
Mol Gen Genet (1994) 243:506-514 © Springer-Verlag 1994 

Alan P. Maloney • Hans D. VanEtten 

A gene from the fungal plant pathogen Nectria haematococca 
that encodes the phytoalexin-detoxifying enzyme pisatin demethylase 
defines a new cytochrome P450 family 

Received: 17 May 1993 / Accepted: 30 November 1993 

Abstract  The gene PDAT9 from the fungus Nectria 
haematococca encodes pisatin demethylase, an enzyme 
that detoxifies the phytoalexin pisatin, an antimicrobial 
compound produced by pea in response to infection by 
this plant pathogen. PDAT9 was found to contain an 
open reading frame (ORF) encoding 515 amino acids 
and four introns of 52-58 nucleotides each within its 
coding region. The amino acid sequence F-G-A-G-S-R- 
S-C-I-G, indicative of the "fifth ligand binding site" 
present in all cytochrome P450s, occurs as residues 446 
to 455, confirming that PDAT9 is a cytochrome P450. 
The deduced amino acid sequence is distinct from all 
other reported cytochrome P-450s, and PDAT9 has 
been assigned to a new cytochrome P450 family, 
CYP57. A 1.3 kb SacI fragment of the P D A T 9 0 R F  
that lacked the fifth ligand binding site, hybridized to 
unique DNA fragments in N. haematococca isolates 
known to possess PDA genes that encode different 
whole cell phenotypes for pisatin demethylating activi- 
ty. These genes were also tentatively identified as cy- 
tochrome P450s by the hybridization of the same frag- 
ments to separate subclones of PDAT9, one of which 
contained the fifth ligand sequence. That probe also hy- 
bridized to DNA other than that attributed to pisatin 
demethylase genes; these other DNAs are presumed to 
represent other cytochrome P450s. 
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Introduction 

Although cytochrome P450s are claimed to be the most 
versatile biological catalysts known (Porter and Coon 
1991), all genes encoding cytochrome P450s are now 
considered members of one "superfamily" because of the 
high degree of conservation at the amino acid level (Nel- 
son and Strobel 1987; Nebert etal. 1991). Pisatin 
demethylase is an inducible substrate-specific cy- 
tochrome P450 found in the fungus Nectria haematococ- 
ca Berk. and Br. (anamorph Fusarium solani), a patho- 
gen of pea (Pisum sativum L.). The demethylation of the 
pea phytoalexin pisatin catalyzed by this enzyme detox- 
ifies this plant antibiotic and a major interest in this 
cytochrome P450 relates to its role in the pathogenicitiy 
of N. haematococca on pea (VanEtten et al. 1989). 

Conventional genetic studies (Kistler and VanEtten 
1984a, b; Mackintosh et al. 1989; Miao and VanEtten 
1992; P.S. Mathews, unpublished data) have character- 
ized six different gene loci (PDA genes) for three differ- 
ent phenotypes of pisatin demethylating activity (Pda). 
These Pda phenotypes can be distinguished by the lag 
period for induction and the resulting amount of en- 
zyme activity induced: Pda sH= short lag, high activity; 
PdaSM= short lag, moderate activity: PdaLL=long lag, 
low activity. Only fungal isolates with the Pda TM or the 
Pda TM phenotypes can cause disease on pea, implying 
that rapid and efficient detoxification of this plant an- 
tibiotic is required for pathogenicity. This observation 
and other data (Sch/ifer et al. 1989) have led to the hy- 
pothesis that the evolution of a specific cytochrome 
P450 in this fungus has allowed it to parasitize pea 
(VanEtten et al. 1989). 

A gene encoding Pda has been cloned from a Pda TM 

isolate (isolate T-9) of N. haematococca by detecting its 
expression in Aspergillus nidulans (Weltring et al. 1988). 
Although previous biochemical data indicate that pisat- 
in demethylase is a cytochrome P450 (Matthews and 
VanEtten 1983), it has not been demonstrated that the 
cloned gene (called PDAT9) encodes this cytochrome 
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P450. The present study confirms this assumption by 
demonstrating the presence in PDAT9 of a conserved 
region characteristic of all cytochrome P450s. Further- 
more, the structural characterization of PDAT9 indi- 
cates that this gene identifies a new family of cy- 
tochrome P450s and suggests that the previously identi- 
fied PDA genes make up a family of closely related cy- 
tochrome P450s. 

Materials and methods 

RNA probes were produced using T7 or T3 RNA polymerase 
from subclones of the pDM1 3.3 kb insert, and were uniformly 
labeled with [~32P]UTP (Amersham; >400 Ci/mmol). The tem- 
plates were truncated at a restriction site within the insert or at the 
vector insert junction distal to the appropriate promoter to pro- 
duce homogeneous 3' ends and to reduce contamination by RNA 
initiated at an inappropriate promoter. Reaction mixtures of ap- 
proximately 5 x 105 cpm of probe, 5 mg of fungal RNA and 25 mg 
of yeast tRNA (carrier) were denatured at 85 ° C, annealed 
overnight at 50 ° C, and digested at 22 ° C for 12, 60, and 120 rain 
using 12 Ixg/ml RNase T I and 0.67 tx g/ml RNase A. Reaction 
products were electrophoretically fractionated on a 6% acry- 
lamide, 7 M urea gel and autoradiographed. 

