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Short communication
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Abstract

The Saccharomyces cerevisiae transcription factor gene YAP] is a key regulatory gene conferring resistance against
oxidative stress and various cytotoxic compounds. It would be of interest to isolate homologous genes in pathogenic
fungi as candidate pathogenicity genes. We have developed a generally applicable hybridization method, using
a single degenerate oligonucleotide probe designed on the basis of the conserved DNA-binding region of yAP1
homologs in yeast species, to clone a related gene, Bap!, from the tomato pathogen, Cladosporium fulvum. This
gene has the capacity to code for a possible transcription factor consisting of an N-terminal, yAP1-related, basic
DNA-binding domain. It lacks an obvious downstream leucine zipper but includes C-terminal ankyrin-like repeats.
The Cochliobolus carbonum pathogenicity factor TOXEp shows a similar modular structure. BAP1 and TOXEp
appear to represent a novel fungus-specific class of Yap basic DNA-binding domain-type transcription factors with
ankyrin-like repeats (bANK proteins) in phytopathogenic fungi. A possible role of BAP1 in a membrane transporter-
mediated detoxification or secretion process is discussed.

Abbreviations: ANK — ankyrin-like; bZIP — basic region-leucine zipper.

Successful pathogens have to defend themselves
against host defence reactions, adverse environmental
conditions and, in some cases, fungicides administered
by man to control pathogen growth. In this context,
the roles of the oxidative-stress response (Lamb and
Dixon, 1997) and membrane-efflux detoxification sys-
tems (Del Sorbo et al., 2000) in phytopathogenic and
medically important fungi are currently a very active
area of research. It would be of great interest to iden-
tify regulatory genes of these fungal defence systems
as candidate pathogenicity genes.

The Saccharomyces cerevisiae YAP1 gene encodes
a basic region-leucine zipper (bZIP)-type transcrip-
tion factor, yAP1l, which has been identified as a
key stress-response regulator, conferring resistance
to oxidative stress and a variety of cytotoxic com-
pounds (Moye-Rowley et al., 1989; recently reviewed
by Toone and Jones, 1999). Genes under its control
encode, for example, glutathione reductase, thiore-
doxin and several membrane transporters. yAP1 is
the founding member of the fungus-specific family of
bZIP proteins, Yap proteins, defined by four atypical
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Figure 1. Similarity between the putative basic DNA-binding
regions of yeast Yap proteins, BAP1 and TOXEp. The
QxxxxQxA(F/Y) motif characteristic of Yap basic DNA-binding
domains is indicated (&). The position of the first two conserved
leucines (or other residues) of the leucine zippers in the yeast
proteins is also indicated (L).

residues on the DNA binding surface (Fernandes et al.,
1997).

The sequences of yAP1 and functional homologs
in yeast species, Schizosaccharomyces pombe Papl
(Toda et al., 1991), Candida albicans Capl (Alarco
etal., 1997) and Kluyveromyces lactis KlyAP1 (Billard
et al, 1997) display a high degree of sequence
conservation only in the basic DNA-binding region
(Figure 1). This fact and also the apparently low
expression levels of Yap proteins may complicate var-
ious commonly used cloning procedures. The possi-
bility of isolating filamentous fungal YAP/ homologs
was explored using a single degenerate oligonu-
cleotide probe mixture. The 11 amino acids consen-
sus motif AQNRAAQRA(F/Y)R is present in yAP1,
the three functional homologs and yAP2 (Wu et al.,
1993). All these proteins also have a C-terminal
cysteine-rich domain functioning as a putative redox-
sensitive nuclear export signal. Importantly, the con-
sensus sequence discriminates against the distantly
related Yap proteins, Yap3-8, Aspergillus nidulans
MEAB (Polley and Caddick, 1996) and non-Yap bZIP
transcription factors.

