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a b s t r a c t

The complete oat gene and cDNA from the commercial mushroom, Agaricus bisporus,

encoding ornithine aminotransferase (OAT) was characterized. The gene encodes a 466

amino acid protein and provides the first fully reported homobasidiomycete OAT protein

sequence. The gene is interrupted by ten introns, and no mitochondrial targeting motif

was present pointing to a cytoplasmic localization. The function of the gene was demon-

strated by complementation of a Saccharomyces cerevisiae mutant unable to utilize ornithine

as a sole source of nitrogen with an A. bisporus oat cDNA construct. Northern analysis of the

oat gene together with the pruA gene (encoding D1-pyrroline-5-carboxylate dehydrogenase)

showed that transcripts of both genes were lower during the first stages of fruiting body

development. The higher expression of the oat gene in later stages of development, sug-

gests the importance of ornithine metabolism for the redistribution of metabolites in the

developing mushroom. Hplc analysis of all amino acids revealed that ornithine levels

increased during fruiting body development whereas proline levels fell.

ª 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction

Agaricus bisporus is grown commercially on compost, derived

from wheat straw and animal manure, which contains com-

plexed carbon and nitrogen sources. The nitrogen is mostly

derived from a protein-rich lignin–humus complex in the

compost fraction (Gerrits 1988), which also consists of micro-

bial biomass accumulated during the humification process

(Gerrits 1988; Fermor & Wood 1981). Protein can be utilized

as the sole source of nitrogen and carbon by A. bisporus

(Kalisz et al. 1986). The dominant proteinase from the
mycelium, serine proteinase, is induced by both extracellular

protein and the humic fraction (Burton et al. 1997a). Arginine

and proline among other single amino acids were shown to

be good sources of nitrogen, but did not support growth with-

out a source of carbon (Baars et al. 1994). Because fruiting

body development is accompanied by an increase of protease

activity, proteases may have a physiological function by re-

leasing amino acids from storage proteins (Foret 1990; Burton

et al. 1994).

Ornithine may be utilized for the formation of proline,

polyamines, glutamate, and glutamine (Fig 1). Formation of
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these products from ornithine is of great nutritional and phys-

iological importance for diverse functions such as growth, de-

velopment, and responses to a wide range of signalling

molecules. Utilization of arginine as a source of carbon and ni-

trogen has been extensively studied in Aspergillus nidulans and

Saccharomyces cerevisiae. A comparison of the regulatory me-

chanisms of arginine and ornithine synthesis in various or-

ganisms has revealed its complexity and emphasizes the

fundamental role that ornithine fulfils in the central metabo-

lism of organisms (Borsuk et al. 1999; Dzikowska et al. 2003;

Jenkinson et al. 1996; Ouzounis & Kyrpides 1994; Perozich

et al. 1998; Wagemaker et al. 2005).

The addition of 14C-labelled arginine and ornithine to cap

tissue of A. bisporus revealed significant transformation of orni-

thine into glutamate and proline (Reinbothe et al. 1969). Argi-

nine is the main precursor for urea (Wagemaker et al. 2005),

and indirectly for proline and has therefore an important role

in the fruiting bodies of A. bisporus. Also, a significant exp-

ression of D1-pyrroline-5-carboxylate dehydrogenase gene

( pruA), catalysing the conversion of D1-pyrroline-5-carboxyl-

ate (P5C) into glutamate (Fig 1) was demonstrated for all fruit-

ing body tissues except gills (Schaap et al. 1997).

Ornithine d-aminotransferase (OAT: EC 2.6.1.13), also

known as ornithine-oxo-acid aminotransferase, catalyses

the reversible transfer of an amino group from ornithine to

2-ketoglutarate, resulting in glutamic-5-semialdehyde and

glutamate. Glutamic-5-semialdehyde is in equilibrium with

its cyclic form P5C of which the latter is chemically more sta-

ble. This article reports on isolation and characterization of

the first homobasidiomycete oat gene encoding ornithine ami-

notransferase of A. bisporus. The function of the oat cDNA was

confirmed through the complementation of a Saccharomyces
cerevisiae mutant that is unable to utilize ornithine as a sole

source of nitrogen. Transcript profiles of both oat and pruA

genes were established during fruiting body development

and post-harvest senescence. In addition, the amount of total

amino acids, and in particular proline and ornithine, were de-

termined during development.

Methods

Agaricus bisporus strains and culture conditions

Agaricus bisporus Horst U1 and its homokaryotic parents,

strains H39 and H97, were obtained from the collection of

the Mushroom Experimental Station, Horst. Mushrooms

were grown at the Mushroom Experimental Station and at

Warwick HRI (University of Warwick, Wellesbourne) on stan-

dard commercial substrate covered with a casing soil. Mush-

rooms were harvested from day six after fruiting body

induction corresponding to developmental stages 1–7 of nor-

mal growth as defined by Hammond & Nichols (1975). Mush-

rooms harvested at stage 4 and stored at 18 �C and 90–95 %

relative humidity, to obtain post-harvest samples equivalent

to development stages 5–7 (Eastwood et al. 2001; Wagemaker

et al. 2005). Samples were immediately frozen under liquid

nitrogen and held at �80 �C.