Subcloning and nucleic acid purification 

DNA manipulations followed conventional protocols (Sambrook 
et al. 1989; Birnboim and Doly 1979). The 3.3 kb XhoI-BamHI 
fragment of N. haematococca DNA containing PDAT9 was isolat- 
ed from pDA13 (Weltring et al. 1988) and inserted into the SaII- 
BamHI site of the pBS vector (Stratagene). The resulting plasmid, 
pDM 1, was mapped using six-base restriction enzymes; the insert 
was subcloned in pBS. Fungal RNA was purified by the method 
of Kurtz and Lundquist (1984). 

Cultures and media 

Plasmids were maintained in Escherichia coli strain DH5a and 
grown on Luria-Bertani medium (Sambrook et al. 1989). All iso- 
lates of N. haematococca mating population (MP) VI used in this 
study contained active alleles at only one PDA locus, except for 
isolate T-9 and the Pda isolate, 44-100 (Kistler and VanEtten 
1984b). The reference isolates and the genes they contained were 
77-2-3 (PDA1), 96-17 (PDA2), 66-22 (PDA3) (Kistler and VanEtten 
1984b), 196-10-7 (PDA4) (Mackintosh et al. 1989), 159-5-3 (PDA5) 
(P. Matthews, unpublished), 156-30-6 (PDA6-1) and T200 (PDA6- 
2). PDA6-1 and PDA6-2 are two different alleles at the PDA6 
locus (Miao and VanEtten 1992). Genes PDA1 and PDA5 encode 
a Pda TM phenotype and PDA4 a Pda T M  phenotype. All the other 
PDA genes result in a Pda EL phenotype. Isolate T9 has a Pda sH 
phenotype but the number of active PDA alleles in this isolate has 
not been determined by conventional genetics because of its poor 
fertility in crosses (Kistler and VanEtten 1984b). Isolates were 
grown and maintained as described previously (Kistler and 
VanEtten 1984b). 

Pisatin demethylase and PDAT9 mRNA induction 

Pisatin demethylase activity and PDAT9 mRNA biosynthesis 
were induced by the addition of pisatin to washed fresh mycelium 
in phosphate buffer (Kistler and VanEtten 1984b). At 1 h intervals, 
mycelium from 15 ml aliquots was frozen for subsequent RNA 
purification and enzyme activity was measured by adding radiola- 
beled pisatin to an additional 5 ml aliquot. Pisatin demethylase 
activity was determined by Method 1 of Kistler and VanEtten 
(1984b) Enzyme activity peaked at 6 h; mRNA isolated from 
pooled 5, 6, and 7 h samples was used for all RNA experiments. 

Northern analysis 

N. haematococca RNA was electrophoretically fractionated on 
formaldehyde gels, transferred to Genescreen Plus (Dupont), and 
hybridized using standard protocols (Sambrook et al. 1989). Ri- 
bosomal RNA and alkaline-denatured DNA restriction frag- 
ments of known sizes were used as size standards. 

RNase protection experiments 

Transcript sizes and endpoints were determined by RNase protec- 
tion assays (Winter et al. 1985). Single-stranded radiolabeled 

Primer extension and RNA sequencing 

An anti-sense oligonucleotide primer (5 ' -AAGTGGATGAGTG- 
TAAGA-3') starting at nucleotide (nt) - 2 3  was used to initiate 
the direct sequencing of the mRNA 5' end. Primer extension and 
dideoxy mRNA sequencing were carried out as described by 
Traynor and Levings (1986). The products were fractionated on a 
6% polyacrylamide, 7 M urea gel and autoradiographed. 

cDNA cloning 

Fungal mRNA was obtained from pisatin-induced fungal myceli- 
um by oligo(dT) cellulose column chromatography of bulk cellu- 
lar RNA (Jacobson 1987), A cDNA library was constructed using 
oligo(dT) priming, reverse transcriptase, and Klenow fragment. 
The products were ligated into the HincII site of pBS, transformed 
into DH5a and screened by colony hybridization with the pDM1 
insert. Although 1.6-1.8 kb cDNAs homologous to the pDM1 
insert (putative full-length cDNAs) were detected by Southern 
hybridization before Iigation, only half-length 3' cDNA clones 
were obtained in plasmid vectors. One of the plasmid clones, 
named A1, was sequenced. 

To obtain a cDNA from the upstream half of the mRNA, two 
oligonucleotide primers were synthesized to direct the amplifica- 
tion of the upstream portion of the PDAT9 cDNA via the poly- 
merase chain reaction (PCR). One 25 nt primer (5'-CCGGATC- 
CACCACTCATCTCTCTCT-3'), included 20 nt of the 5' end of 
the mRNA as determined by the primer extension studies de- 
scribed above, and a BamHI restriction site adaptor. The second 
primer, a 20mer (5'-CTGGATGATTCGTCGCTCGA-3'),  was 
complementary to a site 56 nt downstream of the 5' end of cDNA 
clone A1. These primers were used to amplify N. haematococca 
T-9 cDNA (Saiki et al. 1988) producing approximately 0.75 Ixg of 
a 1 kb fragment of DNA, which was digested with BarnHI and 
ligated into the SrnaI and BamHI sites of pBS. Multiple clones 
with identical restriction patterns were obtained (data not shown). 
One of these, cDNA 67-1, was sequenced. 

