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Abstract. GPD genes encoding glyceraldehyde-3-phos- 
phate dehydrogenase were isolated f rom the homoba-  
sidiomycetes Schizophyllum commune, Phanerochaete 
chrysosporium and Agaricus bisporus. All three species 
contain one transcriptionally active GPD gene, but A. 
bisporus also contains an inactive GPD gene (tandemly 
linked to the active gene). These genes contain 5 - 9  in- 
trons located at conserved positions, differing (except in 
one case) f rom intron positions in ascomycetous GPD 
genes. The predicted amino-acid sequences of  the 
proteins encoded by the three active GPD genes are high- 
ly homologous.  A comparison with protein sequences 
f rom filamentous ascomycetes shows a clear distinction, 
whereas the GPD genes f rom ascomycetous yeasts are 
quite distinct f rom both the filamentous ascomycetes and 
basidiomycetes. Promoter  regions of  ascomycetous GPD 
genes do not correspond to those of  the GPD genes of  
basidiomycetes which may  (partly) explain poor  expres- 
sion in basidiomycetes of  introduced genes driven by an 
ascomycete GPD promoter .  
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Introduction 

Glyceraldehyde-3-phosphate dehydrogenase (GPD or 
G A P D H ,  E.C. 1.2.1.12) is a key enzyme in glycolysis. 
The GPD gene is highly and constitutively expressed: 
2 -  5% of  the poly(A) + R N A  of  yeast may  comprise G P D  
m R N A  (Holland and Holland 1978; Edens et al. 1984), 
while up to 5% of  the cellular protein may  constitute 
G P D  protein (Krebs 1953). The active holoenzyme is a 
tetramer composed of  identical subunits, each with an 
approximate  M s of  38 000. 
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Grignon, 

The development of  t ransformation systems for ho- 
mobasidiomycetes,  based on selection for hygromycin B 
resistance and using heterologous expression signals to 
express the bacterial hygromycin B phosphotransferase 
gene, has been unsuccessful (Casselton and de la Fuente 
Herce 1989; Mooibroek  et al. 1990; Challen et al. 1991; 
Royer and Horgen 1991). Only in Laccaria laccata have 
positive results been reported (Barrett et al. 1990). The 
isolation of  strong endogenous promoters  to drive the 
expression of  heterologous genes in basidiomycetes 
would thus seem essential. Tho this end we have cloned 
the GPD genes f rom Schizophyllum commune, Phane- 
rochaete chrysosporium and Agaricus bisporus. 

Throughout  the Kingdoms of  organisms amino-acid 
sequences of  G P D  proteins are highly conserved (Smith 
1989; Michels et al. 1991), which allows for an evolution- 
ary analysis. The nucleotide and predicted amino-acid 
sequences of  the homobasidiomycete  GPDs are therefore 
compared with GPDs f rom several ascomycetes, the het- 
erobasidiomycete Ustilago maydis, and with some plants 
and animals. 

Materials and methods 

Isolation of GPD genes. (1) S. commune. A genomic library of partial 
Sau3A genomic fragments of the S. commune monokaryotic strain 
4-39 in the BamHI site of 2EMBL4 was screened with the 1.2 kb 
ScaI-SacI fragment form pAN5-22, containing 267 codons of the 
Aspergillus nidulans gpdA gene (Punt et al. 1988). Hybridization was 
in 6 x SSC, 0.5% SDS, 5 x Denhardt's solution, 1.5 mg m1-1 dena- 
tured salmon sperm DNA at 58 ~ washings were done twice with 
6 x SSC, 0.1% SDS, 0.1% NaPPi and twice with 3 x SSC, 0.1% 
SDS, 0.1% NaPPi at 58~ each for 30 rain. Seven positive clones 
were isolated, all of which contained a 2.9 kb HindIII fragment that 
strongly hybridized with the A. nidulans gpdA gene. The 2.9 kb 
HindIII fragment from )d21 was subcloned (p121-9) and sequenced. 
(2) P. chrysosporium. A genomic library of the P. chrysosporium 
heterokaryotic strain ME-446, ATCC34541 in 2EMBL3 (Schrank 
et al. 1991) was screened with the 1.4 kb PvuII-HindIII fragment 
from p121-9, encoding the carboxy-terminal 315 aa of the S. com- 
mune GPD gene. Hybridization was in 0.5 M sodium phosphate pH 
7.2, 7% SDS and 1% BSA (Church and Gilbert 1984) at 54~ 
Non-hybridized probe was removed by washing twice with 0.1 M 
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Fig. 1. Partial restriction maps ofp121-9, pPhc428 and pGBB5 that  
contain the GPD gene(s) of S. commune, P. chrysosporium and 
A. bisporus, respectively. Exons and introns are indicated under 
each map by black and white boxes respectively, whereas the tran- 
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scription direction is indicated by an arrow. The GPD Ag~ gene, for 
which no transcripts have yet been found, could be transcribed in 
the same direction as the GPD Agz gene 

*-150 *-100 * = - 5 0  
ggcgcgcagt ccaggccgcc gccga tg tg t  t c a t c c c g t t  t t g t c a g t a t  cgatcggatc t t t c g g g c g t  gggtataaaa gcgcgccgcc cgccgtc tcc  c t c t t t c t c c  agcactccca tccagagcac t t c c c t c t c c  

ol  *50 *100 
catcgcatcc catcacacaa ta ATG gtgagcaccg cgcgcgacgg cgagctcgca ggacgctgac a tc tgc tcgc  gatag GCC GTG ~ G  GTT GGA ATT ~ C  GGG TTC G gtgcgtacgg cccagat tgg cgc 

