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Abstract

The B mating type locus of the basidiomycete Coprinus cinereus contains a multiallelic
gene complex encoding peptide pheromones and transmembrane receptors. There are
an estimated 79 B mating specificities in C. cinereus, any two of which are sufficient to
promote B-regulated development following cell fusion. The isolation of the B42 locus
is described along with the DNA sequence analysis that identified nine B mating type
genes within a 27kb B42-specific DNA sequence. Six of the genes, with small
transcripts of 800-900nt, encode the mating pheromone precursors and the other three,
with 1.9 to 2-5kb transcripts, encode the transmembrane pheromone receptors. The
genes are arranged in three groups, designated group 1, 2 and 3, each consisting of one
receptor gene and two pheromone genes. B42 and B6 share the same alleles of the
group 1 genes, but not those of groups 2 and 3. This was demonstrated by DNA-
sequence analysis and Southern blot analysis. None of the group 1 genes from B42
were able to activate B-regulated development in a B6 host when introduced by
transformation but with one exception, all genes from group 2 and group 3 were able to
do so. This analysis led to the recognition that the three genes in any one group are held
together in an allele-specific DNA sequence and that Southern blot analysis and
transformation can be used to identify shared alleles in uncloned loci. Extensive
Southern analyses using cloned genes to probe genomic DNAs from strains having
other B mating specificites showed that different B loci may share identical alleles of
two groups of genes. Mating partners thus require different alleles of only one group of
genes to generate a compatible B mating interaction. Transformation analyses with the
same cloned genes confirmed the conclusions derived from the hybridisation data.
Multiple B mating specificities thus appear to be derived from three groups of
multiallelic and functionally redundant genes. A tenth gene located within the B42-
specific DNA sequence encodes a putative transporter protein belonging to the major
facilitator superfamily (MFS). In other genomic backgrounds this gene lies in
homologous flanking sequences and its presence within the B42 locus is unlikely to be

related to mating type function.
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Introduction

In most sexually reproducing eukaryotic organisms, mechanisms exist to promote
outbreeding and thereby increase the levels of genetic diversity in the population. In
animal populations sexual dimorphism predominates and ensures that individuals
cannot self fertilise. In plants and fungi, sexual dimorphism is rare. Whilst a flower
displays male and female parts, other genetic barriers impose restrictions on
fertilisation. Higher plants are generally hermaphrodite but self-incompatibility
mechanisms prevent pollen from fertilising egg cells from the same individual. What is
particularly interesting is that the best known self-incompatibility systems that have
evolved in plants are controlled by a single locus designated S and the genes at this
locus are multiallelic (Newbigin et al., 1993; Nasrallah et al., 1994; Golz et al., 1995).
The Poaceae have what appears to be the most complex control of pollen compatibility
in that there are two unlinked multiallelic loci (Li et al., 1997). From what is known
about the molecular basis of self/non-self recognition in higher plants, it is evident that
several different mechanisms have evolved and the general genetics of the systems are
only superficially similar. In contrast in the fungi, there appears to be a strong
conservation in the mechanism that permits compatible mating partners to be
recognised, even between such widely diverse species as unicellular ascomycetes and
the multicellular basidiomycetes which are the subject of this thesis. Like the higher
plants, the higher basidiomycetes have multiallelic genes involved in mating
recognition and offer the biologist an opportunity to study complex protein-protein
interactions where discrimination is required between members of large families of near

identical proteins.
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1.1 Mating systems in fungi

In the fungi, the term mating type is used to distinguish individuals that are self-
incompatible although morphologically identical. For this reason the genes that control
mating compatibility are called the mating type genes. The study of mating type
determination has largely been restricted to a few model species originally chosen for
classical genetic studies. These include the ascomycetous yeasts, Saccharomyces
cerevisiae and Schizosaccharomyces pombe, the filamentous ascomycetes, Neurospora
crassa and Podospora anserina and the basidiomycetes, Ustilago maydis, Coprinus

cinereus and Schizophyllum commune.

In ascomycete fungi there are just two mating types, determined by alternative alleles
present at a single genetic locus. The two types are termed a and o in S. cerevisiae, P
and M in S. pombe, A and a in N. crassa and mat+ and mat- in P. anserina. In the
basidiomycetes, mating type may be determined by a single genetic locus, in whch case
species are said to be bipolar, or by two unlinked loci in which case species are said to
be tetrapolar. In the homobasidiomycetes, the so called higher basidiomycetes that
include the mushroom fungi, the two mating type loci are termed A and B whereas in

the hemibasidiomycetes, the group to which U. maydis belongs, the loci are termed a

and b.

The efficiency of a breeding system is generally measured in terms of how much it
restricts inbreeding potential and how much it promotes outbreeding potential. In the

ascomycetes, the two mating types segregate equally in the four products of meiosis
and half the sibs can mate with the other half. For example, in a cross between a and o

in §. cerevisiae, two of the resulting spores in each ascus have the a allele and two the o

allele. Inbreeding potential (sib-compatibility) is restricted to 50% but cannot be

9
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eliminated. However, with only two mating types in the population, outbreeding
potential is also reduced to 50%. With multiple alleles of the mating type genes in
basidiomycetes, inbreeding restriction can be maintained at 50% or reduced to 25%
when there are two mating type loci, but outbreeding potential may be very high,
depending on the numbers of alleles of the genes as shown in Table 1.1. It requires only
20 alleles of each gene to generate 90% or more outbreeding potential. It is surprising,
therefore, that fungi like C. cinereus and S. commune have quite so many different
alleles of the genes. It is estimated that C. cinereus has some 160 alleles of the A locus
and 79 of the B locus and thus some 12,000 different mating types. In S. commune the
numbers are even higher, with a predicted 288 A alleles and 81 B alleles giving more

than 20,000 mating types (Raper, 1966).

There are much fewer mating types in U. maydis because only one of the mating type
loci has multiallelic genes. The a locus has just two alleles whereas the b locus has
some 25 (Puhalla, 1970). Recent cloning studies with a related bipolar species, U.
hordei has provided the first insight into how bipolar and tetrapolar species differ
(Bakkeren and Kronstad, 1994). U. hordei has both the a and b genes but these are
tightly linked within a single complex locus. It seems likely that the many bipolar forms
of the homobasidiomycetes, an estimated 35% of all species (Whitehouse, 1949;

Quintanilha and Pinto-Lopes, 1950), have equally complex mating type loci.

1.2 The life cycle of Coprinus cinereus

This study has been concerned with the molecular organisation and function of genes at
the multiallelic B mating type locus of C. cinereus. To understand the role that these

mating type genes play in mating recognition it is first necessary to take a look at the



Table 1.1 Efficiency of bipolar and tetrapolar breeding systems in restricting inbreeding
and promoting outbreeding (after Koltin, 1978).

Outbreeding potential
System Genes Mating Meiotic Segregation  Inbreeding =~ Number of
restriction alleles
(%)

A B %
Bipolar A1A2...An AIXx A2 05AI 0.5 A2 50 2 50
5 80
10 90
20 95
Tetrapolar AIA2....An AIBI x A2B2 0.25 A1IB1 0.25 A2BI 25 2 2 25
BIB2... Bn 0.25 A1IB2 0.25 A2B2 5 5 64

10 10 81

20 20 90

1 Outbreeding potential calculated from: 1 gene (nA-1)/nA; 2 gene (nAnB-nA-nB+1)/nAnB
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life cycle of C. cinereus (Figure 1.1) and the roles that both classes of mating type

genes play in regulating sexual development.

C. cinereus belongs to the hymenomycetes, species that have typical mushroom fruit
bodies with characteristic gills covered in the basidia that bear the sexual basidiospores.
A single basidiospore germinates to form a sterile filamentous mycelium known as a
monokaryon. The cells of the monokaryon are uninucleate, and the aerial mycelium
may develop structures termed oidiophores which bud off uninucleate asexual spores
called oidia. Somatic cell fusion is sufficient to initiate sexual development provided
monokaryons have compatible mating types. Mating gives rise to a fertile mycelium
known as the dikaryon that has binucleate cells, one nucleus from each mating partner,
and characteristic structures known as clamp connections at each septum. The dikaryon
is capable of indefinite growth but given the right light and temperature conditions
differentiates into the fruiting bodies. The two dikaryotic nuclei remain discrete until
the formation of the basidial cells, in which they fuse and almost immediately undergo
meiosis. The four nuclei migrate into the developing spores that are carried on small

projections on the surface of the basidium.

1.3 The roles of the A and B mating type genes in dikaryon formation

The steps between compatible cell fusion and the development of the dikaryon are
important to understand in terms of mating recognition. Following cell fusion
monokaryons may exchange nuclei. The donor nucleus in each case migrates through
the cells of the recipient monokaryon until it reaches a tip cell where the two nuclei
divide in synchrony and a complex division is intiated which leads to the development
of the clamp connection. The A and B mating type genes play a critical role in

regulating these events as detailed in Figure 1.2. Nuclear migration was recorded by
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Figure 1.1 Life cycle of Coprinus cinereus.
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(Buller, 1931) in Coprinus radiatus. Estimates of nuclear migration rates range from
2.71mm h-! reported for S. commune (Snider and Raper, 1958) to 4cm h-! for C.
congregatus (Ross, 1976). Nuclear migration requires the disruption of the complex
dolipore septa that separate the cells and through which nuclei would normally be
unable to pass (Giesy and Day, 1965). Once the apical cells of the mycelium contain
both genetically different nuclei the dikaryotic condition is established. The apical cell
divides in such a way that the two dikaryotic nuclei always remain together and are
distributed equally to each daughter cell. A clamp cell forms on the side of the apical
cell, and the leading nucleus passes into this. Both nuclei divide in synchrony and new
cell walls are laid down across the mitotic spindles. The apical cell contains both nuclei
but one daughter nucleus is cut off in the clamp cell and the other in the newly formed
subapical cell. The clamp cell grows backwards and fuses with the subapical cell,
releases its nucleus and thereby generates a binucleate subapical cell joined to the apical

cell by a clamp connection.

For monokaryons to be compatible and differentiate the dikaryon upon cell fusion, they
must have different alleles of both the A and B mating type genes. Cell fusion is not,
however, mating type dependent and fusions between monokarons with i1dentical alleles
of the A or the B genes results in the formation of heterokaryons that express only part
of the dikaryon developmental sequence (Swiezynski and Day, 1960a; Swiezynski and
Day, 1960b). If only the B alleles are different, nuclear migration occurs following cell
fusion but nuclear division is unsynchronised and clamp cells do not develop. If only
the A alleles are different, nuclear migration cannot occur but the two nuclei in the
fusion cell undergo a synchronised nuclear division and development proceeds as far as
the formation of the unfused clamp cell. This is unable to fuse with the subterminal cell
to form the completed clamp connection. It was evident from this study that a

compatible A gene interaction 1s required to initiate a synchronised division of the
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dikaryotic nuclei and the development of the unfused clamp cell. A compatible B gene
interaction is required for nuclear migration and septal disruption following the initial

cell fusion and completion of the clamp connection in the dikaryon.

1.4 The structure of the A and B mating type loci in hymenomycetes

Genetic studies in S. commune and C. cinereus revealed that the A and B loci were
complex long before a molecular analysis was possible. Genetic recombination
established that both the A and B genes in S. commune were separated into two closely
linked loci which became designated Ao and A and Be and B3 (Papazian, 1951; Raper
et al., 1958; Raper et al., 1960). The o and f loci were shown to be multiallelic and
functionally redundant. It required only the alleles of the & or the f locus to be
different for a compatible A or B mating interaction. For example, AalBl, Aa2f32,
Aol B2 and Aa2pI are all different A mating specificites. From world wide samples it
was estimated that there were 9 Aq alleles, 32 A alleles, 9 Ba and 9Bf alleles (Raper
et al., 1960; Koltin et al., 1972). The distance between the o and 8 loci varies between
strains and ranges from 1-17% for the A genes (Raper, 1966) and 0-8% for the B genes
(Koltin et al., 1972).

Corresponding studies in C. cinereus revealed that the A genes were separated into two
loci but these were only 0.07 map units apart (Day, 1960), too close for any general
analysis of the numbers of « and B gene alleles that may exist in the population (Day,
1963). There is no evidence for more than a single B mating type locus in C. cinereus
(Haylock et al., 1980). It is interesting to note that recombination between the ¢ and 8
genes will increase sib-compatibility. With 5% recombination between the A loci and

the B loci sib-compatibility will increase from 25% to 30%. Close linkage will ensure
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that sib-compatibility remains low but some level of recombination will serve to

maximise the numbers of mating specificities in the population.

1.5 Molecular analysis of the A mating type locus of C. cinereus and S. commune

The complete A mating type complex of C. cinereus was cloned by (Mutasa et al.,
1990) from a cosmid library. A chromosome walk was initiated from the closely linked
metabolic gene pab-1 and this yielded cosmid clones containing the A and Af genes.
When transformed into a host with a compatible A mating type, the cloned genes
elicited the typical A-regulated stages in dikaryon development, the formation of
unfused clamp cells. Molecular analysis of the A locus revealed an unexpected level of
complexity. In all, five different A gene complexes have been isolated and compared
(Kiies and Casselton, 1992; Kiies and Casselton, 1993; Kiies et al., 1994; Pardo et al.,
1996). The genetically defined A« locus is separated from the Af locus by 7.0kb of
DNA sequence, present in all A gene complexes, that appears not to contain any genes.
The entire complex contains variable numbers of genes, ranging from four to six,
depending on the actual A mating specificity and all of these are capable of eliciting the

A-regulated developmental pathway in a host having a different allele of the gene.

It has been established that genes of the A mating type locus encode two families of
dissimilar proteins that both contain a characteristic homeodomain DNA binding motif
(Scott et al., 1989). These two proteins form the subunits of a heterodimeric protein
complex that is assumed to bind DNA to regulate transcription of genes invoved in
dikaryon development. In the monokaryon, several versions of these proteins may be
present in the cell , but it is only by mating that monokaryons can bring together

proteins that can heterodimerise. Compatible proteins have been shown to

10
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heterodimerise (Banham et al., 1995) but the DNA target sites of this complex have yet

to be identified.

The organisation of the A locus of C. cinereus is illustrated in Figure 1.3. The figure
shows a hypothetical A locus in which there are three pairs of divergently transcribed
genes. Each pair of genes encodes the two classes of homeodomain proteins which are
distinguished as HD1 and HD2 because of the conserved but distinctly different
homeodomain sequences. These three sets of genes are multiallelic. Importantly, the
DNA sequences of different alleles of the genes are sufficiently dissimilar to not permit
recombination, and the gene-pairs are locked into a non-homologous sequence that
ensures that the two members of the pair always stay together. The three pairs of genes,
indicated as the a, b and d gene pairs are, moreover, functionally independent. For two

A loci to have different specificities it requires only one pair of genes to have different

alleles.

By stripping out most of the genes from a single A locus, Pardo et al. (1996) were able
to demonstrate the compatible gene interaction that promotes A-regulated development.
A single HD 1 and a single HD 2 gene were sufficient to promote A-regulated
development provided these two genes came from different allelic versions of the same
gene pair; i.e. a genes work with a genes, b genes with b genes, and d genes with d
genes. By making use of the non-homology between different alleles, Pardo et al.
(1996) were able to identify shared alleles of the genes in different uncloned A loci
because alleles cross-hybridised. A gene that cross-hybridised, moreover, was never
able to elicit clamp cell development following transformation, showing that it could

not promote a compatible A gene interaction.
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(A) A mating type locus of Coprinus cinereus

0i-complex B-complex
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Figure 14 Comparison of the Coprinus cinereus, Ustilago maydis and Saccharomyces

cerevisiae mating type loci which encode proteins with homeodomain motifs. HD1 and
HD2 refer to the different homeodomain types which are indicated by the black and
grey boxes within the genes. Different cross-hatching indicates different gene sub-
families in C. cinereus. Arrows indicate the direction of gene transcription and diagonal
lines the compatible gene combinations that promote sexual development. Thick lines

indicate homologous DNA sequences.
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Multiple A mating type specificities are derived from the many different allele
combinations that it is possible to generate with these three pairs of genes. Just 5 alleles
of each pair would generate 125 of the predicted 160 classical A alleles. Because of the
high level of functional redundancy it has been found that A loci rarely contain all of
the predicted six genes illustrated in Figure 1.3, but at least one gene from each of the

pairs i1s always present.

The A locus of S. commune has been cloned and sequenced and shown to contain just
a single pair of HD1 and HD?2 genes (Specht et al., 1992). These genes clearly act quite
independently of the genes within the as yet, uncharacterised Af locus. Several of the
nine alleleic versions of this Aa locus have been cloned (Specht et al., 1994) and these
are similar to the A genes of C. cinereus in that different alleles of the genes are very

dissimilar in sequence.

Molecular cloning of the mating type genes of U. maydis has revealed that the
multiallelic b locus is equivalent to the A loci of the homobasidiomycetes. The b locus
is much simpler than the A loci in that there is just a single pair of HD1 and HD2 genes
(designated bE and bW, respectively). As with the A genes, the bE and bW genes are
divergently transcribed. Lack of sequence homology in the 5' regions of the genes and
the intervening promoter sequence ensures that the two genes in any one version of the
b locus remain together as a single allelic unit. A compatible b gene interaction occurs
when mating partners bring together different alleles of the b genes (Gillissen et al.,
1992) and b-regulated development is promoted by heterodimerisation between an HD1

protein from one mate and an HD?2 protein from the other (Kidmper et al., 1995).

For both the A proteins of C. cinereus and S. commune and the b proteins of U. maydis

it has been shown that heterodimerisation between compatible HD1 and HD2 proteins
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is mediated by a domain within the N-terminal sequences of the proteins (Banham et
al., 1995; Kamper et al., 1995; Magae et al., 1995) which is not required for DNA
binding (Asante-Owusu et al., 1996). This dimerisation domain is sufficient to prevent
incompatible gene products activating development. Incompatible proteins encoded
either by the same allelic pair of genes in U. maydis, C. cinereus and S. commune or by
the functionally independent sets of genes present in the complex A locus of C. cinereus
are unable to heterodimerise and cannot therefore generate the active transcription

factor complex.

Mating type compatibility regulated by an interaction between two dissimilar
homeodomain proteins is not unique to the basidiomycetes. Exactly the same type of
interaction is found in the budding yeast S. cerevisiae. S. cerevisiae has just a single
mating type locus with two alleles, a and o (Herskowitz, 1988). The a locus contains
the al gene that encodes a protein containing a homeodomain related to the
basidiomycete HD2 motif. The o locus contains the a2 gene, that has a homeodomain
more related to the basdiomycete HD1 motif. Fusion between compatible cells results
in heterodimerisation between the al and o2 proteins and the formation of a new
transcription factor complex not present in unmated cells. As there is only a single
version of each of the proteins, the S. cerevisiae proteins do not require a dimerisation
domain that can discriminate between different versions of the proteins, but
interestingly, an N-teminal dimerisation domain that plays no role in DNA-binding is

present in these two proteins (Ho ez al., 1994).

The functions of the mating type genes in S. cerevisiae are very well understood. Each

of the two mating type loci contains two divergently transcribed genes, al and a2 in the

MATa locus and ol and a2 in the MATo locus. In terms of regulating mating

recognition, only the functions of the al, ol and a2 proteins are known (Herskowitz

14
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1988; Johnson, 1995) but these are sufficient together with the activities of several

general transcription factors (e.g. Mcmlp, Tuplp and Ssn6p), to determine whether or
not a cell is expressing a-cell specific haploid functions, o-cell specific haploid

functions or a/a diploid cell-specific functions.

1.6 Signal transduction in Sacharomyces cerevisiae

Of relevance to the basidiomycete mating type systems is the fact that haploid cells of
S. cerevisiae signal to each other via secreted peptide pheromones. Cells of opposite
mating type produce mating type-specific a or o.-pheromones which bind corresponding
mating type specific receptors on the cell surface. Pheromone binding elicits a number
of responses, which are collectively known as the pheromone response. These include
arrest of the cell cycle at the G1 phase, cell elongation to produce shmoos that will fuse
at their tips and the production of mating type-specific agglutinins that aid cell adhesion
(Kurjan, 1993). The isolation of sterile (ste) mutants (MacKay and Manney, 1974;
Hartwell, 1980) and the subsequent identification and characterisation of the various
gene products has made the S. cerevisiae pheromone response one of the best
understood signal transduction pathways in eukaryotic cells. The pivotal role this

pathway plays in mating is also well understood.