A 64-fold degenerate 32-mer oligonucleotide
probe including six deoxyinosine residues (dGCI-
CARAAYMGIGCIGCICARMGIGCITTYMG) based
on the 11 amino acids consensus motif (omitting tyro-
sine codons at position 10) was 5’ end-labelled with
T4 polynucleotide kinase. It was used to screen a
genomic library (Bussink and Oliver, 2001) of the
tomato pathogen, Cladosporium fulvum (Oliver et al.,
2000), under previously described hybridization strin-
gencies (Bussink et al., 1991). Ten strongly hybridiz-
ing phages were found amongst 32,000 plaques.

Similar frequencies were observed in other gene-
specific hybridizations with long gene fragments as the
probe. Nine plasmids were excised from these positive
phages and analyzed on Southern blots. Eight plasmids
showed the same ~4 kb hybridizing Hincll fragment,
indicating that the inserts contained the same gene. The
hybridizing sequence was subsequently located on a
0.8 kb Sphl-Pvull fragment that was subcloned. The
gene, designated Bapl, was sequenced using the sub-
clone and genomic clones (Figure 2A). The nucleotide
sequence hybridizing with the probe was identified
and one mismatch was found between the probe and
gene sequences, at position 29 in the probe. This
position corresponds to the phenylalanine or tyrosine
residues at position 10 of the consensus motif. The
Bapl gene shows a tyrosine codon (TAT) in agree-
ment with the consensus motif but only phenylala-
nine codons (TTY) had been included in the probe.
This observation indicates that the hybridization con-
ditions employed were rather permissive, whilst spe-
cific for a single C. fulvum gene. These conditions
should thus also be of use to clone genes coding for
a conserved yAP1 DNA-binding domain from other
fungi. Additionally, five cDNA clones were isolated
from a previously described library (Nielsen et al.,
2001).

Comparison of the genomic and cDNA sequences
indicated the presence of two introns in the gene. One of
the cDNAs appeared to represent a partially processed
mRNA species as it lacked a polyA tail and only the
first intron had been removed. It is noted that the first
intron is located in the extreme 3’ end of the sequence
hybridizing with the oligonucleotide probe but that this,
coincidentally, would not affect probe hybridization.

The Bapl gene has the capacity to code for a puta-
tive protein of 157 amino acids, BAP1, showing the
11 amino acids motif characteristic of functional YAP
homologs, including the four Yap-specific amino acids
(Figures 1 and 2A). It can be seen that the latter pro-
teins have additional conserved residues not found in
BAP1. The BAP1 sequence conforms to the bZIP tran-
scription factors’ basic domain PROSITE motif. By
contrast, BAP1 shows no obvious downstream leucine
zipper. It also lacks a highly related Yap-like C-terminal
cysteine-rich domain, which might suggest that Bap1 is
not a functional YAPI homolog. However, the putative
157 amino acids gene product has five cysteines,
including a Cys-xx-Cys motif found in metal binding
and redox proteins (McRee, 1998). The C-terminal part
of the putative translation product shows a region of
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TGATAGAGCTCCACTCCCTCGCTGACGCCACTACCTTCGTGCTCGCAAGCTCGCACTACG 60
GTGGATGGCTAGCGCTCGGTCGCTACGCTTAAMAATGATATAAGGACGGAGGCCTTTCAA 120
TATATCATTTTATAGGCAAAGGAGCGAACGTTGCCAGCACGTGTGAAGTCAAGGATCGGC 180
AAGGAAGTCTTGGCAGCGCGTGGGGAGTCTTGGCGATGTACCGCTCTCCCCGTGAAGCCC 240
GAAGCTTCGCGTCAATTGCACGTCTTTGCTGCAACGACATCATGTTTTTGAAGGAAGTCT 300
TGTCCATCGACTATGTTATGCATACGCCGTCGTGACTTCTCTGAGAGCTCAGACACCAAG 360
CAGCATGATCATTCATCTCGCTTGCCCAACAGACAGGATCAGGCCAAGCGCATCATAGCG 420
CTGTGTTGGTCGTACTAACTAAACCTTAGAAGTGTGCAGTAGTTCACGGCGGCCGGCCAT 480
GCCTTGCCATCAATAGGCATGCTTCTTTGCCCGGGACTTGGAGGGCTAATCCAGCCTCTG 540
GCGCGGCTGCCTTTCTGGATATATTGATGATCTGATTACCCGGCTTCCTGGGAGGCATCG 600
CGAGCCGGTACGCATGAAGCATGAAGCCAGCGTTGAAGCAGAAAGGCATCACTGAGAAAC 660
M KPALKAOQKGITETZKHR R 14
GGAGAGCGCAGAATCGAGCTGCTCAGCGGGCTTATCgttagtattgctgcttgtgtatgt 720
RAQNRAAZQRATVYTR 26
tgatgtgggtcttttctgacgttctctgtagGTAACAGGCAGCAAGAATGTACCAGTTCA 780
NRQQECTSS 35
CGGCGGGGTTCAGAGACAAAGGCCGAGTCTCTTGCCGTCGATTGTTCCTCCTGTCTTCAG 840
RRGSETKAESLAVD®SS®O©LAQ 55
ACTTCACACATGAGCTGCGGCCCGCCATCTGTCAATGACTGGCAGAACTCACTGCCTACT - 900
TSHMSCGPPSVNDWQNSLPT 75
CCGGGAAGCGATGGTGCCATGAGCCTCGTACCACGGACACAAGTCACACCACTCCATTGG 960
PGSDGAMSLVPRTQVTPLHW 95
AACACTATACCGGAGCCGACACAATTGGATTGCAACTGGCTATCACTGGGTGAAgtaaga 1020

