGCTGGCAGA AATTCCCATT CGGCCTTTCA TCGAAAGCTG GCACAAAAAT   
        K  I  I   P  L  A   E  I  P  I   R  P  F   I  E  S   W  H  K  N   
 
1680  CCCGAGCCAG AGCCCAAGCC GAAGCGAGGC CTCAGCAAAC TTAATATTTT GTGGTCATAA   
        P  E  P   E  P  K   P  K  R  G   L  S  K   L  N  I   L  W  S  -   
 
1740  TTTGTACCGT GTACAGTTTC ACCATGAACC TGACGCTGGA CCACCGGACA CCGGCCTGTC 
   
1800  CGGTTTTAGG GCTTAGTGGC CGGGTGATGC CGGGCCCGCT TTCATGCATC GAAAACCGTG 
   
1860  ACATTGTGCT TGCTGACACT AAATAAAAAG TTTCTTTGCT TCATTATATT TGAGAATACT   

 
Figure 2 (continued) 

 

 

Expression in S. cerevisiae M4054. The gene was expressed in S. cerevisiae 

strain M4054 (∆gap1) to analyze the substrate specificity of the permease. This strain 

lacks the general amino acid permease, Gap1. Gap1 is a non-specific, high capacity 

permease that transports most L- and D-amino acids. Due to the deletion, strain 

M4054 exhibits a low endogenous amino acid uptake activity (93), (157). The 

permease gene was amplified from a cDNA library, thereby obtaining the intron-less 

ORF, and inserted into the yEP352-based vector yCN, under control of the copper 

inducible CUP1 promoter, yielding yCA. This construct was introduced into strain 
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M4054. For control experiments, the “empty vector” yCN was transformed into 

M4054. To determine if the gene was expressed upon addition of CuSO4, RNA levels 

were analyzed by RT-PCR. The presence of CuSO4 resulted in a high transcription of 

the permease gene, whereas without CuSO4 only a low level of transcript was found 

(see also Fig. 5).  

Figure 3. Time dependent uptake of L-tyrosine (A), L-phenylalanine (B), L-tryptophan (C), L-leucine 

(D), L-isoleucine (E) and L-alanine (F) in S. cerevisiae M4054 expressing ArlP (solid symbols) or with 

empty vector (open symbols). Uptake experiments were performed with cells grown to exponential 

phase in minimal proline medium. Expression of ArlP was induced with 2 mM CuSO4 5 h before 

harvesting.  

 

 

Transport characteristics. To determine the substrate specificity of the 

permease gene expressed in S. cerevisiae M4054, uptake was analyzed of 15 different 

[14C]-radiolabeled L-amino acids that represent all groups of amino acids. Cells were 

grown to mid-exponential phase in minimal medium with proline as sole nitrogen 

source to prevent nitrogen catabolite inhibition known to elicit the degradation of 

some amino-acid permeases in S. cerevisiae (73). The uptake of L-[14C]tyrosine in 

M4054 expressing the permease was at least 10 times higher than the background 
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uptake level (Fig. 3). A significant increase in the uptake rate was also observed for 

L-[14C]phenylalanine, L-[14C]leucine and L-[14C]tryptophan. For the other tested 

amino acids (L-[14C]alanine, L-[14C]isoleucine, L-[14C]lysine, L-[14C]glutamine, L-

[14C]asparagine, L-[14C]cysteine, L-[14C]glutamate, L-[14C]histidine, L-

[14C]threonine, L-[14C]serine and L-[14C]proline), the uptake rates were 

indistinguishable for the control and permease-containing cells.  

The apparent Km of tyrosine uptake was about 360 µM (Table 1). The 

substrate specificity of the permease was further tested by determining the inhibition 

of uptake of L-[14C]tyrosine by a ten-fold excess of unlabeled amino acids (Fig. 4). 

Interestingly, some of the amino acids that inhibited tyrosine uptake by more than 

60%, such as alanine, arginine and methionine, appeared not to be transported by the 

permease in direct transport assays. Leucine, tryptophan and phenylalanine were 

strong competitive inhibitors of L-[14C]tyrosine with Ki values ranging from 150 to 

750 µM (Table 1). None of the amino acids that contained a branched β-carbon (i.e., 

isoleucine, valine and threonine) inhibited tyrosine uptake. The acidic amino acids 

exerted a low inhibition, which might be related to their negative charge. Based on 

these data the transporter which is now termed ArlP, appears to be involved in the 

uptake of aromatic amino acids and leucine.  

 
 

 

 

Table 1. Kinetic parameters for tyrosine uptake and competitive inhibition of tyrosine uptake by 

phenylalanine, tryptophan and leucine  

 
Amino acid Km (µM) Ki (µM) 

Tyrosine 361  

Phenylalanine  355 

Tryptophan  743 

Leucine  169 

 
The values were obtained from linear regression analysis of data in Lineweaver-Burk plots for 

competitive inhibition. 
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Figure 4. Competition of nonlabeled amino acids for uptake of [14C]tyrosine for uptake by S. 

cerevisiae strain M4054 expressing ArlP. [14C]tyrosine was present at a final concentration of 25 µM, 

and the indicated nonlabeled amino acids were added in a 10-fold excess. The rate of uptake was 

determined after 3 min and results shown are the means of three independent experiments. 

 

 

The activity of the permease upon Cu2+-induced overexpression of arlP in S. 

cerevisiae was tested not only after growing cells in minimal medium with proline as 

sole nitrogen source but also with NH4
+. Uptake of tyrosine in cells grown in the 

presence of (NH4)2SO4 was much lower than in cells grown with proline as sole N-

source. Since the transcript levels of the arlP gene were not drastically different with 

both nitrogen sources, this suggests a negative regulation of the amino acid permease 

at a post-transcriptional level in response to ammonia (Fig 5). Post-transcriptional 

regulation by rapid ammonia inactivation has been shown for the proline permease 

PrnB in A. nidulans (202), and for Gap1 in S. cerevisiae (72). 

 

Expression of arlP in Penicillium chrysogenum. The two most common 

mechanisms involved in regulation at the transcriptional level of AAP family 

transporters are substrate induction (45) and nitrogen catabolite repression (6). To test 
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if the expression of arlP is regulated by either one of these mechanisms, P. 

chrysogenum was grown in minimal media with proline (poor nitrogen source) or 

ammoniaoxaloacetate (rich nitrogen source) as the sole nitrogen source, as well as in 

presence of millimolar concentrations of tyrosine, phenylalanine or leucine. 

Messenger RNA levels of the permease gene were measured by RT-PCR. At none of 

the tested conditions a significant level of expression could be detected during 

logarithmic growth, while low expression levels were found at late stationary phase, 

irrespective of carbon or nitrogen source.  
 

Figure 5. Expression (upper panel) and tyrosine uptake activity (lower panel) of ArlP in S. cerevisiae 

strain M4054 transformed with yCA (containing arlP) or yCN (empty vector) grown in the presence of  

Cu2+ or without Cu2+, in minimal proline medium (MP, left) or minimal ammonia medium (MA, right). 

ArlP mRNA levels were measured by a quantitative RT-PCR. Tyrosine uptake was measured at an 

extracellular concentration of 25 µM in minimal medium without nitrogen source (MM). ArlP 

mediated uptake of tyrosine was measured in cells grown in MA (with Cu2+; closed triangles; without 

Cu2+; open circles) and MP (Cu2+; closed circles) 
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Discussion 
 

In order to amplify gene fragments of amino acid permeases of P. 

chrysogenum, PCR was performed using a set of degenerated primers that were based 

on conserved regions of fungal amino acid permeases, forming the AAP family (6, 

186). The PCR fragment was used to clone the entire gene from a genomic library. 

The cloned permease gene showed 30-39 % amino acid sequence identity with 

members of this family. When the cDNA clone was expressed in Saccharomyces 

cerevisiae strain M4054 (∆gap1), which has a decreased amino acid uptake (67), a 

significantly increased rate of tyrosine, phenylalanine, leucine and tryptophan uptake 

was observed. For other amino acids the increase in uptake was only marginal. Based 

on this observation, the permease was identified as an aromatic amino acid and 

leucine transport system, termed ArlP. 