The pheromone secreted by o cells is known as o-factor. Two genes, MF ol and MFo2
encode polypeptide precursors of 165 and 120 amino acids, respectively (Caldwell et
al., 1995). Both polypeptide precursors contain tandem repeats of the a-factor peptide
separated by proteolytic cleavage sites and a hydrophobic signal peptide leader
sequence for targetting to the endoplasmic reticulum. The precursors are then processed

and glycosylated before being exported from the cell by the conventional secretory

pathway (Julius et al. 1984). The mature o-factor pheromone is 13 amino acids long.
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The a cells secrete a-factor. The a-factor precursor is also encoded by two genes, MFal
and MFa2. However, the precursors do not contain tandem repeats of the pheromone or
the signal peptide sequences (Brake et al., 1985). Mfal and MfaZ2 encode polypeptides
of 36 and 38 amino acids, respectively, and have a single amino acid difference in the
region encoding a-factor (Table 1.2). Both polypeptides are processed in the same way
(reviewed in Chen et al., 1997) (Figure 1.4). The precursors have a carboxy-terminal
CaaX motif (C is cysteine, a is aliphatic and X is one of many residues). This motif is
present at the carboxy-terminus of a number of eukaryotic proteins including Ras
proteins and is a signal for modification of polypeptides by prenylation of the cysteine
residue, proteolysis of the carboxy-terminal aaX residues and methylation of the newly

exposed cysteine carboxyl group (Omer and Gibbs, 1994).

Following carboxy-terminal modification, amino-terminal proteolysis occurs in two
distinct steps (Chen et al., 1997). Firstly, the amino-terminal seven amino acids are
cleaved by the Ste24p protease (Fujimura-Kamada et al., 1997). The second and final
processing event involves Ax11p. The mature a-factor is then exported by a non-
classical export system instead of the classical secretory pathway used by a-factor
(Kuchler et al., 1989). This involves the Ste6p protein which is a member of the ATP-
binding cassette (ABC) family of transport proteins which includes the product of the
human MDRI gene, the multiple drug resistance (MDR) P-glycoprotein (McGrath and
Varshavsky, 1989). Indeed, a STE6 gene mutation has been complemented by
expressing a homologue of human MDRI1, the mouse mdr3 gene in S. cerevisiae
(Raymond et al., 1992). ABC proteins carry out ATP-mediated translocation of various
compounds including small peptides and hydrophobic drugs by an uncharacterised

mechanism (Gottesman and Pastan, 1993).
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Figure 1.4 Model for the pathway of a-factor biosynthesis. The components involved in
isoprenylation of the cysteine residue, proteolysis of the AAX residues and carboxyl
methylation of the cysteine are shown in blue. Proteins involved in N-terminal

proteolysis are indicated in green.
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The a-factor and o-factor are recognised by their cognate receptors, Ste3p (a-factor
receptor) and Ste2p (o-factor receptor) respectively (Bender and Sprague, 1986; Hagen
et al., 1986). These proteins are predicted to have seven transmembrane helices and as
such, are members of a family of seven-helix receptors that are linked to heterotrimeric
guanine nucleotide-binding proteins (G-proteins) (Dohlman et al., 1991; Baldwin,
1994). Other members of this family include Rhodopsin, 3 and a-adrenergic receptors
and odorant receptors. Mutations in several members of this family are implicated in

human diseases (Coughlin, 1994) and in fact, yeast is being used as a model system in

which to study P-adrenergic receptor and other 7-transmembrane segment receptor

systems (Jeansonne, 1994).

Binding of the pheromones to their cognate receptor protein results in the activation of
the mating response pathway common to both a and o haploid cells of S. cerevisiae
(see Kurjan, 1993; Herskowitz, 1995; Leberer et al., 1997). Ligand binding causes the
receptor to undergo conformational changes and ubiquitination (Biikiisoglu and
Jenness, 1996; Roth and Davis, 1996). These changes are then believed to activate the

coupled G protein. The heterotrimeric G protein consists of an o, B, and y subunit. The
o subunit has an intrinsic GTPase activity and the inactive form of the heterotrimer
contains a GDP-bound o subunit and a By subunit. Activation of the receptor causes
exchange of GTP for GDP and dissociation of the GTP-bound o subunit from the By

dimer (Birnbaumer, 1992).

The By subunit activates a downstream cascade involving Stellp and Ste7p (Figure
1.5). Several other proteins interact with the various components of the signalling
pathway including Ste5p which associates with all the kinases of the MAP kinase
cascade, and Ste20p. The exact functions of these associated proteins is unsure because

some of them are not essential for mating. Finally the MAP kinases, Fus3p and Ksspl.,

19



Chapter 1

[

. /!

P

N

J
LAY

a

AL
M S
\

4

) D D
# G

(X
B

C Fus3p
Ksslp

\

Transcriptional activation Cell cycle arrest

Figure 1.5 Pheromone response signal transduction pathway in S. cerevisiae.
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activate by phosphorylation, both Farlp which binds and inhibits cyclin-dependent
kinases leading to cell cycle arrest, and the transcription factor Stel2p, which is
required to activate transcription of many genes that make the haploid S. cerevisiae

cells competent to mate.

1.7 Mating type determination in Schizosaccharomyces pombe

Certain features about mating in the fission yeast, S. pombe, are also relevant to mating
in basidiomycete fungi. S. pombe also has two mating types determined by genes at a
single mating type locus matl. M cells have the matl-M locus that contains two genes,
matl-Mc and matl-Mm. P cells have the matl-P locus which contains the
corresponding matl-Pc and matl-Pm genes. The matl-Pc and matl-Mc genes are
responsible for establishing pheromone communication which leads to cell fusion

whereas the matl-Mm and matl-Pm genes are necessary for meiosis (Kelly et al.,

1988).

M cells produce M-factor which is encoded by three genes, mfml, mfm2 and mfm3. The
precursor polypeptides, like the a-factor polypeptides of S. cerevisiae, have a carboxy
terminal CaaX motif (Davey, 1992; Kjerulff et al., 1994) (Table 1.2). Mature M-factor
is a nonapeptide with a carboxy terminal cysteine that is carboxymethylated and S-
farnesylated. Processing is assumed to be similar to that of a-factor and indeed, an ABC
transporter, Mam1, which is highly homologous to Ste6p and mediates secretion of M-
factor, has been described (Christensen et al., 1997). P-factor is encoded by the map?2
gene (Imai and Yamamoto, 1994). The Map2 polypeptide has a signal sequence and
four tandem repeats of the mature P-factor sequence. P-factor is thus analogous to o.-
factor and is likely to be processed similarly and secreted by the classical secretory

pathway.
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The Mam?2 and Map3 proteins are the receptors that bind P-factor and M-factor,
respectively. These are linked to G proteins (Kitamura and Shimoda, 1991; Tanaka et
al., 1993). However, it is the o subunit of the G protein that transmits the signal in
association with Rasl to the common phosphorylation cascade (Nielsen et al., 1992).
Activation through the a subunit is found more commonly in mammalian signalling
pathways (Birnbaumer, 1992). Activation of the MAP kinase cascade leads ultimately

to expression of genes that bring about mating competence (Aono et al., 1994).

There appears to be no homologue of the Stel2p transcription factor of S. cerevisiae,
which is considered to be a degenerate homeodomain protein (Yuan et al., 1993). The
Stell protein is known to play an essential role in activating transcription of genes that
bring about the pheromone response (Aono et al., 1994) but its function has not been
shown to be phosphorylation dependent. Stell is a member of the HMG (high mobility
group) (Grosschedl et al., 1994) class of DNA-binding proteins and binds to a
conserved TR-box motif (Sugimoto et al., 1991). This recognition site is found
upstream of all the pheromone-controlled genes so far identified including fus! which is
a gene required for cell fusion (Petersen et al., 1995). Implicating Stel1 as a pheromone
response factor has been complicated by the fact that it also mediates transcription of

genes in response to nitrogen starvation (Sugimoto, et al., 1991)

1.8 Signalling molecules in mating in basidiomycetes

Sequencing of the second mating type locus, the a locus, of Ustilago maydis showed
that the genes encoding the pheromones and their cognate receptors have become
mating type determinants in this group of fungi. The two alleles of the a locus, al and
a2, each contain a gene encoding a peptide pheromone and a 7-segment transmembrane

receptor (Bolker et al., 1992). These pheromone and receptor genes have been
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designated mfal and pral respectively, in the al locus and mfa2 and praZ2 respectively,

in the a2 locus.

U. maydis is a plant pathogen which has a dimorphic life cycle. The unmated cells, the
sporidia, are unicellular and yeast-like and divide by budding. These cells are
saprophytic. Mating gives rise to a filamentous dikaryon that is an obligate pathogen on
maize, Zea mays. The dikaryon induces tumour development in the plant, and within
the tumours the dikaryon differentiates into thick walled diploid cells known as
teliospores. These are liberated from the plant, and on germination, meiosis occurs and

the four haploid basidiospores are produced.

Different alleles of the a locus are essential for mating cell fusion in U. maydis and are
also required to maintain the filamentous growth of the dikaryon in the host plant. The
pheromones encoded by the mfal and mfa2 genes are secreted and binding of
pheromone to the compatible receptor induces the development of long conjugation
filaments which fuse at their tips. Immediately after fusion has taken place the

filamentous dikaryon starts to develop (reviewed in Banuett and Herskowitz, 1994b).

Both pheromone precursor molecules have a carboxy-terminal CaaX motif indicating
that both versions of the pheromones in U. maydis are posttranslationally modified by
the addition of a farnesyl group. The peptide pheromones have been purified and shown
to have 13 (mfal) and 9 (mfa2) amino acids (Spellig et al., 1994). Purified pheromone
added to a culture of the opposite mating type induces the development of conjugation

tubes.

Apart from the signalling molecules themselves, little of the downstream

phosphorylation pathway has been determined. An isolated G protein o subunit, Gpa3
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has been implicated in the transmisssion of the pheromone signal and in this respect,
the U. maydis pathway resembles that of S. pombe (Regenfelder et al., 1997). A MAP
kinase kinase homologue, Fuz7, has also been isolated (Banuett and Herskowitz,
1994a). Of particular interest is the isolation of a gene that encodes a protein which
appears to have a similar role to that of Stell in S. pombe (Hartmann et al., 1996). This
protein, Prfl, was so called because it was assumed to be the pheromone response
factor activated by the MAP kinase cascade. Like Stell, it has an HMG DNA-binding
domain and binds elements that resemble the TR-box (ACAAAGGGA), found

upstream of pheromone-inducible genes (Urban et al., 1996).

The a genes play a role in maintaining filamentous growth of the dikaryon which means
that pheromone signalling is still important after cell fusion. Prfl has been shown to
play a pivotal role in activating the transcription of the pheromone and receptor genes
of the a locus. It is itself up-regulated many fold in response to pheromone stimulation
and inactivation of the gene leads to loss of ability to transcribe the a genes.
Significantly, Prfl is also required to activate transcription of the homeobox genes in
the b mating type locus. This may explain the role of the pheromone response in
maintaining the filamentous growth of the dikaryon. By fusing the b genes to
constitutive promoters, the need for Prfl in dikaryotic growth was alleviated. The role
of Prfl seems to parallel that of Stell in S. pombe in that both are required for sexual
development after cell fusion and both lead to up-regulation of mating type genes

(Leupold et al., 1989; Sugimoto et al., 1991; Hartmann et al., 1996).
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1.9 The B mating type loci of the homobasidiomycetes

The fact that the pheromone response continues to play a role after cell fusion in species
such as S. pombe and U. maydis emphasises the fact that signalling is not only required
to attract mating cells and promote cell fusion. In the homobasidiomycetes cell fusion is
mating type-independent and there is no evidence for pheromone involvement in this.
However, a role for pheromone signalling in the maintenance of the dikaryon is now
confirmed by the discovery that the B mating type loci of the mushroom fungi contain
similar signalling molecules to those in the a loci of U. maydis. However, unlike the a
genes of U. maydis, the B mating type genes are multiallelic and there are some 79-81 B

mating specificities in S. commune and C. cinereus.

At the start of this study, the Ba locus of S. commune had been cloned (Specht, 1995)
and shown to contain at least a pheromone receptor gene and a pheromone precursor
gene (C. Raper, unpublished). The B6 locus of C. cinereus had been cloned by S.
O'Shea in this laboratory and some of the B6 genes had been identified by
transformation and transcript analysis. During the course of the work, the genes of the
Bal and BpI loci of S. commune were described (Wendland et al., 1995; Vaillancourt
et al., 1997) and provided useful data for the comparative analysis of gene sequences

that is made in the final discussion.
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1.10 Objectives of this study

The first objective of this study was to isolate a second B locus from a cosmid genomic
library of C. cinereus in order to determine the general organisation of the B genes and
to establish their likely functions by DNA sequence analysis. Having isolated the B42
locus, and sequenced the genes, attention was focused on demonstrating how multiple B
mating specificities might be generated by sets of functionally redundant genes, and
comparative sequence analyses that might provide some insight into the basis of allelic

variability and specificity.
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Materials and methods

2.1 Strains

2.1.1 C. cinereus strains

C. cinereus strains used in this thesis are listed in Table 2.1

2.1.2 Bacterial strains

Escherichia coli strains used in this study are listed in Table 2.2.

2.2 Bacterial cloning vectors

pBluescript II KS-, pBluescript II SK-, pBluescript II SK* (Stratagene) and pUC18
(Gibco BRL) were used for routine DNA cloning throughout this study. Either pGEM-T
or pPGEM-T Easy (Promega) were used for cloning PCR amplification products.

2.3 Chemicals and stock solutions

All chemicals used in the preparation of media and buffers were of analytical grade.
The following stock solutions were prepared according to Sambrook ef al. (1989): 50x

Denhardt's Reagent; 0.5M EDTA pH 8.0; IPTG (100mM); proteinase K (20mg/ml);

salmon sperm DNA (sheared and denatured, 10mg/ml) ; 20% SDS (sodium dodecyl
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Table 2.1 Genotype and origin of C. cinereus strains used in this study.

Strain Mating type Auxotrophic markers Origin Source
PR94226 A6B3 ade-5 chol-1 Day

218 A3BI trp-1.1, 1.6 LT2 x C692 Casselton
AT A43B43 ade-8, trp-3 HT29.01 x OK130 Casselton
H9 A6B6 wild-type Lewis
HT8 A5B5 trp-1.2 JT16 Tilby
FA2222 A5B6 trp-1.1, 1.6 LT2 x FA222 Casselton
J6,5.5 A43B42 wild type JV6 x OK130 Zolan
JV6 A42B42 wild-type Hedger
LNI118 A42B42 ade-2, trp-1.1, 1.6 LT2 x NGBO1 Casselton
LCO012 A2B3 trp-3 94226 x PR2301 Casselton
LT2 A6B6 trp-1.1, 1.6 HT14.01 Casselton
NL1 A44B44 trp-1.1;1.6 SF2 x LT2 Casselton
NLIR A43B44 wild type NL1 x J6,55 Casselton
RSC2 A6B42 met-8 ZBRY/55 x JV6 Casselton
68 A2BI wild type Lewis

Table 2.2 Genotype of bacterial strains used.

Strain Genotype

XL1-Blue: recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB

lacliaZAM 15 Tnl0 (Tetr)] (Bullock et al., 1987)

DH5a: supE44 AlacU169 (¢80 lacZAM15) hsdR17 recAl endAl gyrA96 thi-1
relAl (Hanahan 1983)
IM109: recAl supE44 endAl hsdR17 gyrA96 relAl thi A(lac-proAB) [F'

traD36 proAB laclaZAM135] (Yanisch-Perron et al., 1985)
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sulphate); 3M sodium acetate pH4.8, pH5.2 and pH7.0; 1M sodium phosphate buffer
pH7.0; 20x SSC; 20x SSPE; 50x TAE; 10x TE pH8.0; 10x TNE; IM Tris-HCI buffers;

2% X-gal (5-bromo-4-chloro-3-indoyl-f-D-galactopyranoside).

2.4 Media

All media were sterilized by autoclaving at 121°C for 15 minutes (1.03x10°Pa).

2.4.1 C. cinereus stock solutions and media

Trace elements stock solution: 1.0g calcium chloride (anhydrous), 4.1g magnesium
chloride (hydrate), 0.53g iron (III) citrate (hydrate), 0.44g manganous sulphate
(hydrate), 0.4g zinc sulphate (hydrate) dissolved in 400 ml water and stored at 4°C.

Complete Medium (Lewis, 1961) 10.0g glucose, 2.0g L-asparagine, 0.75g yeast
extract, 0.75g casitone, 1.13g malt extract, 0.1g L-tryptophan, 0.1g adenine sulphate,
0.5g ammonium tartrate, 1.0g potassium dihydrogen orthophosphate, 0.29g disodium
sulphate (anhydrous), 2.25g disodium hydrogen phosphate (anhydrous), 40 pg thiamine
(aneurine HCl), 0.25g magnesium sulphate dissolved in 1 litre water. 13.0g agar added

prior to autoclaving.

Minimal Medium (Shahriari and Casselton, 1974) 2.0g L-asparagine, 10.0g glucose,
0.5g ammonium tartrate, 1.0g potassium dihydrogen orthophosphate, 0.29g disodium
sulphate (anhydrous), 2.25g disodium hydrogen phosphate (anhydrous), 40.0ug
thiamine (aneurine HCl), 0.25g magnesium sulphate dissolved in 1L water. 14.0g agar

added prior to autoclaving.
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Yeast, Malt, Glucose Medium (Rao and Niederpruem, 1969) 4.0g yeast extract, 10.0g

malt extract, 4.0g glucose dissolved in 1 litre water. 10.0g agar added prior to

autoclaving.

Regeneration Medium (Binninger et al., 1987): 5.0g glucose, 2.0g L-asparagine, 0.5g
ammonium tartrate, 1.0g potassium dihydrogen orthophosphate, 0.29g disodium
sulphate (anhydrous), 2.25g disodium hydrogen phosphate (anyhydrous), 40.0ug
thiamine (aneurine HCl), 0.25g magnesium sulphate, 172.0g sucrose, 5.0g soluble

starch dissolved in 1 litre water. 14.0g agar added prior to autoclaving.

Liquid media: Liquid minimal medium was prepared as above but with the omission of
magnesium sulphate and agar and the addition of 40ml/litre trace elements solution.

Liquid yeast, malt, glucose medium was prepared as above but without agar.
Supplemented media: Supplements were added to the media when required at the
following concentrations: L-tryptophan (0.1g/litre), adenine sulphate (0.1g/litre), L-
histidine (0.1g/litre).

2.4.2 Bacterial Media

LB (Luria-Bertani) Medium: 10.0g tryptone, 5.0g yeast extract, 5.0g sodium chloride,
1.0ml 1M sodium hydroxide solution. 1% agar was added prior to autoclaving for solid

medium. 15% glycerol was added prior to autoclaving for LB glycerol medium.

X-gal Medium: 2.5g sodium chloride, 2.5g potassium chloride, 10.0g tryptone, 1.0ml

IM calcium chloride dissolved in 1L water. 10.0g agar added prior to autoclaving.
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100mg ampicillin (Sigma A-9518, sodium salt), 2ml 2% X-gal and 2ml 0.1M IPTG

were added after cooling.

2xYT Medium: 10.0g NaCl, 10.0g Difco-Bacto yeast extract, 16.0g tryptone dissolved

in 1 litre water.

2.5 Antibiotics

Antibiotic stock solutions were prepared as in Table 2.3 and stored at -20°C.

Table 2.3 Stock and working solutions of antibiotics used for selective media.

Antibiotic Stock solution Working solution

ampicillin (Sigma A-9518) 50mg/ml in sterile water  100pg/ml
chloramphenicol (Sigma C-0378) 34mg/ml in 100% ethanol 34ug/ml (C. cinereus)

kanamycin (Sigma K-4000) 50mg/ml in sterile water  50pg/ml

2.6 C. cinereus culturing conditions

Mycelial cultures were grown at 37°C on solid medium in 90mm plastic Petri dishes.
Cultures were stored for short periods at 4°C. For long-term storage, Smm? blocks of
mycelium were placed in 10% glycerol and stored at -80°C. Small-scale liquid cultures
were initiated by inoculating 3-4 5mm? blocks of mycelium into 15-20ml of liquid

medium in Petri dishes and incubating at 37°C for 5 days. For large-scale cultures, Petri
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dish cultures were macerated in 100ml sterile water using an MSE AtoMix blender.
20ml of the macerate were inoculated into 200ml liquid minimal medium containing

34pg/ml chloramphenicol in a 1 litre conical flask and incubated at 37°C in a rotary

incubator shaking at 100-125 rpm.