NTIPEPTOQLDCNWLSLGE 113
cgacttgaagttgaagttacacgatcaacacaagctgatcttgtacctagCCATACCAAA 1080
Qs 117

GCCCCAACGCCCTGCACAACACACTCTCCTTCAAAGACCCCGATACCAGCTTTGATCATG 1140
PNALHNTLSFKDPDTSFDHV 137
TGTGGCGCAGGCCGCGCTCGTACTCCCTCAAGACAGCTCTACATCTAGCCGCAGAGAAMG 1200
WRRPRSYSLKTALHLAAEEKSE G 15
GCTAATCCCAGTCCGTGGAGGAAGTCCTGCAGACCAGTGAAGCCAACATTGATGCAGCTG 1260
*SQSVEEVLQTSEANTIDAAD 177
ATGCCGAAGGCAACACAGCACTTCACTTATCAGCTCGTGGTGGCCATCTGTCAGTGAGCC 1320
AEGNTALHLSARGGHLSVSQ 19
AGATCCTTATACAACATGGTGCTACGATCACAGCTCGGAATAGTTCAGGCTATACGCCCT 1380
ILIQHGATITARNSSGYT®PL 217
TGCATTGTGCGGTTGAGACATACTCACACGCTGTCGTGAGGCTGTTGATAGAGCGGGGCG 1440
HCAVETYSHAVVRLLTIERGEGV 23
TTGATGTTAATTTGACGGTTGGGCATTCGAATTTTCAGCTGCAATGATACCATAGTGTAA - 1500