Sequencing and sequence analysis 

Genomic DNA and cDNA subclones were sequenced using mod- 
ified T7 DNA polymerase (Sequenase, USB) according to the in- 
structions of the manufacturer. By using overlapping segments, 
the entire original 3.3 kb fragment was sequenced multiple times 
and in both directions. The sequences of the genomic and cDNA 
clones were assembled using the Microgenie program (Queen and 
Korn 1984). 

The amino acid sequence of the PDAT9 pisatin demethylase 
was deduced from a comparison of the cDNA and genomic se- 
quences. The coding region of the PDAT9 cDNA was analyzed 
using the GCG sequence analysis package (Devereux et al. 1984). 
Pairwise comparisons were carried out between PDAT9 and rep- 
resentative sequences from established families of mammalian, 
fungal, and bacterial cytochrome P450s. Comparisons using the 
Gap and Best Fit programs of the GCG sequence analysis pack- 



Xhol 
Pst l  

a 

b 

EcoRV Sai l  

P1 

heme 
s i te  

mRNA 

SacB 
PSA 

(A) 

I 

p2 I I 

pa [ I 

SR5 

C 

i. 

250 - 

260 

0.1 0 .5  1 .0 
I I I I I I I 

Scale (kbp) 

508 

P1 P 2  P 3  

260 

230 

215 

Fig. la---e Restriction site and transcript maps of the approxi- 
mately 3.3 kb XhoI-BamHI Nectria haematococca DNA insert of 
clone pDM1. Restriction sites delineate some of the DNA (a) and 
RNA (b) probes used to map the PDAT9 transcript. Transcription 
direction and approximate position of the transcript are shown by 
the arrow, a The three DNA probes used in Southern analysis in 
this study, b Three of the in vitro-synthesized RNA probes used in 
RNase protection experiments (as described in text), and e the 
resulting electrophoretic patterns of RNase-treated hybrids of 
those single stranded probes and RNA from pisatin-induced 
mycelium of N. haematococca isolate T9. The 3' end of probe P1 
is an AvaI site (A). Numbers to the sides of the autoradiogram 
panels indicate approximate sizes, in nucleotides, of the reaction 
products. Samples in lanes P2 and P3 were electrophoresed on the 
same gel 

Gap and Best Fit programs of the GCG sequence analysis pack- 
age resulted in equivalent pairwise sequence alignments and se- 
quence-similarity values. The algorithm incorporated into the 
Gap program (Needleman and Wunsch 1970; Gotoh 1982) has 
been used to study the relationships among these enzymes and to 
classify the cytochrome P450s into families (Nelson and Strobel 
1987). 

Southern analysis 

Fungal genomic DNA was purified following the procedure de- 
scribed by Turgeon et al. (1985); DNA was precipitated with 
1.0 M NaC1 8.2% polyethylene glycol. The DNA was digested 
with restriction endonucleases, electrophoretically fractionated 
according to standard procedures (Sambrook et al. 1989), and 
transferred to Genescreen Plus (Dupont) or Hybond N (Amer- 
sham) for hybridization analysis. Southern hybridizations and 
washes were carried out as recommended for Genescreen Plus by 
the manufacturer. 

Results 

R N A  mapping 

Although isolate T9 contains both a Pda TM and a Pda LL 
gene (see below), only the Pda TM gene (PDAT9) is ex- 
pressed under the conditions used in this study (K. 
Hirschi, unpublished). In Nor thern  hybridizations, a 
single 1.6 kb R N A  was detected when hybridized with 
each of three subclones containing contiguous SacI 
fragments of pDM1 (data not  shown), and the middle 
fragment (SacB) gave the stronger signal, indicating that 
the m R N A  is transcribed from near the middle of the 
pDM1 insert (Fig. la  and map). 

R N A  transcribed in the BamHI-XhoI  direction was 
protected from RNase digestion in the RNase protec- 
tion assays. In contrast,  R N A  transcribed in the XhoI-  
BamHI direction was not  (data not  shown) indicating 
the 5' end of the m R N A  lay toward the XhoI  site (as 
illustrated in Fig. 1). With probe P1 (Fig. lb, lc), three 
protected fragments were detected, which differed in 
length by about  5 nt. The 5' ends of these fragments lay 
approximately 125 to 135 nt upstream of the first SacI 
site. 