M A V K V G I N G F  10 

.150 *200 
agatctcgcc ctgactccct ccgcag GT CGC ATT GGC CGT ATC GTT CTC CGT ~T GCC CTT CAG CTG GGC ~C ATC ~G GTC GTC GCC ATC ~C GA gtgagtgcag cgagctcagt ttccatcttc 

G R I G R I V L R N A L Q L G N I E V V A I N D  34 

,250 ,300 ,350 
aagtctgacg cgatctag C CCG TTC ATC GCC CTT 6AC TAC ATG GTC TAC ATG TTC ~G TAG ~C ACC GTC CAC GGC CGC TAG ~G GGC ACC GTC GAG GTG ~G ~C GGC ~G CTC GTC 

P F I A L O Y M V Y M F K Y D T V H G R Y K G T V E V K D G K L V  67 

,400 *450 
GTC ~ C  GGC CAT GCC ATC ACC GTC TTC GCT GAG ~ G  ~ C  CCC GCC ~ C  ATC ~ G  TGG GGC TCT GCT GGC GCC ~ C  TAC ATC GTC GAG TCC ACC g tacg tca ta  t a tgcgc t cc  ca t t t cccgc  

V D G H A I T V F A E K N P A D I K ~ G S A G A D Y I V E S T  98 

,500 ,550 
acttcctaac ctctctcgtag GGT GTC TTC ACC ACC GTC GAG ~G GCG TCC CTG CAC TTG CAG GGC GGC GCG ~G ~G GTC GTC ATC TCG GCG CCC TCC GCC GAG GCC CCG ATG TTC GTC 

G V F T T V E K A S L H L N G G A K K V V I S A P S A D A P M F V 1 3 1  

-600 *650 -700 
GTCGGCGTC~CCT~GAC~GTA~cTCG~GTACCAGGTCATCTCG~GcG~CTGCA~GACC~CTGCCTGGCG~CGCTCGCG~GGTCATCCACGAC~GTAC~GCATCGCG 

V G V N L D K Y D S K Y N V I S N A S C T T N C L A P L A K V I H D K Y G I A 1 7 0  

*~0 .800 
GAG GGT CTC ATG ACC ACC GTG CAC GCC ACG ACC GCG ACC GAG ~ G  ACC GTC GAC GGC CCG TCG CAC ~ G  GAG TGG CGC GGT GGC CGC TCG GTC ~ C  ~ C  ~ C  ATC ATC CCC TCG TCG 

E G L M T T V H A T T A T N K T V D G P S H K D W R G G R S V N N N I I P S S 2 0 9  

,850 .900 ,950 
ACT GGT GCC GCT ~G GCC GTC GGC ~G GTC ATC CCC TCG CTC ~C GGG CGC CTC AC gtacgtctga tctgtccaga tctccttagc ggcctcc taatctcttc cccacag C GGC CTC GCC TTC CGT 
T G A A K A V G K V I P S L N G R L T  G L A F R 2 3 3  

,1000 ,I050 
GTC CCG ACC CTC GAC GTC TCC GTC GTC GAC CTC GTC GTC CGC CTC GAG ~ G  GAG GCG TCG TAC GAC GAG ATC GTC GCG ACC GTC ~ G  GAG GCG TCC GAG GGC CCG CTC AAG GGC ATc 

V P T L D V S V V D L V V R L E K E A S Y D E I V A T V K E A S E G P L K G I 2 7 2  

-1100 -1150 
CTC GGC TTC ACC GAC GAG TCC GTC GTC TCG ACC GAC TTC ACC GGC GCG ~ C  GAG TCG TCC ATC TTC GAC TCC ~ G  GCC GGC ATC GCG ATC AGC ~ G  AGC TTC GTG ~ G  CTC ATT GCC 

L G F T D E S V V S T D F T G A N E S S I F D S K A G I A I S K S F V K L I A 3 1 1  

,1200 .1300 
TGG TAC GAC ~ C  GAG TGG GGC TAC TCC CGC CGT GTC TGC GAC CTG CTC GTC TAC GCG GCG ~ G  CAG GAC GGC GCG CTC T ~  gcggcgaagc aagacggcgc gc tc taag tg  c c t g a t c c t t  
W Y D N E W G Y S R R V C D L L V Y A A K N D G A L  337 

"1350 .1400 
tggacgcttg tactttacct ctacatagac tgggccggag agtaaaagaa gaaaggaatg taacgttgta caacatgtct aataattgta cgatcccaaa 

t 

Fig. 2. Nucleotide sequence and derived amino-acid sequence of 
the GPD gene of S. commune. Exon sequences are e~italized, con- 
served internal intron sequences are un~rlined. Numbering of nu- 
cleotides is with respect to the start of the coding sequence. Putative 
TATA and CAAT boxes are sing~ and ~ u b ~  overlined, respectively. 