Escherichia coli strains, yeast strains, recombinants
DNA techniques and enzymes

Escherichia coli LE392 (Promega, Lieden) and E. coli XL1 blue

(Stratagene, Amsterdam) were used for phage amplification/
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l DNA isolation, and plasmid transformation/propagation, re-

spectively. The Saccharomyces cerevisiae strain 2468dDAg81

(leu2, ura3, argRII) used for transformation of the pYES-OAT

constructs was a gift from Evelyne Dubois, Université Libre

de Bruxelles. Restriction enzymes and other enzymes used

for DNA manipulations were purchased from MBI Fermentas

(St Leon-Rot, Germany). Plasmid pUC19 was used as a cloning

vector for genomic DNA fragments. The pGEM-T vector sys-

tem (Promega, Lieden) was used for cloning PCR products.

Synthetic oligonucleotide primers were purchased from

Biolegio (Malden) and Isogen Bioscience (Maarssen). The Flexi-

Prep Kit (Pharmacia Biotech, Roosendaal) was used for plas-

mid isolation.

Cloning of the gene encoding ornithine aminotransferase

Amplification of Agaricus bisporus DNA encoding a part of the

oat gene was carried out using synthetic degenerate inosine-

containing deoxyoligonucleotide primers designed from

aligned regions conserved in Aspergillus nidulans (Q92413), Sac-

charomyces cerevisiae (P07791) and Plasmodium falciparum

(Q07805). PCR was performed on a T-gradient Thermocycler

(Biometra, Leusden) with strain Horst� U1 genomic DNA as

a template; primer 1 (50-AAY CAR GGN CAY TGY CAY CC-30)

encodes ornithine aminotransferase amino acids 67–73 of

the A. nidulans sequence and primer 2 (50-TCN GCN CCN GTR

TTC ATN GG-30) encodes the antisense codons of amino acids

116–122. The initial denaturation step of 10 min at 95 �C was

used to add the Taq polymerase enzyme as a hot-start. This

step was followed by a step-down regime of three cycles of

1 min at 95 �C, 1 min at 54 �C and 2 min at 72 �C, three cycles

at 52 �C annealing temperature, and 24 cycles at 50 �C anneal-

ing temperature. The amplified 167 bp product was cloned in

pGEM-T (Promega) and sequenced. The fragment was labelled

using [a32P]dCTP by random oligonucleotide-priming (Hexa-

LabelTM DNA Labelling Kit, MBI Fermentas). The probe

obtained was used for the screening of a lEMBL3 genomic

library of strain Horst H39 using conditions described previ-

ously (Schaap et al. 1997). Plaques giving a positive hybridiza-

tion signal were purified and the oat gene was isolated from

the l-DNA by ligation of SalI fragments into pUC19 and subse-

quent sequence analysis of the subclones. Corresponding

cDNA was isolated from a mixed l-ZAP-cDNA library of

fruiting body primordia (de Groot et al. 1996) using the same

screening conditions and the 167 bp oat gene fragment as

a probe. Relevant clones were sequenced by the primer-walk-

ing method. Specific primers were also used together with

pBluescript vector primers for sequencing the oat cDNA.

Amino acid sequence alignment

GC content and codon usage were analysed using the ExPASy

Proteomics tools (http://www.expasy.ch/tools/). Protein se-

quences were extracted from the SwissProt or the TrEMBL

protein database. The sequences were aligned with the align

feature of the Vector NTI Suite software (Informax) and the

alignment was edited with GeneDoc. An NJ tree was calcu-

lated from the alignment using the Mega 3.1 program (Kumar

et al. 2004).
Northern analysis

Total RNA was isolated from fruiting bodies of a develop-

ment series (stages 1–7) and post-harvest storage series

(ph 5–7) by phenol–chloroform extraction and Northern hy-

bridizations prepared as described by Eastwood et al. (2001).

The PCR product of forward primer 50-CGA TGT TAT GCT

ATG CAT TTG A-30 (oat1f) and reverse primer 50-AAA GGG

CGA TGG GTA AAG ATA-30 (oat2r) and pruA gene fragment

(Schaap et al. 1997) were labelled with [32P]CTP as described

previously (Wagemaker et al. 2005) and used as a probe.

Northern blots were also probed with an Agaricus bisporus

28S ribosomal DNA fragment (Schaap et al. 1997) as loading

control.

Isolation of total genomic DNA and Southern blot analysis

Total DNA from strains H39 and H97 was isolated, digested

with various restriction enzymes, separated on 0.8 % agarose

gels and transferred onto Nytran� Super Charge membranes

by vacuum blotting. The radiolabelled OAT probe used in

Northern analysis was hybridized with the immobilized

DNA. DNA blots were washed at 65 �C to a final stringency of

0.1� SSC (15 mM sodium chloride; 1.5 mM sodium citrate),

0.1 % sodium dodecyl sulphate (SDS).