An interesting feature of ArlP is the selectivity towards the configuration of 

the β-carbon of amino acids. When the side chain is branched at this position, the 

amino acid does not compete with tyrosine for uptake. This suggests that the active 

site has an unusual specificity that has not been observed before for aromatic amino 

acid permeases. However, many of the competing amino acids are not transported by 

ArlP as the uptake of these amino acids is not elevated upon expression of arlP in S. 

cerevisiae M4054. 

The physiological function of ArlP is not understood. The expression of the 

arlP gene was tested under conditions of nitrogen limitation/starvation and in the 

presence of millimolar concentrations of its substrates. No significant level of the arlP 

mRNA could be detected under these conditions. Some expression was observed at 

late stationary phase, irrespective of carbon or nitrogen source, but this was not 

further analyzed. Some fungal amino acid permeases have been shown to be  

expressed in differentiating cells. For instance, the expression of an amino acid 

permease of the rust fungus Uromyces fabae, which is homologous to the amino acid 

permeases of the AAP family, is induced only in haustoria, i.e., specialized hyphae 

that are involved in plant infection (71). The expression of arlP in P. chrysogenum 

may also be restricted to a morphologically or developmentally differentiated state.  

We also noted that ArlP activity after overexpression was strongly decreased 

in S. cerevisiae when grown with ammonia as nitrogen-source. Post-transcriptional 

regulation by rapid ammonia inactivation has been shown for the proline permease 
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PrnB in A. nidulans (202), and in more detail, for Gap1 in S. cerevisiae, where NH4
+ 

induces ubiquitination, endocytosis and vacuolar degradation (73, 189). 

In summary, we have described the cloning and characterization of a permease 

of Penicillium chrysogenum, specific for aromatic amino acids and leucine. 

Saccharomyces cerevisiae proved to be a suitable host for overexpression and 

characterization. 
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Abstract 

 

External addition of the ß-lactam precursor α-aminoadipic acid to the 

filamentous fungus Penicillium chrysogenum leads to an increased intracellular 

concentration of α-aminoadipic acid and an elevation of the penicillin production. 

The exact route for α-aminoadipic acid uptake is unknown, although the general 

amino acid and acidic amino acid permeases have been implicated in this process. 

Their corresponding genes, PcGAP1 and PcDIP5 of P. chrysogenum were cloned and 

functionally expressed in a mutant of Saccharomyces cerevisiae (M4276) in which 

the acidic amino acid (DIP5) and the general amino acid permease (GAP1) genes are 

disrupted. Transport assays show that both PcGap1 and PcDip5 mediated the uptake 

of α-aminoadipic acid, albeit PcGap1 showed a higher affinity for α-aminoadipic acid 

than PcDip5 (Km values of 230 and 800 µM, respectively). Leucine strongly inhibits 

α-aminoadipic acid transport via PcGap1, but not via PcDip5. This difference was 

exploited to estimate the relative contribution of both transport systems to the α-

aminoadipic acid flux in β-lactam producing P. chrysogenum. The transport 

measurements demonstrate that both PcGap1 and PcDip5 contribute to the α-

aminoadipic acid flux.  
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Introduction 
 

The production of penicillin, still the most widely used antibiotic together with 

its derivatives, is mainly based on an industrial fermentation utilizing the filamentous 

fungus Penicillium chrysogenum. Although the biochemistry of the penicillin 

biosynthesis has been researched extensively, much less is known about the transport 

processes involved. This for instance relates to the transport of penicillin or its 

precursors across membranes of the intracellular compartments and the transport 

across the plasma membrane (211). The penicillin biosynthesis pathway starts in the 

cytosol with the condensation of three amino acids, L-α-aminoadipic acid (α-AAA), 

L-cysteine and L-valine, to form the tripeptide L-α-amino-adipyl-L-cysteinyl-D-

valine (ACV) (215). ACV is converted into isopenicillin N (IPN) by IPN synthase. In 

this step the characteristic β-lactam ring structure is formed by ring closure. IPN is 

subsequently transported into microbodies or peroxisomes, where the α-aminoadipic 

acid moiety is replaced by a phenylacetic acid group involving a CoA derivative of 

this aromatic acid. This process yields penicillin G that subsequently must be 

transported across the microbody membrane and the plasma membrane in order to 

accumulate in the extracellular medium (1, 19, 125, 211). α-Aminoadipic acid is 

released in the microbody and can be recycled either for lysine or penicillin 

biosynthesis. However, a portion of the α-aminoadipic acid is lost by the irreversible 

formation of 6-oxopiperidine-2-carboxylic acid (OPC), a cyclized form of α-

aminoadipic acid. The extent of OPC formation ranges from 6 to 60% relative to the 

formation of penicillin (on a molar basis), depending on strain and cultivation 

conditions. A major fraction of the OPC seems to be secreted from the cell, but the 

mechanism of secretion is unknown (74).  

The intracellular concentration of α-aminoadipic acid, and not of cysteine and 

valine, appears limiting for the synthesis of the tripeptide ACV which affects the 

overall penicillin biosynthesis rate in low producing strains (59, 81). This has become 

apparent from experiments in which α-aminoadipic acid is supplemented to the 

mycelium whereupon the intracellular α-AAA concentration is elevated 

concomitantly with an enhanced level of ACV and penicillin production (59, 81). In 

addition, higher penicillin-producing strains have increased levels of intracellular α-

AAA (92). In P. chrysogenum, α-AAA is a branching intermediate of the lysine and 
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penicillin biosynthesis pathway that share common enzymatic steps starting from α-

ketoglutarate. The routes diverge at the point where the α-AAA can be converted into 

α-AAA-semialdehyde by α-aminoadipate reductase (16, 58, 92). Disruption of the 

gene encoding this enzyme, i.e., LYS2, results in a higher intracellular α-AAA 

concentration and concomitantly higher levels of penicillin production (26). In 

Aspergillus nidulans, also producing penicillin but not used for industrial production, 

the relative amount of α-AAA entering either the penicillin synthesis or lysine 

synthesis pathway is tightly regulated (23). Another important aspect of the α-AAA 

biosynthesis route is that in yeast, some of the enzymes of the lysine biosynthesis 

pathway are localized in the microbodies instead of the mitochondria (20). It is 

unclear how this pathway is organized in filamentous fungi. 

The observation that externally added α-AAA enhances penicillin 

biosynthesis strongly suggests that there is a mechanism of α-AAA uptake. Fungi 

have different amino acid permeases that vary in specificity. Some systems are 

specific only for a group of related amino acids, while the general amino acid 

permease can transport all amino acids (82, 157, 186). These systems all belong to 

one family, referred to as the amino acid permease (AAP) family (6). Exceptions are 

the mtr locus encoded permease from Neurospora crassa and its homologue of P. 

chrysogenum, which are specific for neutral aliphatic and aromatic amino acids (103, 

195) Trip et al., unpublished results). In general, amino acid transport occurs by 

proton symport and thus is driven by the proton motive force (78, 181). Although α-

AAA is not one of the natural amino acid but an intermediate of amino acid 

metabolism, it shares the characteristics with glutamate and aspartate as a 

dicarboxylic amino acid. In S. cerevisiae, these amino acids can enter the cell via the 

general amino acid permease, Gap1, and the acidic amino acid permease, Dip5 (159). 