The precise location of the m R N A  5' end was deter- 
mined from primer extension assays and direct R N A  
sequencing of the 5' region, using an oligonucleotide 
primer. Six distinct primer extension products  were seen 
within the sequence 5 ' - C A C C A C U C A U C U C U C U -  
C U C A U U U C U C G C U A - Y  (Fig. 2), in which the six in- 
ferred 5' ends of the m R N A  are underlined. The first of 
the underlined cytosine residues in this sequence lies 
138 nt upstream from the 5'-most SacI site of the pDM1 
insert. The multiple primer extension products  correlat- 
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Fig. 2a, b Primer extension assay of mRNA 5' end. a Autoradio- 
gram of the cDNA products of a primer extension experiment 
electrophoresed on a denaturing polyacrylamide gel. b Autoradio- 
gram of the fulMength primer extension products and the DNA 
sequence generated with the same primer, electrophoresed 
alongside each other. Labels above the last four lanes correspond 
to the dideoxynucleotide used to generate the reaction products in 
that lane. The second lane from left shows the primer extension 
products co-electrophoresed with sequencing reaction products of 
the dideoxy-T reaction 

ed with the multiple protected fragments in the RNase 
protection assays that used probe P1 (Fig. lc) and are 
consistent with multiple transcription start sites as seen 
in the pectin lyase gene from this fungus (Gonzalez-Can- 
delas and Kolattukudy 1992) and other filamentous fun- 
gi (Ballance 1991). 

RNase protection assays were performed with 
probes P2 and P3 (Fig. lb) to determine whether introns 
existed between the first SacI site and the PstI site 535 nt 
downstream. Probe P2, transcribed from the SacI-PstI 
(535 nt) fragment, resulted in 215 nt and 260 nt flag: 
ments and probe P3, transcribed from the SacI-SalI 
fragment (502 nt), resulted in 215 nt and 230 nt frag- 
ments (Fig. lc). The sum of the lengths of protected frag- 
ments for each probe was approximately 50-60 nt 
shorter than the probes themselves, indicating the pres- 
ence of a ca. 50 nt intron located 215 nt downstream of 
the SacI site. Similar analysis, using other probes that 
were transcribed in vitro from other subclones of 
PDAT9, identified three other regions of mismatch be- 
tween the length of a probe and the sum of the frag- 
ments it protected. One of these putative introns was 
near the middle of the SacB fragment of pDM1, and the 
other two were near the second SacI site in the down- 
stream portion of the insert (data not shown). 

Genomic and cDNA clone sequence 

The pDM1 XhoI-BamHI insert was sequenced and 
found to be 3276 nt long. While the normal consensus 
transcription-control sequences of eukaryotic genes, the 
TATAA and CAAT boxes found near the transcription 
initiation sites, do not always occur in genes of filamen- 
tous fungi (Ballance 1991), a TATAAATA sequence oc- 
curs approximately 40 nt upstream from the 5' end of 
PDAT9 m R N A  (Fig. 3). A similar sequence has been 
found in a similar location in the cutinase and pectin 
lyase genes of N. haematococca (Soliday et al. 1989; 
Gonzalez-Candelas and Kolattukudy 1992). 

The sequence of cDNA clones A1 and 67-1 when 
compared with the genomic sequence allowed identifi- 
cation of four introns of 52 to 58 nt (Fig. 3), a common 
size for introns of filamentous fungi (Ballance 1991). The 
intron/exon boundary sequences are identical to, or dif- 
fer by a single base from, the consensus sequences for 
intron/exon boundaries in other filamentous fungi (Bal- 
lance 1991). The location of a polyadenylation site was 
determined directly from the sequence of A1 (Fig. 3). 

A single open reading frame of 515 amino acids, be- 
ginning with a methionine codon, was located in the 
cDNA sequence. The sequence F-G-A-G-S-R-S-C-I-G 
was located at positions 446 to 455 (Fig. 3). This se- 
quence is highly conserved in cytochrome P450s with 
the underlined amino acid residues being strictly con- 
served in nearly every cytochrome P450 so far examined 
(Gonzalez 1988). The cysteine in this sequence consti- 
tutes the proximal thiolate ligand to the iron atom of 
heine, also called the "fifth ligand binding site" (Gotoh 
and Fujii-Kuriyama 1989). The presence of this diagnos- 
tic sequence confirms that PDAT9 encodes a cy- 
tochrome P450. 

Comparison of PDAT9 amino acid sequence with 
other cytochrome P450s 

Comparisons were made between the open reading 
frame of PDAT9 and the amino acid sequences of 32 
cytochrome P450s representing 11 of the gene families 
(14 subfamilies) of the cytochrome P450 superfamily 
(Nebert et al. 1991). In all of the comparisons, the fifth 
ligand binding sites of the two sequences were aligned. 
Sequence identity and sequence similarity scores calcu- 
lated by the GCG program (using a gap weight of 3.0 
and a gap length weight of 0.1) indicated that the maxi- 
mum sequence similarity between PDAT9 and other cy- 
tochrome P450s was 52.2%, but most of the values were 
below 50%. The maximum amino acid sequence identi- 
ty was 26.5%. An amino acid sequence identity level of 
40% has been defined as the minimum required to in- 
clude two P450s in the same family (Nelson and Strobel 
1987; Nebert et al. 1991). Therefore, PDAT9 is distinct 
from all other cytochrome P450s so far described, in- 
cluding those of other filamentous fungi (Nelson et al. 
1993) and has been assigned, as the first member, to a 
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-300 AGC TTTTC TGTC Ck~a~C TCTC C TG~TC CCATC TC C TC~GTffU-GTCATTCACAC GGGT~GTTGGCTTAGCC TTC CC TTTTGCGATTAC TACGCC TCA 