Construction of plasmids for complementation analysis

The isolated pBluescript plasmid carrying the full-length oat

cDNA was used as template in a PCR reaction for amplification

of the cDNA. A pYES2 (Invitrogen Life Technologies, Breda)

construct carrying the complete Agaricus bisporus oat cDNA,

designated pOATwt, was assembled by ligation of the HindIII-

BamHI pYES2 vector and a HindIII-BamHI digested oat-wt PCR

fragment. The oat-wt PCR fragment was amplified with spe-

cific primers, pOATwt-f (50-GGA TAA GCT TTC GGC ACC AGC

CAT CAT CTA C-30) and pOAT-r (50-GGA TCC TAG AAG CAG

GCA ATA TAT TTT ATG CAG TC-30), which were designed to

the oat cDNA and carrying a HindIII and BamHI restriction

site, respectively. A second pYES2 construct, designated

mOAT, was prepared containing a modified A. bisporus OAT

cDNA in which the coding sequence for the putative mito-

chondrial leader (N-terminal 24 amino acids) was replaced

by a methionine codon. The modified mOAT insert was PCR

amplified using primers mOAT-f (50-GGT AAA GCT TGC CGC

CAC CAT GGC CAC CGC CAC CGC CCC T-30) and pOAT-r,

resulting in a HindIII restriction site and Kozak sequences pre-

ceding the methionine start codon and ligated into pYES vec-

tor as described previously. The constructs were transformed

into Escherichia coli XL1-Blue for propagation and sequenced to

ensure that no errors had been introduced during amplifica-

tion and/or ligation.

Yeast transformation and complementation

Yeast cells were transformed with pYES2, pOATwt and mOAT

vectors using a lithium acetate method modified from Ito et al.

(1983). Transformants were selected on minimal medium

[0.15 % yeast nitrogen base without amino acids or ammonium

http://www.expasy.ch/tools/
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sulphate (Difco, Amsterdam)] to which ammonium sulphate

(0.5 % w/v) and leucine (0.001 % w/v) was supplemented. In

one treatment, galactose was included in the medium to

induce OAT expression, which was under the control of the

GAL2 promoter in the pYES2 plasmid. A control medium was

also prepared where galactose was replaced by glucose.

Analytical procedures

Extraction and subsequent analysis of amino acids was per-

formed by liquid chromatography as described by Kersten

et al. (1999).

Results and Discussion

The oat gene

A 167 bp oat gene fragment was isolated by PCR with degener-

ate primers designed from regions of high conservation in an

alignment of known fungal OAT amino acid sequences. The

amplified product of the predicted size was transformed,

cloned, and sequenced. BlastX search with the sequence

revealed high similarity to the OAT amino acid sequences of

Aspergillus nidulans and Saccharomyces cerevisiae sharing 74

and 71 % identity with the Agaricus bisporus gene fragment, re-

spectively. The oat gene fragment was used to screen a geno-

mic library (strain H39 lEMBL3) and a Horst U1 expression

library constructed from mixed primordial small fruiting

bodies. An oatA positive l gDNA clone was isolated. For sub-

cloning, DNA from this clone was digested with SalI and frag-

ments were ligated into pUC19. A subclone with a 7 kbp insert

was identified, which carried the complete oat gene sequence

and 881 bp of the oat promoter region. The genomic and cDNA

sequences have been deposited in the GenBank/EMBL data-

bases under the accession numbers AJ864861 and AJ864862,

respectively. The 1724 bp oat cDNA comprised a 1398 bp

open reading frame (ORF) preceded by a 26 bp 50 untranslated

region (UTR) and with a 300 bp 30UTR including the poly(A) tail.

The 1398 bp oat ORF encoded a 466 amino acid protein with

a calculated molecular mass of 50.7 kDa and a theoretical iso-

electric point (pI) of 6.3.

Gene structure and Southern analysis

Alignment of the cDNA (from Horst U1) along with the gDNA

(from parental strain H39) revealed the position of ten introns,

52–352 bp in length (Fig 2), all showing normal fungal splicing

sites (Unkles 1992). Furthermore, ten mismatches between the

cDNA and gDNA sequence indicated that the isolated oat

cDNA is transcribed from the oat gene originating from the

H97, the other homokaryotic parent strain in the Horst U1 cul-

tivar. Nine mismatches were located in the coding region at

the third position of a codon, the wobble base, and none

encoded a different amino acid; one mismatch was located

in the 30UTR. DNA profiling has been suggested for the charac-

terization of strain varieties, RAPD markers (Moore et al. 2001),

and the presence of microsatellites (Sonnenberg et al. 1999)

have been used to discriminate between strain varieties and

to characterize the genetic relatedness of these strains. The
ten mismatches, which were detected in the alignment with

the oat gDNA and the oat cDNA, illustrate strain differences

at gene level. Horst U1 was obtained by mating the infertile

single-spore-derived culture H39 (originally obtained from

the strain Somycel 53) with H97 (originally obtained from

the strain Somycel 9.2). Southern analysis of genomic DNA

of strains U1 and its homokaryotic constituents H39 and

H97, using a PCR product of primers oat1f and oat2r as a probe,

indicated that a single copy of this gene is present in the ge-

nome of A. bisporus (data not shown).

The 30-end of the cDNA was located 277 nucleotides (nt)

downstream of the TGA ‘stop’ codon and two putative polya-

denylation sequences (AATATA) are present in the gDNA se-

quence at 259 and 292 nt downstream of the TGA stop

codon. These sites may cause some variation in mRNA tran-

script length as described previously in the A. bisporus serine

proteinase gene (Kingsnorth et al. 2001). Expression study of

the oat gene showed two hybridization bands indicating the

presence of two oat mRNAs of different sizes from a single lo-

cus (Fig 5). The shortest hybridization product was approxi-

mately 1700 nt, whereas the longer hybridization product

(approximately 2700 nt) might correspond to the oat pre-

mRNA as no second reading frame or possible alternative

splicing sites were identified in the oat gene. Large numbers

of unspliced transcripts were identified during isolation of

cDNAs from other A. bisporus genes (Wagemaker et al. 2005,

2006). In some cases up to 40 % of the cloned fragments

from a cDNA library contained unspliced introns (unpublished

results). A putative TATA box was found in the 880 bp of the

oat promoter region at position �74 relative to the methionine

start codon (Fig 2). Two putative CAAT-boxes were found at

positions �464 and �403 and the complementary motif

(ATTG) was found at positions �304, �257, �218 and �213.