The putative polyadenylation signal of GPD sc has been double un- 
derlined. The major tsp is marked with an asterisk. The last base of 
the transcript is marked with an arrow. A 27-nt repeat in the 3' end 
of the gene has been double overlined 



o-100 =-50 * =1 
gcgcgat tga tggaggcgaa t c t c c g a t a t  ccaatcgatg acgaaaacct t taaa taccg  tcgccgccgt  ccgtccc tcc  tccccataac t t t c a a t c c t  ccctccaccc c tacac tac t  tgaac ATG CCG gtcagta  

M P  2 

�9 50 .100 
caccacacag cccgaccgcg acgaccacgt g c t g a c t t c g  c t t t c c a g  GTC AAA GCA GGA A T C ~ C  GG gtaagccgcc gatgatgcgc g t t t t a g g a c  gacgacactc accgaggggg t t t c t ~ a c t c  gtgcag 

V K A G I ~ G  9 

=150 ,200 -250 
T TTC G gtgagtaccc gcgcatacat gcaccaaaga ccccgtactg agcatccaca aag GT CGT ATT GGC CGT ATC GTC CTC CGT ~T GCT CTC CTT ~C GGA GAC ATT GAC GTC GTC GCG GTC 

F G R I G R I V L R N A L L H G D I O V V A V  32 

�9 3 0 0  =350 .400 
~C GA gtacgtcctc tcaagtcccc ccttactcag ggacgcgttc tgacgcccta aaccttacct cag C CCC TTC ATT GAC CTC GAG TAC ATG gtatgtccag ttttctacgc gtcgctaccc cacagcgatg 

N O  P F I D L E Y M  42 

�9 450 .500 
gcgattgcaa gcaaagcccg acacgctgac gcgtgtgctt ccag GTC TAC ATG TTC ~G TAC GAC TCC GTT CAC GGT CGC TTC ~G GGT TCC GTC GAG GCC ~G GAC GGC ~G CTC TAT GTC 

V Y M F K Y D S V H G R F K G S V E A K D G K L Y V  

�9 550 ,600 
GAG GGC ~G CCT ATC CAC GTC TTC GCT GAG ~G GAC CCG GCC ~C ATC CCC TGG GGC TCT GTC GGC GCT GAG TAC ATC GTC ~G TCG ACC GGT GTG TTC ACC ACC ACC ~G ~G GCC 
E G K P I H V F A E K D P A N I P W G S V G A E Y I V E S T G V F T T T E K A I 0 7  

=650 .700 -~0 
TCT GCC CAC TTG ~ G  GGC GGT GCC ~ G  ~ G  GTC ATC ATC TCG GCC CCC TCT GCT GAT GCC CCC ATG TTT GTC TGC GGT GTC MC CTC GAG GCG TAC GAC TCC ~ G  TAG ~ G  GTG ATC 
S A H L K G G A K K V I I $ A P S A D A P M F V C G V N L D A Y D S K Y K V I 1 4 6  

�9 800 .850 
TCG ~C GCG TCC TGC ACC ACC ~C TGC TTG GCG CCC CTT GCC ~G GTC ATC CAC GAC MG TTC GGC ATT GTG CAG GGT CTC ATG ACC ACC GTC CAC GCT ACC ACC GCT ACC CAG MG 
$ N A S C T T N C L A P L A K V I H D K F G I V Q G L M T T V H A T T A T Q K 1 8 5  

�9 900 =950 
ACC GTC GAT GGC CCC TCG ~C ~G GAC TGG CGT GGT GGC CGT TCC GTC GGC ~C ~C ATC ATC CCC TCG TCG ACT GGT GCC GCC ~G GCC GTC GGC ~G GTC ATC CCT TCG CTC MC 
T V D G P S N K D W R G G R S V G N N I I P $ S T G A A K A V G K V I P S L N 2 2 4  

�9 1000 .1050 =1100 
GGC ~ G  CTG ~ C  g t g a c g a t t t  acgacctctc  a t g t g a t t t t  ggacgacgtg ctaaQgactc ccgacag GGT CTC GCC TTC CGT GTC CCC ACC GTC GAT GTC TCC GTC GTC ~ C  CTC GTC GTC CGT 

G K L N  G L A F R V P T V D V S V V D L V V R 2 4 7  

�9 1150 =1200 
CTC GAG ~ G  CCC GCT TCT TAC GAC GAG ATC ~ G  CAG GCC ATC ~ G  GAG GCG TCG GAG ACC ACC CAC ~ G  GGC ATC CTC GGC TAG ACC GAG GAG ~ G  GTC GTC TCC ACC GAG TTC ACC 

L E K P A S Y D E I K Q A I K E A S E T T H K G I L G Y T E E K V V S T D F T 2 ~  

=1250 =1300 .1350 
GG~CGAC~CG~GA~C~TCGA~GTGA~GCG~G~ATCG~GC~C~C~GACA~G~G~T~AT~T~C~G~A~GAC~GAGT~GGGC~ACT~CGC~G~GC~G~C 
G N D N S S I F D R D A G I A L N K T F V K L I S W Y D N E W G Y S R R C C D 3 2 5  

�9 1400 =1450 
CTC CTC GGT TAC GCC GCG ~G GTC GAC GGT GCC CTC T~ cgtcgctcac cgaccgtgct gctacggtcc tcgggcggac atagaaatta agaaagctgt acagtgtatc tgcggttgta cccattaatc gcccg 
L L G Y A A K V O G A L  337 

�9 1500 .1550 .1600 
a t g t a t t t a a  aaccaaaata gatgcatgga gga t tg taca  aa tacac t t g  tc tcgacgga t t t t a t g c t c  t t gcgcga tg  catcgagcgc aacctcggcg t t ccgg tcga  tgacctgcag 

Fig. 3. Nucleotide sequence and derived amino-acid sequence of the GPD gene of P. ch~so~orium. For details, see legend to Fig. I 
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sodium phosphate pH7.2, 0.2% SDS at 54~ for 30min. Four 
positive phages were isolated. Of these 2Phc42 and 2Phc52 con- 
tained strongly hybridizing EeoRI fragments of 8 and 7 kb, respec- 
tively. The 8 kb fi'agment from ,lPhc42 was subcloned (pPhc428) 
and relevant parts sequenced. (3) A. bisporus. A genomic library of 
partial Sau3A fragments of A. bisporus (strain Horst | U3), con- 
structed in the XhoI site of 2FIX II, was screened with the 1.2 kb 
ScaI-SacI fragment form pAN5-22, containing the A. nidulans gp- 
dA sequence (Harmsen et al. 1991). Hybridizations were done as 
described for the isolation of P. chrysosporium clones. One positive 
clone (2ABU3-412) contained a strongly hybridizing 5 kb BamHI 
fragment that was subcloned (pGBB5) and sequenced. 