-200 ~V~G~AGATACAAGCC~TGAAAAATTCTTAGTG~GTGAGGGGTTGC~TAGGTAGAGTAATCTTTAGTTATAAATACC~ATCCCTCCTTGTTATcGTGA~TA 

-100 q••CCACCACTCATCTCTCTCTCATTTCTCGCTATCGACAGTGACTTGTCGGCTCGAATcATATCTCGATCT•CTGG•TCTTAcACTCATCCACTTCAAAC 

1 ATGC TC43TAGACACTGGTC TGGGGCTCATCAGCGAGC TCCAAGCCAAACTTGGCTGGGCTGTCCTCC TTCAGATCGTCC C TATCAC CATTGTCGC C TACA 

1 M L V D T G L G L I S E L Q A K L G W A V L L Q I V P I T I V A Y 

101 ATCTTCTCTGGTTCATCTACGCGTCCTTCTTTTCGAGTCTGAGAAAGATCC•TC4•TCCTTTT•TTGCGCGGATATCCCGAGTCTGGGAGATGAAAAAGAC 
34 N L L W F I Y A S F F S S L R K I P G P F L A R I S R V W E M K K T 

201 GGC CACTGGAAACATC CACGAGATCATGATGGATCTACAC CGACGTCACGGTGAGTC TGTGGCTTGGAATTGGCAGTCCTTATAC TTAC CATATCTTTTT 

68 A T G N I H E I M M D L H R R H 

301 ACCAGGAG••ATCGTTCGAATAGGAc•GAC•G•GGTA•GA•TTTGA•ACCATGGAAG•T•T•AAGATCAT•TAC•G•ATTGGCAACGCCCTC•C•AAAGC• 

84 G A I V R I G P R R Y D F D T M E A L K I I Y R I G N A L P K A 

401 GACTACTATAAACCCTTTGGCCTGCCGTCGTTCCCGAATCTTTTCGACGAGCAAAACCCCGCTCGTCATTCAGCGATAAAGAAGCAGGTTGCCTCTCTGT 

116 D Y Y K P F G L P S F P N L F D E Q N P A R H S A I K K Q V A S L 

501 ACACCATGACGGCGT~CTATCCTACGAAGAGGGC.GTCGACGGCcAGACGGCCATCCTGAAGGAGCAGCTGCAGAGGTq?CTGCGACCAGAAGCAGGTCAT 
149 Y T M T A L L S Y E E G V D G Q T A I L K E Q L Q R F C D Q K Q V I 

601 ~ACCTGCCTCGATTCCTCCAGTACTATGCTTTTGACGTCATTC.GAGTTATTACGGTGAGTTCACTGTCACAAGCGAGCCGTC~AGCATTATCTGACATG 

183 D L P R F L Q Y Y A F D V I G V I T 

701 TGTTTCTGCTAGGTTGGCAAGTCGATGGGcATGATGGAGTCGAACTCGGATACAAACGGTGCCTGCAGTGCC•TGGACGGCATGTGGCACTACGCTTCCA 

201 V G K S M G M M E S N S D T N G A C S A L D G M W H Y A S 

801 TGATGGCTTATATACCAAACATGCACGCC~3GTGGCTGCGTCTCTCTTCACTcCTACCGATCGAAGTCCCCATCAAGGGCCTGACCGAGTATGTCGAGCG 
230 M M A Y I P N M H A W W L R L S S L L P I E V P I K G L T E Y V E R 

901 ACGAATCATCCAGTACAGGCTCAAGGCGGCCGAGTTCGGTGACGATGCCGCA•TCAAGC43CGAGAACAACTTCCTGGCCAAGCTGC TCCTCATGGAGAAG 

264 R I I Q Y R L K A A E F G D D A A L K G E N N F L A K L L L M E K 

I001 AAGGGAACGGTCACTCCGGTAGAGACTCAGCAGGCTGTTGGTCTGAACAT~CTGGGTCTGATACGACAGCGAATGCTC~AGCACTATcCTGTACT 
297 K G T V T P V E T Q Q A V G L N I G A G S D T T A N A L S T I L Y 

Ii01 ACCTGTACACAAACCCACGTACTCTGCACACTCTTCGAGAGGAGTTC-GAAAGATATGTTAAGGACGGCCCCA•••AGTTTTCAGCAATCGCAGAGCATGCC 
330 Y L Y T N P R T L H T L R E E L E R Y V K D G P I S F Q Q S Q S M P 

1201 ~ACCTACAGGCGGTTATCAAGGAAGCCC~3CGGCTGCATCCGGGTGTGGGCACGCAACTGACGCGAGTCGTGCCAAAGGGTGGCCTGGTCATCGAGGGA 
364 Y L Q A V I K E A L R L H P G V G T Q L T R V V P K G G L V I E G 