In addition, three putative CREA (SYGGRG, positions �671,

�329, �148) and five putative AREA (HGATAR, positions

�780,�528,�362,�311,�88) binding domains were identified.

The codon usage of the A. bisporus oat showed a limited bias

towards a thymine in the third position of a codon (28 %),

whereas in 62.4 % of the codons a pyrimidine was used in

the third position. The GC-content of the third codon is rela-

tively high (54 %) compared with the arginase (45.8 %) and ure-

ase (43.1 %) genes (Wagemaker et al. 2005, 2006).

Identification of active site residues
and phylogenetic analysis

Residues identified as essential to all aminotransferases

(Mehta et al. 1993); G268, D294, K320 and R435 of the cDNA de-

rived A. bisporus OAT amino acid sequence were conserved

(Fig 2). Conservation was identified for residues involved in

the positioning of ornithine in the active site for specific trans-

amination as described for human ornithine aminotransferase

at the d position (Y74, R199) and for the stabilization of interme-

diate reaction products (F196, Y104 and T341) (Shah et al. 1997).

The A. bisporus oat gene is the first fully reported homobasi-

diomycete ornithine aminotransferase protein sequence. Spe-

cies from a wide evolutionary spectrum (48–80 % identity to the

A. bisporus OAT) were selected for an alignment and phyloge-

netic analysis. For comparison, A. bisporus OAT was used to

search for the OAT sequences of the homobasidiomycetes

www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
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-880 gatgcccgna tttttttttc tnactnccna cctttcctgn caaggatcat atttncnntg cacatttttt natcnnttgt
-800 gccggttttt cnaaattatc tnatgtcgcc ctatggcggc tcttggcgng cctnaatgca cggacgtgca ccccatcatt
-720 agtagcnata tgcggtnaca tggaggcgct ttcacaccag cattctccgc gcaaattnna cgtcatgggg gttnnatacc
-640 ggtgagcaga cacttcaccg nnacntgcat nccatgctgt cgantcatac ttcttttggg gtgggagtcg ggtgtcatga
-560 naacgaatct gggcacccgt ttctgatttt atcgttcttt tcttacggtt atgtgccttt cgggcacggt tttgggatgg
-480 ttaacttcag tgtgggCAAT gttttgagta tggatgcgtg gcgttctgta gcgtcacagg accccgtcgt ggcagctCAA
-400 Ttctacgtcc tggntctgtg gcgtsctgag tactgataac ggctcttctt ggacagtacc cgtgggccgg agcgagactg
-320 acggattatc gtatccATTG aattcacgat ttgacgagca aggacagctg aagcgacgag tagATTGGcc ggctgagcag
-241 cagtaggata gaacgtgtat gaATTGaATT GGaccagttt gttttcgcgg aatcagtgta gtgtaacgag atctacgtat
-161 gtacgggctc cgcatgggac gggaaaccga cctgacaact cggggcgaac tcggggcggg cggaacctga tagaggagcc
-81 cgtccaTATA AAgccaagcc cgtcccaaac taaccatcgg ctttacctgc acccaccatc atctacctcc aatacccgcc

*
1 atgtctccag cagctatcgc atcgtccccg acccaccgca ggttcgtcaa gcaggacaca gtcaaggcaa aggccaccgc

M  S  P   A  A  I  A   S  S  P   T  H  R   R  F  V  K   Q  D  T   V  K  A   K  A  T  A
81 atcgtccccg acccaccgca ggttcgtcaa gcaggacaca gtcaaggcaa aggccaccgc caccgcccct caacttgccg

S  S  P   T  H  R   R  F  V  K   Q  D  T   V  K  A   K  A T  A   T  A  P   Q  L  A 
161 aaactactat ctcctccgac caagtcgttg ccctcgagga gaggtacggc gcacacaagt gagtattgaa tatcgcaccc

E  T  T  I   S  S  D   Q  V  V   A  L  E  E   R  Y  G   A  H  N
241 cttcgtttcg tattgtagca ccattcctgt ccatgactgt cccatgtaaa ttggagtctc ctgtatgttt cacctttgtt
321 caggcgtgcc cgagtcgata gggggtactc cccagctctg agactcgttc ggcaggtagg catattcctt taaatagtcg
401 atgttcgtcc atgcttaagt gtgttcggtc tttttcagtg tccagacgtc cagtgtgaag ccagagagga gtcattagga
481 ggagagaata aggtcgtccg tacatgatca ttctcctcgt atcttgcttt tatgcaatac agaactgaca tgcgcggttt
561 tggccattag ttaccaccca ttgcccgtgg tcttcgattc cgcaagtggc gccaagtgag tgttttttgc tggtaatgtg

Y H  P   L  P  V   V  F  D  S   A  S  G   A  K
641 acctttccag ttcctgatga agcggcatct tccttttccc cgaacactat ctttctgttc gtcgtgtgtt tcgataacat
721 agagtctatg atcctgaagg caatgaatac attgacatgt tgtcggctta ctcgtaagtg cttccttcta ccatcttagt