In P. chrysogenum, transport systems have mostly been described only on the basis of 

functional studies, and these systems have not been genetically described. The general 

amino acid permease is a non-specific system that is involved in uptake of all amino 

acids (14), while the acidic amino acid permease mediates the uptake of glutamate 

and aspartate. Previous studies have shown that glutamate transport by the acidic 

amino acid permease can be inhibited by an excess of α-AAA, which suggest that this 

compound is a substrate for this transporter (85). 
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Here we have analyzed the uptake of α-AAA by P. chrysogenum in more 

detail, and show that there are two major uptake routes, i.e., 1) via the acidic amino 

acid permease, and 2) via the general amino acid permease. The genes encoding these 

transporters were cloned in a S. cerevisiae mutant that is defective in acidic amino 

acid uptake, allowing the functional characterization of the P. chrysogenum Gap1 and 

Dip5 homologues. The results indicate that both systems contribute to the uptake of 

α-AAA by P. chrysogenum under conditions that β-lactams are formed. 

 

 

Materials and methods 
 

Strains and culture conditions. Penicillium chrysogenum strain Wisconsin 

54-1255 (kindly provided by DSM-Anti-Infectives, Delft, The Netherlands) was 

grown in a minimal medium based on a penicillin production medium as described 

(107). The medium contained 4 % (w/v) glucose or lactose as carbon source, and 0.4 

% (w/v) ammonium acetate, 0.4 % (w/v) urea, 10 mM L-glutamate, 10 mM L-serine 

or 10 mM L-lysine as nitrogen source. Cultures were started on YPG medium (1% 

yeast extract, 2% peptone and 2% glucose), incubated for 16-20 h in a rotary shaker at 

200 rpm and 25ºC, then diluted into minimal medium and incubated for 24 or 48 h.  

Saccharomyces cerevisiae strain M4276 (MATα, ura3, ∆gap1, ∆dip5) (159) 

was grown in minimal medium (1 % (w/v) succinic acid, 0.6 % (w/v) NaOH, 0.16 % 

(w/v) Yeast Nitrogen Base [Difco] without ammonium sulphate and amino acids, and 

2 % (w/v) D-glucose (67)), containing 0.5 % (w/v) ammoniumsulphate (MA 

medium), 0.1% (w/v) L-proline (MP) or 0.5 g/L L-glutamate (MG) as sole nitrogen 

source. When indicated, these media were solidified with 1.5% agar.  

E. coli strain DH5α was used as plasmid host and DNA manipulations were 

carried out essentially as described (174). E. coli XL10-Gold Ultracompetent cells 

(Stratagene) were used for amplification of the partial cDNA library. 

 

Expression of a partial cDNA library of P. chrysogenum in S. cerevisiae 

M4276. A cDNA library of P. chrysogenum (kindly provided by DSM-Anti-

Infectives, Delft, The Netherlands) was transferred from pCMVSPORT 4.0 

(Stratagene, Amsterdam, Netherlands) to a suitable yeast expression vector. For this 
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purpose, the ampicillin resistance marker of the yeast/E. coli shuttle vector yEP352 

(76) was replaced by a kanamycin resistance marker; and the copper inducible 

promoter of CUP1, pCUP1 (182) was introduced together with the terminator of 

CYC1 (232), yielding the plasmid designated yEX-C. The SbfI and NotI sites between 

pCUP1 and tCYC1 were used for insertion of the cDNA library. The cDNA library 

was isolated from pCMVSPORT4.0 by digestion with SbfI and NotI and subjected to 

gelelectrophoresis. Since the size of known fungal amino acid permease genes all 

range within 1.4 and 2 kb, fragments ranging from 1.0 to 2.5 kb were isolated, 

purified and ligated into yEX-C. To amplify the library, the ligation mixture was 

transformed to E. coli XL10-Gold Ultracompetent cells (Stratagene, Amsterdam, 

Netherlands) for high transformation efficiency, and spread on Luria Broth (LB) 

plates with kanamycin. Plasmid DNA was isolated by resuspending the colonies in 

water, followed by a standard plasmid isolation procedure. About 5 µg of plasmid 

DNA was transformed to S. cerevisiae M4276, deficient in glutamate and aspartate 

uptake, as described (62). Cells were spread on MG plates, containing 0.05 g/L L-

glutamate as sole nitrogen source and 0.2 mM CuSO4 for induction of the copper 

inducible promoter pCUP1. At the same time, transformation efficiency was checked 

by spreading transformed cells on MA plates, containing NH4
+ as nitrogen source, 

rendering an efficiency of approx. 35000 transformants per µg of DNA. After 6 days 

of incubation at 30ºC, eight colonies appeared that were transferred to liquid minimal 

medium, containing 0.05 g/L L-glutamate as sole nitrogen source. Only one of the 

colonies was able to grow on glutamate, and the plasmid DNA was isolated following 

a standard plasmid rescue protocol. For propagation, plasmid DNA was transformed 

to E. coli DH5α. The plasmid was analyzed by restriction, revealing a 1.9 kb insert in 

the yEX-C vector of which the DNA sequence was determined. 

Cloning of PcGAP1. The following degenerated primers were designed on 

basis of conserved regions of known fungal (putative) general amino acid permease 

genes, primer Gap F: 5’-CCCGGCGCCATCAARCARGTNTTYTGG-3’ and primer 

Gap R1: 3’-CCGGAGATGGCCAGNAGCCARTCRAA-5’. PCR was performed 

with genomic DNA of P. chrysogenum as a template. PCR products were analyzed by 

gelelectrophoresis and a clear, distinct fragment of 0.4 kb was isolated, purified and 

ligated into pGEM-T Easy (Promega, Leiden, Netherlands). Of the 4 clones analyzed 

by sequencing, 3 contained a fragment showing high homology (50% amino acid 

identity) with Gap1 of S. cerevisiae, and one contained a fragment showing highest 



Chapter 3 

 62 

homology (45-48% amino acid identity) with yeast basic amino acid permeases. The 

Gap1 homologous fragment was used to make a radioactively labeled probe for the 

screening of a genomic library. 

 

Isolation of genomic DNA of permease genes. A genomic library of P. 

chrysogenum Wisconsin 1255-54 in phage λZAP II (Stratagene, Amsterdam, 

Netherlands) was screened by plaque hybridization, using a radioactively labeled, 400 

bp internal fragment of the PcDIP5, amplified by PCR, or the PcGAP1 gene fragment 

described above. Positive plaques were isolated, phages were released and 

pBluescript, containing the genome fragments (average size of 8 kb) was rescued 

from the phage by incubation with helper phage M13. DNA sequencing of the 

PcDIP5 positive clone, revealed a complete, 1677 bp open reading frame, interrupted 

by 5 introns of approximately 60 bp in length. The PcGAP1 positive clone contained 

a 1743 bp open reading frame interrupted by 3 introns of 63, 55 and 35 bp. Introns 

were identified on basis of consensus sequences of introns of P. chrysogenum, and by 

alignment of the cDNA and genomic DNA in the case of PcDIP5.  

 

Cloning of the cDNA of PcGAP1 in the yeast expression vector yEX-C. A 

forward primer with an EcoRI restriction site (5’-ATTCACATAGAATTCATG-

GAGGAGAAGAAGTTTGAGGC-3’) and a reverse primer with a NotI restriction 

site (3’-ACAGCGGCCGCTTTCCAGGTAAGATGC-5’) were used in a PCR to 

amplify the cDNA of PcGAP1 with the cDNA library as a template. The obtained 1.8 

kb product was digested with EcoRI and NotI and ligated into EcoRI and NotI 

digested vector yEX-C. The resulting plasmid yEX-PcGAP1 was transformed to S. 

cerevisiae M4276. 

 

α-Aminoadipate transport assays with mycelium of P. chrysogenum. P. 

chrysogenum was precultured overnight as described above and germinating spores 

were added to penicillin production media. After 48 h of growth, mycelium was 

harvested by suction filtration, washed and resuspended in ice-cold 50 mM 

KH2PO4/K2HPO4, pH 6.0 to a density of approximately 15 mg dry weight/ml. This 

suspension was preincubated for 5 min at 25ºC with aeration, and D/L-3H-αAAA was 

added to final concentrations of 10 µM to 2.5 mM. For inhibition studies, D/L-3H-
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αAAA was present at 25 µM, while the competitor L-leucine was used in a 

concentration range of 10 µM to 2.5 mM. After 3 min, the uptake was stopped by 

addition of 2 ml of ice-cold 0.1 M LiCl and subsequent suction filtration through a 

0.45-µM pore size nitrocellulose filter. The filter was washed with 2 ml 0.1 M LiCl 

and radioactivity was measured in a scintillation counter. Background values were 

determined by measuring the uptake in mycelium, which was pretreated with the 

protonophore carbamoyl-cyanide-m-chloro-phenylhydrazone (CCCP). Uptake 

measurements with P. chrysogenum were made in four independent experiments of 

which average values and standard deviations are shown (Fig. 1A). 