Sequence analyses. After restriction mapping a series of overlapping 
subclones of p121-9, pPhc428 and pGBB5 were constructed in 
pUC-derived vectors. Both strands from the derived subclones were 
sequenced at least twice by the dideoxy chain-termination method 
using T7 DNA polymerase (Tabor and Richardson 1987). 

Transcript mapping. The transcription start points (tsp) of the GPD 
genes were determined using primer extension with AMV reverse 
transcriptase. Total ssRNA (20 pg) in 120 gl 250 mM KC1, 10 mM 
Tris-HC1 pH 8.3, 1 mM EDTA containing 66 ng of the 32p-labelled 
oligonucleotide was heated at 80 ~ for 3 min after which annealing 
took place at 45 ~ for 1 h. The mixture was then brought to 160 lal 
188mM KC1, 70mM Tris-HC1 pH 8.3, 7.5mM MgC12, 6mM 
DTT, 1.25 mM of each dATP, dTTP, dCTP, dGTP and 20 U of 
AMV reverse transcriptase. Reverse transcription was done at 42 ~ 
for 30 rain. The products were precipitated and analyzed on a 6% 
sequence gel alongside with the products of sequencing reactions to 
determine the t~iP. The following were used as primers: 5'-ATTCC- 

CGGGCATTATTGTGTGATGGGATG-3' for S. commune, 5'- 
GAGGACGATACGGCC-3' for P. chrysosporium and 5'-CAT- 
TACGGAGGACAATG-3' for A. bisporus. The 3' end of the S. 
commune GPD mRNA was determined by SI nuclease protection 
mapping, performed as previously described (Schuren and Wessels 
1990), using the 511 nt XhoI-HindIII fragment cloned into 
M13mpl8. 

Computer analyses. The complete nucleotide and derived amino- 
acid sequences were analyzed using the PC/GENE programs pack- 
age (version 6.01). The amino-acid sequence and the position of 
introns was determined by comparison with known GPD amino- 
acid sequences and by comparison with intron consensus sequences. 
Multiple sequence alignments were done with CLUSTAL (Higgins 
and Sharp 1988) and the PALIGN program of PC/GENE which 
both use the algorithm of Myers and Miller (1988). Sequences 
from the GPD genes of U. maydis (Smith and Leong 1990), 
A. nidulans (Punt et al. 1988), Aspergillus niger (R. E M. van 
Gorcom unpublished results) Curvularia lunata (Osiewacz and 
Ridder 1991), Cryphoneetria parasitica (Choi and Nuss 1990), 
Saccharomyces cerevisiae 1 (Holland and Holland 1980), S. eere- 
visiae 2 (Holland and Holland 1979), S. eerevisiae 3 (Holland et al. 
1983), Kluyveromyees lactis (Shuster 1990), Zygosaeeharomyees 
rouxii (Imura etal. 1987), tobacco (Shih etal. 1986), hamster 
(Vincent and Fort 1990), human liver (Arcari et al. 1984), chicken 
(Stone etal. 1985), Drosophila melanogaster (Tso etal. 1985), 
Homarus americanus (Davidson et al. 1967), Schistosoma mansoni 
(Goudot-Crozel et al. 1989), Caenorhabditis elegans (Huang et al. 
1989), maize (Brinkmann et al. 1987) and mustard (Martin and 
Cerff i986) were obtained from the EMBL (Release 27) and 
SWPROT (Release 18) data libraries or manually entered using 
PC/GENE. 
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A 

* - 2 5 0  * - 2 0 0  - -  , - 1 5 0  
attgagatgg acgatggt t t  atgagacttg acgagcatta gcgagt9act gcatcacata gccgtgctcc gc t t t g t t c c  tcatgtatcc tgtatatgaa tcaccaatga gacaacaact tacgcaaag9 atgacgtagt 

-100. ,-50 *1 
accttggtgc aacctcgtat gtgagatcta caaagaaaga tatatagtgg agaaagtaca accgtgtaag gccctccttc attcacgtcc agagacacac agagaaatag ta tca taa t t  cacg ATG g taa t t c tc t  

M 1 

, 5 0  ,100 
t t c t t t t g g g  ataagttgaa acccgaacga ggaactaatc t t tcactcgg tgtag GTT MT GTT GGA ATC ~ T  GG g tacg t t c t t  gagaaatgtt t ca taac t t t  t t c a t c c t t t  tatatgcctc 9tacgatag 

V N V G I N G  8 

-150 ,200 6250 
G TTT G gtaagtttgt ggaactgcct gttgcatcaa tcgccactaa ataaaaaaaa tatgaag GG AGG ATC GGA CGT CTC GTC CTC AGA ~T GCA TTA C~ ATG C~ ATT CTC ACT GTT GTA GCT 

F G R I G R L V L R N A L Q M Q I L T V V A  30 

,300 ,350 ,400 
GTT ~T GA gttgagcatc ctttcaccaa caatgccata aagggtgtgc 9c~taccgag gctatatcta g T CCT TTC CTT GAC GTT G~ TAC ATG gtaaagcgct tctatctact ggtctcactt gcttE 
V N D  P F L D V E Y M  41 