V  Y   D  P  E  G   N  E  Y   I  D  M   L  S  A  Y S                             
801 tggatccgcg tagaccatgt ctcatcatgt cttcttcccg acatttccag tgcggtgaac caggtgagag tgtttatcat

A V  N   Q
881 taccggagtc cggaacatgt actaagcacc ggatctattc attcagggac actgtcatcc ccgtatcgtg gccaccctgg

G   H  C H  P   R  I  V   A  T  L 
961 tccaacaagc ccagaaattg acgctctcgt cccgggcgtt ctacaacagt gttttcggtc gttttgccca gaaaatcacc

V  Q  Q  A   Q  K  L   T  L  S   S  R  A  F   Y  N  S   V  F  G   R  F  A  Q   K  I  T 
1041 accatgtttg gatatgacat ggtgttgccc atgaacactg gtgccgaagc agtcgagacc tgtgtcaagc tcgcgagaaa

T  M  F   G  Y  D  M   V  L  P   M  N  T   G  A  E  A   V E  T   C  V  K   L  A  R  K
1121 gtgggcttat atgaaaaaag gtgtcccgga aggcaaggct attgtcttta gcgtttcggg taacttccat ggccgtacat

W  A  Y   M  K  K   G  V  P  E   G  K  A   I  V  F   S  V S  G   N  F H   G  R T
1201 tgggtatcat caggtgtgtt ctgtttccat ttcgctcttt ttgatcggaa catgggttga caggtggatt actgtttata

L  G  I  I   S
1281 gtatgagtac cgatcctgaa agccggacag gcttcggtcc gtacctccag aatgttggac cggtttacga agacggtgga

M  S  T   D  P  E   S  R  T   G  F  G  P   Y  L  Q   N  V  G   P  V  Y  E   D  G  G
1361 atgatgaaaa ccattcgata tggcgttctc gaagaccttg agagagcatt ggagctctat ggagaacaca ctgctgcatt

M  M  K   T  I  R  Y   G  V  L   E  D  L   E  R  A  L   E L  Y   G  E  H   T  A  A  F
1441 cctaatcgag cctatccaag gagaagccgg gtacgtcggt ttgcttggat gtcgaatgat tcattgttga cttgagcaat

L  I  E   P  I  Q   G  E  A  G
1521 tcacaggatt gttgtcccgg agcccgggta ccttgctcag gtacaccaac tctgcaagaa acacaatgta ttgttgatct

I   V  V  P   E  P  G  Y   L  A  Q   V  H  Q   L  C K  K   H  N  V   L  L  I 
1601 gcgacgagat ccaaacggtt cgttttacct ataatgatca gtcattttat gggctaatgt gtatgcgtag ggcttgtgcc

C D E  I   Q  T                                                   G  L  C  
1681 gaacaggcaa aatgcttgcg tgcgagtacg agggcatccg tcctgatgtg gtccttcttg gcaaggctct atctggagga

R  T  G  K   M  L  A   C  E  Y   E  G  I  R   P  D  V   V  L  L   G  K A  L   S  G  G 
1761 cgtgagtgct cgtgcagtct gccaccgcaa cgcttcttac tgattggtgt tagtgtaccc tgtttccgct gtcctggctg

L Y  P   V  S  A   V  L  A  
1841 atagcgatgt tatgctatgc attcgacctg gcgagcacgg cagtacatat ggcggtaacc ccctgggctg cgccgtcgcc

D  S  D  V   M  L  C   I  R  P   G  E  H  G   S  T Y   G  G  N   P  L  G  C   A  V  A 
1921 atgactgctc ttgatgtttt agttgatgaa aaattggccg atcgcgccat gaggctagga gagtacttcc gatctgctgt

M  T  A   L  D  V  L   V  D  E   K  L  A   D  R  A  M   R L  G   E  Y  F   R  S  A  V
2001 tcaatccttg aactctccgc tggtcgagtg tgttagagga agaggcttgc tgaatgccgt cgttatcgat gaaaagaaga

Q  S  L   N  S  P   L  V  E  C   V  R  G   R  G  L   L  N A  V   V  I  D   E  K  K  
2081 gtacgaaagg acgaactgca tggcagcttt gtctgctgtt gaagagtcgc ggcgtgctgg ccaagcccac tcatgtcaac

S  T  K  G   R  T  A   W  Q  L   C  L  L  L   K  S  R   G  V  L   A  K  P  T   H  V  N 
2161 atgtaagcct gaatttctatcttgtctagt tgtggggtgc ataaactaat gtcttgttac agtatccgct ttgctccccc

I                                                         I  R F  A  P  P 
2241 cctcgtcatc gaagaagagg atttgaagag ggctgtcagg atcattggcg aatgcttggc cgatctcgat actgtaagtt

L  V  I   E  E  E   D  L  K  R   A  V  R   I  I  G   E  C L  A   D  L  D   T  
2321 taatccgtct ttttcatggg gtcatggatc cgaattgacg catgaaaaat aggttgaaag aattcctggt gatgatgctc

V E  R   I  P  G   D  D  A  
2401 aacattgaat ggccactttg tccttgcttc attagacgtt attgatgttg ctttccttat gcgctagata accttttttt

Q  H  stop
2481 tctccttttt tcatatccag catcgggttc ctaagattgc atgcatgcag attatggagt gtgtcacctc atattcaagc
2561 tacttytgtt tatctttacc catcgccttt aaacgctatg tatatttaca tgtccattgc attgagtcgt aaaattatgg
2641 cttcttttaa aaataggact gcataaaata tattgcctgc ttctacgtaa acgttttata atatagggca cctcgtaagg