1301 CAGTTCTTCCCCGAGGGTGTAAGTCGAA TCTGTCTGCCTCAAGTGTTGAGCTCAAA CTAA TGA TGAGCAGA C93AGGTTGGTGTCAACGGA TGGGCTCTA 

397 Q F F P E G T E V G V N G W A L 

1401 TATCACAACAAAGCGATCTTTGGCAACGATGCAAGCATATTCCGCCCCGAGCGGTC~GTTGGAC`GCAAACGAGAATATCAACAq~GGGGGATCTTTCGCGG-- 

413 Y H N K A I F G N D A S I F R P E R W L E A N E N I N I G G S F A 

1501 TAAGTGAC CTTGGCATCACAGTATTAATCGGTGGTAAC TGACGCC TC TGC TGTACAGTTTC~IAC.CCGGTTCC CGATCCTC-TA~GGCAAGAACATCAGCA 

446 F G A G S R S C I G K N I S 

1601 TCTTGGAAATGTCAAAGGCCATTCCCCAGATTGTCcGGAACTT~ATATCGAGATTAACCACGGGGATATGACATGGAAGAAcGAGTGTTGGTGGTTTGT 
. 460 I L E M S K A I P Q I V R N F D I E I N H G D M T W K N E C W W F V 

1701 CAAGCCTGAATACAAGGCCATGATTAAGCCTC•AAGATGCTGCCTATCAAGGGATGAATCCTTAGTCTAGTGTATATCTTTTGCATTCTACcACCTGTCA 

494 K P E Y K A M I K P R R C C L S R D E S L V END (poly-A) 

1801 AATGCACCGGCCTGGAATGTTGAAACTTT~3GACTCCTCCCTGCTACAATCAGAGGTATCCTGCACCATTGCCAGCCTCTCAcAACTCCATTCTCTTGCA 

Fig. 3 Nucleotide and amino acid sequences of PDAT9. The first 
line displays the nucleotide sequence of the genomic DNA; the 
second line displays the PDAT9 open reading frame amino acid 
sequence, deduced from the cDNA sequence. The nucleotide se- 
quence numbering begins at the putative translational start 
codon. The TATAAATA sequence upstream of the mRNA 5' end 
and the four introns are underlined, the 5' endpoints of the mRNA 
are double-underlined, and the sequence of the fifth ligand binding 
site of cytochrome P450 is in bold. The nucleotide sequence pre- 
sented here is from nucleotides -300  to +1900 of the original 
3.3 kb pDMI clone. The complete sequence, extending from the 
XhoI site ( -  1189) to the BamHI site (2087) of the pDM2 insert, is 
filed with Genbank (Accession no. L20976) 
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new family of cytochrome P450s, CYP57 (Nebert et al. 
1991). 

Southern analysis of N. haematococca isolates 

Three regions of PDAT9 were used as probes in South- Fig. 4 Southern hybridizations of SacB to genomic DNAs from 
ern  hybridizations to characterize the N. haematococca Neetria haematococca reference isolates digested with XhoI. Ex- 

cept for T9, the number above the lane refers to the PDA gene 
isolates and the relationship between PDAT9 and the carried by the isolate whose DNA was electrophoresed in that 
other PDA genes. These regions were (1) the central lane. Lane 6a, PDA6-1; lane 6b, PDA6-2 
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Fig. 5a-e Southern hybridization of probes PSA, SacB, and SR5 
to PstI-digested genomic DNA of Nearia haematococca reference 
isolates. Lane designations are as in Fig. 4. Hybridizations were to 
different Southern transfers, so similar-sized fragments do not ap- 
pear at the same position on each panel. Line segments between 
panels indicate identical fragments detected with different probes. 
No fragments were detected of a size below 1.45 kb in a or below 
3.5 kb in e 

1.35 kb SacI fragment (probe SacB) consisting of about  
1.25 kb of the coding sequence of PDAT9, the first two 
introns, and a portion of the third intron; (2) a 0.9 kb 
Ava! fragment (probe PSA) consisting of the upstream 
end of SacB and an additional 720 nt of upstream non- 
coding sequence, and (3) a 318 nt SacI-EcoRV fragment 
(probe SR5) containing part of intron 4 and the entire 
fifth ligand binding site (Fig. 1). The restriction enzymes 
used for genomic D N A  digests were BamHI, XhoI, 
EcoRV, SacI, PstI, PvuI, and SalI. 

The results of Southern hybridizations to genomic 
digests were consistent with the SacB probe being a 

specific probe for PDA genes, while the other probes, in 
particular SR5, detected additional fragments. The au- 
toradiograms of the Southern hybridizations shown 
here (Figs. 4, 5, 6) illustrate these observations as well as 
demonstrate how the features of PDAT9 can be used to 
characterize and distinguish different PDA genes. Occa- 
sionally there were fragments that  showed weak hy- 
bridization to these different probes (for instance SacB 
hybridization to a ca. 9 kb fragment of the EcoRV-di- 
gested genomic D N A  in lane 1 of Fig. 6b) but in the 
remainder of this section and in the Discussion, we will 
refer only to strongly hybridizing bands unless stated 
otherwise. 