,450 ,500 
actcaaggtt t ta tag  GCG TAT CTG TIC MG TAT GAT TCC GTT CAT G~ CGA TAT C~ GGA AAA GTC G~ ACC ~G ~C GGG AAA ITG ATC ATT GAT GGA CAT AAA ATC GCG GCT TTC 

A Y L F K Y D S V H G R Y Q G K V E T K D G K L I I D G H K I A A F  

,550 ,600 
GCA G~ CGT GM CCG GCA ~ T  ATT AAA TGG GCC GAT TGC GGC GCT GAG TAC ATC GTT G~ TCT ACT gtgagtagat gtgcccggtt c t t t g t t acc  c tcact t tga gctaagagg gcatatag GGC 
A E R E P A N I K W A D C G A E Y I V E S T  G 98 

-650 .700 * ~ 0  
GTG TTC ~ ACA G~ G~ TT gtgtgtaatg atatgttgga atctgtttcg gattgcgaat tgatcfltat cttgggtag A GCG ~G GAG CAT TTG ~G GGT GGG GCC AAA ~ GTT GTC ATC ACC GCT 
V F K T E E L  A K E H L K G G A K K V V I T A 1 2 1  

,800 .850 
CCT GGG AGT GGC GTA CCC ACA TAC GTC GTT GGT GTC ~ T  CTG GAT AAA TAC GAT CCT A/L~ G~ GTT GTG gtaagtataa ta ta ta tcc t  ctatcagcgt acgcggcaaa aagaaatct 9 acgaa 
P G S G V P T Y V V G V N L D K Y D P K E V V  144 

,900 ,950 ,1000 
ataacag ATT TCA ~T GCT TCG TGC ACT ACC ~T TGC CTA GCA GTC CTG GCG ~G GTC ATC MT GAC ~ TTT GGA ATT GTG G~ GGC TTG ATG ACG ACA GTG CAT GCC ACC ACA GCC 

I S N A $ C T T N C L A V L A K V I N D K F G I V E G L M T T V H A T T A 1 8 1  

,1050 .1100 
ACG CAG AAG ACT GTC GAT GCT CCT GCA AAG ~G GAT TGG CGT TCT GGA AGG AGT GTT ACA ~ T  ~C ATC ATT CCA GCA TCT ACG GGT GCC GCT ~ GCT GTT ACA ~G GCG ATT CCT 

T Q K T V D A P A K K D W R S G R S V T N N I I P A S T G A A K A V T K A I P 2 2 0  

-1150 ,1200 "1250 
GAT TTG GAG GGA ~ CTC AO gtacgtcagB ctcgttattt tccaaagacc ttcagccgc tgacagcgac tgtggcag T GGA CTG GCA TTC CGA GTC CCG ACA CTC GAC GTA TCG GTT GTT GAC CTC 
D L E G K L ~ T  G L A F R V P T L D V S V V D L 2 4 3  

.1300 ,1350 
GTCGTTCGCCTCG~ ~GG~ACCAGTTACGATGACGTCAAAAAAGCCATGAGGGA~GCAGCCGACGGTA~J~CACC~GGGCATCGAGA#J~GGCATTGTC~ACTATACGG~G~GAC 
V V R L E K E T S Y D D V K K A M R D A A D G K H P G I E K G I V D Y T E E D 2 8 2  

,1400 *1450 
GTT GTT TCC ACC GAT TTC GTT GGG AGC ~C TAT TCG ATG ATC TTT GAC GCA /U~A GCC GGG ATC GCG TTG ~C TCG CGT TTT ATG ~G TTG GTT GCA TGG TAT GAT ~T GAG TGG GGA 
V V S T D F V G S N Y S M I F D A K A G I A L N S R F M K L V A W Y D N E W G 3 2 1  

,1500 ,1550 ,1600 
TAT GCG CGT AGA GTC TGC GAT GAG GTT GTG TAT GTA GCG ~G ~G ~T T~ gaggtccgca agtagattga aagttcagta cgtttttaac aatagagcat tctcgaggct tgcgtcattc tgtgtcaggc 
Y A R R V C D E V V Y V A K K N  337 

Fig. 4 A, B. Nucleotide sequence and derived amino-acid sequence of the two tandemly linked GPD genes of A. bi~orus; GPD Ag~ (A) and 
GPD Ag2 (B). A hexameric repeat of aa in the predicted protein of GPD Ag2 has been un~rlined (B). For other details, see legend to Fig. 1 

Results 

G P D  sequences 

The G P D  gene of S. commune was isolated first, using the 
gpdA  gene from A. nidulans as a probe. Southern blots of 
P, chrysosporium DNA hybridized more strongly with 
the GPD gene from S. commune than with that of A. 
nidulans. The former gene was, therefore, used to isolate 
the GPD gene from P. chrysosporium. Both probes hy- 
bridized to the same fragments on Southern blots of A. 
bisporus DNA, but the S. commune G P D  gene also hy- 
bridized faintly to other fragments. Consequently, the A. 
nidulans GPD gene was used to recover the A. bisporus 
gene. Unexpectedly, sequencing of the 5 kb B a m H I  frag- 
ment from clone pGBB5 revealed the presence of two 
GPD genes on this fragment (Fig. 1). The complete se- 
quences of the G P D  genes of S. commune (GPD s~, Fig. 2), 
P. chrysosporium (GPD I'c, Fig. 3) and A. bisporus 
(GPD Agl and G P D  Ag2, Fig. 4A, B) were determined 
from overlapping subclones of p121-9, pPhc428 and pG- 
BB5, respectively. The predicted GPD proteins (shown in 

Figs. 2-5)  all contain 337 aa residues, except for G P D  Ag2 
which encodes 338 aa. Of the two tandemly linked GPD 
genes of A. bisporus only GPD Agz appears highly ex- 
pressed in both mycelium and fruit bodies (Harmsen 
et al. 1991). The m R N A  lengths for G P D  s~ G P D  Pc and 
GPD ng2 were determined to be approximately 1.25 kb in 
all three cases (data not shown). 