 

Amino acid transport assays in S. cerevisiae. S. cerevisiae strain M4276 

yEX-PcDIP5, M4276 yEX-PcGAP1 and strain M4276 yEX-C (empty vector) were 

grown overnight in MP medium at 30ºC. Cultures were then diluted 10-fold in fresh 

MP medium, containing 0.2 mM CuSO4 for induction of transcription of PcDIP5 or 

PcGAP1, and grown to an OD600 of 0.4-0.8. Cells were harvested by centrifugation, 

washed with minimal medium without nitrogen source (MM) and resuspended to an 

OD600 of 10 in the same medium. Before starting the transport assay, cells were 

incubated for 10 min at 30ºC with stirring. Subsequently, 100 µl of the cell suspension 

was added to 150 µl of MM with 25 µM of 14C-labeled L-amino acid (0.05 µCi) and 

incubation was continued at 30ºC while stirring. Uptake reactions were stopped 

immediately after addition of substrate, or after 30, 60 or 120 sec by the addition of 2 

ml of ice cold 0.1 M LiCl and subsequent suction filtration through a 0.45-µM pore 

size nitrocellulose filter. Radioactivity retained on the filters was measured in a 

scintillation counter. For Km determinations, uptake of glutamate and aspartate at 

concentrations varying from 10 to 2500 µM, was measured after 30 sec to ensure 

linearity with time. For the Km determinations of α-aminoadipate transport, uptake 

was accessed after 3 min. Ki values of leucine inhibition were determined at α-

aminoadipate concentrations of 10 to 2500 µM, in the presence and absence of 1 and 

2.5 mM of L-leucine using PcDIP5 expressing cells or 10 µM in PcGAP1 expressing 

cells. All uptake measurements with S. cerevisiae M4276 were made in at least two 

independent experiments and average values are given.  

The Km values for α-aminoadipate transport via PcDip5 and PcGap1 and the 

respective Ki values for the competitive inhibition by leucine were used to access the 
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relative contributions of the two transporters in the uptake of α-aminoadipate by P. 

chrysogenum in the presence of an increasing concentration of leucine. The data were 

analyzed by regression according to Michaelis-Menten kinetics by using the following 

equation: 
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wherein v is the observed rate of α-aminoadipate uptake, and vPcDip5 and vPcGap1 the 

rates of uptake via PcDip5 and PcGap1, respectively. Km-PcDip5 and Km-PcGap1 and Vmax-

PcDip5 and Vmax-PcGap1, are the Michaelis constant and maximal velocity for α-

aminoadipate uptake via PcDip5 and PcGap1, respectively. Ki-PcDip5 and Ki-PcGap1 are 

the inhibition constant by leucine of α-aminoadipate uptake via PcDip5 and PcGap1, 

respectively, while [α-AAA] and [Leu] are the concentration of α-aminoadipate and 

leucine, respectively.  

 

Semi-quantitative RT-PCR. Total RNA extracts were prepared by a Trizol 

based method (Invitrogen, Breda, Netherlands). Mycelium was frozen in liquid 

nitrogen and ground. Approximately 5 volumes of Trizol were added, and samples 

were mixed thoroughly. After the addition of 1/5 volume of chloroform and mixing, 

samples were spun for 15 min at 10.000 rpm in a microcentrifuge. The RNA 

containing water phase was collected and further purified by phenol extraction. RNA 

was precipitated with ethanol and dissolved in H2O. The RNA concentration was 

determined spectroscopically at 260 nm. Reverse transcriptase (RT)-PCR was 

performed using RT-PCR beads (Amersham-Pharmacia, Freiburg, Germany) and a 

Perkin-Elmer thermocycler. Primers were used generating internal fragments of 

PcDIP5 (0.35 kb), PcGAP1 (0.5 kb) or the internal standard actA (0.8 kb) that served 

as a control to monitor the total amount of RNA used as template. Samples were 

incubated at 42ºC for 30 min for reverse transcription, followed by a standard PCR 

with the following conditions: 5 min at 95ºC, then 22 cycles of 30 sec at 95ºC, 30 sec 

at 55ºC and 40 sec at 72ºC. PCR products were analyzed by gelelectrophoresis.  
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Materials. Uniformly labeled D/L-α-amino[3H]adipic acid was custom 

synthesized by Amersham Pharmacia biotech (Freiburg, Germany), with a specific 

activity of 38 Ci/mmol. 

 

Nucleotide sequence accession numbers. The 2,580 and 1,997 kb sequences 

containing the P. chrysogenum PcDIP5 and PcGAP1 have been deposited in 

GenBank under accession number AY456273 and AY456274, respectively. 

 

 

Results 
 

Uptake of α-aminoadipate by P. chrysogenum Wisconsin 54-1255. Since 

the general amino acid permease of P. chrysogenum transports most amino acids 

including glutamate and aspartate, and because α-aminoadipate (α-AAA) inhibits 

glutamate uptake mediated by the acidic amino acid permease (85), both of these 

permeases have been implicated in the uptake of α-AAA. However, this assumption 

has not been directly tested in experiments wherein the uptake of α-AAA is 

measured. Nor have the individual contributions of both permeases and possible other 

systems been determined in α-AAA uptake in cells of P. chrysogenum grown at 

penicillin producing conditions. For that purpose, transport studies were performed 

with D/L-3H-labeled-α-AAA. The amino acid was used at a concentration of 25 µM. 

L-Leucine is a good substrate for the general amino acid permease and is not 

transported by the acidic amino acid permease (14, 85, 86). Therefore, L-leucine was 

used for competition studies to discriminate between the two transporters. α-AAA 

was readily accumulated by the cells. The inhibition profile of α-AAA uptake by P. 

chrysogenum in the presence of increasing concentrations of L-leucine, showed two 

distinguishable inhibition effects (Fig. 1A). At low L-leucine concentration, up to 100 

µM, the uptake of α-AAA is readily reduced by 45-50%, whereupon higher 

concentrations of L-leucine up to 2.5 mM only marginally inhibited the remaining α-

AAA uptake. These data suggest that a major fraction of the α-AAA uptake is 

mediated by the general amino acid permease, but also show that there is a residual 

uptake which is hardly inhibited by higher concentrations of L-leucine.  
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Figure 1. Uptake of α-aminoadipic acid and inhibition by unlabeled L-leucine. (A) The uptake of 3H-

α-AAA (25 µM) by mycelium of P. chrysogenum, grown at penicillin producing conditions, was 

assayed in the presence of increasing concentrations of unlabeled L-leucine. The dashed line represents 

the best fitting curve after computer aided regression and curve fitting of equation 1 (see text) to the 

measured data. (B) and (C) are as (A), except that uptake of 3H-α-AAA was assayed with S. cerevisiae 

M4276 cells that express PcDIP5 and PcGAP1, respectively.  
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Cloning of the acidic amino acid permease gene PcDIP5. To define the 

exact identity of the transporters involved in α-AAA, it is necessary to clone the 

genes and analyze their activity separately. Since the residual α-AAA uptake in the 

presence of excess L-leucine could be inhibited by unlabeled glutamate (data not 

shown), we decided to clone in addition to the general amino acid permease, the 

acidic amino acid permease. In S. cerevisiae, acidic amino acids (glutamate and 

aspartate) can be taken up by the general amino acid permease Gap1, as well as by the 

acidic amino acid permease Dip5 (159). A mutant strain M4276 has been described 

that lacks both the Gap1 and Dip5 genes. This mutant is deficient in acidic amino acid 

transport and therefore cannot grow with glutamate or aspartate as sole nitrogen 

source (159). In contrast to the parental strain, S. cerevisiae M4276 is also unable to 

accumulate α-AAA, which indicates that there are no other routes for uptake of this 

molecule in S. cerevisiae (data not shown). Strain M4276 was used for a functional 

complementation cloning strategy to identify transporters that mediate dicarboxylic 

amino acid uptake. Herein, a cDNA library of P. chrysogenum was expressed in S. 

cerevisiae M4276 and cells were selected on plates and liquid media containing L-

glutamate as sole nitrogen source. Cells that grow on these media must have acquired 

a transport system that is capable of glutamate uptake. This yielded one clone that 

could grow with glutamate as sole nitrogen source. The cDNA of the clone contained 

a 1,677 bp open reading frame which encodes a 559 amino acid protein that is 47% 

identical to Dip5 (Fig. 2), and 30-34% identical to Gap1 and other amino acid 

permeases of S. cerevisiae. The gene was designated PcDIP5. 