#
2741 tcaatcctct aaaatgaaag gaatcaaccg aatttaaatg ctccctctgg aactgttgca tagagttggt ttgttcttcc
2821 cccatattag caactcaaga cggtggaaat ccgagtctcg agtgaataac aggggatcag gattcaggaa agtgattttg
2901 gaacgaataa cgttgaatga ttgatcattg aaagacgtaa ggaagggcga caacaaaaaa aaatttcgac ttccatattt

Fig 2 – Nucleotide sequence with deduced amino acid sequences and introns of the ornithine aminotransferase gene from

Agaricus bisporus and its 50-UTR and 30-UTR. The coding strand of the gene is shown from 50 to 30 and is numbered from

the first nucleotide of the presumed start codon. Putative CREA binding sites are shown in bold/italics; GATA sequences

are in bold; CAAT-boxes are in capitals/bold/underlined and the TATA box is in capitals/bold. *#Indicate the 50 and 30 end

of the isolated cDNA. Conserved amino acid residues are boxed.
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Coprinus cinereus and Phanerochaete chrysosporium extracted

from genome data provided at the Joint Genome Institute

(http://genome.jgi-psf.org/) and the Broad Institute (http://

www.broad.mit.edu). The homo- and heterobasidiomycete se-

quences showed high identity with the A. bisporus OAT cDNA

derived amino acid sequence, 69–81 % and 68–70 %, respec-

tively. Phylogenetic analysis (Fig 3) showed the basidiomycete

fungal OATs to group together with the ascomycete fungal

OATs, sharing identities ranging from 57–62 %. The metazoa

group comprising Chordata, Arthropoda and Nematoda showed

identities ranging from 51–55 %. Viridiplantae cluster in a sepa-

rate group with identities of 51–54 % to the A. bisporus OAT. The

alignment revealedthat the eukaryotic OATsequences possess

an extended N-terminus compared with those from prokary-

otes. The MitoProt II 1.0a4 program (Claros & Vincens 1996) pre-

dicted a mitochondrial cleavage site for the Metazoa and Plantae

OAT with high probability (>0.97). In these eukaryotes, OAT is

synthesized as a 49 kDa precursor that undergoes cleavage of

a 4 kDa N-terminal signal peptide coincident with uptake into

mitochondria. However, a much lower probability (P< 0.63)

was calculated for the basidiomycete OAT and the putative
targeting sequences did not contain all the residues thought

to be required for this process (Hendrick et al. 1989). This makes

it unlikely that the fungal OATs are translocated to the mito-

chondria. Different subcellular localization of the arginase

(Wagemaker et al. 2005) and ornithine aminotransferase may

provide a mechanism for regulating the subsequent metabolic

fate of ornithine in mammals different from that in fungi.

Expression of OAT in Saccharomyces cerevisiae

In contrast to mammals and plants (see above), the Saccharo-

myces cerevisiae OAT is a cytosolic enzyme (Degols 1987;

Jauniaux et al. 1978). The S. cerevisiae mutant strain

2468dDAg81 (leu2, ura3, argRII), which is unable to utilize orni-

thine as a sole source of nitrogen, was used in a complementa-

tion study with the Agaricus bisporus oat gene. Two plasmids

were made starting with the pYES2 yeast expression vector.

One construct contained the complete A. bisporus gene (pOAT

wt), whereas the other encoded an OATwt without the 23

amino acids of the extended N-terminus (mOAT). Fig 4A shows

the control, background growth on glucose/ornithine agar
Agaricus bisporus

Phanerochaete chrysosporium

Coprinopsis cinereus

Cryptococcus neoformans

Ustilago maydis

Schizosaccharomyces pombe

Aspergillus nidulans

Neurospora crassa

Eremothecium gossypii

Saccharomyces cerevisiae

Plasmodium falciparum

Caenorhabditis elegans

Drosophila melanogaster

Drosophila ananassae

Xenopus laevis

Rattus norvegicus

Homo sapiens

Medicago trunculata

Arabidopsis thaliana

Vitis vinifera

Streptomyces avermitilis

Bacillus subtilis

Oceanobacillus iheyensis

100

100

99

100

100

100

100

76

95

100

100

97

100

81

78

81

99

83

51

99

0.1

Homobasidiomycetes

Heterobasidiomycetes

Fungi, Basidiomycota

Fungi, Ascomycota

Metazoa

Alveolata

Plantae

Bacteria

Fig 3 – NJ unrooted phylogenetic tree of selected ornithine aminotransferases. Organisms and their accession codes are:

Arabidopsis thaliana (Ref:2415524A), Ashbya gossypii (AAS52806), Aspergillus nidulans (Q92413), Bacillus subtilis (P38021),

Caenorhabditis elegans (Q18040), Coprinopsis cinereus (BI 1.118; scaffold 6), Cryptococcus neoformans (XP_568030), Drosophila

ananassae (P49724), D. melanogaster (Q9VW26), Eremothecium gossypii (AAS52806), Homo sapiens (P04181), Medicago truncatula

(Q8GUA8), Neurospora crassa (Q7RX93), Oceanobacillus iheyensis (Q8EP32), Phanerochaete chrysosporium (JGI v1.0; scaffold 58),