DVNLTVGHSNFQLQ®* A+ 251
CACTTCTCTTCATGCAGATGATGAAGACACATGTCAAGGCTCTCTGTGAATCTCTGTAAA - 1560
A+ A+

TTCCATCACTCCGCACGAGTTGCCAAGTTCCTTATGTCCCATCATCAGGTCAGCGCACTG 1620
ATATCCATCTCGAGAGACACGAAGCGCTCGTCAGTAGCGAAAGCCATCACAGAGCCTTGA 1680
AAGAGAAAGTAAGAACCAAGACGATGAGTAGACCAGGGAACAGCGCCAATAGCGCATTAT - 1740
GCATTGCCACATCACGCCAGAACGCCATCACCTAATGTACAGCCTCCCATCCTTGGGGAA 1800
CTTTTGATGCAGACAGTCATTCATGCATGCTCGGCCGTCATAGTCGCACAGTAGTCATCT 1860
TCAACCTTCGCTTCATGGCACGCCACAGGGAACAAGGAAGCCCGTGCTCCGCAGCTTGCC 1920
AGGCCTGATGCGCTCGACAATAGGGGTTCTCAACAACACTTAGTCATCAAAGCTCTGTTT 1980
CTTTCCACTGCAAAAAGTTAGTCATGCTCATGTAGCTCGTGGGTCGTTACTTCCCTGAAA 2040
TCTCCGAAACCTCCGCGGTTAGTAGATCCACCACCACGGCCACCGCGAGGAGCACCTACA 2100
CAGAAGGGTGTTAGC 2115
B BAP1 88 TQVTPLHWNTIPEPTQLDCNWLSLGE....PYQSP 31
+ o+t + + ++
alT NNITALHYAAILGYLETTKQLINLKEINANVVSSP 35

BAP1 119 ...NALHNTLSFKDPDTSFDHVWRRPRSYSLK.. 29
o+ + o+ ++
alT GLLSALHYAILYKHDDVASFLMRSSNVNVNLKAL 34

BAP1 148 ... TALHLAAEKGeSQSVEEVLQTSEANIDAADA 31
+ + 4 ++

alT GGITPLHLAVIQGRKQILSLMFDIG.VNIEQKTD 33

BAP1 179 EGNTALHLSARGGHLSVSQILIQHG.ATITARNS 33
+ o+ 4 +++ + +

alT EKYTPLHLAAMSKYPELIQILLDQG. SNFEAKTN 33

BAP1 212 SGYTPLHCAVETYSHAVVRLLIERG.VDVNLTVG 33
++ A+ + + +

alT SGATPLHLATFKGKSQAAL ILLNNE . VNWRDTDE 33

ankyrin -G-TPLHLAAR-GHVEVVKLLLD-G.ADVNA-TK 33

consensus A T SQ NNLDIAEV K NPD D

V K TMR Q SI N
E

Figure 2. Structure of the Bap1 gene. (A) Nucleotide and deduced
amino acid sequences of the Bap! gene. The amino acid sequence
characteristic of functional YAPI homologs in yeast species is
underlined and cysteines in a possible metal binding motif are
indicated (©). Intron sequence is in lowercase and the start of
polyA tails in 4 cDNAs (the third site was found twice) is indi-
cated below the sequence (A+). The first translation termination
codon is in bold. The longest sequenced cDNA started at position
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ankyrin-like (ANK) repeats (Figure 2B). ANK repeats
mediate protein—protein interactions and are usually
33 residues long (Michaeli and Bennett, 1992). Some
ANK repeat proteins consist of only two copies of
the ANK repeat but the majority of proteins have at
least four copies (Zhang and Peng, 2000). The third
repeat in BAP1 is interrupted by an ochre codon (this
codon was repeatedly confirmed in genomic and cDNA
sequences). The presence of two additional repeats fol-
lowing the ochre codon may appear cryptic, in particu-
lar, because these repeats show higher similarity to the
ANK consensus sequence than the upstream repeats.
One intriguing possibility is that inefficient termination
of translation at the ochre codon (Steneberg et al., 1998;
Bertram et al., 2001) may result in the synthesis of two
BAP1 proteins of 157 or 251 amino acids with two or
five ANK repeats, respectively.

The putative product of the C. fulvum gene isolated
here, BAPI, is characterized by a modular structure of
an N-terminal highly yAP1-related basic DNA-binding
domain lacking an obvious downstream leucine zipper,
and ANK repeats at the C-terminus (bANK protein).
No homologous gene is present in the S. cerevisiae
genome and no other homologs were found in database
searches. An additional search with the nonapep-
tide AQNRAAQRA revealed a possible Neurospora
crassa functional YAPI homolog, which was recently
identified in the German genome sequencing project
(GenBank CAB91681).