 

Cloning of the general amino acid permease gene, PcGAP1. Despite several 

attempts, selection for complementation of glutamate uptake in S. cerevisiae with the 

partial cDNA library did not yield a general amino acid permease. Therefore, an 

alternative PCR approach was used making use of degenerated primers that were 

based on the alignment of 5 known general amino acid permeases. With these 

primers, a 424 bp PCR fragment was obtained that, upon translation into amino acids, 

showed a high homology with Gap1 of S. cerevisiae. The fragment was used to probe 

a genomic library from which the full-length gene was isolated. The entire gene 

consists of a 1,751 bp open reading frame, interrupted by 3 introns of 63, 55 and 35 

bp, and encodes a protein of 581 amino acids. After a BLAST search (2), the highest  
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Figure 2. Amino acid sequence alignment of the acidic amino acid permeases of P. chrysogenum 

(PcDip5), S. cerevisiae (Dip5) (159) and  putative acidic amino acid permeases of Aspergillus nidulans 

(AnDip5) and Kluyveromyces lactis (KlDip5). The A. nidulans sequence, 57% identical to PcDip5 and 

50% identical to Dip5 was derived from the A. nidulans database of the Whitehead Institute after a 

BLAST search (2). This sequence is incomplete at the N-terminus. The K. lactis sequence was obtained 

after a BLAST search at NCBI and shares 61% amino acid identity with Dip5 and 50% identity with 

PcDip5.  Conserved and similar amino acids are indicated in black and grey, respectively. 

 

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
---------------------------------------------MGHPDEINALEAQPGYVDNLGDFKESEQD---EPVQLHRELKARHISMIAI
MKMPLKKMFTSTSPRNSSSLDSDHDAYYSKQNPDNFPVKEQEIYNIDLEENNVSSRSSTSTSPSARDDSFAVPDGKDENTRLRKDLKARHISMIAI
-------------------------------------------------DGITAAPQNPVYDASVAEKGVLEVP---QENELHRALKARHITMIAI
--MAEKVYLDAQLSRVDTDEDIEKQQLFGDDN-IVIERSSQLFYDGQSDSKVHGITSGHGSDVKNVVTHTSEFDGKHDGIRLKKALEARHVSMIAI
                                                                                                

      
      
 :  48
 :  96
 :  44
 :  93
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
GGAIGTGLVVGTGSALT-AGPGSLFIAYCFMGFVVWTVMCGLGEMAAWLPLSSGFTGYAGRFCDPALGFTLGWCYYLKYIILPPTQLTAAALVITY
GGSLGTGLLIGTGTALLTGGPVAMLIAYAFVGLLVFYTMACLGEMASYIPLD-GFTSYASRYVDPALGFAIGYTYLFKYFILPPNQLTAAALVIQY
GGAIGTGLIIGTGSALEKAGPGAILISYAFMGFIVYLVMCGLGEMATWLPRSSGFTGYAVRFCDPALGFALGYTYWFKYIIVTPNQLTAAALVIQY
GGSLGTGLLIGTGSSLALAGPAAILIAYAFVGLLVFFVMSCLGEMAAYIPLD-GFTSYSTRYADPALGFAVGYAYLFKYWIIVPNQLTAGALVIQY
                                                                                                

      
      
 : 143
 : 191
 : 140
 : 188
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
WPRTSAENVNPGVWIAIFMVAIIVINYFGVKIFGELEFWLSSFKVIVILGLILCSLIFALGGGPDHDRRGFRYWNKPGAFATKYTDG------ALG
WIS--RDRVNPGVWITIFLVVIVAINVVGVKFFGEFEFWLSSFKVMVMLGLILLLFIIMLGGGPNHDRLGFRYWRDPGAFKEYSTAITG----GKG
WLP--ADKVNPGVWITVFLVLIVFINYFGVGFFGEFEFWLSSFKVVVIVGLILLSFILMLGGGPDHDRKGFRYWKDPGAFNSYIDMGPDGNGSAAG
WVD--RDKVNPGVWITILLVAIITINFLGVRFFGEIEYYISAVKITVMLGLIILLLVLACGGGPNHEVLGFKYWKNPGAFKEYSTAITG----AKG
                                                                                                

      
      
 : 233
 : 281
 : 234
 : 278
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
KFLAFWSTMVQATFAFLGTELIGVTVGEAQNPRKTIPKAIKLTFWRIIVFYILSVLFLGMLVPYDSKELAFATEAESSAAASPFVVAMGQ--VAAL
KFVSFVAVFVYSLFSYTGIELTGIVCSEAENPRKSVPKAIKLTVYRIIVFYLCTVFLLGMCVAYNDPRLLSTKGKSMSAAASPFVVAIQNSGIEVL
RFYAFWATLVSATFAYLGTELVGVTVGEAQNPRKTIPRAIKLTFYRIIFFYVISVLLVGTLVPYDSSELKQANSASTSSAASPFVLAIQLSGIPAL
RFVSFASVFVLALFAYLGTELCGIVVSECKNPRKAVPKAIKLTMYRIIVFYLISIFLLGMCVPFNDPLLISAKSAKTSASASPFVVAIVNAGIPVL
                                                                                                

      
      
 : 327
 : 377
 : 330
 : 374
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
PHIINGCILVFVFSAANSDLYIATRTLYGLAREKKAPKIFARTNRAGVPIYSLALSASFCLLAFMSVSSTSKEVFGYFTDMVSIFGLLTWVSLLIT
PHIFNACVLVFVFSACNSDLYVSSRNLYALAIDGKAPKIFAKTSRWGVPYNALILSVLFCGLAYMNVSSGSAKIFNYFVNVVSMFGILSWITILIV
PHILNACILAFVFSAANSDLYIATRTIYGLAKEGKAPKILTKTDRRGVPFVALGLCTLIALIAYMNVSSSSKTVFKYFVDLVSQFGLLSWISLLVT
PHIMNACILIFVFSAANSDLYVASRSLYGLAIDNKAPRIFAKTNKQGVPYWSLLVGVLFALLAYMNVSSGSSEVFTYFVNCVSIFGLLSWISILIT
                                                                                                

      
      
 : 423
 : 473
 : 426
 : 470
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                                                                                
                                                                                                
HIFFIRARRAQGVDQATLAYKAPLGIIGSCIALFFCVLVLFTRSFGVFIHDPETYGNFDYKTFITSYIGIPLYVAAFAGWKIWNKTEIIKPHNADI
YIYFDKACRAQGIDKSKFAYVAPGQRYGAYFALFFCILIALIKNFTVFLGH-----KFDYKTFITGYIGLPVYIISWAGYKLIYKTKVIKSTDVDL
HICFVKARKAQEIPKNELAYTAPLGVWGSYFALFWCIVVSLTKSFDVFTGD-----TFNYKTFITSYLGIPLYLILIFGYKFTTRCKRVLPHEADL
YIRFDKAFRVQGIDKSTLAYQSPLQPYGAWFSLFFCILIGLIKNFPAFLGD-----TFDYKSFITGYIGIPTYIISYIGYKLWYKTKIIPSEEVDL
                                                                                                