2.7 Bacterial culturing conditions

E. coli strains were grown on solid media (containing the necessary antibiotics to
maintain plasmids) in 90mm plastic Petri dishes and incubated overnight at 37°C.
Small-scale liquid cultures in boiling tubes were grown by inoculating single colonies
into 5ml liquid medium containing the necessary antibiotics and incubating overnight at
37 °C on a roller drum. For long term storage of bacteria, cells were pelleted from
overnight cultures and resuspended in 1ml LB containing 15% glycerol and the

appropriate antibiotic, and stored at -80°C.
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2.8 DNA -mediated transformation

2.8.1 Transformation of C. cinereus

modified from Casselton and de la Fuente Herce (1989)

Oidia from a five day old culture were harvested by pouring sterile water onto the
surface of the culture and scraping gently with a sterile blade. Mycelial fragments were
removed by filtering through glass wool. Cells were washed with MM Buffer (0.5M
mannitol, 50mM sodium maleate pHS.5) and resuspended in 2-4ml digestion buffer
(30mg/ml Onozuka R10 cellulase, Img/ml chitinase (Sigma C-6137) dissolved in sterile
MM buffer and sterilised by centrifugation (35,000 xg at 4°C for 30 minutes)) and
incubated at 37°C for 3-5 hours. Protoplasts were recovered by centrifugation at 2,500
rpm in a Sorvall Econospin bench top centrifuge at room temperature for 5 minutes.
Protoplasts were then washed twice in MM buffer, once in MMC buffer (0.5M
mannitol, 50mM sodium maleate pHS5.5, 50mM CaCl,) and finally resuspended in an

appropriate volume of MMC to give 50ul protoplasts per transformation.

For each transformation, 12.5ul PEG (25% (w/v) PEG 4000, 10mM Tris-HCI pH7.5,
25mM calcium chloride) and 1-5ug DNA were added to SOul protoplasts. For co-
transformations the plasmid to be transformed was combined with 1ug pCcl1001
(Binninger et al., 1987) or pDB3 (Burrows, 1991), which contain the C. cinereus trp-1
gene and trp-3 gene respectively, prior to mixing with the protoplasts. After gentle
mixing the cells were incubated on ice for 20 minutes. 0.5ml PEG was added and
following mixing by inversion, the cells were incubated for 5 minutes at room
temperature. Following this, 1ml STC (1M Sorbitol, 50mM calcium chloride, 10mM
Tris-HC] pH7.5) was added and the cells were plated onto the surface of regeneration

agar and incubated at 37 °C for 3-4 days until transformants appeared.
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2.8.2 Transformation of bacteria

Preparation of competent E. Coli cells

0.2-0.3ml of a fresh overnight culture was inoculated into 250ml liquid LB medium.
This was vigorously shaken at 150-200 rpm at 37°C until the cells reached an ODg, of
0.2.

The cells were chilled in ice water and harvested by centrifugation at 4,000 xg for 10
minutes at 4°C. The cell pellet was resuspended in (125ml 50mM calcium chloride and
10 mM Tris-HCI pH 8.0) and incubated on ice for a minimum of 2 hours to induce
competence. The cells were then harvested by centrifugation at 4,000 xg for 10 minutes
at 4°C and resuspended in 20ml ice cold 50mM calcium chloride. After adding 7ml ice
cold 50% glycerol, the cells were gently mixed. Aliquots were then dispensed into pre-

chilled, sterile 1.5ml Eppendorf tubes and stored at -80°C.

Transformation of competent E. Coli cells (Dagert and Ehrlich, 1979)

The frozen competent cells were defrosted on ice. 10-30ng DNA was added to 100ul
competent cells and incubated on ice for 20-30 minutes. Following a heat shock at 42°C
for 2 minutes (XL1-Blue, DH5¢) or 50 seconds (JM109) and a subsequent 2 minutes on
ice, Iml LB pre-warmed to 37°C was added and the cells were incubated at 37°C for 60-
90 minutes. Cells were pelleted at 10,000 rpm for 1 minute and 900ul of supernatant
removed. Following resuspension in the remaining supernatant, 10-100ul was plated

onto selective medium and the plates were incubated overnight at 37°C.
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For re-transformations of plasmid DNA, the DNA and cells were mixed, incubated on

ice for 5 minutes and plated out onto selective media.

2.9 DNA isolation and manipulation

All micro-centrifugation carried out in a Hereus Sepatech Biofuge 13 unless otherwise

specified.

2.9.1 Large-scale C. cinereus genomic DNA isolation (Mutasa et al., 1990)

Mycelium from a two-day old 200ml culture was harvested by filtration onto Whatman
Number 1 filter paper. The culture was washed twice with sterile water and blotted dry
between filter paper and paper towels. 20-30g mycelium was frozen and roughly ground
in liquid nitrogen with a pestle and mortar. The frozen mycelium was homogenised
with more liquid nitrogen in an MSE Atomix blender for 1 minute at high speed. The
mycelium was then ground to a fine powder with the pestle and mortar. 20g powdered
mycelium was added to 50 ml digestion buffer (50mM EDTA pH 8.0, 0.5% (w/v)
Sarkosyl NL30 (30% (w/v) N-lauroyl sarcosinate; BDH, catalogue number 44275),
100ug/ml proteinase K). The mixture was gently stirred with a glass rod and was
incubated at 55°C for 2 hours. 0.1 volume 0.1M EDTA pH 8.0 and an equal volume of
phenol:chloroform (1:1) were added for 10 minutes at room temperature. The aqueous
and phenol phases were separated by centrifugation at 6,000 rpm for 5 minutes in a
Sorvall RC-3B centrifuge using an SS-34 rotor. The aqueous phase was collected and
the DNA precipitated at -20°C for at least 2 hours by adding 0.1 volume 3M sodium
acetate pH 4.8 and 2 volumes ethanol. After centrifugation at 9,000 rpm for 30 minutes
at 4°C, the pellet was resuspended in 4-6ml sterile water. RNA was digested with

RNAase A (final concentration 100ug/ml, stock solution 5Smg/ml RNAase A type IITA
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from bovine pancreas (Sigma R-4875) in 10mM Tris-HC1 pH7.5) at 37°C for 1 hour.
Another phenol/chloroform extraction was followed by two SEVAG (24:1
chloroform:isoamyl alcohol) extractions to remove all traces of phenol, centrifuging at
3,500 rpm for 10 minutes at room temperature. Genomic DNA was then purified by
caesium chloride density gradient centrifugation. 5g caesium chloride and 0.4ml
ethidium bromide (10mg/ml) were added to Sml DNA solution. The sample was loaded
into ultracentrifuge tubes (Quick Seal Bell-top, Beckman) and centrifuged at 100,000
rpm for 16 hours at 20°C in a Beckman TL100 centrifuge using a Beckman TLA100.3
rotor. The genomic band was recovered using a syringe and 19g x 1.5B needle.
Ethidium bromide was removed using equal volumes of isopropanol saturated with TE-
caesium chloride. The DNA solution was finally dialysed three times against TE pH 8.0

at 4°C.

2.9.2 Small-scale C. cinereus genomic DNA isolation (Zolan and Pukkila, 1986)

Mycelium was grown in a 15-20ml Petri dish culture for 5 days at 37°C, then harvested,
blot-dried and placed in a 1.5ml Eppendorf tube. The mycelium was rapidly frozen in
liquid nitrogen and freeze dried overnight. The freeze dried material (1/3 of the tube
volume) was ground with a toothpick in the tube and suspended in 500ul of CTAB
extraction buffer (0.7M sodium chloride, 1% CTAB (w/v) (Sigma H-5882), 50mM
Tris-HCI1 pH8.0, 10mM EDTA pHB8.0, 1% mercaptoethanol (v/v)). The suspension was
incubated for 10 minutes at room temperature and stirred after 5 minutes. SEVAG
extraction was carried out with an equal volume of SEVAG (24:1 chloroform:isoamy!
alcohol) for 10 minutes. Following centrifugation, the upper aqueous phase was
transferred to a fresh tube, mixed with an equal volume of isopropanol and left for 10
minutes at room temperature. The DNA was pelleted by centrifugation for 5-10 minutes

at room temperature and resuspended in 300ul 1 x TE. 10ul RNAase A (stock solution
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Smg/ml RNAase A type IIIA from bovine pancreas (Sigma R-4875) in 10mM Tris-HCI
pH7.5) was added to the DNA suspension which was incubated for 1 hour at 37°C,
RNAase A was removed by phenol-chloroform extraction followed by two SEVAG
cleaning steps. DNA was precipitated for 10 minutes at -20°C by addition of 0.5
volumes of 7.5M ammonium acetate solution and 2 volumes of cold ethanol, followed
by centrifugation for 10 minutes at 13,000 rpm. The pellet was resuspended in 300ul
0.2M ammonium acetate and re-precipitated for 10 minutes at -20°C by the addition of
2 volumes of ethanol. Following centrifugation, the DNA pellet was washed with 70%

ethanol, air dried and resuspended in 50ul TE.

2.9.3 Bacterial plasmid DNA isolation (small scale method)

A single colony was inoculated into Sml LB ampicillin and incubated at 37°C overnight
on a rolling drum. 3ml of overnight culture was pelleted by centrifugation at 13,000
rpm for | minute. The pellet was resuspended in 200ul solution A (25mM Tris-HCI
pH7.5, 50mM glucose, 10mM EDTA pHS8.0). 300ul freshly made solution B (0.2M
sodium hydroxide, 1% (w/v) SDS) was added, mixed by inversion and the sample
incubated on ice for 5 minutes. 300 solution C (3M potassium acetate, 11.5% (v/v)
glacial acetic acid) was added, mixed by inversion and the sample incubated on ice for a
further 5 minutes. The precipitate was pelleted by centrifugation at 13,000 rpm for 10
minutes at room temperature. The supernatant was removed to a fresh Eppendorf tube
and 3.2ul RNAase A (stock solution 5mg/ml RNAase A type IIIA from bovine
pancreas (Sigma R-4875) in 10mM Tris-HCI pH7.5) was added. The tube was
incubated at 37°C for 20 minutes. The sample was extracted twice with an equal volume
of chloroform for 30 seconds, centrifuging for 1 minute at 13,000 rpm each time. The
DNA was precipitated by adding an equal volume of propan-2-ol and then pelleted by

centrifuging at 13,000 rpm for 10 minutes at room temperature. The pellet was washed
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with 70% ethanol, dried in a Savant DNA110 rotary evaporator and dissolved in 32yl
sterile water. The DNA was then reprecipitated by adding 8ul 4M sodium chloride and
40Ul 13% (w/v) PEG 8000, mixing well and placing on ice for 20 minutes. The DNA
was pelleted by centrifuging at 13,000 rpm for 15 minutes at 4°C. The pellet was
washed with 70% ethanol, dried in a Savant DNA110 rotary evaporator and redissolved

in 25ul sterile water. The DNA was stored at -20°C.

2.9.4 Restriction enzyme digestion of DNA

Restriction enzyme digests were performed using the conditions recommended by the
manufacturers (Boehringer-Mannheim, GibcoBRL Life Technologies Inc., Pharmacia

Biotech.).

2.9.5 Estimation of double-stranded DNA concentration

Estimates for DNA concentrations were obtained by electrophoresing the sample

through a 1% agarose gel containing ethidium bromide at a final concentration of

0.5ug/ml along with a HindIII cut A DNA (GibcoBRL Life Technologies Inc.) standard

of known concentration and comparing their fluoresent intensities under short wave UV
radiation.

2.9.6 Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was routinely used to separate DNA fragments. Agarose

concentrations were varied from 0.8% to 1.2% (w/v) agarose dissolved in 1x TAE.

Ethidium bromide was added to the gel to a final concentration of 0.5ug/ml in order to
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visualise DNA bands under UV illumination following electrophoresis. Gels were run

at 10-75 volts in 1x TAE electrophoresis buffer (Sambrook et al., 1989).

Phage A DNA digested with HindIIl was used as a size marker for electrophoresed
DNA fragments throughout this study. Approximately 1.0ug was run and the fragment

sizes produced were 23.13kb, 9.416kb, 6.557kb, 4.361kb, 2.322kb, 2.027kb, 0.564kb,
0.125kb.

2.9.7 Photography of agarose gels containing ethidium bromide stained DNA

Gels were photographed using transmitted short-wave UV radiation (UVP
transilluminator) through an orange lens filter with a Polaroid MP-4 camera. Two
different types of film were used. For Iiford HP-5 plus film an aperture setting of 8 and
exposure time of 3-7 seconds. The film was developed in Kodak X-ray developer (LX-
24) for 6 minutes, washed with tap water, fixed in Kodak X-ray fixer (FX-40) for four
minutes, then washed thoroughly with tap water before air drying. Alternatively,
Polaroid 667 film was used with an aperture setting of 8 and exposure time of 1 second.

This film was self-processing (30-60 seconds at room temperature).

2.9.8 Isolation of DNA fragments from agarose gels

Following gel electrophoresis, the gel was illuminated with long wave UV light and the
band was excised from the gel using a sterile blade. The DNA was extracted routinely
using commercially available kits (Gene-clean II, BIO 101 Inc. and Jetsorb, Genomed
Inc.) using the manufacturers instructions. Alternatively the glass wool method of Wang

and Rossman (1994) was used.
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2.9.9 Cloning Procedures

Cloning of DNA fragments was carried out following standard procedures (Sambrook
et al., 1989). The plasmid vector pBluescript II (Stratagene) was used routinely for sub-
cloning DNA fragments. The vector fragment was treated with shrimp alkaline
phosphatase (Boehringer Mannheim) according to the manufacturers instructions to
reduce vector self-ligation. The DNA fragments were purified by agarose gel

electrophoresis and band elution prior to ligation.

DNA fragments were ligated using T4 DNA ligase in 1x ligase buffer (GibcoBRL Life
Technologies Inc.) Ligations were carried out for 2 hours or overnight at 16°C and

following transformation into a suitable recipient E. coli strain (XL1-Blue, DH5),
colonies containing vector with insert were identified using blue/white screening.

Successful insertion of a fragment into the polylinker of the vector causes insertional

inactivation of the P-galactosidase gene. This produces white colonies on X-gal

medium, compared to blue colonies from cells replicating the uninterrupted vector.

2.10 RNA manipulation

2.10.1 Preparation of equipment and solutions

RNAase contamination must be eliminated for the isolation and manipulation of RNA.
Equipment such as pipettors, were made RNAase-free by treating with RNase-Away
(MBP, Molecular Bio-products, San Diego; catalogue number 7000). Disposable
plasticware, pipette tips and Eppendorf tubes were autoclaved and baked at 140°C for

four hours. Polyallomer ultracentrifuge tubes and 50ml Oakridge centrifuge tubes were
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immersed in 10% (v/v) HCI overnight, rinsed in RNAase free water, then autoclaved.

Glassware was baked overnight at 180°C.

Solutions were made RNAase free by adding diethylpyrocarbonate (DEPC) to a final
concentration of 0.1% (v/v), incubating overnight at 37°C and autoclaving. Tris buffers

were made from separate stocks using DEPC treated water.

2.10.2 Total RNA isolation from C. cinereus using caesium chloride centrifugation

The caesium step gradient procedure of Glisin et al.. (1974) with the modifications of
Chirgwin et al. (1979) was used for the isolation of total RNA. Unless otherwise stated,
all centrifugation was carried out in a Sorvall RC5B or RC5C centrifuge for thirty

minutes at 4°C using an SS-34 rotor.

The mycelium from 2-3 200ml liquid cultures was harvested by filtration onto
Whatman Number 1 filter paper. The culture was washed twice with sterile water and
blotted dry between filter paper and paper towels. The mycelium was immersed in an
equal volume/weight of homogenisation buffer (5.5M guanidinium thiocyanate, 25mM
tri-sodium citrate pH 7.0, 0.34% (v/v) antifoam A (Sigma A-5758), 0.5% (v/v) Sarkosyl
NL30 (30% (w/v) N-lauroyl sarcosinate; BDH, catalogue number 44275), 1.4% (v/v) B-
mercaptoethanol) and homogenised for two minutes using a 15mm diameter probe
homogeniser (Silverson or Ultra-Turrax). The homogenate was allowed to stand for two
minutes before being re-homogenised for a further two minutes. The slurry was

centrifuged at 20,000 xg for 20 minutes at room temperature.

2.0ml of the supernatant was overlaid onto 1.0ml 5.5M caesium chloride, 0.1M EDTA

in a Beckman thick walled polyallomer centrifuge tube (catalogue number 349623). The
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RNA was pelleted in a Beckman TL100 ultracentrifuge, using a TL100.3 rotor, at
65,000 rpm for five hours at 20°C.

The supernatant was carefully removed using a Pasteur pipette and the inside of the tube
cleaned with tissue paper without disturbing the pellet. The pellets from six tubes were
resuspended in 5.55ml guanidinium hydrochloride solution (7.5M guanidinium HCI,
50mM tri-sodium citrate). 0.3ml 1M acetic acid and 3ml 96% ethanol were added,
mixed and the RNA precipitated for 2 hours at -20°C. The RNA was pelleted for 30
minutes at 15,000 rpm for 30 minutes. The supernatant was discarded and the pellets
washed with 70% ethanol. The pellets were partially air-dried for 15 minutes and
resuspended in 5.4ml DEPC treated water. 0.6ml 1M sodium acetate and 15ml 96%
ethanol were added, mixed and the RNA re-precipitated for at least 2 hours at -20°C.
The RNA was pelleted at 15,000 rpm. The supernatant was discarded and the pellet
thoroughly dried under a stream of nitrogen gas. The RNA pellets were dissolved in

0.5ml DEPC treated water and stored at -80°C.

2.10.3 Rapid total RNA isolation

This method was adapted from Hoge et al. (1982). 5-10g of harvested, dried mycelium
was ground to a fine powder in liquid nitrogen, then added to 30ml extraction mixture

consisting of 15ml phenol:chloroform:isoamyl acohol (25:24:1) and 15 ml extraction

buffer (0.2M sodium acetate, 10mM EDTA, 1% (w/v) SDS, 0.5% (v/v) B-

mercaptoethanol), that had been pre-heated to 65°C.
The mix was then vortexed vigorously for 2 minutes and centrifuged at 10,000 rpm

(12,000 xg). The aqueous phase was carefully removed and the RNA was precipitated

by adding 8M lithium chloride to a final concentration of 2M and chilling overnight at
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4°C. The RNA was pelleted at 10,000 rpm for 15 minutes and then washed once with
2M lithium chloride and twice with 70% ethanol. The pellet was centrifuged at 10,000
rpm for 15 minutes during each wash. The pellet was air dried, dissolved in 250-500ul

DEPC treated water and stored at -80°C.

2.10.4 Isolation of poly (A)* RNA

Poly (A)* RNA was purified from total RNA by oligo d(T) cellulose affinity
chromatography (Edmonds et al., 1971; Aviv and Leder, 1972). 0.5g of oligo d(T)
cellulose type 7 (Pharmacia Biotech) was equilibrated overnight in 1.5-2.0ml 1x loading
buffer at 4°C. The column was prepared with a bed volume of 0.5ml in a Gilson 1ml

pipette tip plugged with siliconized glass wool.

The column was sterilised by washing with 5ml 0.1M sodium hydroxide, followed by
RNAse free water until the eluate pH was below 8. The column was equilibrated with
6ml 1x oligo d(T) column loading buffer (0.5M potassium chloride, 10mM Tris-HCl
pH 7.5).

RNA (2-5mg) was denatured at 65°C for fifteen minutes, quenched on ice and applied
to the column in a volume of 1ml with 0.25ml 5x oligo d(T) loading buffer (2.5M
potassium chloride, SOmM Tris-HCI pH7.5). The eluate was collected in a 15ml Falcon
tube. The eluate was heated to 65°C for 15 minutes, quenched on ice for 5 minutes and
re-applied to the column. The eluate was collected and re-applied a further three times
without denaturing the RNA. The final eluate was poly (A)- RNA and was saved. The
column was washed with 6ml 1x loading buffer to remove unbound poly (A)- RNA.
The poly (A)* RNA was eluted from the column with 6x 0.5ml fractions of elution

buffer (10mM Tris-HCl pH7.5), preheated to 45°C. The poly (A)* RNA fractions were

43



Chapter 2

identified by UV fluorescence; 3ul of each fraction was mixed with 20ul ethidium
bromide (1pg/ml), spotted onto cling-film and viewed on a transilluminator using a
control of water and ethidium bromide for comparison. The RNA eluted from this
column still contains approximately 50% ribosomal RNA (Sambrook et al., 1989). The
fractions containing RNA were pooled and the process repeated using another column

to remove poly (A)- RNA contamination.