SacB failed to hybridize to XhoI-digested genomic 
D N A  of the P d a -  isolate 44-100 (not shown) and hy- 
bridized to a single fragment in XhoI-digested of the 
reference isolates carrying a single active gene, and to 
two fragments in isolate T-9 (Fig. 4). One of the frag- 
ments in isolate T-9 was the same size as that detected in 
isolate 77-2-3, which contains the Pda sH gene PDA1, 
and the other fragment was the same size as that detect- 
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Fig. 6a-e Southern hybridization of probes PSA, SacB, and SR5 
to EcoRV-digested genomic DNA of Nectria haematococca refer- 
ence isolates. Lane designations and labeling of panels are as in 
Fig. 5. No fragments were detected of a size above 10.5 kb in a or 
b, or below 3.5 kb in a 

ed in all the isolates containing Pda LL genes (PDA2, 3, 
6-1, 6-2). All subsequent analyses were consistent with 
isolate T-9 containing two PDA genes: PDAT9, which 
appeared to be a homolog of, or identical to, PDA1, and 
a PDA gene that was a homolog of, or identical to, 
PDA2 (e.g. Figs. 5b, 6b). 

Fragments that hybridized strongly to SacB in 196- 
10-7, which contained PDA4, a Pda sM gene, were similar 
to PDA1 fragments except in XhoI (Fig. 4), EcoRV 
(Fig. 6b) and PvuI digestions (not shown). Most restric- 
tion fragments hybridizing to SacB in D N A  of isolate 
159-5-3, containing PDA5, a Pda sH gene, were distinct 
from those of the reference isolate (77-2-3) containing 
the other Pda s~ gene (PDA1), and all other isolates (e.g. 
Figs. 4, 5b). In contrast, most of the fragments detected 
in isolates 62-22, 156-30-6, and T200, containing the 
Pda LL genes PDA3, PDA6-1, and PDA6-2, respectively, 
were the same size, but distinct from those of the other 
Pda ÷ isolates, including isolate 96-17, which carries the 
fourth Pda Lt gene, PDA2 (Figs. 5b, 6b). The only restric- 
tion fragment detected by SacB that distinguished 
PDA6-1 from PDA3 and PDA6-2 was a 1.5 kb SacI 
fragment that was absent in the PDA6-1 isolate but 
present in the other two (not shown). 

Southern hybridizations performed on the same set 
of genomic DNAs with probes PSA and SR5 detected 
several D N A  fragments other than those contained in 
the PDA genes themselves (Figs. 5a-c, 6a-c). For in- 
stance, from the genomic sequences of PDAT9 and the 
results of Southern hybridizations with SacB, SR5 was 
predicted to hybridize to a single 1.5 kb EcoRV frag- 
ment in 77-2-3 (P1)A1). A fragment of this size was de- 
tected with SR5, but four additional fragments were al- 
so detected (Fig. 6c, lane 1). Similar results were ob- 
tained on hybridization of SR5 to the genomic D N A  of 
each of the other isolates (Fig. 6c, lanes 2-6b). Hy- 
bridization with PSA resulted in bands additional to 
those predicted from the PDAT9 sequence, but these 
comprised a less diverse set than those hybridizing to 
SR5 (Figs. 5a, 6a). 

Discussion 

A previous study by Miao et al. (1991a) indicated that 
when the 3.3 kb XhoI-BamHI fragment containing 
PDAT9 was used as a probe it detected a single XhoI- 
BamHI fragment, ca. 3.3 to 23 kb, in reference isolates 
carrying single active PDA alleles and normally failed to 
hybridize to P d a -  isolates. It was proposed that the 
PDA genes are unique cytochrome P450s; this sugges- 
tion is consistent with the current sequence analysis of 
PDAT9 and the Southern hybridization analyses. In the 
present study, three subclones of PDAT9 were used as 
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probes on restriction digests of genomic DNA of N. 
haema~ococca isolates carrying different PDA genes; on- 
ly the SacB probe, which contains a large portion of the 
opening reading frame of PDAT9, while lacking the 
highly conserved heme-binding fifth ligand site found in 
all P450s, had a specificity similar to the 3.3 kb XhoI- 
BamHI fragment containing PDAT9 (Miao et al. 1991a 
vs Figs. 4-6 and data not shown). In each isolate that 
carried a PDA gene, the restriction pattern detected by 
SacB was simple, comprising one or two bands, and the 
sum of the sizes of the detected restriction fragments was 
consistent with the presence of a single PDA gene in 
each such isolate. We suggest therefore that the PDA 
genes in N. haematococca comprise a closely related 
family of genes, and that each of the fragments that hy- 
bridizes strongly to SacB shown in Figs. 4, 5b, and 6b 
contains part of the coding region of the single active 
PDA gene present in each reference isolate. In some in- 
stances, weakly hybridizing fragments were detected 
with SacB (e.g. Fig. 6b, lane 1); the same size fragment 
hybridized strongly to SR5 (e.g. Fig. 6c, lane 1) and may 
represent another P450 with weak sequence similarity 
to the PDA genes (see below). 