      
      
 : 519
 : 564
 : 517
 : 561
      

         
         
PcDip5 : 
Dip5   : 
AnDip5 : 
KlDip5 : 
         

                                            
                                            
WTGKAEIDREEAEYVA----MVAIQDQNLSGWNKVYRKSLAWLF
YTFKEIYDREEEEGRMKDQEKEERLKSNGKNMEWFYEKFLGNIF
YTDKDAIDREEAAYLARQEAKRAAQGANHKQANWFYKTFVSWLF
VSFKEAVDLEEEEGKMLDEERAAHLAAHGKDLKWCYEKIFGWVM
                                            

      
      
 : 559
 : 608
 : 561
 : 605
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Figure 3. Alignment of the general amino acid permeases of P. chrysogenum (PcGap1), S. cerevisiae 

(Gap1) (93), Candida albicans (CaGap1) (17), Aspergillus fumigatus (AfGap1) and Neurospora crassa 

(NcGap1, encoded by the pmg locus) (122). AfGap1 is a putative general amino acid permease, based 

on its homology with PcGap1 (78% amino acid identity) and Gap1 (55% identity), and was obtained 

from the A. fumigatus Genome Database at TIGR (The Institute for Genomic Research) after a BLAST 

search (2). NcGap1 was originally deposited with GenBank as NAAP1. Conserved and similar amino 

acids are indicated in black and grey, respectively. 

 

         
         
PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
-----MEEKKFE--AVQTG-------AEAPPAYGDSSPTRGGIGQRIFDSFKRDPNHTVT-GHVG-ADGSGFDAETAAHNTAHSPLQRRLKGRHLQ
MSNTSSYEKNNPDNLKHNGITIDSEFLTQEPITIPSNGSAVSIDETGSGSKWQDFKDSFKRVKPIEVDPNLSEAEKVAIITAQTPLKHHLKNRHLQ
----MLHKKETNDTFVQ---------LNRSPSTGEQKSSGIWSSIKDS-FKPALPQDKLTGVDDIP-DRELTDIERININAANSNLQRKLKTRHLQ
-----MEKDSIEPKAEPMV-------SDPPPIYGETETTKGSMGQRIWDSFKRDPNAHVT-AHASGSNGGTFDLEQAAQKTASSPLQRSLKNRHLQ
-----MSDIEKG---------------SAGSHDKETRVDAATLPAYEAGSVAEAQQEDFMTRNGLFTNLASFKPRRFHTGD-GTEIERTMKSRHLH
                                                                                                

      
      
 :  80
 :  96
 :  81
 :  83
 :  75
      

         
         
PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
MIAIGGSIGTGLFVGSGSVLATGGPASVLIAY--ILIGCMLYCTVHALGEMAVLFPVAGSFAHYSTRFVDPAWGFAMGWNYALQWLIVLPLEIV--
MIAIGGAIGTGLLVGSGTALRTGGPASLLIGW--GSTGTMIYAMVMALGELAVIFPISGGFTTYATRFIDESFGYANNFNYMLQWLVVLPLEIV--
MIAIGSSIGTGLFVGTGGALSTGGPAAIVLAW--AISAISVFMTMQGLGELAVAFPVSGGFNLYASKFLEPGIGFAVGWNYFLQFFVLLPLELV--
MIAIGGSIGTGLFVGSGNVLSTGGPASVLIAY--ALIGCMLFCTVHALGEMAVLFPVAGSFAHYSTRFIDPAWGFAMGWNYALQWLIVLPLEIV--
MIAIGGSIGAGFFVGSGKALHNGGPASLLIDFTFAIIGVMMFNVVYALGELAVMFPVTGGFYTYSTRFIDPSWGFAMGWNYVFQWAMVLPLEFTLT
                                                                                                

      
      
 : 172
 : 188
 : 173
 : 175
 : 171
      

         
         
PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
AASITVDYWNPGVSN-AAWVTIFWVMIVSINLFGVRGYGEAEFVFSLIKVIAVIGFIILGI--ILNCGGGPQGG----YIGARYWYDPGAFRN---
SASITVNFWGTDPKYRDGFVALFWLAIVIINMFGVKGYGEAEFVFSFIKVITVVGFIILGI--ILNCGGGPTGG----YIGGKYWHDPGAFAGDTP
AGAITIKYWNASINS-DVFVIIFWFVVLVITMLGVRWYGEAELVFCTIKVIAVIGFIILGI--VLICGGGPNHE----FIGGKYWREPGPFAN---
AASITVDYWESNISN-AAWVAIFWAVIVSINLFGVKGYGEAEFVFSLIKVIAVIGFIILGI--ILNCGGGPKGG----YIGGKYWHSPGAFNN---
VCGFTVGYWNQDIT---VWITTFLVAIIIINVFGTLGYAEEEFWASAFKLGATIVFLIICFTLVMVLGGGPKGSRYDHYTGAALWYSPGAFAN---
                                                                                                

      
      
 : 258
 : 278
 : 259
 : 261
 : 261
      

         
         
PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
--GFKGLCSVFVNAAFAFAGTELVGLAAAETT--NPRKSLPTAVKQVFWRIALFYIVSLTLVGLLVRYDDERLISGSSSADAKASPFVIAI--ENA
GAKFKGVCSVFVTAAFSFAGSELVGLAASESV--EPRKSVPKAAKQVFWRITLFYILSLLMIGLLVPYNDKSLI-GASSVDAAASPFVIAI--KTH
--SFKGFASSLITAAFSFGGTEMIALTASESS--NVRHALPKAIKQVFWRIVIFYLGSIIMIATLVPYNDKRLL-GSSSVDVTASPFTIAI--VNG
--GFKGLCSVFVNAAFAFAGTELVGLAAAETA--NPRKSLPTAVKQVFWRICLFYIVSLTLVGLLVPFDDKRLL-GESSADAKASPFVIAI--KNA
--GFRGFCSCFVTAAFAFSGTELVGLAAAEFTDKNPVKSLPGAIKQVFWRITLFYILGLFFVGLLIPYDDENLLGANPFINVNASPFVLVGFTKYA
                                                                                                

      
      
 : 348
 : 369
 : 348
 : 350
 : 355
      

         
         
PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
GIKALPSIMNVVIMIAVLSVGNSSVYGSSRTLAALAEQGQAPKFLAYIDRKGRP--LPAIIIASILGLLSYLAAS-DVQTTAFEWMMAISGLSSIF
GIKGLPSVVNVVILIAVLSVGNSAIYACSRTMVALAEQRFLPEIFSYVDRKGRP--LVGIAVTSAFGLIAFVAAS-KKEGEVFNWLLALSGLSSLF
GIKGLPSVINAVILISVLSVGNASVYATSRTLNSLAEQGMAPKWTGYIDRAGRP--LFAILITNVFGLFALIAADNEKQVVAFNWLLALSGLSSIF
GISGLDSVMNVVIMIAVLSVGNSSVYGSSRTLAALAEQRQAPQFLAYIDRKGRP--LFAILVASALGLLGFLAAS-SKQGEAFMWMMAISGLSSIF
NLTGFDSFMNVVILVSVLSLGVSCVYGGSRTLTALAQQGYAPKIFTYVDRSNRPLFFTSVLLIIAFGPLAYVNLA-AAGPTVFDWLLSLSGLAALF
                                                                                                

      
      
 : 441
 : 462
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PcGap1 : 
Gap1   : 
CaGap1 : 
AfGap1 : 
NcGap1 : 
         

                                                                                                
                                                                                                