Poly (A)* RNA and poly (A)- RNA were precipitated overnight at -20°C using 0.1
volume 3M sodium acetate pHS.2 and 2.5 volumes 96% ethanol. The RNA was pelleted
by centrifugation at 16,000 rpm (30,500 xg), the supernatant discarded and the pellet
washed with 70% ethanol before being dried thoroughly under a stream of nitrogen gas.
The poly (A)* RNA was dissolved in 30ul DEPC treated water and the poly (A)- RNA
in 500ul DEPC treated water. The RNA samples were stored at -80°C. The
concentration of the RNA was assessed spectrophotometrically and the samples were

size-fractionated on a denaturing gel to check for degradation (See section 2.10.5).

Poly (A)* RNA was also purified from total RNA using the PolyATtract mRNA

Isolation System (Promega) according to the manufacturers instructions.

2.10.5 RNA formaldehyde agarose gel electrophoresis

Standard protocols were used to produce the gel (Sambrook et al., 1989). The gel
contained 1% agarose, 0.6M formaldehyde, 1x MOPS (40mM MOPS (3-
morpholinopropanesulfonic acid), 10mM sodium acetate, 1mM EDTA pH 7.0).
Typically, Sug poly (A)* RNA or 30ug total RNA was loaded onto the gel in the

following solution: 22.5% RNA in DEPC treated water; 10% 10x MOPS (0.4M MOPS,
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100mM sodium acetate, 10mM EDTA pH 7.0), 17.5% formaldehyde, 50% formamide.
To estimate transcript size Spug 0.24-9.5kb RNA ladder (Gibco-BRL, Life Technologies
Inc., catalogue number 15620-016) was also loaded onto the gel. If the RNA was to be
visualised by UV fluorescence, it was stained with ethidium bromide prior to loading,

using the method of Rosen and Villa-Komaroff (1993).

The RNA was denatured by heating to 55°C for 15 minutes, then quenched on ice for a
further five minutes. 0.1 volume 10x RNA loading buffer (50% (v/v) glycerol, ImM
EDTA, 0.4% (w/v) bromophenol blue, 0.4% (w/v) xylene cyanol FF) was added prior

to loading. The gel was run at 5Vem'! in 1x MOPS containing 0.6M formaldehyde.

2.10.6 Estimation of RNA concentration

RNA concentration and purity was calculated by measuring the optical density of the
solution at 260nm and 280nm. An OD,¢, of 1.0 corresponds to an RNA concentration

of 40ug/ml. A pure RNA sample has a 260/, ratio of between 1.8 and 2.0.

2.11 Capillary transfer of nucleic acids to nylon membranes

DNA and RNA transfer from agarose gels to nylon membranes was carried out by
capillary blotting following standard techniques (Sambrook ef al., 1989). Transfer was
carried out onto Hybond-N, Hybond-N* (Amersham) or Nitran (Schleicher & Schuell).
Nucleic acids were fixed to the membrane by baking for 1 hour at 80°C and UV cross-

linking using a UV Stratalinker 1800 (Stratagene) on the autocrosslink setting.
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2.12 Staining RNA following transfer

If required the RNA was visualised after transfer and fixation to nylon membranes. The
membrane was soaked in 0.04% methylene blue for ten minutes, then washed in 25%

ethanol for 30 minutes to remove excess stain and air dried.

2.13 32P labelling of DNA for Southern/northern hybridisation

DNA fragments for northern hybridisations were labelled with [032-P]dCTP
(Amersham, specific activity 3000Ci/mmol) by random priming (Feinberg and
Vogelstein, 1983) using the GibcoBRL Life Technologies Inc. Random Primers DNA
labelling system (catalogue number 18187-013) or RadPrime DNA labelling system
(catalogue number 18428-011) following the manufacturers instructions. DNA
fragments for Southern hybridisations were labelled as for northern hybridisations or
with [032-P]dCTP (Amersham, specific activity 3000Ci/mmol) by nick translation using
the GibcoBRL, Life Technologies Inc. Nick Translation System (catalogue number
18160-010) following the manufacturers instructions. Unincorporated nucleotides were
removed from the radioactively-labelled probe by Sephadex G-50 size exclusion

chromatography (Section 2.14)

2.14 Sephadex G-50 size exclusion chromatography

A Sephadex G-50 column was prepared in a 145mm Pasteur pipette plugged with glass

wool and packed with Sephadex G-50 (12% (w/v) swollen Sephadex G-50, 1x (v/v)

TNE, 0.2% (w/v) SDS). The column was equilibrated with two 150pul washes with 1x
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TNE. The sample was applied to the column and 150ml aliquots of 1x TNE added.
Separate fractions were collected and monitored for incorporation of the radioactive
label using a series 900 Geiger counter. Fractions that contained incoporated label

(corresponding to the first radioactive peak) were pooled.

Unincorporated nucleotides were also separated using Quick Spin Sephadex G-50 (fine)
columns (Boehringer Mannheim, catalogue number 1 273 973) following the

manufacturers instructions.

2.15 Southern hybridisation

Hybridisations were carried out in a Hybaid mini oven rotary incubator. Membranes
were prehybridised at 65°C in prehybridisation solution (5x SSC, 0.5% (w/v) SDS,
20mM sodium phosphate buffer pH 7.0, 2x Denhardt's Reagent, 100pg/ml denatured
salmon sperm DNA for a minimum of 4 hours. The radioactively labelled probe was
denatured by boiling for 10 minutes and then quenched on ice for 5 minutes prior to
addition to the pre-hybridisation solution. The membranes were hybridised to the probe

overnight at 65°C.

2.16 Southern post-hybridisation washes

Following hybridisation, the membranes were washed at 65°C with increasing
stringency in: Wash 1 (3x SSC, 5mM sodium phosphate buffer pH 7.0), 0.1% (w/v)
SDS) for a 5 minute wash and a 15 minute wash; Wash 2 (1x SSC, SmM sodium
phosphate buffer pH 7.0, 0.1% (w/v) SDS) for two 45 minute washes; Wash3 (0.2x
SSC, 5SmM sodium phosphate buffer pH 7.0, 0.1% (w/v) SDS) for a 20-30 minute wash.
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2.17 Northern hybridisation

Hybridisation was carried out in a Techne HB-1 rotary incubator. Membranes were
prehybridised at 42°C for at least four hours in northern prehybridisation solution (5x
SSPE, 50% (v/v) formamide, 5x Denhardt's Reagent, 0.5% (w/v) SDS, 400mg/ml
denatured salmon sperm DNA. The radioactively labelled probe was denatured by
boiling for 10 minutes and then quenched on ice for 5 minutes prior to addition to the

prehybridisation solution. The membranes were hybridised to the probe overnight at

42°C.

2.18 Northern post-hybridisation washes

Following hybridisation, northern membranes were washed at 42°C in: Wash 1 (4x
SSC, 25mM sodium phosphate pH 7.0, 0.1% (w/v) SDS) for two washes of 30 minutes;
Wash 2 (1x SSPE, 0.1% (w/v) SDS) for 30 minutes; Wash 3 (0.1x SSPE, 0.1% (wlv)

SDS) for 15 minutes.

2.19 Autoradiography

Membranes were heat sealed in plastic bags and exposed to Fuji RX X-ray film at -80°C
with intensifying screens. The film was developed in Kodak X-ray developer (LX-24)
for 30 seconds to 5 minutes depending on the intensity of the signal. The film was
rinsed in water to remove developer and fixed in Kodak X-ray fixer (FX-40) for 4

minutes. The film was washed thoroughly under running tap water and air dried.
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For northern blots, the film was pre-flashed to increase sensitivity using standard
techniques (Laskey and Mills, 1977; Sambrook et al., 1989).

2.20 Re-using Hybond-N membranes

After removal of the DNA probe, the Hybond-N membranes could be re-probed
following the same protocol. For Southern blots the probe DNA was removed by
washing the membrane in 0.4M sodium hydroxide solution at 65°C for 30 minutes,
followed by a further 30 minute wash at 65°C in 0.1x SSC, 0.1% (w/v) SDS, 0.2M Tris-

HCI pH 7.5. This procedure was repeated if residual radioactivity was still detected.

Northern blots were stripped by washing the membrane in SmM Tris-HCl pH 7.5, 2mM
EDTA pH 8.0, 0.1x Denhardt's Reagent at 65°C for 3 hours. Alternatively, the
membrane was boiled in a 0.1% (w/v) SDS solution until all the radioactivity was

removed.

2.21 Maintenance of the Lorist2 cosmid library

The cosmid library generated by Mellon er al. (1988) was maintained in E. Coli strain
1046 on 4 Pal/Biodyne 1.2um nylon membranes (Gallenkamp). A second membrane
was wetted on the surface of solid LB medium containing kanamycin and 5% glycerol,
placed over the master and pressed down firmly with a glass plate to ensure even
transfer of cells. This second membrane was the replica. The sandwich was stored as

described by Little (1987).

2.22 Screening of the cosmid library
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The replica membrane was peeled off the master and placed on the surface of solid LB
medium containing kanamycin and incubated at 37°C for 6-8 hours until discrete
colonies formed. The membrane was removed and placed colony side up onto Whatman
Number 1 filter paper soaked in denaturation solution (1.5M sodium chloride, 0.5M
sodium hydroxide) for 7 minutes. The membrane was then transferred onto two further
filter circles soaked in neutralisation solution (3M sodium acetate pHS.5), for 3 minutes
each. The membrane was then air dried and the DNA fixed to the membrane by baking
at 80°C for 1 hour and UV cross-linking in a UV Stratalinker 1800 (Stratagene) on the
autocrosslink setting. The membranes were then prehybridised, hybridised with
appropriate radioactively labelled probes and washed according to the manufacturer's

Instructions.

2.23 Small-scale cosmid DNA preparation

A single colony was inoculated into 5ml LB kanamycin and incubated at 37°C
overnight on a rolling drum. 3ml of overnight culture was pelleted by centrifugation at
13,000 rpm for 1 minute. The pellet was resuspended in 200l cold solution I (25%
(w/v) glucose, 50mM Tris-HCI pHS8.0, 10mM EDTA pHS8.0) to which approximately
Img/ml lysozyme (Sigma L-7001) was added, mixed gently by inversion and left at
room temperature for 5 minutes. 400l freshly made solution II (0.2M sodium
hydroxide, 1% (w/v) SDS) was added, mixed by inversion and kept on ice for 5-10
minutes. 200l cold solution IIT (3M sodium acetate pH4.8) was added, mixed by
inversion and kept on ice for 10 minutes. The precipitate, containing chromosomal
DNA, was pelleted by centrifugation at 13,000 rpm for 15 minutes at room temperature
and removed with a toothpick. The cosmid DNA was precipitated for 20 minutes at
-20°C by adding 480l propan-2-ol. DNA was pelleted by centrifugation at 13,000 rpm

for 10 minutes at room temperature. The DNA pellet was washed with 70% ethanol and
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air dried. The DNA pellet was dissolved in 50ul sterile distilled water by incubating at

55°C for 10 minutes.

2.24 DNA sequencing

2.24.1 DNAase I treatment of DNA fragments

The generation of small, randomly overlapping subclones from large (4-8kb) restriction
fragments by partial digestion with DNAase I in the presence of manganese ions is
described in Sambrook et al. (1989). This method was used to generate subclones of a
size that could be sequenced using vector based primers. Sug target DNA was added to
a reaction mixture containing 10x DNAase/Mn+* digestion buffer (500mM Tris-HCI
pH7.6, 100mM manganese chloride) and made up to 30ul final volume. 0.01-0.1U
DNAase I (133.9U/ul, GibcoBRL) diluted in 1x DNAase/Mn** buffer was added to the
reaction mixture on ice and mixed. After 30, 60 and 90 seconds, aliquots of 10ul were
removed and added to S5ul 50mM EDTA pHS8.0 on ice. The digested DNA was size
fractionated by electrophoresis on a 0.8% agarose gel. DNA of between 500bp and

1.0kb was excised and eluted from the gel, then resuspended in 23l sterile water.

2.24.2 Repair and size selection of DNA

To the 23ul fragmented DNA, 3ul 0.5mM dNTPs (Pharmacia Biotech), 50mM
magnesium chloride and 10U T4 DNA polymerase (SU/ul, Gibco-BRL) were added.
The reaction was incubated for 15 minutes at room temperature, then 5U Klenow
fragment of DNA polymerase (3.65U/ul, Gibco-BRL) were added and the reaction was
incubated for a further 15 minutes at room temperature. The DNA was then purified by

electrophoresis through a 0.8% agarose gel. Target DNA of 500bp-1.0kb was recovered

51



Chapter 2

by elution and redissolved in 20yl sterile water. The DNA was added to Ready-To-Go
pUC18 Smal/BAP + Ligase (Pharmacia Biotech, 27-5266-01) and ligated overnight at
15°C according to the manufacturers instructions. 2ul of the ligation mixture was
transformed into 100ul competent XL1-Blue cells and 50ul aliquots spread onto X-gal
plates. The plates were incubated at 37°C overnight, the white colonies picked and

plasmid DNA isolated as in Section 2.9.3.

2.24.3 Automated DNA sequencing

The template DNA for automated sequencing was prepared according to Section 2.7.3.
The DNA was labelled using the ABI PRISM Dye Terminator Cycle Sequencing Ready
Reaction Kit (Perkin Elmer P/N402078) which uses the thermally stable Amplitag DNA
polymerase, FS. The cycling reactions were carried out in a Minicycler (Genetic
Research Instrumentation Ltd.) according to the manufacturers instructions: rapid
thermal ramp to 96°C; 30 seconds denaturing at 96°C; rapid thermal ramp to 50°C; 15
seconds annealing at 50°C; rapid thermal ramp to 60°C; 4 minutes extension at 60°C for
25 cycles. Samples were then purified following the manufacturers instructions and run

on an ABI 373A automatic sequencer.

2.24.4 DNA sequencing primers

The oligonucleotides used as primers for DNA sequencing were synthesised by Perkin

Elmer, Genosys Ltd and Pharmacia Biotech. The primer sequences are shown in Table

24.

2.24.5 DNA sequence analysis
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All primary DNA sequence data were analysed using the BESTFIT, GAP,
GELASSEMBLE, PILEUP and PRETTYBOX programs of the Wisconsin Package,
Version 8.1-UNIX (Genetics Computer Group, Madison, Wisconsin, USA) and the
Macintosh compatible software, GeneJockey II (Biosoft, Cambridge, UK). Database
similarity searches were carried out using BLAST (Altschul et al., 1990; Altschul et al.,
1997) at the URL (http://www.ncbi.nlm.nih.gov/cgi-bin/BLAST/). Transmembrane
helices were predicted from hydrophobicity profiles as calculated by the Kyte Doolittle
algorithm (Kyte and Doolittle, 1982), the TMpred program at the URL
(http://ulrec3.unil.ch/software/TMPRED_form.html), the Secondary Structure
Prediction of Membrane Proteins program (URL http://www.tuat.ac.jp/~mitaku/sosui/),

DAS - Transmembrane Prediction Server (http://www.biokemi.su.se/~server/DAS/).

Predicted proteins were searched for known motifs and patterns using the PROSITE

database via the URL (http://expasy.hcuge.ch/sprot/prosite.html).

2.25 Amplification of DNA fragments using the Polymerase Chain Reaction (PCR)

Reactions for amplification of rcbl were set up using Taq DNA polymerase
(GibcoBRL Life Technologies Inc.) according to the manufacturer's basic protocol. A
reaction volume of 50 pl was used containing 1U of enzyme, 10% (v/v) 10xPCR Buffer
(GibcoBRL Life Technologies Inc.) and approximately 500ng of target cosmid DNA.
25pmol of each primer were used. The MgCl, concentration used was 1.5mM and the
dNTPs were used at a concentration of 0.2mM. 50ul of mineral oil was added to
prevent evaporation of the components during the PCR cycle. The conditions for the
reaction were as follows: 95°C initial denaturation (2 min), followed by 30 cycles of

95°C denaturation (2 min), 55°C annealing (2 min), 72°C extension (3 min). A final 10
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minute incubation at 72°C was performed to complete the synthesis. The sequences of

the primers, CP13 and REC13, are presented in Table 2.4.

2.25.1 Reverse transcription PCR (RT-PCR)

The cDNA sequences of rcbl, rcb2 and rcb3 were amplified from total RNA isolated
from JH2 (A42B42/B6) using the Access PCR system (Promega). Amplification
reactions were set up in SOul according to the manufacturers protocol. Between 500ng
and 1pug template RNA was used. The conditions for the reactions were as follows:
48°C reverse transcription (60 min), 94°C denaturation (2 min) followed by 40 cycles of
94°C denaturation (30 sec), 55°C annealing (1 min) and 68°C extension (2 min). A final
10 minute incubation at 68°C was performed to complete the synthesis. The sequences

of the primers used are in Table 2.4.

2.25.2 Long PCR of B3L and B3R

The B3L and B3R fragments were amplified from LCO12 (A2B3) genomic DNA using
the GeneAmp XL-PCR Kit (Perkin-Elmer). Reactions were set up according to the
manufacturers recommendations. A reaction volume of 100ul was used, containing 2U
rTth DNA Polymerase XL, 33% (v/v) 3.3xXLBuffer (Perkin-Elmer) and approximately
50ng target DNA. The Mg(OAc), concentration used was 1.3mM, 40pmol primers were
used and the ANTPs were used at a concentration of 0.2mM. 50ul of mineral oil was
then added to prevent evaporation during cycling. The following conditions for the PCR
reactions were used for amplifying B3L: 94°C initial denaturation (1 min), followed by
35 cycles of 94°C denaturation (1 min) and 64°C annealing/extension (5min 30s). A

final 10 minute incubation at 72°C was performed to complete the synthesis. The
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reaction conditions used for amplification of B3R were identical except an
annealing/extension temperature of 68°C was used. The sequences of the primers used

are presented in Table 2.4.