For all four GPD genes TATA box-like elements can 
be discerned (overlined in Figs. 2-4).  GPD sc, G P D  Pc, 
G P D  Agl and G P D  Ag2 contain five, six, nine and nine 
short introns, respectively, with an average size of 56 nt. 
The initiator codon for Met is immediately followed by 
an intron, except in GPD Pc where a Pro is present be- 
tween Met and the first intron. In GPD P~, G P D  Agl and 
G P D  Agz another small exon of 5 nt (encoding Phe) is 
present. The average G + C  contents of G P D  s~, G P D  P~ 
and G P D  Agl +Ag2 are 60%, 58% and 47%, respectively, 
similar to reported values (58%, 59% and 43-45%,  
respectively) for total genomic G + C  composition 
(Dons et al. 1979; Raeder and Broda 1984; Horgen et al. 
1984). The coding parts of the genes have a 5 -14% 
higher G + C fraction than the introns and other non- 
coding regions. 



B 

�9 -150 - -  * -100 . - 5 0  
tagcagttta taagcgttga ggatctagag ctgctgtttc cgcgtctcga atgttctcgg tgtttagggg ttagcaatct gatatgataa taatttgtga tgacatcgat agtacaaaaa ccccaattcc ggtcacatcc 

�9 ,I .50 
accetctccg ttttctccca tctacacaca acaagcttat cgcc ATG gtttgtctct cgcttgcatac catccagca~ ctcactgatg tcgacttgt ag GTT AN GTT GGA ATC AAC GG gtaagtgtt tttgt 

M V K V G I N G  8 

�9 I00 .150 .200 
cgtcgcgctg tggttccgga tcatctcaga ctttgggtgt cttgcag T TIC G gtgagtgacc accctgcatt ctggctatat gcgtgatact 9accatcgct caag GT CGT ATC GGC CGC ATT GTC CTC CGT 

F G R I G R I V L R  18 

'250 ,300 
~T GCT CTC C~ TTC CAG GAC ATC G~ GTT GTC GCC GTG AAC GA gtgggtgact tatgtgtccc atatctatcg ataQctaaca attcatggca g C CCG TTC ATT GAC CTC G~ TAC ATG gtacg 
N A L Q F Q D I E V V A V N D  P F I D L E Y M  41 

�9 350 -400 ,450 
atgatctaga gtttatcaca attcgatagt gatcacc~ta tatgcag GCA TAC ATG TTC AAG TAC GAC TCC GTC CAC GGT CGC TTC AAG GGT ACC GTT GAG GTC ~G AAC GGC AGC TTT GTC GTT 

A Y M F K Y D S V H G R F K G T V E V K N G S F V V  67 

�9 5 0 0  *550 
GAC GGC AGG CCT ATG AJU~ GTC TTT GCT GAA CGC GAT CCC GCT GCC ATC CCT TGG GGT TCA GTC GGC GCG GAC TAC GTC GTG G~ TCC ACA gtgcgtcctg actctgactt ggtattgatc 

D G R P M K V F A E R D P A A I P W G S V G A D Y V V E S T  97 

�9 600 *650 *700 
ttstctaatc tcttatctac gtcgacctag GGT GTA TTC ACT ACT ATC GAC ~ gtgcgttatc gatgcgagca agcaatcatt catatcttct gatgtttctg cag G GCT TCG GCT CAC TTG ~G GGG GGC 

G V F T T I D K  A S A H L K G G 1 1 3  

�9 ~0  .800 
GCC AAA AAA GTC GTT ATC TCC GCT CCT TCG GCC GAT GCG CCG ATG TAT GTC TGC GGT GTT ~C CTT GAC ~G TAC ~T CCC ~G GAC ACA ATT gtacgtcgca ttacatcgtt g t t t t t g ta t  
A K K V V I S A P S A D A P M Y V C G V N L D K Y N P K D T I  144 

�9 850 .900 *950 
tacagg t tQa  t t t t c g t c g t  ggtag A ~  TCG ~ C  GCT TCT TGC ACA ACC AAT TGC TTG GCT ACT CTT GCT AAA GTC ATT CAC ~ T  AAC TTT GGT ATC GTT GAG GGT CTG ATG ACC ACT GTT 

I S N A S C T T N C L A T L A K V I H D N F G I V E G L M T T V I ~  

�9 1000 .1050 
CACGCCACCACCGCTACTC~ ~GACTGTG~TGGTC~TTCT~AC~GGACTGG~GTGGTGG~GTGGTGTCGGC~T~CAT~ATT~CTTCCT~TA~TGGCG~CGCC~GGCCGTC 
H A T T A T Q K T V D G P S H K O W R G G R G V G N N I I P S S T G A A K A V 2 1 5  

�9 1100 ,1150 .1200 
GGA ~G GTT ATC CCT TCA CTC AAC GGC ~G CTC AC gtatgtttga ttgtgtggct gtctagccct tgtactcact aattctctgt catgcatag T GGT CTC TCG ATG CGT GTT CCC ACT CAG GAC 
G K V I P S L N G K L T  G L S M R V P T Q D  237 