TGVPCVRAHILFRRAWKKQGH--SLDELAFRSQPGVIGSWVGFIFNCLVLVAQFWVGFAPIGYADMTSQEIAYKFFSVYLAAPVVLI--CYIGYKI
TWGGICICHIRFRKALAAQGR--GLDELSFKSPTGVWGSYWGLFMVIIMFIAQFYVAVFPVGDSPS-----AEGFFEAYLSFPLVMV--MYIGHKI
TWMSINLSHIRFRRAMKVQNR--SLTELPFVAQSGVWGSYFGLTLNILYLIAQFYIGLFPVGGKPN-----AYDFFLAYLGVPVILA--SWIGYKI
TWGSVCFAHIRFRKAWKVQGH--SLNELAFQSQAGLVGSWIGFIFNCLVLVAQFWVGFAPIGYSEMTSGELVESWFSVYLAAPVVLV--FYFGYKF
TWGSICLSHIRFRKAWALKGHSFTVEEIPFRAAGGVWGSWLGLVLVVLVLIAQFYVAICPPGG--GFN--TVEGFFVQYLALPVVIVFTFWIGGFI
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AfGap1 : 
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MYK--TKFVRTSEVDLVTGRRDLDIQHL---IEQEMAEQREWPKWKKVYKFFC-
YKRNWKLFIPAEKMDIDTGRREVDLDLLKQEIAEEKAIMATKPRWYRIWNFWC-
WKRDWTLFIRAKDIDLDTGRINVDLDLLQQEIAEEKAQLAEKPFYIRIYRFWC-
YYK--TSFLRAKDMDLHTGRRELDIQHL---IEEERAEQAAWPVWKKVYKIFC-
WKR--TSWLRVDQIDVDTGRREHDWESIN----AYQAELAAMPAWKRWFHKLFV
                                                      

      
      
 : 581
 : 602
 : 582
 : 583
 : 590
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homology was found with known general amino permeases of S. cerevisiae (Gap1, 

50% identical), Candida albicans (Gap1, 47%) and Neurospora crassa (Naap1, 48%) 

(Fig. 3). The gene was therefore designated PcGAP1. 
 

Overexpression of PcDIP5 and PcGAP1 in S. cerevisiae M4276 and 

transport characteristics. The plasmids isolated from the cDNA library, yEX-

PcDIP5, and yEX-PcGAP1 were used for functional characterization of the 

transporters in S. cerevisiae M4276. As a negative control, M4276 was transformed 

with the empty vector yEX-C. Cells were incubated with CuSO4 for induction of the 

expression, and analyzed for the uptake of a range of amino acids (209). Cells 

expressing PcDIP5 readily accumulated L-glutamate and L-aspartate, while L-α-

aminoadipate was taken up at a lower rate (Fig. 4A). L-asparagine was accumulated 

slowly, whereas for L-glutamine and L-serine no significant difference was observed 

between the PcDip5 and control cells (data not shown). The affinity (Km) of PcDip5 

for the uptake of L-glutamate and L-aspartate was about 35 µM, while the Km value 

for L-α-aminoadipate uptake appeared rather high, i.e., 800 µM. Since the 3H-labeled 

α-aminoadipate represents a racemic mixture of the D- and L-configuration, further 

competition experiments were performed with the unlabeled stereoisomers. A 100-

fold excess of unlabeled D-α-aminoadipate did not inhibit uptake of labeled D/L-α-

aminoadipate, whereas L-α-aminoadipate decreased uptake by more than 90%. This 

shows that PcDip5 is specific for the L-configuration (data not shown). Taken 

together, these results demonstrate that the cloned permease, PcDip5, corresponds to 

the acidic amino acid permease of P. chrysogenum. 

For cells expressing PcGAP1, the uptake of 19 amino acids including the non-

protein amino acids, L-citrulline, D/L-α-aminoadipate, L-α-aminoisobutyric acid and 

L-ornithine, was measured (Fig. 5). For all amino acids except L-proline, a significant 

increase in the uptake by at least two-fold was observed upon the expression of 

PcGAP1. These data either suggest that L-proline is not a substrate for PcGap1, or 

that in cells overexpressing PcGAP1 the background uptake via endogenous proline 

permease(s) is reduced due to the expression of PcGAP1. The acidic amino acids 

glutamate and aspartate were more slowly accumulated by PcGAP1 expressing cells 

as compared to PcDIP5 expressing cells (Fig. 4B). However, since the total amount of 

PcGap1 or PcDip5 protein in these cells is unknown, the exact Vmax values can not be 
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compared. Strikingly, L-α-aminoadipate was readily accumulated, with a Km value of 

230 µM. This affinity is more than 3 times higher than observed for PcDip5. The 

general amino acid permease of S. cerevisiae and N. crassa have been reported also to 

transport some D-amino acids (82), but like PcDip5, PcGap1 was found to transport 

α-aminoadipate only in the L-configuration (data not shown). These data demonstrate 

that the cloned gene, PcGAP1, encodes the general amino acid permease of P. 

chrysogenum.  

Figure 4. Time-dependent uptake of acidic amino acids by S. cerevisiae M4276, expressing PcDIP5 

(A) and PcGAP1 (B). Cells containing the empty vector were used as control (open symbols). The inset 

in (A) shows the uptake of α-aminoadipate with an adjusted uptake scale. Uptake assays were 

performed with cells grown to exponential phase in minimal proline medium and expression of 

PcDIP5 was induced with 0.2 mM CuSO4, 5 h before harvesting. 
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Inhibition of PcDip5 or PcGap1 mediated α-aminoadipate uptake by 

leucine. The biphasic inhibition of α-aminoadipate uptake by L-leucine by P. 

chrysogenum mycelium (Fig. 1A) was explained by the presence of at least two 

different uptake routes for α-aminoadipate, i.e., uptake via the general amino acid 

permease that is strongly inhibited by L-leucine, and uptake via a specific amino acid 

permease that is nearly insensitive to L-leucine. To validate this hypothesis, we re-

investigated the inhibition of α-aminoadipate uptake by leucine in S. cerevisiae 

M4276 that expresses PcDIP5 and PcGAP1 separately (Fig. 1B and C). Indeed, 

PcGap1-mediated α-aminoadipate was strongly inhibited by L-leucine (Fig. 1C) 

exactly with a concentration range that was inhibitory in P. chrysogenum cells. In 

contrast, PcDip5-mediated uptake was inhibited by L-leucine only at high 

concentrations (Fig. 1B). The Ki value for leucine inhibition of PcGap1 mediated  

 

 

Figure 5. Uptake of amino acids by S. cerevisiae M4276, expressing PcGAP1. Cells were incubated 

for 3 min with the indicated, radioactively labeled amino acids at 25 µM final concentration. Closed 

and open bars represent the uptake levels by cells expressing PcGAP1 (yEX-PcGAP1) or cells with the 

empty vector (yEX-C), respectively.  
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uptake was 10 µM, and for PcDip5 mediated uptake this value was around 6.3 mM. 

This high Ki value is not in perfect agreement with the inhibition pattern shown in 

Fig. 1B, which should have a flatter slope. Therefore, a non-specific effect by leucine 

seems to inhibit α-aminoadipate uptake via PcDip5. 

The various Km and Ki values were used for computer modeling of α-

aminoadipate uptake using equation 1 that describes the relative contributions of the 

two transporters according to Michaelis-Menten kinetics. The data was fitted by 

regression to the data as shown in Fig. 1A. The best fitting curve (dashed line, Fig. 

1A) showed an imperfect fit with the data measured at higher leucine concentrations, 

indicating that the uptake process is more complex than was described by the 

equation. From the regression analysis the relative contributions (maximal velocities) 

of PcDip5 and PcGap1 for α-aminoadipate uptake the absence of leucine could be 

calculated corresponding to 51 % and 49 %, respectively. This is in good agreement 

with a more phenomenological analysis in which it is considered that nearly 95 % of 

the α-aminoadipate uptake activity of PcGap1 is already inhibited at 250 µM L-

leucine, while the inhibition of PcDip5 at this concentration is at the most 5 % (Fig. 