ANK repeats have previously been observed in sev-
eral transcription factors, but not in Yap proteins. The
Cochliobolus carbonum pathogenicity factor, TOXEp,
was described as a protein with an N-terminal bZIP
basic DNA-binding motif with no discernible leucine
zipper, but with four ankyrin repeats at its C-terminus
(Ahn and Walton, 1998). Its DNA-binding region is
clearly Yap related, showing three out of the four
residues characteristic of Yap proteins (Figure 1). The
structures of BAP1 and TOXEp may thus indicate that
the Yap DNA-binding domain has been incorporated
into at least two novel classes of transcription fac-
tors during fungal evolution. One class consists of the

G146. (B) The C-terminal part of BAP1 shows ankyrin repeats.
The C-terminal sequence of BAP1 was aligned with «-latrotoxin
sequence (Kiyatkin et al., 1990) and identical residues are indi-
cated (4). Residues that conform to the consensus sequence of
ankyrin repeats are in bold and the length of the repeats is given on
the right. The consequence of ochre codon 158 is represented by a
symbol (e). GenBank accession number AF288532.
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classical Yap-type bZIP factors; the other class consists
of the bANK proteins BAP1 and TOXEp, both occur-
ring in phytopathogenic fungi. Alternatively, bANK
proteins might be considered as a novel distinct sub-
class of Yap proteins. In any case, such an evolution-
ary origin within the fungal lineage would explain
the apparent rareness of bANK proteins, which might
make these factors especially attractive to study fungus-
specific processes in relation to pathogenicity. In par-
ticular, the function(s) of the ANK repeats in these
proteins remain to be investigated (Ahn and Walton,
1998).

TOXEp is a pathway-specific transcription factor
required for HC-toxin production and pathogenicity
and is only present in HC-toxin producing isolates. The
biotrophic pathogen C. fulvum is not known to pro-
duce phytotoxins. The isolation of Bap! thus raises the
possibilities that bANK proteins may be conserved in
phytopathogenic fungi and function in processes other
than toxin synthesis. In fact, TOXEp is not required
for activity of the central enzyme in HC-toxin biosyn-
thesis (cyclic peptide synthetase). Instead TOXEp is
required for the expression of three genes including
TOXA coding for a putative HC-toxin efflux pump,
which is thought to contribute to self-protection against
the toxin (Pitkin et al., 1996). The role of yAP1 factors
in transporter-mediated resistance to cytotoxic com-
pounds in yeasts is well established. The similarity in
the DNA-binding regions of yAP1 and BAPI, in par-
ticular, might suggest that these factors could regu-
late some similar genes, for example, genes involved
in the oxidative-stress response or membrane trans-
porter genes. A hypothetical BAPI-regulated trans-
porter might function to remove damaged molecules
originating from the oxidative burst upon pathogen
recognition, or to protect the fungus from toxic sub-
stances produced by the plant host (e.g. tomatine), or
to secrete an unidentified fungal secondary metabolite
or peptide. Disruption of the Bapl gene would help
resolve these possibilities.

References

Ahn JH and Walton JD (1998) Regulation of cyclic peptide
biosynthesis and pathogenicity in Cochliobolus carbonum by
TOXEp, a novel protein with a bZIP basic DNA-binding motif
and four ankyrin repeats. Molecular and General Genetics 260:
462-469

Alarco AM, Balan I, Talibi D, Mainville N and Raymond M
(1997) AP1-mediated multidrug resistance in Saccharomyces

cerevisiae requires FLRI encoding a transporter of the major
facilitator superfamily. Journal of Biological Chemistry 272:
19304-19313

Bertram G, Innes S, Minella O, Richardson JP and Stansfield I
(2001) Endless possibilities: translation termination and stop
codon recognition. Microbiology 147: 255-269