The Southern hybridization analysis using the SacB 
probe also permitted the known PDA genes, with the 
exceptions of PDA3 and PDA6-2, to be distinguished 
from each other, and allowed a rough estimation of the 
degree of similarity between the genes; PDA1, PDA4, 
and, to a lesser extent, PDA5 appear most similar to 
PDAT9. As a group, these genes are distinct from the 
other PDA genes, based on the number of SacB-hy- 
bridizing fragments predicted from the sequence of 
PDAT9 that were held in common: PDAI-, PDA4- and 
PDA5-containing isolates all had a 1.5 kb EcoRV frag- 
ment (Fig. 6b); PDA1 and PDA4 isolates had the pre- 
dicted 0.2 kb PstI (Fig. 5b) and a 1.35 SacI fragment 
(data not shown). Further similarities, especially be- 
tween PDA1 and PDA4, were observed: fragments de- 
tected with SacB that were only partially contained in 
the probe sequence in PDAT9 were detected in PDA1 
and PDA4 as well (e.g. the 1.45 kb PstI fragment in 
PDA1 and PDA4 isolates; Fig. 5b). 

In contrast, DNA of isolates containing Pda LL genes 
(PDA2, PDA3, PDA6-1 and PDA6-2) all lacked these 
fragments and thus lacked several of the restriction sites 
that lie within the structural gene of PDAT9. It is of 
interest that these differences correlate with the different 
levels of whole cell activity conferred by the genes, i.e., 
genes conferring the Pda TM and Pda TM phenotype versus 
genes conferring the Pda EL phenotypes. This restriction 
site comparison is too limited to allow one to infer 
whether the differences between the phenotypes con- 
ferred by these genes are due to regulatory differences or 
biochemical properties of the structural gene products, 
but it does suggest the presence of two structurally dif- 
ferent groups of PDA genes in N. haematococca. 

Although the SacB probe appeared specific for PDA 
genes, the other two subclones of PDAT9, probes PSA 
and SR5, detected more restriction fragments than 

could be accounted for by hybridization to PDA genes 
only. For instance, from the results with SacB (Fig. 5b) 
and the sequence of PDAT9, PSA was predicted to hy- 
bridize only to a 1.45 kb PstI fragment in isolates with 
PDA1 (77-2-3), and PDA4 (196-10-7). Strong hybridiza- 
tion of PSA was also detected to a 12 kb fragment in 
77-2-3 and 196-10-7 (Fig. 5a, lanes 1 and 4). Similar re- 
sults were seen in comparisons of other isolates (Fig. 5a 
vs 5b) and in the PSA hybridization to EcoRV digests 
(Fig. 6a vs 6b). Since PSA contained a large part of the 
upstream region of PDAT9, as well as several hundred 
nucleotides of the 5' terminal coding region, it is possi- 
ble that the additional fragments detected with PSA 
represent a regulatory segment of another gene that is 
shared by pisatin demethylase or another gene for a 
membrane-bound protein whose membrane-spanning 
sequence is similar to that of PDAT9, as transmembrane 
peptides are located at the amino-termini of cytochrome 
P450s (Gotoh and Fujii-Kriyama 1989). Alternatively, 
the probe could simply contain a fragment of some un- 
related gene. 

The additional fragments detected with SR5 proba- 
bly represent other P450 genes, as this probe contains 
the highly conserved heme binding site. It is not known 
how many P450s exist in filamentous fungi but all or- 
ganisms are predicted to contain a number of these en- 
zymes (Nelson and Strobel 1987). Some of the fungal 
P450s are involved in species-specific traits such as the 
catabolism of specific carbon sources, while others are 
involved in highly conserved and essential biochemical 
processes such as the synthesis of membrane sterols 
(Kaergel et al. 1990). The common size of the additional 
fragments detected by SR5 (Figs. 5c, 6c) suggests the 
presence of a highly conserved non-PDA cytochrome 
P450. 

Previous genetic analyses have indicated that PDA 
genes occur at different loci (Kistler and VanEtten 
1984b; Mackintosh et al. 1989; Miao and VanEtten 
1992; P. Matthews, unpublished), However, these con- 
clusions may not be valid. In the work described here, 
the Pda LL genes were detected by SacB as single DNA 
fragments larger than 7 kb (Figs. 4, 5b, 6b). Unless the 
Pda LL genes are unusually large, or are interrupted by 
many or very long introns, one or both ends of each of 
those large restriction fragments must reside well out- 
side the coding regions of the genes. The lack of diver- 
sity in the size of the SacB-homologous fragments of 
PDA3, PDA6-1, PDA6-2, and to some degree PDA2, 
suggests that their immediate chromosomal environ- 
ments in the different reference strains may be very sim- 
ilar to each other. 

Furthermore, recent results indicate that PDA6-1 
and possibly all the PDA genes are located on meiotical- 
ly unstable chromosomes (Miao et al. 1991a, b). The 
basis for the original conclusion that PDA genes are at 
different loci was the recovery of Pda-  progeny from 
crosses between Pda ÷ parents. If the chromosomes 
bearing these genes can be lost during meiosis, Pda-  
progeny could result from a cross, even though both 
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parents contained a PDA gene at the same locus. In this 
case, the loss of parental phenotype in the progeny 
would falsely suggest that the parental phenotypes are 
encoded by genes at different loci. Further characteriza- 
tion of these chromosomes and the physical locations of 
the PDA genes is needed to resolve this possibility. De- 
spite these uncertainties, the current results indicate that 
the PDA genes belong to a unique family of cytochrome 
P450s but that there is structural diversity among these 
genes regardless of whether they are found at one or 
several loci. 
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