1C and B). This would also yield an estimated 50 % contribution of both permeases 

(Fig. 1A).  Thus, PcDip5 and PcGap1 seem to have an equal contribution in the 

uptake of α-aminoadipate when present at 25 µM. Taking the difference in Km value 

into account, a greater fraction of the α-aminoadipate flux will be mediated by 

PcDip5 with increasing α-aminoadipate concentration. Taken together, these data 

strongly suggests that the uptake of α-aminoadipate by P. chrysogenum involves two 

transporters, i.e., PcGap1 and PcDip5. 

 

Expression of PcDIP5 and PcGAP1 in response to nitrogen source and 

carbon source. In fungi, the activity of amino acid permeases is regulated both at the 

transcriptional and the posttranslational  level (82, 186, 191, 202, 203). To analyze the 

expression of PcDIP5 and PcGAP1 in P. chrysogenum an RT-PCR method was used. 

Mycelium was grown in liquid culture with different nitrogen and carbon sources and 

in penicillin production medium (lactose as carbon source, urea and glutamate as 

nitrogen source). After preculturing P. chrysogenum Wisconsin 54-1255 on YPG 

medium, germinating conidia were transferred to minimal media containing NH4
+ (a 

rich nitrogen source), urea (a poor nitrogen source), glutamate (substrate of PcDip5 
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and PcGap1), serine or lysine (substrates of PcGap1) as sole nitrogen source and with 

glucose as carbon source. After 24 h of incubation, mRNA was isolated and used as a 

template for semi-quantitative RT-PCR (Fig. 6A). The expression of PcDIP5 and 

PcGAP1 was induced when mycelium was grown with glutamate, whereas in the 

presence of NH4
+, expression was very low. With urea, PcDIP5 was not expressed, 

while PcGAP1 showed only a low expression. With serine, both genes were expressed 

at a moderate level. In contrast to PcDIP5, lysine was as effective as glutamate in 

inducing the expression of PcGAP1. However, lysine appears not to be a very good 

  

Figure 6. RT-PCR expression analysis of PcDIP5 and PcGAP1 in P. chrysogenum grown 

under different conditions. Expression of PcDIP5 and PcGAP1 after 24 h of growth on (A) minimal 

media containing glucose as carbon source and different nitrogen sources, and (B) in various media as 

indicated. Penicillin production medium contains urea and glutamate as nitrogen and carbon source. 

The other three media are minimal media with lactose or glucose as sole carbon source and glutamate 

or urea as sole nitrogen source. Isolated mRNA was used as a template for semi-quantitative RT-PCR. 

The expression analysis provides relative information for one gene only, and should not be compared 

among genes.  
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nitrogen source as the cultures grew slowly as mycelial pellets. This morphological 

behavior is indicative for stress.  

To test whether the PcDIP5 and PcGAP1 are expressed under conditions of 

penicillin production and/or are subject to carbon catabolite repression, P. 

chrysogenum Wisconsin 54-1255 was grown for 48h on YPG, penicillin production 

medium containing lactose as carbon source, and on minimal medium with glutamate 

or urea as sole nitrogen source and lactose or glucose as carbon source (Fig. 4B). At 

penicillin producing conditions, PcDIP5 and PcGAP1 were moderately expressed in 

comparison with the other tested growth conditions. Nevertheless, substantial rates of 

α-aminoadipate uptake were observed via PcGap1 and PcDip5 under these conditions 

(See Fig. 1A). The pattern of expression did not significantly change after 72 hr of 

growth (data not shown). Carbon catabolite repression was not observed in any of the 

tested media. The expression of PcGAP1 when growing on lactose and urea was even 

much lower than with glucose and urea (Fig. 4B, lanes 4 and 5). In addition, growth 

on YPG with glucose as carbon source, did not repress PcGAP1 or PcDIP5 

expression. Although nitrogen catabolite repression was observed in the presence of 

NH4
+, PcDIP5 and PcGAP1 seem not to be under control of carbon catabolite 

repression. Both transporters are expressed when cells are grown with glutamate and 

serine as sole nitrogen source, whereas PcGAP1 is also expressed when urea is used 

as sole nitrogen source.  

 

 

Discussion 
 

When α-aminoadipic acid is fed to penicillin producing mycelium of 

Penicillium chrysogenum, a higher intracellular α-aminoadipic acid concentration and 

penicillin synthesis rate can be observed (59, 81). The exact mechanism of uptake of 

α-aminoadipic acid has not been studied before. Here, we demonstrate that both the 

acidic and general amino acid permease (PcDip5 and PcGap1) contribute to α-

aminoadipate uptake in P. chrysogenum when cells are grown under conditions that 

result in penicillin production. Although the studies with the cloned genes in S. 

cerevisiae indicate that PcGap1 has a higher affinity for α-aminoadipate, it appears 

that both systems equally contribute to the α-aminoadipate uptake by P. chrysogenum 
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when present at 25 µM. Taking the kinetic parameters into account, one can predict 

that the contribution of PcDip5, will increase with the α-aminoadipate concentration 

and will maximize to about 70-77% of the total uptake. The transport assays were 

performed at pH 6.0, but since PcGap1 has a preference for the uncharged form of 

glutamate (85), the contribution of PcGap1 in α-aminoadipate uptake may increase at 

lower pH. Although we can not exclude that in addition to PcGap1 and PcDip5, other 

permeases might be involved in α-aminoadipate uptake, the studies with the S. 

cerevisiae mutant indicate that at least in yeast Gap1 and Dip5 are the major 

permeases for uptake of this molecule. Also in other fungi no other transporters have 

been identified that could participate in the uptake of negatively charged amino acids. 

Feeding of penicillin fermentations with external α-aminoadipate is not a cost-

effective process. Therefore, at first sight it appears that the identified transporters 

would be of little benefit to the fermentation. However, transporters not only function 

in the uptake of compounds, but they also prevent that critical nutrients are lost by the 

cells. In this respect, the identified permeases may be important for the retention of 

intracellular α-AAA. In A. nidulans, two ammonium transporters have been 

identified, i.e., MeaA and MepA, that are required for the retention of intracellular 

ammonium (132). Surprisingly, MeaA that exhibits a lower affinity for ammonium 

(Km = 3 mM), appears more important for retention than the high-affinity ammonium 

permease, MepA (Km = 44 µM). It is unknown to what extent losses of intracellular α-

aminoadipate in P. chrysogenum into the medium occur during industrial 

fermentation. Processes such as fragmentation of the hyphae by agitation or leakage 

across the membrane could potentially lead to significant losses. PcGap1 and PcDip5 

might be involved in re-uptake. Our results suggest that PcDIP5 and PcGAP1 are 

both moderately expressed in shaking flask cultures when penicillin producing 

conditions prevail, i.e., when lactose is used as carbon source and urea and glutamate 

are nitrogen sources. These are conditions that are not identical to those in industrial 

fermentation (97, 142) when glucose is fed to the cells in a fed-batch fermentation. 

Carbon catabolite repression, however, was not observed for PcGAP1 and PcDIP5. 

On the contrary, the mRNA level of PcGAP1 was much higher when cells were 

grown in minimal medium with urea as sole nitrogen source and glucose as carbon 

source as compared to a medium with lactose as sole carbon source. Also in YPG 

medium with glucose, a significant level of PcGAP1 and PcDIP5 expression was 
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observed. It should be stressed that the final activity of these permeases also depends 

on posttranslational regulatory phenomena. For instance, for Gap1 of S. cerevisiae 

growing with glutamate as sole nitrogen source, a high mRNA level is observed but 

the transport activity is low. This has been attributed to the sorting of Gap1 to the 

vacuole instead of the plasma membrane (29, 191). 

In conclusion, externally added α-aminoadipate can be taken up by P. 

chrysogenum via the acidic amino acid permease PcDip5 and the general amino acid 

permease PcGap1. Even though transport occurs with a relatively low affinity, a 

significant flux of α-aminoadipate uptake can be detected in mycelia grown under 

penicillin producing conditions. These transporters may contribute to the maintenance 

of a high intracellular α-aminoadipate concentration within the cell to allow a high β-

lactam production capacity. 
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