2.25.3 Cloning of PCR amplification products

The PCR products were purified by agarose gel electrophoresis and band elution prior
to ligation. The plasmid vectors pGEM-T and pGEM-T Easy (Promega) were used
routinely for cloning PCR products. PCR products were ligated using T, DNA ligase in
10x ligase buffer (Promega) according to the manufacturers protocol. Ligations were
carried out overnight at 4°C and following transformation into high efficiency JM109
E. coli cells (Promega), colonies containing vector with insert were identified using

blue/white screening (Section 2.9.9)
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Name Sequence (5'to 3") Application

Pl GCGTTGATCCGGACAGCCCCTC Sequencing the B42 locus
P2 GGCACACTGCACAGCCCGCTG Sequencing the B42 locus
P3 GGCAAGTCACTGCCCTTTGGCCACC Sequencing the B42 locus
P4 CGATGAAGAGGTCCACAGTATCGAGGG Sequencing the B42 locus
P5 GCACGCTATTTAGCTATCGGCTTGAG Sequencing the B42 locus
P6 GGCCAGCTCCTTCTACAAGCCAC Sequencing the B42 locus
P7 CGATTGATGCGGAATGACTCGATGAC Sequencing the B42 locus
P8 GCTACGGGAATACGCGCCACG Sequencing the B42 locus
P10 CACTGCCCTTTGGCCACCTGCA Sequencing the B42 locus
P11 GTGTAGTGTGATCCCCAACGACAG Sequencing the B42 locus
P12 CCCAAAGAATGCGGGGGTAGGTG Sequencing the B42 locus
P14 GGAGGCGGCCTCACTTGGTTCT Sequencing the B42 locus
P15 CATCGGACGTAGGGGCAGCACAC Sequencing the B42 locus
P16 GGCCGAGTACAATAGGTCGGAGG Sequencing the B42 locus
P17 GAGTTCGAGCGTGGCCAGAGACAT Sequencing the B42 locus
P18 CAACATCGCGGAGTGAACCAGC Sequencing the B42 locus
PE8T3 GGCCTACAGGTAACCGACCGC Sequencing the B42 locus
PE&T7 GCTGAAGGCAAGTCACTGCCC Sequencing the B42 locus
PH48 GGGACGGCGGGTGATTGAATAGAAC Sequencing the B42 locus
PJ1 CGATAGGGGAGCGGGTGCAGAG Sequencing the B42 locus
PJ2 CTCCGGCGCTAAGCGGTCAGC Sequencing the B42 locus
PJ3 GATGATGGGAGATCGAGAGTGGC Sequencing the B42 locus
PJ4 CGACCCCTCCCGGGGAGGCG Sequencing the B42 locus
PB34 ATCGGGAATCGCCATTTGCGCC Sequencing the B3 locus
PB35 TCCAAGAGAGTGGCGAGATCGAC Sequencing the B3 locus
PB36 CGATAGGGGAGCGGGTGCAGA Sequencing the B3 locus
PJR1 TGCGCTTTCCTCGCTGCCATCCTA RT-PCR of rcb2

PJR3 GACGTTACTCGTGAATGCACTCG RT-PCR of rcb2

PFR3 TCCTCGTCACGAAAGCTGTCCTTC RT-PCR of rcb3
RTREC33 GACTTTTGAGTGTGCGTTAGAGTCG RT-PCR of rcb3

CP13 CCCCGACGGCCTTGTACTGTAGC Amplification of rcbl
RECI13 GGTCCGGGAGCAGAGCGAG Amplification of rcbl
PB31 GGCAGGTCTAAAGGTAGCCACG Amplification of B3L

P9 CCACAAGGGCAGTGACTTGCCTTC Sequencing B42 locus & PCR of B3L
PB32 ATCGTGGGAAACGCAGATGGCG Amplification of B3 R
PB33 CGTTCTGTTCGCCCAGTTGTGAC Amplification of B3 R
PB3L GGATAGGATAGGCACAGACGAGG Recombination experiment
PB3R GTTGCCAGGTCTTCCACCATTCG Recombination experiment

PB42L ACGAGCACAGACCGACCAGTAAG Recombination experiment

PB42R CAGCAAGCTATTGGCTCGCGGAA Recombination experiment
PYANS CGTTCTGACGTTCTTTGGTATGTC RT-PCR of mfsl
PYAN3 AGATGAAGAACATGGAGTGATCAGG RT-PCR of mfs]
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Isolation of the B42 mating type locus of C. cinereus

3.1 Introduction

The B6 mating type locus of Coprinus cinereus was isolated by O'Shea (1995).
Sequences unique to the genomic DNA of a B6 strain were recovered following
hybridisation to excess genomic DNA of a B3 strain. Using Southern blot analyses it was
possible to define a 23kb DNA sequence present in the B6 genome but absent from the
B3 genome. The objective of this study was to isolate a second B locus having a different
specificity from B6, in order to learn more about the organisation of the B locus and
about the basis of allelic variability between different B genes. The B42 locus was chosen
since clones containing this were already available in a genomic library constructed from
strain JV6 (A42B42) in the cosmid vector Lorist2 (Mellon ef al., 1988). Lorist2 contains
a HindIIl cloning site and the library was generated from genomic DNA partially digested
with HindIll. This is particularly useful when analysing cosmid clones because HindlIII
digestion releases the vector and several genomic DNA fragments that have not been

altered in size by the cloning procedure.
3.2 Initial screen of the cosmid library
A 5.7kb HindIII-EcoRI fragment containing sequences from a homologous flanking

region at the right of the B6 locus (Figure 3.1) was used to probe filters containing more

than 11,000 primary clones of the Lorist2 library. 36 hybridising clones were identified
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Figure 3.1 Map of the B42 locus showing the overlapping sequences present in cosmid
clones isolated in the genomic library screen. E, EcoRI; H, HindIII.
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in the first round screen and of these, seven were purified by a second round screen and
five chosen for an initial molecular analysis. Cosmid DNAs were cut with HindIII,
Southern blotted and probed with the 5.7kb HindIII-EcoRI fragment used to screen the
library for the clones. The probe was derived from an 11kb HindIIl fragment and this
was 1dentified in four of the five cosmid DNAs purified (cJH1, cJH3, cJH4 and cJHS5).
The DNAs from cJH1, cJH3 and cJHS produced similar sized fragments when digested
with Hindlll indicating that they contained largely the same sequence, whereas cJH4

contained several fragments not present in the other clones (Figure 3.2).

To determine which clones contained DNA sequences that were B42-specific, and
therefore likely to contain genes of the B42 locus, cJH1, ¢cJH4 and cJHS were used to
probe HindlIII digested genomic DNAs from a B42 and a B6 strain (Figure 3.3). The
entire sequence present in cJH4 hybridised to both genomic DNAs indicating that this
clone might contain only the homologous region flanking the B42 locus whereas only
five of the fragments derived from cJH1 and four from cJHS hybridised to B6 DNA; the

rest covering 15kb were B42-specific.

Cosmid cJH1 was used to probe a filter containing HindIII digested cJH1, cJH3, cJH4
and cJH5 DNAs in order to determine whether the similar sized fragments generated were
identical. Six of the fragments present in the cJH1 digest were present in other clones,
but interestingly, although digestion of all four clones generated a 7.5kb fragment, the
fragment in cJH1 failed to hybridise to the fragment present in the other three clones
(Figure 3.2B). By looking at the Southern blot analysis of HindIII cut genomic DNA
from a B42 strain and a B6 strain presented in Figure 3.3, it can be seen that the fragment
present in the cJH1 clone is B42-specific (Figure 3.3A). However the fragment present
in cJH4 and cJHS hybridised to a fragment present in both backgrounds (Figure 3.3B

and C), and was therefore derived from a homologous sequence flanking the B locus. It
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was evident that the 7.5kb fragment from cJH1 represented the sequence furthest from
the homologous flanking region of the B locus and could therefore be used to probe the
genomic library for new clones, containing sequences extending further into the B42

locus.

3.3 Isolation of overlapping clones covering the entire B42 locus

Screening the library with the 7.5kb HindIII fragment from cJH1 identified several new
clones two of which, cJH7 and cJHS8, were purified and shown to contain the 7.5kb
HindII fragment. HindIII digestion and Southern blotting showed that cJH7 contained
exactly the same sequences as cJH1, but that cJH8 contained three new fragments of
2.9kb, 1.8kb and 0.8kb thus extending the isolated sequence by 5.5kb (Figure 3.4). The
unique 2.9kb fragment from cJH8 was used to screen the genomic library a further time
and a new clone, cJH10, was obtained that contained the 2.9kb probe sequence but
shared no other sequences with the cosmids isolated previously (Figure 3.4). cJH10
provided a further 40kb of sequence to the 50kb covered by cJH4, cJH1 and cJHS8 giving
in total some 90kb of contiguous sequence, more than sufficient to contain the entire B42

locus (Figure 3.1).

3.4 Testing for B42 gene activity by transformation

Cosmids that were isolated during library screening were assayed for B42 gene activity
by transformation. Lorist2 vector does not contain a marker than can be selected in C.
cinereus and cosmid DNA sequences were co-transformed into host strains using the
strategy illustrated in Figure 3.5. For hosts like LT2, which have a trp-1 (tryptophan
synthetase defective) mutation , co-transformation was carried out with plasmid pCc1001

containing the C. cinereus trp-1 gene, but for the B3 host LCO12, which 1s a trp-3
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(anthramlate synthetase) mutant, pDB6 containing the C. cinereus trp-3 gene was used.
There is no observable phenotype for a compatible B gene interaction within the
transformed cells, and a two-step assay was used to identify those transformants that

expressed an introduced B gene.

Introduction of a B42 gene into a host strain having B6 genes will change the mating
specificity of the host and confer the ability to form a dikaryon with a tester strain having
the same B6 genes, i.e. an A6B6 untransformed host will be unable to form a dikaryon
with a tester strain that is A5B6 and the two monokaryons will remain discrete when
grown together (Figure 3.6A). If the host is transformed with B42 genes to give the
genotype A6B6/B42, transformants will be compatible with the A5B6 tester strain and be
able to form a dikaryon (Figure 3.6B), which appears as faster and less dense growth at
the margin of the mated colonies. Under the microscope, the dikaryon is distinguished by

the fused clamp connections at each cross wall (Figure 3.6C and D)

Five of the cosmid clones, containing sequences spanning the entire region isolated, were
introduced into host strains having B6, B3 and B42 genes. The results are recorded in
Table 3.1. Since the genes were introduced by co-transformation, not all transformants
tested were expected to express the cloned genes. Co-transformation frequencies vary,
but at least 10% of transformants would be expected to express the unselected genes
(Casselton and de la Fuente Herce, 1989). Up to 50 transformants were tested for B42
gene activity. If none of these formed dikaryons, it was concluded that the introduced

sequences could not confer a change in mating specificity.
None of the cosmid DNAs altered the mating specificity of the B42 strain which was

included as the negative control. cJHI, cJHS and cJHS8 contained sequences that altered

the mating specifcity of both the B6 and the B3 hosts and these positive mating reactions

65






Chapter 3

confirmed that sequences from the B42 locus had been cloned. The sequences present in
both cJH4 and cJH10 failed to change the mating specificity of either the B6 or the B3
host and either contained genes that were inactive in these two backgrounds or lacked

B42 genes altogether.

3.5 Mapping the cloned sequences and defining the borders of the B42

locus

At this stage it was necessary to construct a complete physical map of the B42 sequences
present in the isolated cosmids and to define the borders of the B42-unique DNA which
constitutes the B42 locus. The position of the homologous flanking sequences to the left
and right of the B42 locus were established by Southern blot analyses which are
described below. The restriction map of B42 presented in Figure 3.7 is based on the
restriction enzymes HindIll, BamHI, EcoRI, Pstl and Sall. The entire sequence to be
mapped was contained in two cosmid clones, cJH8 and cJH10. Single and double
digests of these two clones were probed with labelled HindIII fragments derived from
both cosmid sequences and indicated below the map. The results of hybridisations with
cJHS8 fragments as probes are presented in Figure 3.8 and those with cJH10 fragments as

probes in Figure 3.9.

Comparison of B6 and B3 genomic DNAs made it possible to identify a region covering
17kb that was unique to B6 and within which all the B6 genes were located (O'Shea,
1995; O'Shea et al., 1998). A similar hybridisation analysis was made using HindlII
fragments from the clones isolated in this study to probe genomic DNAs from B6, B3

and B42 strains. The results of this analysis are summarised in Figure 3.10.
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Figure 3.8 Southern blot of cJH8 DNA probed with the cloned sequences in (A) pJH3,
(B) pJH5, (C) pJH4, (D) pJH16, (E) pJHI, (F) pJH13, (G) pJH6 and (H) pJH2. The
cJHS8 DNA is digested with (from left to right) HindIII (H), BamHI (B), EcoRI (E), Pstl
(P), Sall (S), H/B, H/E, H/P, H/S, B/E, B/P, B/S, E/P, E/S and P/S.
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The pattern of cross-hybridisation indicates that different B loci may share some
sequences but not others. B6 and B3 share no sequences and the homologous borders of
the B locus were defined by comparing these sequences (shown in red in Figure 3.10).
When B42 was compared to B6 and B3, it was found that the 7kb identified as the right
end of the B6 locus (thick black line) was also present in B42 whereas the 7kb of DNA in
the middle of the B42 locus was present in B3 (thick black line). The region constituting
the left of the B6 locus was different in all three genomic DNAs. The B3 and B6 loci
share a common sequence at the right of the map that contains no genes with B mating
specificity (O'Shea et al., 1998). There is B42-specific sequence at the left of the locus
which covers some 17kb. Transformation analysis with cosmid cJH10 suggests that this

region contains no genes conferring B42 mating specificity.

The fact that the B42 locus shares sequences with both B6 and B3 suggested that the
different B mating specificities might be derived from several functionally redundant
genes. In the A locus there are three sets of multiallelic and functionally redundant genes
which can be arranged in different combinations to generate large numbers of A mating
specificities (Pardo et al., 1996). A similar organisation for the B locus would permit the
79 predicted versions (Raper, 1966) to be generated in a similar fashion. The next
objective was to identify the individual genes within B42 and compare this organisation

with genes present in the B6 locus.

3.6 Preliminary transcript analysis to identify B42 genes

A first step towards locating the B42 mating type genes was to look for transcripts
derived from the B42-specific sequence. Previous work by Kingsnorth (1996)

established that the transcripts of most of the B genes are barely detectable in mRNA

extracted from monokaryotic cells but are induced to relatively high levels in cells which
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Figure 3.11 Transcript analysis of the B42 mating type locus. Cloned sequences used as
probes for hybridisation are shown below the map. The autoradiographs are northern
blots of poly (A)* RNA subjected to formaldehyde gel electrophoresis. The left lane is
RNA isolated from a monokaryotic strain, LN118 (A42B42). The right lane is RNA
isolated from an A-on strain, JH1 (A5/A42B42), in which the A-regulated steps of
development had been activated by the introduction of a compatible A locus. The same
blots probed with a constitutively expressed gene cloned in plasmid pCTRL
(Kingsnorth, 1996) are also shown. Restriction enzymes are detailed as in Figure 3.9.
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have the A gene pathway activated (A-on). In order to look for B42 gene transcripts,
RNA was isolated from a B42 monokaryon (LN118, A42B42) and the same strain into

which a cosmid containing the entire A5 mating type locus had been introduced (JH1,

A42/A5B42).

Northern blots containing RNA from both strains was probed with a series of fragments
covering most of the B42-specific sequence. The map and fragments chosen are
llustrated in Figure 3.11. Transcripts detected were either between 2.1 and 2.5kb or 800-
900nt. Most of the transcripts could only be detected well in RNA derived from A-on

mycelium though some of the small transcripts were detectable in both RNAs.

Without knowing the functions of the genes, this preliminary analysis was used to detect
the location of active genes and not to study in detail how they might be regulated. This is
considered in much more detail in Chapter 5. As can be seen from the northern blots
illustrated in Figure 3.11, at least three large transcripts are derived from the B42-specific
sequence and four small transcripts. Interestingly, one of the large transcripts derives
from a region covered in cJH10 that does not confer B42 mating specificity and which is
separated at some distance from sequences giving rise to the other transcripts. This
analysis served to demonstrate that genes that confer B42 mating type specificity are
concentrated towards the right side of the B42-specific DNA sequence and that this

would be where to initiate the DNA sequence analysis.

74



Chapter 4

Sequence analysis of the B42 mating type locus

4.1 Introduction

This chapter describes the identification by DNA-sequence analysis of nine genes
which determine B42 mating specificity. As described in the introduction, sequence
analysis of the Bal locus of Schizophyllum commune provided the first evidence that
the multiallelic B genes of the mushroom fungi encode peptide pheromones and
transmembrane receptors. These are characteristic elements of a signalling pathway
essential for mating cell recognition and cell fusion in the ascomycetous yeasts,
Saccharomyces cerevisiae (Kurjan, 1993) and Schizosaccharomyces pombe (Nielsen
and Davey, 1995) and the yeast-like basidiomycete, Ustilago maydis (Bolker et al.,
1992). In the mushroom fungi this mating type function had not previously been

predicted because mating cell fusion is mating type-independent.

It is now evident that the a locus of U. maydis is equivalent to the B mating type loci of
the mushroom fungi C. cinereus and S. commune. However, the a locus has only two
alleles, al and a2, and each contains just a single gene encoding a pheromone and a
single gene encoding its corresponding transmembrane receptor. In contrast, the Bol
locus of S. commune (Wendland et al., 1995) and the more recently described Bl
locus, (Vaillancourt et al., 1997) each contain a gene encoding a receptor protein and
three genes encoding functionally redundant pheromones. There are moreover, nine
alleles of each B locus. Little is yet known about the basis for allelic variability between

receptor and pheromone genes and the mushroom fungi may well provide clues as to
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how large receptor and pheromone families have evolved in mammals (Dulac and Axel,

1995; Troemel et al., 1995).

In parallel with the sequence analysis of the B42 locus, the sequence of the B6 locus of
C. cinereus was determined by (O'Shea et al., 1998). This has made it possible to
compare the organisation of genes within the two loci and to make predictions about
which genes are functional alleles and how multiple B mating types may be generated

by three sets of functionally independent genes.

4.2 Sequencing strategy

Based on the transformation data and preliminary trasncript analysis described in the
previous chapter, it seemed likely that the B42 genes would be clustered towards the
right of the B42 specific sequence, as illustrated in Figure 3.11. The aim was to identify
genes as far as possible by DNA sequence analysis.In order to do this, a series of
overlapping fragments covering the predicted region of function were chosen as
illustrated in Figure 4.1. The majority of the sequence was obtained by generating a
series of random overlapping clones by partial DNAase I digestion. Fragments of
500bp to 1.0kb were size selected and cloned into Smal cut pUC18. Cloned fragments
were then sequenced using two general primers that anneal to the flanking vector
sequences. The random overlapping sequences obtained were aligned using the
GELASSEMBLE program (GCG, version 8.1). Any gaps in the sequence were covered

using custom made oligonucleotide primers.

The sequencing program was initiated by taking the 7.5kb EcoRI fragment present in

pJH24 followed by the 4.8kb HindIIl fragment in pJH16 (Figure 4.1). In total, data

from 156 clones provided some 11kb of DNA sequence. The region to the right of that
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present in pJH24 was shown by hybridisation to be shared by the B6 locus. This region
was sequenced using a combination of smaller fragments and primers already available
from sequencing the B6 locus (O'Shea, 1995). A region to the left of the map was
covered by sequencing a 1.4kb HindIlII-EcoRI fragment in pJH10 and part of a 3.9kb
EcoRI fragment from pJH14. A contiguous sequence covering in total 18kb of genomic
DNA was obtained and individual genes within this were identified using a
combination of BLAST database searches (Altschul et al., 1990), transcript location and

transformation. A comparative map of the B42 and B6 loci is presented in Figure 4.2.

4.3 Identification of six putative pheromone precursor genes

An important observation derived from sequence analysis of the U. maydis and S.
commune a and B loci was that the pheromone precursor genes encoded proteins with a
carboxy-terminal CaaX motif (Bolker et al., 1992; Wendland et al., 1995; Vaillancourt
et al., 1997). A search for putative open reading frames that might encode pheromone
precursors in the B42 locus identified six. Each gene is predicted to encode a short
polypeptide ranging in size from 56-75 amino acids and terminating in the CaaX
sequence, CVIA, CVVS or CIIA. The genes are distributed throughout the region
sequenced and their positions correspond to sequences from which small 900nt
transcripts are derived (Figure 3.11). To conform with the gene designations adopted

for the B6 locus, which will be discussed later in this chapter, the six pheromone genes

are are listed as phbl.1, phbl.2, phb2.1, phb2.2, phb3.1 and phb3.2.