�9 1250 .1300 
GTT TCC GTT GTC GAT CTT GTT GTT CGT CTT GAG AAG CCC GCT TCC TAT G ~  CAG ATC AAG GAG GTC ATG CGC AAG GCC GCT G ~  GGC GAA TAC AAG GGA ATT ATC GCA TAC ACC GAC 

V S V V D L V V R L E K P A S Y E Q t I K E V M R K A A E G E Y K G I I A Y T D 2 ~  

�9 1350 ,1400 
GAG GAC GTG GTT TCC ACT GAC TIC ATT AGT GAT AAC ~ T  TCT TGT GTC TIC GAT GCG ~ G  GCC GGA ATT CAG CTT AGC CCG ~ C  TIT GTC ~ G  CTG ATT GCT TGG TAC GAT ~ C  G ~  

E D V V S T D F I S D N N S C V F D A K A G I Q L S P N F V K L I A W Y D N E 3 1 5  

�9 1450 .1500 .1550 
TGG GGA TAC TCG CGC CGT GTT TGC ~C CTC CTC C~ TAC GTT GCA ~G GAG GAC GCC ~G GCT GGC ATT TAG atagttgctt gaatgcgccg ctcgtcaaaa aagaaaatcg aactttttat 
W G Y S R R V C N L L Q Y V A K E D A K A G I  338 

�9 1600 -1650 -1700 
agtgtaatgg tatcaagttt agaatatgcg ctgttctgtg atttcatttg tgtttagaag tgcgttaagg 9atgatatat tgatacatt9 atggatgtca gaatgcatga tcacgtgctt tttgatggcg tgaagtttcc 

Hg. 4B (continued) 

451 

Protein and codons 

The amino-acid sequences of the derived GPD proteins 
are highly conserved (Fig. 5). The codon usage of GPD sc 
and GPD pc is heavily biased with 63% and 60% C at the 
third position of the codons, respectively. This is less 
pronounced for GPD Ag2, which has only 40% codons 
that end with C. GPD Ag~, for which no transcript was 
found, shows no clear codon bias. 

Discussion 

Gene structure and expression 

A consensus TATA box (TATAAAA) is present only in 
GPD s~ (overlined in Fig 2). In GPD Pc and GPD Ag2 this 
element may be represented by TTAAAT and 
TACAAAAA, respectively, because these sequences are 
located at the expected position, i.e., at -31  to - 3 6  nt 
from the major tsp (overlined in Figs. 3 and 4B). In 
GPD Agl, homologs of a TATA box, TACAAA and 
TACAA, are found at - 96 nt and - 68 nt from the start 

codon (overlined in Fig. 4A). In the three active GPD 
genes these putative TATA elements are followed by 
pyrimidine-rich stretches which generally precede the tsp 
in fungal genes (Gurr et al. 1987). Sequences conserved 
between A. nidulans and A. niger GPD promoter regions, 
such as a gpd box, pgk  box, qut box and qa box (Punt 
et al. 1990), are not present in the promoter regions of the 
four basidiomycetous GPD genes. These features, in ad- 
dition to the absence of clear TATA boxes in these genes 
may (partly) explain why bacterial genes driven by the 
A. nidulans GPD promoter are poorly expressed in the 
basidiomycetes S. commune (Mooibroek et al. 1990) and 
Coprinus cinereus (Casselton and de la Fuente Herce 
1989). Remarkably, the reverse does not seem to hold 
because the isocitrate lyase gene of the basidiomycete C. 
cinereus has been expressed in A. nidulans (Hynes 1989); 
similarly, the ADE2 gene from the adenine biosynthetic 
pathway of S. commune also functions in Neurospora 
crassa (Alic et al. 1990). 

The GPD A~2 gene is strongly expressed in both myceli- 
um and fruit bodies ofA. bisporus (Harmsen et al. 1991). 
Only 223 bp separate the tsp of this gene from the last 
putative codon of the inactive GPD Agl gene. Neither in 
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S. coml~ne 
P. chrysosporium 
A. bisporus 2 
A, bisporus I 

S. c omnxJne 
P. chrysosporium 
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A. bisporus I 

S. commune 
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Fig. 5. Multiple sequence alignment of the aa 
sequences of the GPD proteins from 
S. commune, P. chrysosporium and A. bisporus 
(1 and 2). Identical residues in all four se- 
quences are shaded and conservative substitu- 
tions are marked under the alignment with an 
asterisk. The arrow marks the Cys residue 
within the active site 

I l l  
I I I  
I I I  
I L I 
11 
II [ 

I I 
I I I t I 

A g a r i c u s  2 

Agar ic .us  1 

Phanarochaete ' ~" 
S c h i z o p h y l l u m  

ustil,,go I t  

I A .  n i g e r  

C u r v u l a f i a  

C r y p h o n e c t r i a  

C, e / e g a n s  2 & 3  I 
I 

C. e l e g a n s  1 & 4  
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Fig. 6. Comparison of intron positions in GPD genes; horizontal 
lines represent the coding region (336-338 codons) of each GPD 
gene. The vertical bars mark the position of introns 

mycelium nor in fruit bodies did we detect transcripts of 
GPD Agl. This suggests that all sequences necessary for 
efficient transcription of the GP D Ag2 gene are located 
within this relatively short stretch of DNA. The predicted 
protein of GPD Agt is homologous to the highly expressed 
GPDs of all three basidiomycetes (Fig. 5), although 
GPD Agl and GPD Ag2 do not cross-hybridize due to a 
large number of differences in the third base of c0dons 
which often conserve the encoded amino acid. Also the 
main residue defining the binding site of glyceraldehyde- 
3-phosphate, Cys-150 (marked with an arrow in Fig. 5), 
is present in the putative gene product of GP D Agl, sug- 
gesting that the gene does encode a functional GPD 
protein. In addition, all nucleotide sequences required for 
transcription and subsequent splicing appear to be pres- 
ent. Therefore, we suggest that the GP D A~I gene is active 
at some other phase of the life cycle or under particular 
environmental conditions, for example during anaero- 
biosis occurring in the lower layers of compost during the 
colonization phase. In maize, of three GPD genes coding 
for cytosolic proteins, one is only expressed during 
anaerobiosis (Russell and Sachs 1989). However, the pos- 
sibility that GPD Agl is a pseudogene cannot be excluded. 