Plasmodium falciparum (Q9GQI3), Rattus norvegicus (P04182), Saccharomyces cerevisiae (P07991), Schistosoma japonicum,

(Q7YW77), Schizosaccharomyces pombe (P78805), Streptomyces avermitilis (Q82HT8), Ustilago maydis (XP759316), Vigna aconiti-

folia, (P31893), Vitis vinifera (Q9FVJ2), Xenopus laevis, (Q7ZX40). Bar [ 10 substitutions per 10 amino acid residues. BS values

(500 replicates) are shown at the branches.

http://genome.jgi-psf.org/
http://www.broad.mit.edu
http://www.broad.mit.edu
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without the induction of the OAT insert under the control of

the GAL2 promoter in pYES2. The same background growth is

observed with the empty pYES2 expression vector when grown

in the presence of galactose (Fig 4B-1). The increased growth

observed on galactose/ornithine agar (Fig 4B-2–4) shows that

constructs pOATwt and mOAT both complemented the

2468dDAg81 strain in a galactose-dependent manner and

resulted in cytosolic expression. This supports the conclusions

based on the computational analysis (see above). When

expressed in S. cerevisiae, the human OAT was targeted to the

mitochondria (Dougherty et al. 1993).

Proline, ornithine, and amino acid analysis

Developing fruiting bodies were dissected and the tissues

were extracted to analyse their proline and ornithine content.

The total amount of the 20 amino acids commonly found in

proteins, the amount of proline and ornithine and the per-

centage of proline and ornithine related to the total amount

of amino acids are given for stipe and cap tissues (Table 1).

Ornithine showed an increase in stipe and cap tissue during

development of the fruiting body and represented 19 and

14 % of the total amino acid content in the stipe and cap, re-

spectively, by stage 7. By contrast, the proline content showed

a large decrease during mushroom development starting at

high concentrations in the first stages, e.g. 42 % of the total

amino acid content in the cap at stage 2, falling to 0.7 % by

stage 7. Gill, velum, and peel tissue showed values comparable

with the cap tissue (data not shown). The fall of proline levels

from stage 3 onwards may indicate that proline is a significant

molecule for the transport of nutrient from the mycelium

during early fruiting body development, and therefore, the re-

duced transport during later development would prevent the

fruiting body becoming a drain on the resources of the myce-

lium. A similar pattern has been reported previously for treha-

lose (Hammond & Nichols 1976).

Ornithine aminotransferase and P5C dehydrogenase
transcript analysis

Ornithine can be transformed by OAT into D1-pyrroline-5-car-

boxylate (P5C), which is the substrate for (1) P5C-reductase for
proline synthesis and (2) P5C-dehydrogenase (encoded by

pruA) in transformation to glutamate. Transcriptional regula-

tion of the oat and pruA genes was studied by determining the

mRNA levels in stipe and cap tissues of the Agaricus bisporus

fruiting body during development and post-harvest senes-

cence by Northern analysis (Fig 5).

The mRNA of oat in stipe and cap tissue showed low tran-

script levels between stages 1–4, followed by a slight increase

in transcription from stage 5. The oat expression levels also in-

creased during post-harvest development from stages 5–7 in

both cap and stipe. A similar expression pattern was observed

with other ornithine cycle genes (Wagemaker et al. 2005;

Wagemaker et al. 2007). This suggests a common regulatory

mechanism of the ornithine cycle genes in relation to mush-

room development. Interestingly, urease is controlled by a dif-

ferent mechanism post-harvest and is down-regulated

(Wagemaker et al. 2006). This results in the accumulation of

urea observed in the harvested fruiting body (Hammond

1979) and may act as an osmoticum driving the continued

cell expansion post-harvest.

As filamentous fungi can utilize many compounds as sole

sources of both nitrogen and carbon, the regulation of en-

zymes involved in amino acid or purine catabolism are

thought to be subject to C-catabolite repression as well as

A B

1

3

2 4

1

3

2 4

Fig 4 – Complementation of the Saccharomyces cerevisiae

2468dDAg81 (leu2, ura2, argII) mutant. (A) Glucose/ornithine

agar (to test for background growth). (B) Galactose/ornithine

agar. Plasmids used for transformation: (1) empty pYes2;

(2), (3) pOATwt in duplicate; (4) mOAT.
Table 1 – Total amino acids and proline content of stipe and cap tissues during fruiting body development

Stage Stipe Cap

Total
amino acidsb

(mmol g�1
D.W.)

Proline
[mmol g�1

D.W. (%)]
Ornithine

[mmol g�1
D.W. (%)]

Total
amino acidsb

(mmol g�1
D.W.)

Proline
[mmol g�1

D.W. (%)]
Ornithine

[mmol g�1
D.W. (%)]

1a 798 78 (9.8) 18 (2.2) 798 78 (9.8) 18 (2.2)

2 567 74 (13) 34 (6) 985 411 (42) 13 (1.3)

3 514 24 (4.7) 31 (6) 564 21 (3.7) 20 (3.6)

4 299 20 (6.6) 24 (8.1) 467 16 (3.5) 25 (5.4)

5 190 10 (5.3) 27 (14) 575 8 (1.3) 52 (9)

6 199 3 (1.8) 36 (19) 382 5 (1.2) 42 (11)

7 185 2 (0.9) 36 (19) 360 3 (0.7) 49 (14)

a Stage 1 fruiting bodies were not dissected but extracted as a whole.