The predicted amino acid sequences of the six polypeptides is given in Table 4.1 and
the full DNA sequences in Figure 4.3. A BLAST search revealed no sequence
similarities to known proteins in the databases. This was not unexpected since the

sequences are very different from each other. They display no sequence similarity to
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Table 4.1 Comparison of the amino acid sequences of basidiomycete pheromone
precursors. The predicted sequences of (A) the six pheromone precursors encoded by
genes at the B42 mating type locus of C. cinereus, (B) the six pheromone precursors
encoded by genes at the Bal (bapl(1), bapl(2) and bapl(3); Wendland et al, 1995))
and BB1 (bbpl(1), bbpl(2) and bbpl(3); Vaillancourt et al, 1997)) loci of S. commune
and (C) the pheromone precursors encoded by the alternative al (mfal) and a2 (mfa2)
loci of U. maydis (Bolker et al, 1992). The mature pheromone sequence is shown in red
(Spellig et al, 1994).
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Figure 4.3 DNA sequences of the C. cinereus B42 pheromone precursor genes, (A)

phbl.1, (B) phbl.2, (C) phb2.1, (D) phb2.2, (E) phb3.1 and (F) phb 3.2. The predicted
protein sequence is given in one letter code. The introns are indicated in lower case.
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A (phbl.l)

GGTCGACAGCGACATTTCACACCCCAACATCACTCTACCCTACGGAGTGTCGGCCTAGGC TTGARGGAAGCTTTGCAT
TCACGTCGCGCTTGGTACATTGGGTGACTGTCGCACCCGCAGAAGCGAGTTCAGGATGAARACGCCGCTC TAATTGAGC
TCGGTGTCAATGGCCCCTATTGAATTCCGCTTGT TTGGTCARCATTGCGCTTAGTGTTTGGCGAATAAAACAATTCTC
TAGAACGCTAGGTTTACCTGGCACAATGCCACGACCATTC TATTGTTCCTATTGATAGTCAGTGTGCACGCARATGAG
GTATAAAATCTCTGTGTGATGTACACGCGACCCCTATATC TATCGCACTCACTGGCACGACTCACGACGATCCCAAGC
CGTTCCAAGTTTCCAAGCTCATTACCACCTTCCTTTACGCTCTCACAAGCTAARCCAGCTTCACACTCACTCAAACCAT

CTGCAACACTCAACGCCACACACCAATCGCCATGGATTCATTCGATTCACTCGATTCACTCAACCTCTCTGTCGARAGA
M DS F D S LD S L NI LSV EE

GACCACCCTCCAAACCTTGCTCGAGTCCATGGATACCACAGACGCTGCGAGCGAATC TGAGCTCGATGCAATCCTCGT
T TLQ TLULESMDTTUDA A ASZSESE ETLUDA ATIILV

CAACTCTGAGCGGGACCCAGGCTTTACTAGCARAGGCTTTTGCGTCATTGCTTGAGATTGTATTCGTCTTCTCGACCG
N S ERDP GPFT S K G F CV I A -

TTATCATTATTGTTTGTTTATGGAATGARGCAACAGTGAGCTCGCGATATCTCTTCCCACCTTTGGGCCATGCTAATG
GAGGCGTTTCTCCAGACTGTATCAATAGCCATCAGGATCCCGTCTTTTGCGCTCTGGAAGCGTTTGTATCACTATCTA
TTACTCCCCCGACAAGGGACTCCTCACTCATTCGTTCGTACGAAACCCCGACGGCCTTGTACTGTAGCATACTGTCCA

CATACACCTACTTGATTGAATAGCTAATTGAGTCGTGGCCCTT 979

B (phbl.2)

ATGGCATCCTAGCCGTTTAGTGTGCTTATTCTCTCCTACAAATTTTCGGTTCGTTATGACACGAGGTCCTTCTTAGARA
CGCCCTCTCACAAATATCGTAGGAAATGTCCACAGAGATTGGGACGGARCAARCGAGGAGAACACGCGGGCGTTCTCCG
AGTCACGGAGGCGGACAGGGTCTCTTGTCTCCGACATAGC TCCGCTTGGC TGGGACCCCATGCGCARTACTTTTTATG
CTTGCTAATGCTTCGAATTCACTAGTCGAACAARGTCATTTATAGTATTC TTGATCACGGGTATATAAGGCGACAGCT
CGAGTTCCTTGGGTTGGTCCCGTCATCACCACCATCCGATAGC TTCGTGAATCGCCCGTCGCCGTTGARCTAAACTTG
CTTCTGTCTTCCTGCTCGTCCGTGCACTCCTTCTTTTCGAGCT TCAC TCARCARCCCACCTTACCGACACTCCTTCCT

CGTCACAACCGATCCACCTTTCTCCAATAGCAATGGATTCC TTCCAGCARCTCAACCTCTTCGTCGAGGAGACCATCC
M DS F Q QLN L FVEETTIZQ

ARCAGTCCCTCCCCGAGGCGATCCCCTCCTCTGAC TCCACCGACACCGGTGCCTCAGAGCGAGACGCCACCCCGGTCA
QSLPEAIPSSDSTDTGASERDATPVN

ACACCGARCGCCACCTCGGCTTCACCACCAAGGGCTTTTGCGT TGTCTCGTGAAGCGTGAAGC TCTATCCGATCCCTT
T ERHLGPF TTXSGPFCV Vs -

GCGTCGTCCCTGCGGAGAAGARGARTTGARGCAATAGCCAgtacgtcecgggtagetattgee actccatctgaatgt
ggttctaac gatcgctctgccgcagATGTACCACTATATTTATTATCTCTCAGCCCACCAAGTAGGCCTCAATGCCTC
ATCGPGCGGGACCTCAGCGCCATGG'I‘GTTTTATTCTGTTCACTATTTCGACTCCCCTTCATTATCATTCCTGTTGTTT

TAGTACCATTTTATCGTTGACAACACAATTATGACCCGTTA 977
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C (phb2.1)

TATCCGGAATAGATTCTCTGTCTGGAACACATTGCACCCAGCTCCGCCACCTGAGAGAGCTATGGTCCACCCAGCTAC
CTGCATAAACCCAAAGAATCGCTGGCCAGACATAGCCGGTC TGCGCAACCGAGGATATGAAATCGGTGCACGGATCTG
GATCGGGACTGGCGC TCAGATGACTGATATGCAGAATCAAGAAAGAAAGATAAGTAAAAAAAGAAC TGAGTAAGAACA
ARCCACTTTCAAAAACCCCGAGGCATGCGCGCGCCGCATTCCC TGGARAGAGGGGGTCGGAACGGACAGATGTTCCGA
TGTAAATCCAGCGCCTCGTCGGAGTCTACCGATTGTATTTCTCACGC TTGGAAGGGCACAAAAGCTATCCGCGGTCAG
CTGGAGTCACAACAGAACGTTCTATTCAATCACCCGCCGTCCCTACGTCTTTGCGACTCGC TACAAGCTTTTCTCTTC

TGCCCAACCCCARGCTAACAGCCCGATCGATAATGGATTCCTTC TCCACCCTAARGCCTCCCCGCCACCCTCGGAAACG
M DS F S TUL SL P ATIULTGNE

AGGAGGCGCAACAAACCACTGTGATCGCCACTGTCGCTCARCCTCAGGAGTCGCCCTC TTCATCGGGCACCCCAGTTG
E A Q QT TV I ATV DAOQUPOQESUPS S S GTUP VD

ACTCCGAACGACCAGGCGCAGGCAAGGTTCGCGCTTTCTGTATTATCGCATAGCCTCTARGgtacgtetgttaatege
S ER P GAGX VRAFCTITINA:

cacacttctaaccttecgegoteaateectttgeagCTATCCCCARGGC TCTTTGACCGCACTCCTTTTCCAATCAAC
CAACATCTATCGCGCCCATCAACAACACCTAGAGGCATTACAACTCAACAAGTC TACCATTACGATGTGGCGACCCCC
TTGCCACATTGTTCGGCATCGCGCTATTCGTTGCTCAT TGC TTGTAATT TATTTARATTCGTTCGTTAAGAAGGTGTT

ATGCCTTAACCGCCATTTTGGCATTCTTTAACCATGCTCTT 977

D (phb2.2)

ATTTCCTTGCCCTCGACATC TTCGTCGGTACTTCTCTCGTAGGC TCAATGTCACAGCGTACTGCTATGTAGCGGTAAT
GTGAGATTTATATAATTGCTGTCTATGGCTACCGAAGTTGCAGGTTGCCAGTGCAATCGTCCGCGCCTGACACTCCCA
CATGTGGGCTCGGTCCCTGATTCACGAGT TTTTCGGCAATATAAGTAGAGGTAGCTTCAGACAGAGCGTCATATGGCC
TCTCAATACGCGCTCCTTTGCGGCTGAAATCGACATATTCCCGCCCAGGGGGACATAATGGGTTTCGGAGGACAATGG
CTCCCTCTTGCATCAGTTTTCAAACTCCGATCATTGTCCCTCACTGCCCATTGTTCGCATTGCATATAACGACGCCGT
TCAACGAGCACAGACCGACCAGTAAGCCATCGTTAAC TCGCGCGTTAGCCACCGTTTCTTCTGCTTAACATATCCACG

CTCTCTACGAACATCCGTTCTTTCTTTCCGCCATGGATAATTTCACCGTCGATCTTGCCACCCTCTTCGAAGAGTTTC
M DNPFTVDILA ATTLTFEEFP

CTGAACTTCAAGAGATCCAGGCCACTGCCTCAGAGCACTGC TCACAGGATCAGTACGGCTCTTGCGAGGGCCCTCCAA
E L Q EI Q A TASZEUHRTCSOQDUGQY G SsS CEGU®PUPTI

TARATCAGGAACGACCGGGAAGTGGCGTGAATCGCGCATTTTGTGTGATCGCCTAACCTGCTGAAGGCAAGTCACTGC
N Q ERP G S GV NURAFTCUVIA -

CCTTGTGGCCACCTGCAGTCGATAAACTTACAAGGCTCTTACCGTCTTTAGGTTGTTCCGACCTACCCTTCAGTIGTTC
AAAGCGGTCCGAARACCCTTTCACTTGCTCTTTTCACTTGCTCTCGTGGTARGGCTCCACTTTCGCTGACTCGTATARG
GAACTAAGGGAGAGTTT TTTCCGCACAGTCCGATCAACAGCAACTTTTTACGCCGGCGTCTTCTCATTGCATGTCTCT

CTTCCTTTCTCGTTTCTCCCTTCGTCCTTCTTTGCGGTACTGCT 980
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E (phb3.1)

GCAGCCATCTCGTGAAATCTCATCGC TGGGGTTTACAGGATATCGCATCGGTTAGGGCAGTAGGCCCTCATC TTACAG
ACTTTTCTCCTCCTTACTCCTGAATGCCCGGCTTGATAACCAATAAT TAATARACCTTCATGGAAAGAGGGCGCCTGT
CGCTTATTGACACTTATAGTAAAGAGGATTCACGTAGATGCTCAGAATTTACCCGAAGATACAC TGAGATACATAACC
CTTTTGACCTAGCCCCCGCGCCTCCCCGGGAGGGGTCGTCGTATATATTGTTTGGTGACAATGCGACAATGGAGGACA
AAGTTCGCACGGTACCATTGTCCCATAAATACTGTGGTAT TGAGGATTCGCCGCARCGTTAACC TTGTCATCCATCCA
GCGAATTCAGACGACGCTCATCGATCAAGTGCCTTCCCTCGTTCCTGATGCT TTATCCACCGCGCCAAGARCCAACGA

CTACCACAACTTCCTCCGTATCATCTCCAACTATGGATTCCGGCAACACTGTCGACCTCGCAGAGC TCTGCGACATGG
M D S GG NTV DL AETULTCTUDMD

ACCCAAATATTGGCTTTACCCCCGACTCTTCAGCACCCACGGAGGACAATGTCGCCAARCAAC TCGTGGACTCCGACC
P NI GPF TPUD S S A PTETUDINVA AI XK GQ@LV DS DOQ

AGAGAL TTCCGGGGGGTTATTACGGAGGCCAATGCATCATCGCATAACGTTTGGCACAATGCATGTATCTTCCCCCGC
R L PG G Y Y GG QC I I A -

TTCTTCCTGCTCTTGTGCIGATAGCTCARCAGGTGCACAGTCGCAGTCATTACTC TGCCTGGC TCATTATGAGCCCTT
CTTTAATCGTCATTTTTTCGTTCATCAATGGCCACTTCACTTTGAC TTCACTTTCGTTCTGTTGTTTCTTTCAATCCG
GGTGCTTGACTTTGCCATCATGTAACAAGAAT TCATGACCACCACGACTGTTGATATGTATGTAGTAGTAACTTATTT

GCCAATCGCTGCGAGACTGTAGTAGTGTAGTGTGA 971

F (phb3.2)

AGACCGCAGCTGAACCATCACCTCGTGTTCGCGGAGAACGCCGATGCTCCGTATGGGCATCCCTGATTCAGTTCGCCC
AAAACGGYTCACAATGGACGACAATGGTTCAGACTCCGAAC TCAGGGAGCAAATCGGGTAATCAGCCCCTATTTCGAG
AACAGGGCCCTGCTCCCGATGTTCCATTCGCCTTGAAAAGGTGTTGTCCCCCCAGAGAATGGTACTATAATTATTTTT
ACGAAATTATCCGGCTITTGTAGAACATTAGAGCGATAACATAAGGCCACGTTGCTCATTATTGATTCTTTAAACGCTT
TCCACAATGGCAATTCTCATTATTTGTACATATITGTACAGTAAATTCTGAGATATAAGCARGTTGGATCGCTCCCGA
TTTCTCACACATACCAGCACCATTGTCAATCGTC TTCCATCCCCCCACCTCCAGTTAACCAAGCTAATCAACCATCAR

GCCACTCTCGATCTCCCATCATCATCGCCGACATGTCTGACGCATTCACTACCCTCGATACTGTGGACCTCTTCATCG
M 8 D AF TTULUDTU VDLV FTIE

AGGAGAACGAACAGGAAGTCGTCGAGGTGCCATCCTGTCCGCCTCCCCGTCGCCCCTCCTTCTCTTCTGCCGACGCAG
E NE Q E V V EV P S CP PP RRUP S F S s A D AE

ARTCTATCTTTCTGACTGTGGAGGAAGTTAATGACCTTCCCGTTGAC TACGAGCGCCGGACTCAAGGTGGAGGCGGCC
S I F L TVEZEVNDI LUPUVDYZYETRIRTWOQSGG G G L

TCACTTGGTTCTGCGTTATCGCATGAACGCGGCCGAGGTTTACCTCGCCTCGCTCGCGAATTC TTCGGGC TGACTCCT
T WPF CV I A -

TAATCCGTACGTTATTTTTTACTTCCTTTCGACCTTGGACGTGACTGATGGTGATTAACAGTTCGGGGAGGTCAACCA
TCTTGGAAATCCATCGCCAATCARAGGACCACAAGTTCATCTCCCCGACCTCTACATCTTTCACAATCCATCCCCACAT
CCGTTCTGTTTCTTTCC TCAATAAGGAGCTCATATTCGGC TATGCTCGTGCTCCGTATTAGCAACCTTCGTTGCGATC

ARCGCTCATTCATG 1028
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pheromone precursors encoded by the B genes of S. commune, which like the C.
cinereus polypeptides, vary considerably in predicted amino acid sequence though they
are known to be functionally equivalent (Wendland et al., 1995; Vaillancourt et al.,
1997). The sequences of the Bal and BBI pheromone precursors are shown in Table
4.1 (B) together with those of the U. maydis Mfal and Mfa2 polypeptides (C). Only in
U. maydis is the mature peptide pheromone sequence known (shown in red), because

these are secreted pheromones which have been relatively easy to purify (Spellig et al.,

1994).

C. cinereus genes sequenced to date contain short introns of some 50bp, a size
characteristic of introns in genes of other filamentous fungi (Ballance, 1990). The 5'
and 3' splice sites of the introns are highly conserved. The consensus 5' site is
GTANGT and the 3' site is YAG, where Y=C or T (Gurr et al., 1987). Potential splice
sites were not detected within the predicted coding regions of each of the pheromone
precursor genes. The U. maydis mfal amd mfa2 genes do however, have an intron
downstream of the translational stop site in the 3' untranslated region (UTR). Predicted
5" and 3' splice borders are found in the 3' UTRs of the phbl.2 and phb2.1 genes so

these may have similarly located introns.

The most obviously conserved feature of the pheromone precursor polypeptides is the
CaaX motif at the carboxy terminus which is either CVIA, CVVS or CIIA. The
aliphatic amino acids are thus valine or isoleucine and the X residue either alanine or
serine. The carboxy-terminal X residue largely determines which type of prenyl group
is added to the cysteine residue, a farnesyl group or a geranylgeranyl group (Caldwell et
al., 1995). X in the B42 pheromone precusors is A or S which indicates that the cysteine

will be farnesylated like a-factor of S. cerevisiae and M-factor of S. pombe.
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4.4 Identification of genes encoding pheromone receptors

Three genes were found that corresponded in position to sequences that identified
transcripts of 2.1-2.5kb in size. These three genes were present within the same region
encoding the pheromone genes. A BLAST search revealed that the translation products
showed significant identity (BLAST P(N) < 5e-)to the pheromone receptor proteins of
other fungi, namely Ste3p of S. cerevisiae which encodes the a-factor receptor, Map3 of
S. pombe which encodes the M-factor receptor, and the Pral and Pra2 pheromone
receptors encoded within the a loci of U. maydis. The three genes were designated rcbl,

rcb2 and rcb3 to conform with the designations of equivalent genes within the B6

locus.

It was clear from the homology searches that there must be several introns present in
each gene and sequence analysis identified several consensus splice sites. To confirm
the actual coding sequence, cDNA was synthesised by Reverse Transcription PCR (RT-
PCR). The ¢cDNAs were amplified from the RNA, cloned into the vector pGEM-T
(Promega) and sequenced. The rcbl and rcb2 genes were each shown to contain four
introns whereas rcb3 has five introns (Figure 4.4). The lengths of the predicted proteins
are 561, 389 and 427 amino acids for Rcb1, Rcb2 and Rcb3 respectively. An alignment
of the three proteins is presented in Figure 4.5. The intron positions are well conserved
and are all present in the first 340 amino acids which contain the seven predicted

transmembrane helices.

From the alignment of the three B42 receptor proteins it is evident that they are very
dissimilar in length. Comparisons of the amino acid sequences show that there is 53%
identity between rcbl and rcb2, 38% identity between rcbl and rcb3 and 35% identity

between rcb2 and rcb3.

85
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Figure 4.4 DNA sequences of the C. cinereus B42 receptor genes, (A) rcbl, (B) rcb2,
(C) rcb3. The predicted protein sequence is given in one letter code. The introns are

indicated in lower case.
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A (rebl)

AGTCGTGGCCCTTCTTTGTCTTATGATTTT TGAATAGAGCCGTGGGACTGAAGCAAATCGGAATGGARGCCARAGGGC
TTTGTTTGTACACCTTGATCAATGTTTGGCACCCGCGGCGCTGTGGCTTGTGCCARACGTTGCCCAGAGACGCGCTTT
ACCGGAATGCCTGCCTTCCTCTTGGCTATGCATGAGCAGACATGAGCAGATCCTTCAATAAGGTAAAATACAGGAGAT
TTTTACCCAGAAACTGCGAGAAACGGCAC TGAAGGGGCCGACCCACGGTGCCTCGCGATCACGATCACGTGACTACAA
TGAATCCCGCACTTAGGCCGAAAARGGAAGGAGC TATTGTCGCGCCAAACAGGTGACGGCATGCCACCTTCCCCTTTG
TTCACTTCGCTATTGAGCCARAGGGCTTTATCACATTATAATGGCTGAGGCAAACTCCTCAAAGGGCACGCATTCCTT

GCTTTCTCACTTCCCCACTCCTCGTCATCGACATGAAGTACCCAGCTCTCCCGGTGTTTGCGATCCTCGGCGCTTTAC
M K ¥ P ALUPV FATITULSGA ATLL

TCGTTCTCATCCCGCTGCCGTGGCACTGGCGGGCTCGTAATGTAGCCACGCT TTCTATCATTGCCTGGCTTTTTGTCA
VL I PLUPWHWRMARNUYVATILSTITIM AMWLUFUVM

TGAATGTTATCTACGCTGTAAACACGATCGTATGGGCTGGTTCACTCCGCGATG TTGCTCCTGTATATTGCGATATCG
N V I ¥ AVNTTIUVWAGS ST LU RUDUVYVYAUPVYOCODTI

gtatgtotctaggotegagtattetecagaacgatagetaacgteteccatccagCGACCAAGCTTATCATTGGTGCA
A T KL I I G A

TCTCATGCCCTCCCTCTCGCCACTCTCTGCATTTGCAAGCATC TTGAAATGGTCTCTTCTTCACGAACGGTTTCCTAC
S HALPILATTULGCTIU CI KU HILUEMVS S S RTUV s Y

GACGTCTCAGATAAGAAGAGGAGGATGATC TTCGAGGGCGTGATGTGCTTTGTCCTCCCAATGATC TTCATGGCTCTC
DV s DK XU RBRMTIVFEGVMOCVPFVILPMTIT FMMAL

CgtaagttattgcttettatctaatatgtgegtetgtetgaccatttgtagACTACAACGTTCAGGGCCACAGATACG
H Y NV Q GH R Y D

ACATCATTCAAGAGTTTGGATGCCAGCCAACCATCTACATTTC TATTCCAGCCATCTTTATCGTCTGGTTCCCCCCTC
I I Q BE F GCOQUPTUTTIVYTISTIUPATIU FTIUVWUP FU®PUPIL

TTCTCTTCGCAGTTATTTCCTTCATTCTGGCCGgtatgtectgtoctetoctattgettcaactegtttegotaacggte
L F AV I s F I L A

gecacagCAATGGCCCTTCATCACTTCGTTCGCCGCCGCTTGGTCTTCGCTGCTCACCTGCARAACGCCAACTCTGCG
A MALHHUPF VRRRLV YV F A AHTLUGQNA ANSNA

TTGACCCCTAACCGATACATTCGACTCATTGCTATGGCTCTCACCATCATGACCCGGAATACCAGTCTCACCGCCTTC
L TP NRYIRLIAMALTTIMT RNTSIULTATF

AACTTGTACAATAACGTTTTCCCCGGTCTCCGCCCCTGGACCARCTGGGC TGACGTGCACTCCAACTTCTCCCGAGTC
N L ¥ N NVFPGILIRUPWTNWADUVHSNUF S RV

GACCTCTTCCCGACCGTCTTTCTGCCTGACTACTTCATTCGTGCCATGATGCTCTTCTGGTGGGCGATGCCTGTATCA
D L F PTVFLPDY FI R AMMTLUT FMWWAMMEPUV S

TCTTTGATC TTCTTCCTGTTC TTCGGGTTCGGTGAAGAGGCAATGAAGGAGTACAGGAAGG TTGGGGCTTGGATCTCC
S L. I F F L F F GGF GEUZEW AMIE KET YURIKUVYVGAWTIS

CGAGTGATTCTCAGGAGGARAACCAACGAGAAGGGCGAATTGCTTGGATCGACCGGAAACAGgttagtectattttte
R VILRRIEKTNEI KTGETLTU LGS STSGN S

aategttggtggaccgtgogotgacttcaattactattagCCGTCGCCGCCTCCACCTCGTTGACCTCAAGARCARAA
R RRL HL VDL XK NIKN