Although the number of introns in the four homoba- 
sidiomycetous GPD genes differ, their positions are 
strongly conserved (Fig. 6); even to the nucleotide where 
a codon is interrupted (cf. Figs. 2-4). The position of the 
single intron in the GPD gene of the heterobasidiomycete 
U. maydis is also conserved among the three investigated 
homobasidiomycetes. Within the ascomycetous species 
that have been studied (Fig. 6), intron positions in the 
GPD genes are also conserved; contrary to an earlier 
report (Osiewacz and Ridder 1991) all intron positions in 
the Curvularia lunata GPD gene are also present in the 
Aspergillus GPD genes. On the other hand, only the posi- 
tion of one intron is found to be conserved between ba- 
sidiomycetes and ascomycetes (Fig. 6). An intron is also 
found at this position in chicken but the other introns in 
metazoan GPD genes are located differently from those 
in fungi. This comparison suggests that there is a clear 
boundary between ascomycetes and basidiomycetes with 
respect to intron positions within the GPD genes. 

Amino-acid sequence comparisons 

Table I shows the large extent of homology between GPD 
proteins in various organisms. Except for GPD Agl, the 
similarity of GPD proteins within the filamentous fungi 
(ascomycetes and basidiomycetes) is higher than between 
filamentous fungi and yeasts. The unique position of the 
yeasts is further illustrated by the construction of a tree 
representing amino-acid sequence divergence between 
GPDs predicted with the CLUSTAL program (Fig. 7). 
The tree is essentially similar to the phylogenetic trees 
constructed by Smith (1989), using an evolutionary parsi- 
mony method (Lake 1987) on GPD nucleotide sequences, 
and Michels et al. (1991), who examined GPD amino- 
acid sequences using a distance matrix method (Fitch and 
Margoliash 1967). However, we have expanded the num- 
ber of fungal GPDs. Our analysis reveals that ba- 
sidiomycetes and ascomycetes are two diverged groups of 
fungi, which agrees well with the analysis of intron posi- 
tions (Fig. 6). This is in accordance with the classification 
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Fig. 7. Phylogenetic tree of similarities in 
amino-acid sequences of GPD genes from 
various organisms. The GPD Agl gene prod- 
uct differed greatly from all other known se- 
quences 

Table 1. Comparison of GPD amino-acid sequences with the Myers and Miller (1988) algorithm: percentage amino-acid identitiy between 
aI1 analyzed fungal species, a plant and a mammalian species 

Species Basidiomycetes Filamentous Yeast-like Other 
ascomycetes ascomycetes 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 A. bisporus 1 
2 A. bisporus 2 
3 P. chrysosporium 
4 S. commune 
5 Ustilago maydis 
6 Aspergillus nidulans 
7 Aspergillus niger 
8 Curvularia lunata 
9 Cryphonectria parasitica 

10 Saccharomyces cerevisiae 1 
11 Saccharomyces cerevisiae 2 
12 Saccharomyces cerevisiae 3 
13 Kluyveromyces lactis 
14 Zygosaccharomyees rouxff 

15 Nieotiana tabacum (tobacco) 
16 Cricetulus griseus (hamster) 

100 70 69 70 64 
100 76 77 70 

100 81 75 
100 72 

100 

63 64 59 62 
69 69 67 70 
71 71 70 69 
69 69 69 67 
72 72 73 69 

100 90 81 79 
100 80 77 

100 82 
100 

62 61 61 64 59 62 63 
62 63 63 66 63 67 70 
60 62 62 62 62 68 71 
64 64 64 67 62 69 70 
63 65 63 64 67 68 73 
63 66 65 64 64 67 70 
64 67 66 65 67 69 72 
62 64 63 64 65 69 69 
64 65 64 66 65 68 69 

100 95 87 80 79 64 65 
100 87 82 80 67 66 

100 81 78 66 64 
100 78 68 65 

100 68 64 

100 68 
100 

based on morpholog ica l  characteristics. However,  the 
classification of  the analyzed ascomycetous  yeasts wi thin  
the ascomycetes is no t  reflected in G P D  similarities. It  is 
conceivable  that  this divergence f rom the f i lamentous  as- 
comycetes reflects the unicel lu lar  mode  of  growth of  
yeasts and /o r  their facultat ive fermentat ive  metabol ism.  
Wi th  respect to unice l lu lar  growth,  a m u t a t i o n  in a single 
nucleus could more  readily be fixed in a popu la t ion  t han  
in a mul t icel lu lar  f i lamentous  fungus,  thus al lowing for a 
more  rapid  rate of  evolut ion.  A n o t h e r  conc lus ion  f rom 
Fig. 7 is that  the G P D s  f rom f i lamentous  fungi  appear  
more  closely related to the G P D s  f rom metazoa  than  to 
those f rom plants.  
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