b Total amino acids represent the amount of the 20 most common amino acids in proteinþ the amount of ornithine. Amounts of proline and

ornithine are given for stipe and cap tissue and percentage of total is given between brackets.
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N-metabolite regulation. A. bisporus mycelium has been shown

to utilize protein as a sole source of carbon, nitrogen, and sul-

phur, with no catabolite repression observed in the presence of

glucose and/or ammonium (Kalisz et al. 1986). In A. nidulans,

the oatA gene was shown to be under control of the nitrogen

metabolite and carbon catabolite repression systems (Bartnik

& Weglenski 1973). The promoter region of the A. bisporus oat

was examined for possible transcription factor binding motifs

and was found to be rich in GC-stretches (Fig 2). Three exact

matches to the SYGGRG consensus sequence known for bind-

ing fungal carbon catabolite repressors, such as CREA, (Cubero

& Scazzochio 1994) were identified. The GATA element, match-

ing the HGATAR consensus motif, recognized by nitrogen

regulatory proteins, e.g. AREA, was identified five times. In

the promoter regions of the agaA and oatA genes of A. nidulans

several putative CREA and AREA-binding sites were identified

by in vitro binding of fusion proteins containing AREA or

CREA DNA-binding domains (Dzikowska et al. 1999, 2003).

The presence of several putative GATA sites and SYGGRG con-

sensus sequences support the possibility that the A. bisporus

oat gene is subject to nitrogen and carbon regulation, compara-

ble with the A. nidulans system. A similar system was described

for the promoter of A. bisporus arginase and argininosuccinate

lyase genes (Wagemaker et al. 2005; Wagemaker et al. 2007).

PruA transcript levels showed a slight increase in the latter

stages of development with the exception of cap tissue at

stage 7, when a fall in transcript level was observed. These

patterns are similar to those described for other ornithine

Normal growth Post harvest

1 2 3 4 5 6 7 ph5 ph6 ph7

Stipe 28S

oat

pruA

2 3 4 5 6 7 ph5 ph6 ph7

Cap 28S

oat

pruA

Fig 5 – Northern blot analysis of total RNA isolated from

pooled Agaricus bisporus Horst U1 stipe and cap tissue cut

from fruiting bodies in different stage of development. For

RNA isolation cut samples were pooled according to the

criteria described before (Hammond & Nichols 1975;

Wagemaker et al. 2005). Ten micrograms of total RNA was

size-fractionated and hybridized with an oat, pruA or a 28S

rRNA gene fragment. Arrows indicate the position of the

two oat transcripts.
cycle genes (Wagemaker et al. 2005, 2006; Wagemaker et al.

2007). After fruiting body harvest pruA transcript levels

changed little in the stipe tissue, whereas in the cap the levels

increased between stages post-harvest 5 and 6 and then fell at

post-harvest 7. Why pruA expression differs between stipe

and cap tissues is probably a result of different physiological

functions of the tissues in the harvested fruiting body. After

harvest the fruiting body is nutritionally isolated and the stipe

undergoes extensive proteolysis for export of resources to the

gill tissue for spore production (Hammond & Nichols 1975;

Burton et al. 1997b). The harvested fruiting body has high res-

piration rates, and although overall mannitol levels fall, there

is evidence of carbohydrate movement to the developing gill

tissue (Hammond & Nichols 1975). Protein is the main source

of nitrogen for redistribution and a potential carbon source af-

ter harvest. The high levels and activity of serine proteinase

are probably responsible for the initial breakdown of proteins

to peptides (Burton et al. 1997b). The hydrolysis of peptides to

amino acids is probably catalysed by leucine aminopeptidase

(Eastwood et al. 2001) and the amino acids are metabolized via

the ornithine cycle and TCA (tricarboxylic acid) cycle enzymes.

The increase in ornithine cycle gene expression in the later

stages of fruiting body development may indicate a reduced

nutrient import from the mycelium, similar to the nutritional

isolation experienced by the harvested mushroom. From

stage 5, localized cell death occurs leading to senescence of

the fruiting body at stage 7, these events presumably ensure

that the fruiting body does not remain a drain on the re-

sources of the mycelium indefinitely. Further study on the

movement of resources from the mycelium to fruiting body

during development is required to determine whether the

older mushroom becomes nutritionally isolated and whether

this is caused by changes in the mycelium or the fruiting body.

The similar expression patterns of the ornithine cycle genes

arginase, argininosuccinate sythetase, argininosuccinate

lyase, urease, ornithine aminotransferase and D1-pyrroline-5-

carboxylate dehydrogenase during fruiting body development

suggests a common regulatory mechanism. This is supported

by the presence of putative GATA motifs the promoter region

of each of the above genes and of serine proteinase and CREA

motif in all, except argininosuccinate synthetase and serine

proteinase (Kingsnorth et al. 2001; Wagemaker et al. 2005,

2006; Wagemaker 2007). Transcription of these genes post-

harvest may be a consequence of nutrient limitation whereby

the fall in available carbon sources removes the catabolite re-

pression of the ornithine cycle genes, e.g. via a CREA-like mech-

anism, and as proteins are broken down in the fruiting bodies

there is induction of the enzymes, e.g. via an AREA-like mech-

anism. A similar mechanismmay occur in non-harvested fruit-

ing bodies in the later stages of development and may indicate

the point at which the ageing fruiting body is isolated from the

mycelium to prevent it becoming a constant drain on the

resources of the fungus.
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