ATGCCTCCTTGGGATCAATGATCAGTAAGCCAATCCCTGGCTCGTTTTGCAAGACTTCCCAGAGTCCTTCGGCGACCG
A S L G S M I S K PIPGST FCZKTSQSsSs P S ATV

TTGCTGGTAGCCCTCCTCCGTACAAGARGTCATTCGACGTCGTTTCTCCAGCCAGCACTTCCAATTGCTCCACCGTCG
A G S P P P Y KK S F DVV S PASTSNICSTVYV

TGAACGCCAACAGCCCACTCAAGAAGGCGAATGAGATCGATCTCGAAGCCGGGGACGATTTCTCGTACTACGCCCAAT
N AN S PLZXKI KA ANETITDTLEA AGTDU DTFS Y Y AQ S

CGAATGCCTCGACGGCCGCTCAAC TCGCTCCACCAGCCATGGT TGAGCGATCGTCATCGACTCGTTCCTCTGGTCCGT
N A S T A A QL A PP AMVEHZRS S S TURS S G P X

ACATCTCGGAGCCAATTCCCAGCCCAACGCTCTCCTACTGTTCCATCCTCTCACCTTCARCGGCTCCCTCCACCTCCG
I S EPIPSPTULS¢YCSTIULSUPSTA APSTSA

CGTTCTCCCCATCATCATTCCCCGAGTCTGTTGGTCCCGAC TCGTTGAACCGTGC TTCCGAGATGGATCTGGTGGAGA
F S P S S FPESVGPDSLNRASEMMDTLVE S

GTTACTACGAGATGCAGAGGGACATCCGGGARGAGGAGAL TAGGCGGACACACTTGCGCGGACCTGCCTCCCCCGCCT
Y YEMOQRDIURETEET®RRTHLIRGUPASUPAZX

ACCACAGGCCGTTCAGCCCARCTC TCTACCCTGTCGC TCTTCCCCATCCCGGCTCAGTACTGCCGCCTGTGAATGGCA
HRPPFSPTTL VY PV ALUPHU®PGSVLPUPUVNSGTI

TTCTGGTGACCGTGCACAGACAGGCCTCTGTCGATGAACTGCC TTCGACCCGTTCCTARGCGCCARTTCACGACTGCT
L VT VHRO QA ASVDETLU®PSTHRS -

ATTTCCCCCTGATGATC TTTCTTTGTC TCCATTCCACGATATCCCTTCACGAGTACGCACCCATCCAAACGACTCTGA
ACGCCATAACTTATGTCCTACGCCTGCACGAC TCTTCATTTCTTTGATACGC TACGGATC TAGATGATC TGGTTCATT

CACGCACCCGTTTTACGCTCATTTAT 2600
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B (rcb2)

ATCATGAGGAGGCCTCGAACGAATACATGACGCTACCGCAATTCTCGAAGCACAAAGGGCCAACACAATGGCGAAGTC
CCCAGGAGTGGTCAAGCACGACCAAACAGTCGACAGCACATGC TAGCGCAGACACGACGCTGCCATTAGGCGGTCCAC
AGTGGGTCAARCTTAGAGAAAGGATACATARCACCAACAATCGCCCCCTTCTCTAAGGTTGATGCTCGTCTAACTTGA
GCAGCGAACTGGAGCAGACTTTTGATGCGTACTTTGCCAAATAGGGATGCGCTGGCCGCGGTGCATAGCGTGAGAAGT
ATGACATAAACAATGGGTTTTTC TGTTTGGCTTGGCAGAAT TACGGCACAAACGACTGTGGCCAARCTCAGTAGGGCT
TTGTCCTCAGCCCATTGTCCCTTTCGCCATTGAGC TTGCCGATTCCTACATATACCCTCAATGGACACGATGGAACTC

ACGTCTAACGCCCCTTACGACCCTCTTTCACCATGCGTTATGAAATGCCCATTTGCGCTTTCCTCGCTGCCATCCTAG
M R Y EMUP I CAVFULAATITILYVY

TTCTCATCCCCCTTCCATGGCACTGGCGAGCCAAAAACATTCCTACTCTTTC TCTCAGCATTTGGCTTTTCGTCTCCA
L I PL P W HW®RMAIKNTIPTTULJ STU LS IWIULUFV SN

ATATTATCTACGGAGTGAACTCAATACTC TGGGCGGACAATTACGCTGTCAAGGTTCCAGTTTGGTGCGACATTGgt a
I I ¥ GV NS ILWADUDNYZYM AV KV PVWOCUDI

cgtcetttcatgecaccttecatotcaagattegagacgetgacetecaatccagTCACCAAAATCCAGATTGGGGCCAC
vV T K I @ I G A T

TCTATCGCTCCCAGCATGCTGTTTATGCC TCTGTATCCGTCTCGAGCGCATCGCCTCAACACGGGCAGCTAGCACCAG
L S L PACCLTCLTZ CTI®RILEZRTIMASTIRAABASTS

CGCCACCTCCAAACGGCGAACGGCCATCTTCGACGTTATGATGTGT TGGATTCTCCCCATGATCTACATGGCTGCTCY
A TS KR RTATIV FDUVMMOC®WIULPMTIZTYMAR AH-H

taagtgtcttcttcatatctataatgotcottttattaatcataccegecttetegegecagACTACATTGTCCARGG
Y I V. Q G

ACATCGCTTCGACATCGTGGAGGACC TCGGCTGCCGACCCTCAATCTACACTTCAATCCCTGCCATCTTTATCATATG
HRPDIVEDTILSGC CR®PSTIUYTSsSTIUPATITFTITI®W

GGTTCCTCCCTTTATCGCCATCTTCCTCACATTCTGCTTTGGAGgtaagtgegaaataccogtgetecacetigtece
v PPF I A I PFPLTTVFUCTFGSG

tgattgcgatccttctgacagGTGTTGCGTTGCACCATTTCTTCCGCCGCCGTCTCACCTTCGCTCGTCACCTCCAAA
VvV AL HHPFF RRRILTVFARIUHILDO QN

ACTCCAACTCCGCTATTACCCCAGCGCGCTAC TTCCGACTCATGGCAATGGCCATCACCCAGATGC TCTGGGGTGGAA
S NS A I TP ARZYTPFRILMAMATILTA QMTLWGGTI

TTGTCCTTTCTGTTAACGCGTGGATCACCTTCCGTACAGGCCTTCTGCCGTACACGAGCTGGGAGGATGTTCACTGGG
VLS VNAWTITTPFAIRTSGILULZPYTSUWET DVHUWGEG

GTTTCTCTCGTGTTGGGCAATTCCCTCTCATT TTCCTCCCTCGGTCCATGATTCCTTCATTATTCTTCAACTGGTGGT
F S RV GQPF PL I FLUPRSMTIUPSTILTFTFNW®W S

CGGTGCCTGTCTCAGCAC TCATC TTCTTTATC TTC TTCGGC TTTGGCCAGGAGGCCGTCAACGACTACCGCGCCGCAC
V PV SALTITFT FTIFFGTFGO QEA AVYVNDTYRAA AL

TGCGTCGCGTCAAGTCTC TG T TC TGGAAGCCTCGCCAGGARACCGARAAAATgtacgtegotatcagtatgtttggte
R RV K SLVFWIZ KUPRUGQETETZ KM

atggatttcgtctaacctttaatccccagGTCTCTACCTTCATCTGCTTCTAAGCTTTCACCTTTGCCCCCTTGGACT
S L P S S A S XKULSUPILUPZPWT

CCTCGCACTCCCGACGGGAAGTTCCCTTCAACTGCAACTCTGAACAGGGATACCACTATCTCACTTTCGCTTCCACTT
P RTPUDGIEKTPF?PSTATILNIRDTTTISTLSL P L

GATCTCCAITCCTCCGCTTCTTCAGACGCTACCTGCGTTGATCCGGACAGCCCCTCAAAGCAGACCTTTACGAGCAAA
DL HS SASSUDA ATTCVDU®PDSUPSsSKZQT F T S5 K

ACGAGTGCATTCACGAGTAACGTCTAGATTTCACGCATATCATTATTCATCCCATGTATCATCAACGACCGTCACAGC
T S A F T s N V -

TAGCTGTACTATTAATCATTCTAATCTTCGTTCACTTTTCATGTACTTTACGCACATTCACGGAAATTCATGCTCTTT

TGCTGGCTCATTTTACATAATTGGTGCGCTTTGGCGGGGTACAGATTCAACTTAATCGTACTTGGGGTGGT 2099
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C (rcb3)

GACCCCTCCCGGGGAGGCGCGGGGGCTAGGTCAAARGGGTTATGTATCTCAGTGTATC TTCCGGTAAATTCTGAGCAT
CTACGTGAATCCTCTTTACTATAAGTGTCAATAAGCGACAGGCGCCCTCTTTCCATGAAGGTTTATTAATTATTGGTT
ATCAAGCCGGGCATTCAGGAGTAAGGAGGAGAAAAGTC TGTAAGATGAGGGCCTACTGCCCTAACCGATGCGATATCC
TGTAAACCCCAGCGATGAGATTTCACGAGATGGC TGCAGGAGTC TGCGCGAGCGC TAAACCCAC TGAGAGGAGGGCCC
GCCCCCCGGGCCGAGTACAATAGGTCGGAGGTTGATTATATAATCAATGGACAACCTATTGACGCGCTCCTGGCCATT
GTTACACCCAAGATGATGCAGAACAAAGGCCTATGGAACCCTCAAAACCTCCAGATGCGAGACGCGAAATCATCGCTC

GTCCCCACCCACGATTTCCTTAGACGTCCATCATGTCCTCGTCACGAAAGCTGTCCTTCGACGACCCAACCTACCCCG
M 8 s s RKUL S F DDU&PTYUP A

CGTTCCCAGTCCTCTCTTTCATCGGCTTCGTCCTCGTTCTTATTCCTCTACCATGGCATC TTCAAGCATGGAACTCTG
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TGACARCACGAC TCGACGATTTCGACTCTAACGCACACTCGGAAGTCTARAGACGCCAATCTCCCCGTGGCGCGTATT
T T R L DD VF D S NAH S E V -

CCCGTAGCGCTGATGACCTTTTCTTTCCTTTCCCCCCGTTGTTCTCC TCTGGTTTCTGGC TCACGCATAARAAACGAR
GCGACCACAGATTCCGACTTGTATTATCTAGCACACACTCACATTCTTTACTTATTATTCACATTCACCGTCATGAAT
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Chapter 4

Figure 4.5 Alignment of the three predicted C. cinereus B42 receptors using PILEUP
(GCG, version 8.1). Predicted transmembrane helices are indicated by a dashed line.
Red, green and blue asterisks signify intron positions for Rcbl, Rcb2 and Rcb3

respectively.
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4.5 Gene organisation within the B42 and B6 loci

The parallel analysis of the B6 locus of C. cinereus (O'Shea et al., 1998) made it
possible to compare the gene organisation of B42 with B6. This comparison is given in
Figure 4.2. Both loci have the same number of genes and these are arranged in the same
order. The genes appear to be organised into three groups, each comprising a receptor
gene and two pheromone genes. The three groups have been designated 1, 2 and 3 and
the genes within each group are distinguished by these numbers, for example in group 1
the receptor gene is rcbl and the two pheromone genes are phbl.l and phbl.2. The
region of shared DNA homology that was shown to exist between B6 and B42 (shown
in red) covers one complete set of these genes at the right of the map. The region of
homology between B42 and the unsequenced B3 locus covers the entire middle set of
three genes. These sequences are not shared by B6 and B42. The third set of genes is in
a region of non-homology between B6, B42 and B3. Different colours have been used
in Figure 4.2 to distinguish the three groups of genes and where the shared DNA

homology exists.

The organisation of the genes into three sets suggests how multiple B mating types may
be generated in C. cinereus. If the three sets of genes are functionally redundant as well
as functionally independent, it would require only one set of genes to have different
alleles for mating partners to trigger a compatible pheromone-receptor interaction. With
four alleles of two sets of genes and five of the other, it would be possible to generate as
many as 80 unique allele combinations - more than the 79 predicted B mating
specificities present in nature (Raper, 1966). Functional redundancy is certainly the
basis of multiple B mating types in S. commune. In contrast to C. cinereus there appear
to be just two sets of multiallelic genes separated by some 3.5 map units into the

discrete o and f8 loci (Raper, 1966). As predicted for C. cinereus, it requires only one
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set of genes to have different alleles to promote a compatible pheromone interaction in
mating partners. There are nine allelic versions of each locus and a potential 81 unique

combinations that generate the 81 B mating specifcities known to exist.

4.6 Assay of pheromone and receptor gene function

The six pheromone genes and three receptor genes were separated by cloning smaller
restriction fragments to test the function of each gene by transformation. Genes were
introduced into B6 and B3 host strains and the results of this transformation analysis are

summarised in Table 4.2.

In order to interpret the data it is important to recognise which genes lie in DNA
sequences that are unique to the B42 locus and those which lie in a sequence shared
with B6 or with B3 (Figure 4.2). The three genes that comprise group 1, rcbl, phbl.1
and phbl.2 lie in the sequence shared by B6 but not B3. All three genes changed the B
mating specifcity of the B3 host but not the B6 host. Similarly, the three genes that
comprise group 2 lie in a sequence shared by B3 but not B6. All three genes changed
the B mating specificity of the B6 host but not the B3 host. These data are consistent
with the sequence homology results, which indicate that B6 and B42 share the same
alleles of the group 1 genes and B3 and B42 share the same alleles of the group 2 genes.
Where there is no DNA homology, loci have different alleles of the genes and different

alleles trigger a compatible B mating response in the host strain.

The B42 genes of group 3 are not in a sequence shared by B6 or B3. It would be
expected, therefore, that all three would change the B mating specificity of both host
strains. This was true for the receptor gene rch3, but not for the pheromone genes.

phb3.1 was only active in the B3 host whereas phb3.2 was only active in the B6 host.
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Table 4.2 Functional analysis of the nine genes at the B42 locus. Genes were
introduced into host strains having B6 (LT2) and B3 (LCO12) mating type specificities.

(+), indicates a change in host B mating specificity in 10-80% of the transformants. (-),
indicates no change in host B mating specificity.

Host strain specificity

Gene B6 B3
rcbl - +
rcb2 + +
rcb3 + +
phbl.1 - +
phbl.2 - +
phb2.1 + +
phb2.2 + +
phb3.1 - +
phb3.2 + -
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Clearly both genes are functional, and failure to activate a receptor in one of the host
strains cannot be attributed to DNA-homology and homoallelism. Interestingly, in S.
commune, where the Bal and Bf1 loci each have three different genes encoding

pheromones, it is found that genes may be active in some allelic backgrounds but not in

others.

The results of the transformation experiments provided evidence that a single
pheromone or single receptor gene can alter the B mating specificity of a suitable host
strain. The results are also consistent with the prediction that there are three groups of
functionally independent genes within the B locus and a gene can only trigger B-
regulated development if the host and donor have different alleles of the gene. In the
next chapter, experiments will be described that provide further evidence to support this

model for the origin of multiple B mating specificities in C. cinereus.
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Organisation of the B mating type locus

5.1 Introduction

A molecular and functional analysis of the A locus by (Pardo et al., 1996) demonstrated
that multiple A mating types were derived from three sets of functionally redundant
genes. Each set contains two genes, whose multiple allelic versions could be combined
into different combinations to generate some 160 A mating specificities. The organisation
of the genes within the B42 and B6 loci suggests that multiple B mating specificities are
also derived from three sets of genes, each set in this case comprising three genes. This
chapter describes experiments designed to demonstrate that different B mating type loci

may share alleles of one or two of the sets of genes identified in the B6 and B42 loci.

Transformation experiments with single cloned genes from B42 showed that a single
pheromone or receptor gene was generally sufficient to change the B mating specificity of
the B6 or B3 host, provided that the donor genes lacked sequence homology to
corresponding genes in the host genome. in the host strain. It was concluded that where
there was no homology, the the host and donor had different allelic versions of the genes
and that these were sufficiently different in sequence to be unable to cross-hybridise in
Southern blots. Where there was shared DNA-homology, the genes were unable to

change the B mating specifcity and they were assumed to be homoalleles.
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In the analysis of the A locus, it was possible to take advantage of naturally deleted loci to
generate a partially null background into which genes could be introduced to test for
precise gene interactions that promoted development. It would be very difficult to
generate similar partially null backgrounds to test interactions between the B genes
because of the size of the locus, the very low frequency with which gene replacement

occurs (> 1 in 500) and the lack of a phenotype with which to recognise such low

frequency disruptions.

The analysis of the B locus described in this chapter is based on a correlation of
hybridisation analysis, in which shared DNA-homology indicates that genes are
homoallelic in different loci, and transformation, which detects whether or not the genes
are homoallelic or heteroallelic based on their ability to change B mating specificity in the
host. Strains used contained the following B loci, BI, B3, B5, B6, B40, B41, B42, B43
and B44.

A fundamental requirement of peptides and receptor proteins encoded within the same
locus is that none of the six pheromones are able to activate the three receptors. With
three functionally independent sets of genes, the specificity problem is reduced to the
three genes within each set. The three genes within each set must constitute an allele
complex analogous to the receptor and pheromone genes found within the al and a2 loci
of U. maydis. This implies that the complex cannot be disrupted by genetic
recombination and the same alleles of the genes are always found together. The first
objective in the analysis of the B locus was to establish that where shared alleles could be

detected in different B loci, known alleles of all three genes remained together.
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5.2 Southern blot analyses to detect shared alleles of genes in different B

loci

Small probes specific to each of the nine B42 genes and the six different genes present in
groups 2 and 3 from B6 (Table 5.1) were used to probe blots of HindIIl cut genomic
DNAs of the nine strains having different B mating specificities (Figure 5.1). The results

of this analysis are summarised in Figure 5.2.

The prediction that the three genes in each group are kept together as an allelic set is
strongly supported by the data. The rcb1842, phbl.1842 and phbl.254? sequences
hybridised to genomic DNAs from strains having BI, B5, B6, B42 and B44. None of
the three genes hybridised to genomic DNAs from the B3, B40, B41 and B43 strains.
This suggests that BI, B5, B6, B42 and B44 all share the same allele complex of this set
of genes but that B3, B40, B41 and B43 have a different allele complex. Similarly, the
three probes used to identify the group 2 genes in B42, all hybridised to genomic DNA
from the B3 strain indicating that all three genes are present in the B3 locus. These three
genes were not, however, detected in any of the other DNAs. The relatively weak signal
detected on hybridisation of phb2.1842 to B3 genomic DNA (Figure 5.1A) may be
explained by two possible factors. Firstly, the amount of genomic DNA from the B3
strain on the gel was lower than that of the B42 strain (photograph not shown), and
secondly the exposure time was limited due to a background of non-specific
hybridisation. The probes representing the three group 2 genes from B6 only hybridised
to DNA from a B6 strain, indicating that these alleles were not present in any of the other
B loci. This was also true for the B42 alleles of the group 3 genes. The group 3 genes
from B6, however, all hybridised to corresponding genes in the B40 and B41 loci. The

data is summarised in Figure 5.2.
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Table 5.1 List of the DNA fragments used for the hybridisation analysis

Locus Gene Plasmid Fragment used as probe
B42 phbl.1 pJH3 1.7kb Hindlll

B42 phbl.2 pJH38 900bp EcoRI

B42 rcbl pJH39 2.6kb PCR product
B42 phb2.1 pJH31 1.0kb HindIlI-Sall
B42 phb2.2 pJH25 1.8kb HindllI-EcoRI
B42 rcb2 pJH30 1.6kb Hindlll-Sall
B42 phb3.1 pJH26 1.0kb HindIlI-Pstl
B42 phb3.2 pJH10 1.4kb HindlII-EcoRI
B42 rcb3 pJH33 1.6kb Pstl

B6 rcbl pSB6-18 1.0kb Sall

B6 phb2.1 pSB6-30 900bp PCR product
B6 phb2.2 pSB6-34 2.1kb EcoRI

B6 rcb2 pJB6-29 RT-PCR product

B6 phb3.1 pCB6-33 2.1kb Xhol-BamHI
B6 phb3.2 pSB6-36 1.3kb PCR product
B6 rcb3 pSB6-32 400bp HindI11-EcoRI
B3 B3L pJHA43 2.6kb Pstl-Sacll

B3 B3R - pJH44 2.3kb Pstl-Sacll
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Figure 5.1 Southern blots of HindlII digested genomic DNA of C. cinereus strains 218
(BI), LCO12 (B3), TC4 (B5), LT2 (B6), LCO7 (B40), LCO5 (B41), LN118 (B42), AT8
(B43) and NL1 (B44), probed with cloned DNA sequences containing (A) phbl.1,
phbl.2, rcbl, phb2.1, phb2.2, rcb2, phb3.1, phb3.2 and rcb3 pheromone and receptor
genes from the B42 locus, (B) phb2.1, phb2.2, rcb2, phb3.1, phb3.2 and rcb3 from the
Bé6 locus, (C) B3L and B3R from the B3 locus.
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The results of the hybridisation analysis clearly indicated that the three genes in any one

group are kept together as an allele complex. If one of the genes was detected in another

B locus, the other two genes were also detected.