Billard P, Dumond H and Bolotin-Fukuhara M (1997) Charac-
terization of an AP-1-like transcription factor that mediates an
oxidative stress response in Kluyveromyces lactis. Molecular
and General Genetics 257: 62-70

Bussink HJ and Oliver R (2001) Identification of two highly
divergent catalase genes in the fungal tomato pathogen,
Cladosporium fulvum. European Journal of Biochemistry 268:
15-24

Bussink HID, Brouwer KB, De Graaff LH, Kester HCM and
Visser J (1991) Identification and characterization of a second
polygalacturonase gene of Aspergillus niger. Current Genetics
20: 301-307

Del Sorbo G, Schoonebeek H-J and De Waard M (2000) Fungal
transporters involved in efflux of natural toxic compounds and
fungicides. Fungal Genetics and Biology 30: 1-15

Fernandes L, Rodrigues-Pousada C and Struhl K (1997) Yap,
a novel family of eight bZIP proteins in Saccharomyces cere-
visiae with distinct biological functions. Molecular and Cellu-
lar Biology 17: 6982-6993

Kiyatkin NI, Dulubova IE, Chekhovskaya IA and Grishin EV
(1990) Cloning and structure of cDNA encoding alpha-
latrotoxin from black widow spider venom. FEBS Letters 270:
127-131

Lamb C and Dixon RA (1997) The oxidative burst in plant dis-
ease resistance. Annual Review of Plant Physiology and Plant
Molecular Biology 48: 251-275

McRee DE (1998) Living with metal ions. Nature Structural
Biology 5: 8-10

Michaeli P and Bennett V (1992) The ANK repeat: a ubiquitous
motif involved in macromolecular recognition. Trends in Cell
Biology 2: 127-129

Moye-Rowley WS, Harshman KD and Parker CS (1989) Yeast
YAP1 encodes a novel form of the jun family of tran-
scriptional activator proteins. Genes and Development 3:
283-292

Nielsen PS, Clark AJ, Oliver RP, Huber M and Spanu PD (2001)
HC{-6, a novel class II hydrophobin from Cladosporium ful-
vum. Microbiology Research 156: 1-5

Oliver RP, Henricot B and Segers G (2000) Cladosporium fulvum,
cause of leaf mould of tomato. In: Kronstad JW (ed) Fungal
Pathology. (pp 65-91) Kluwer Academic Press, Dordrecht, NL

Polley SD and Caddick MX (1996) Molecular characterisation of
meaB, a novel gene affecting nitrogen metabolite repression in
Aspergillus nidulans. FEBS Letters 388: 200-205

Pitkin JW, Panaccione DG and Walton JD (1996) A putative cyclic
peptide efflux pump encoded by the TOXA gene of the plant-
pathogenic fungus Cochliobolus carbonum. Microbiology 142:
1557-1565

Steneberg P, Englund, C, Kronhamn, J, Weaver TA and
Samakovlis C (1998) Translational readthrough in the hdc
mRNA generates a novel branching inhibitor in the Drosophila
trachea. Genes and Development 12: 956-967



Toda T, Shimanuki M and Yanagida M (1991) Fission yeast
genes that confer resistance to staurosporine encode an AP-1
like transcription factor and a protein kinase related to the
mammalian ERK1/MAP2 and budding yeast FUS3 and KSS1
kinases. Genes and Development 5: 60-73

Toone WM and Jones N (1999) AP-1 transcription factors in
yeast. Current Opinion in Genetics and Development 9: 55-61

659

Wu A, Wemmie JA, Edgington NP, Goebl M, Guevara JL
and Moye-Rowley WS (1993) Yeast bZip proteins mediate
pleiotropic drug and metal resistance. Journal of Biological
Chemistry 268: 18850-18858

Zhang B and Peng Z-y (2000) A minimal folding unit in the
ankyrin repeat protein p16™%*, Journal of Molecular Biology
299: 1121-1132