The data summarised in Figure 5.2, assumes that there are three sets of genes present in
all B loci and that their relative positions are conserved. The fact that B42 and B3 appear
to share the middle set of genes provided an excellent opportunity to test this prediction.
It was possible to clone the sequences flanking the group 2 genes present in B3 and to
show that these were of the predicted size to contain the group 1 and group 3 genes. It
was also possible to demonstrate that they contained genes that conferred B mating
specificity in transformation experiments, and that these sequences could be detected by

hybridisation in some but not all other B loci.

The strategy used to clone the group 1 and group 3 genes from the B3 locus was based
on the homology that was shown to exist between the group 2 genes of the B3 and B42
loci and the homologous sequences flanking the B3 locus which had been identified and

sequenced by (O'Shea, 1995).

Four PCR primers were designed that could be used to amplify the sequences of interest.
The strategy is illustrated in Figure 5.3. In order to amplify the group 3 genes from B3,
one primer was designed to anneal to the homologous border to the left of the B locus,
and the other primer was designed to anneal to the phb2.2 allele which is shared by B3
and B42. One of the primers annealed to the phb2.2 allele shared in B3 and B42 and this
together with a primer that annealed to the homologous border to the left of the locus was
predicted to amplify a fragment containing the group 3 genes from B3. The other two
primers annealed to the shared rcb2 allele in B3 and B42 and the homologous border to

the right of the B locus and were predicted to amplify a fragment containing the group 1
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genes from B3. Genomic DNA was isolated from the strain LCO12 (A2B3) and used as
template for PCR amplification. Products from both amplifications were cloned into
pGEM-T Easy (Promega) to give plasmids pJH43 and pJH44 containing the left (B3L)
and right (B3R) regions of the B3 locus respectively. The ends of the cloned fragments
were sequenced using the amplification primers and the data confirmed that the correct

products had been amplified and cloned.

Each group of pheromone and receptor genes within the B6 and B42 loci extends over
some 5-6kb of DNA sequence. The fragments amplified by PCR were 8.5kb (B3L) and
9.0kb (B3R) respectively, which would be a size expected to contain three genes and the
flanking sequences of the adjacent genes of the B3 locus. To test whether the sequences
isolated contained B-specific sequences that might be present in other B loci, restriction
fragments that derived from the internal region of the amplified sequences were used to

probe the filters used previously to identify shared B42 and B6 genes in other B loci.

The B3L probes hybridised to homologous sequences in the genomic DNAs from B/,
B3 and B44 strains but failed to hybridise to the other DNAs. The B3R probes
hybridised to genomic DNAs from B3, B40, B41 and B43 strains. This pattern of
hybridisation would be consistent with the B3 locus sharing the group 3 gene alleles with

BI and B44 and the group 1 gene alleles with B40, B41 and B43.

The predicted allele constitution of the nine strains represented on the Southern blots is
presented in Figure 5.4. It is particularly interesting to note that there appear to be only
two allelic versions of the group 1 genes. Five of the B loci tested contain the alleles
present in B42 and B6 whereas the other four loci share the alleles present in B3. Three
of the B loci share the alleles of the group 3 genes found in B6, and three share the alleles

of these genes present in B3. For BI and B44, only the group 2 genes can have different
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alleles and confer the differences in B mating specifcity. This should also be true for B40

and B41 which also appear to share the same alleles of the group 1 and group 3 genes.

5.3 Transformation of cloned genes into host strains having five different

B mating specificities

A correlation between DNA homology and failure to activate B-regulated development in
transformation was noted in the transformation experiments in which B42 genes were
introduced into B6 and B3 host strains. A more extensive analysis was now undertaken
to correlate the results of the Southern blot analyses summarised in Figure 5.4 with the
ability to change B mating specificity following transformation. All the B42 and B6 genes
were used in this analysis together with the B3L and B3R fragments from the B3 locus.
The five host strains used had B1, B3, B6, B40, and B42 mating specificities.Table 5.2
summarises the results of the hybridisation analysis and the transformation analysis for

all cloned sequences tested.

It is evident that there is an almost complete correlation between ability of a gene to
change the B mating specificity of the host strain and lack of DNA homology between
host and donor DNAs. For example, the cross-hybridising group 1 genes of B42 and B6
also hybridise to corresponding genes in the BI locus and none of the genes can activate
the B pathway in the B/ host. They can, however, activate the B pathway in the B3 and
B40 hosts which lack homologous gene sequences. In contrast the B3R sequence fails to
hybridise to BI, B6 and B42 genes but can activate the B pathway in hosts having these
specificities. The B3R sequence is found in B40 and, as expected, cannot activate the B
pathway in a B40 host. The only exceptions to the predictions made on the basis of DNA
non-homology involved two of the pheromone genes from B42, phb3.142 and phb3.2+.

Neither of these genes is present in B6, B3 or BI, but phb3.14? was unable to activate the
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Table 5.2 Comparative hybridisation and transformation analysis of the cloned B genes
in B42, B6, and the uncloned loci B1, B3 and B44 . H, positive hybridisation and T,
fused clamp cell formation after transformation and mating with tester strain.
Transformation experiments yet to be completed are left as blank spaces.

Host strains

218 LCO12 LT2 LN118 NL1
(B1) (B3) (B6) (B42) (B44)

Gene Origin H T H T H T H T H T
phbl.1 B42 + - - + + - + - + -
phbl.2 B42 + - - + + - + - + -
rcbl B42 + - - + + - + - + -
phb2.1 B42 - + - + - + + - - +
phb2.2 B42 - + - + - + + - -

rcb2 B42 - + - + - + + - - +
phb3.1 B42 - + - + - - + - - +
phb3.2 B42 - - - - - + + - -

rcb3 B42 - + - + - + + - - +
phbl.1 B6 + - - + + - + - + -
phbl.2 B6 + - - + + - + - + -
rcbl B6 + - + + - + - +

phb2.1 B6 - + - + + - + - +
phb2.2 B6 - + - + + - - + - +
rcb2 B6 - + - + + - - + - +
phb3.1 B6 - + - + + - - + - +
phb3.2 B6 - + - + + - - + - +
rch3 B6 - + - + + - - + - +
B3L B3 + - + - - + - + + -
B3R B3 - + + - - + - + - +
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B pathway in a B6 host and phb3.242 was unable to activate the B pathway in the B3 and
B1 hosts which share the same alleles of group 3 genes. This unexpected behaviour of

the phb3.1 and phb3.2 genes will be discussed in Chapter 7 when the sequences of B6

and B42 genes will be considered in more detail.

Without a B-null host in which to test the compatible gene combinations that activate B-
regulated development it is not possible to prove conclusively that the three sets of genes
within the B locus are functionally independent. However, the data summarised in Figure
5.4 and Table 5.2 argue strongly that they are. The ability to activate B-regulated
development following transformation is dependent on the host not having the same allele

of the transforming gene and not on which other genes may be present.

Assuming that the B mating type locus derives its many specificities from three sets of
paralogous genes in the same way that the A mating type locus does, it would require
only four alleles of two sets of genes and five of the other in order to generate the
predicted 79 B mating specificities. The data obtained in this study suggest that there may
be two alleles of the group 1 genes, at least four alleles of the group 3 genes but many

more alleles of the group 2 genes.

5.4. Regulation of the B genes in response to pheromone stimulation

Northern analyses described in Chapter 3 showed that transcription of the majority of the
B genes was induced when A-regulated development was activated. A parallel series of
experiments tested the effect of pheromone stimulation on B gene transcription. In these
experiments RNA was isolated from monokaryons and from a strain that was
heterozygous for the B mating type genes (B-on;B6/B42, JH2). The probes were more

specific and were designed to identify only the transcripts of the six pheromone genes.
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Transcripts of four of the genes, phb3.1, phb3.2, phb2.2 and phbl.1, were barely
detectable in RNA obtained from the monokaryon but showed strong induction in the B-
on mycelium. This pattern of regulation would be expected if, as in the yeasts, S.
cerevisiae and S. pombe, pheromone stimulation acts to amplify the signal by increasing
the level of transcription of the pheromone and receptor genes. This is also true for U.
maydis (Hartmann et al., 1996; Urban et al., 1996). Transcription levels of phb2.1 and
phbl.2 were not as expected. phb2.1 was equally transcribed in both mycelial types but
phbl.2, surprisingly, was actually down-regulated in the B-on mycelium. Illustrated in
Figure 5. 5 are representative autoradiographs to show the transcripts of phb2.2, phb2.1,
phbl.2 and phbl.1. The unusual regulation of two of the pheromone genes is not easy to

interpret and presumably relates to the position of regulatory squences which have yet to

be defined.
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Identification of a membrane spanning transport protein within
the B42 locus

6.1 Introduction

This chapter describes the identification of a tenth gene within the B42-specific DNA
sequence that flanks the B42 pheromone and receptor genes. This gene was shown by
sequence analysis to be a membrane-spanning transport protein belonging to the major
facilitator superfamily (MFES). It is not known whether this gene has a role in mating type

gene expression or whether its position within B42-specific DNA sequence is fortuitous.

The hybridisation analysis used to identify the borders of the B42 and B6 loci revealed
that there was a region to the left of the pheromone and receptor genes that was still B42-
and B6-specific, yet did not confer any mating type specificity in transformation
experiments. Particularly puzzling was the fact that this region extended for 17kb in the

B42 DNA but only 6.5kb in the B6 DNA (see Figure 6.1).

6.2 Identification of a tenth transcript derived from B42-specific DNA

To determine whether the B42-specific sequence contained genes other than those
encoding the pheromones and receptors, a search for other transcripts was initiated using
the eight fragments detailed in Figure 6.2 as probes onto northern blots. Only three

probes identified transcripts. The 3.9kb EcoRI fragment present in pJH14 hybridised to
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the phb3.2 pheromone gene transcript. The two other fragments, a 2.9kb HindIIl
fragment in pJH2 and a 0.8kb HindllI fragment in pJH6, identified a 2.0kb transcript.
Although the size of the transcript was similar to that of the receptor genes, there was no
clear difference in regulation in response to activation of the A- or B-regulated pathways
of development (Figure 6.2). Moreover, the large 4.2kb BamHI fragment (pJH22) which
covers the entire region from which the transcript is derived failed to display any B42-

specific mating type function when introduced into a B6 or B3 host.

6.3 A gene within the B42 locus encodes a putative drug efflux pump

The 4.2kb BamHI fragment containing the additional B42-specific gene was sequenced
in order to look for possible open reading frames. The fragment was partially digested
with DNAase I, and 500bp-1kb fragments size-selected for cloning into pUCIS.
Sequence data derived from 24 clones were aligned into a contiguous DNA sequence

covering the region of interest using the GELASSEMBLE program (GCG, version 8.1).

Attempts to isolate a cDNA sequence corresponding to the C. cinereus gene using the
RT-PCR approach were unsuccessful, and for the present the amino acid sequence of the
protein remains tentative. The coding sequence of the gene was deduced using the
conserved splice borders to predict where the introns were located and BLAST searches
to predict protein homologies. The deduced ORF encodes a protein of 546 amino acids

and the complete sequence is shown in Figure 6.3.

A BLAST search (Altschul er al., 1997) of the translated sequence revealed significant
identity (BLAST E value < 2¢-%) to several bacterial and fungal proteins. The strongest
identity was with Yan6, a hypothetical 63.5kDa protein from Schizosaccharomyces

pombe which has yet to be characterised. Other strong identities were found with the
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product of the TOXA gene of the plant pathogenic fungus Cochliobolus carbonum (Pitkin
et al., 1996) which is a proposed HC-toxin efflux pump and Bmr3, a multidrug
transporter from Bacillus subtilis (Ohki and Murata, 1997). The search also revealed
significant similarity to two other characterised proteins: Sgelp, a protein conferring drug
resistance in Saccharomyces cerevisiae (Ehrenhofer-Murray et al., 1994) and LirA, a

protein which confers low-level fluoroquinolone resistance in Mycobacterium smegmatis

(Takiff et al., 1996).

6.4 The B42 gene appears to encode a member of the major facilitator

superfamily

The discovery of a gene encoding a putative multidrug transporter was initially exciting.
The presence of a CaaX motif at the carboxy-termini of the pheromone precursors
suggests that the pheromone will be isoprenylated and by analogy with the isoprenylated
a-factor of S. cerevisiae and M-factor of S. pombe, the mature peptide would be expected
to be secreted across the the cell membrane. Mature a-factor and M-factor are not secreted
by the classical secretory pathway but are actively transported across the membrane by an
ABC (ATP-binding cassette) transporter. This protein is encoded by the STE6 gene of S.
cerevisiae and the maml gene of S. pombe (McGrath and Varshavsky, 1989; Christensen
et al., 1997). Ste6p and Mam1 belong to a superfamily of proteins that have a wide range
of substrates that include small hydrophobic drugs and which use ATP-hydrolysis to

pump these molecules out of the cell (Higgins, 1992).

A more detailed analysis of the B42 gene, now designated mjfs], indicates that it belongs
to a different family of transporters from the a-factor and M-factor transporters. The C.
cinereus protein lacks certain consensus sequences found in ABC proteins (Decottignies

and Goffeau, 1997), and the proteins that were identified as homologous to Mfsl in
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(mfsl)

GTGGGCACATAAATGC CATCAATGGCTTTGGGCAACAACGCCAAACTGTCCCAGTTCCGGTATCGCTACTTGATTCTT 79

CCATCCTTCAACGTACGTCTCGCGCAGCTGCTAGAAGC ATTTTTTTTTATCGCCATGGTCCGCAACAAAAGAATTCGA 156
TGCTCCACACACAGCTGTGCACACAAACGTTCTTCCTGGACTCGAACGCACCCACACACCTTAAACTAGTCGACAGTT 234
TCGCCGCTTGAACAGCGACGACCACAACCCTGGCACTACTTTCCGAACTCGTCGCATTGGCCGATCCACCTAGATACG 312
AACCGAAACAGCTTCGATGATACATCTTTATTGAGACGTAATCCACACCGCCTACTCTCGTTCTGACGTTCTTITGGTG 390
TGTCCCCACAAATARGGC CACCTGCATGGTCAAACACAGCATCGATCTCGGAGAAGAAGCTTATAGGAGAGAAGGAAT 468

CTCTCACTCGTCCACCARACCCTGMCTTCGCCATGACCACCTATGCCTCTGAATCCCGAGAGCAACGCCTAGGACCTC 546
M T T Y A S B S REBE QRL G P P

CAAGTCCTAGTGGGAMAAAGGGGGCCAGGTTTTGGCTCATATTTGC GTCTCTCAGTGTCACCCTGTTCCTCAGCGCTC 624
S P S 6 K X GARVFWULTITFASTILSUVTTULTFTILSAIL

TTGACTACgtaggtcgttoctccaatgatcacgttcogogcetaatacotttgttagACCGCTCTCGCCTCCGCGCTTC 702
DY T AL A S A L P

CTGTCATTGTCCATGATTTGAAGGGCTC GGAC’ITCI'CG‘I’GGG’ITGGMCI‘GCATATGCthaaqtgtt ccagcgcara 780
VI VH DL K G $§ D F S W V GTAY

ttacccegtcecactttcaagttctaatcagactagCTCTCGTCGACGGCGTTCCTGCCCATGAGTGGCGGACTTGCTC 858
L §$ $S T A F L P M S GG G L A Q

AGATTGTTGGAAGGCGAATCGCGTTTATCATCGCGC TGGGCTTCTTTGCACTGGGARGTGCGCTATGTGGAGCGGCCA 936
I VG R RTIATFTITIALGT FVFATILGS SATLTCGA AR AR

GATCGATGAATTGGCTGATTGGTGCTCGGGgecacgt cgttcccatt cgaanaggecggtttgaagactgacgtttctca
S M N W L I G A R

gCGATCCAGGGTGTGGGCGGGGGCGCCATCATCTCATTGGCAAGCATCGITATTAGCGACTTGgtaagecttteccga 1094
A I Q 6V GG G AI I SLASTIUVI S DL

ctgactqaggntttcuctcatcatttcqttcanTCAC'I'I'I‘GCAGGAGCGM‘:GAACCI‘ACMCGG!I’ITGC‘ITGGAA 1170
L QO ERGTUYNGILTL G M

TgtacgctttggcatceccttcaaactggttgtttgtctaacagtgactctactagGACCTGGGCTGTGGCGGTTGCTC 1248
T W A V A V A L

TTGGCCCCATTGTGGGAGGCGCTCTAGCAGAGAACGGGGCATGGCGTTGGCTTTTTTgtaggacaaattacatccate 1326
6 P I V 6 G AL AB NG AMWR RMWTILF

caancatnttgactgacgcgaatqgntngA’IY.'ICMCClCCCGATA’IG‘I‘GCGGTCI‘CGTI‘CA‘ITCI‘CGTCGII‘CGTCT 1404
L NL P I CA V S F I L V VYV F

TCATGTCACTTCCAACGCCTGCGGGAACGTTCAAAGAAAAGTTTTTTGCAATGGACTGGATgtaagcatggttattte 1482
M S L P T P A G TV F KEKUVFVFAMDWI

agattcgccctcccacactga.actg'tctgttag‘l‘G(Yl‘AATITCCTTGrCATrGGCAGCTCGAGTGCAC’ITGTCATCGC 1560
N F L VvV I G S S S A L V IA

TCTTACTTGGGGAGGT GGTCGGTATGGATGGGGCGAAGCCCCAGTTCTGGTICCGTTARTTCTTGGAATCGTTGGCTT 1638
L T W G 6 6 R Y G W GG EAUPUV LV PLITULGTI VG L

GGTAGTTTGGCTATTTTACGAGGTCAAATATTCTTCACATCCGACCgt aagt tgataagtcgattggegttetecect 1716
V VW ILPFVYZEJVI KTYTSSHTPT

tcaacccagctgatttthttcaqGI‘lGCCCCCGM’l'I‘ACTCGGAMCCGMCGAGCG’IGTCCGthntqctcgcttc 1794
A P ELIL G NUZRT SV

acntcttctnttggtctaeatnatctcnctttgtctangTTATCTACAGG'ITITCITCMCPCAGTCATCGI'I‘GTCGC 1872
L Q V F F N § V I V V A

’I'I‘GGG’I'C'I'gtqaqtgnuaagtqaccttttcataaqcatgttgttgactatccattcacgcagACI‘ACA‘I‘GCCCG’I‘GT 1950
W Y M P V ¥

ACTTCCAGGCCTGCAAGGATGCTGGCCCTATCCAGTCCGGAATCGATATGTTTGGAGGAACTTTGTCTATCGGgtacg 2028
F Q AC X DA G P I QS 6 I PMVF 6 GTUL S IG

tagattgctgactcctttcgatgettaacgageataacatcttgatttcaagTCCGTICATCEGTCCTCGCTGGGGTTA 2106
P FI VL A G V s

GCGTGACAGTTTTGAAGATTTACCGTCCACAACTATGGATTGGCTGGGTCCTTCTGACTGCCGGAATGGGAATTATGG 2184
vV T V L K I YR P QL W I G W VL L TAGMSGTMM G

GCCTATTGAGAGCAAATACACCGCTCGCCCAAGGAATCGGGTTCTCAGTAATCATCGCATCCGGCGCCGGCATGATAT 2262
L L R ANTU PULAQGTIGT F SV ITITASGAGMMTITF

'lY:thagqacatttctttatcacctqqttgqaathacgttcntcatcmgtttagCGGI'I‘ACI'I‘ACl'ICCC'IG‘l‘CCI‘ 2340
A VT YU F P VL

ATCCCCGCTTCCGGTTACATTGAACGCCCAAGCATTGGCGCTGTTCGCGTTTACGCGTGCGCTTGCCCAGgtacgett 2418
S P L PV TLNA A OQALA ATLTFATFTIRALARADQ

ctccttgctcathcgtttcgcatctcattttgggtgccnttagA'I'I'I‘GGGG'I‘ATI‘GCCTI‘CGGMGCGCGATI‘CI’M 2498
W 6 I AF 6S A I L T

CGAATGAACTGAAGAAGTAC CTTCCCGATCAATATGTTCAGTTCGCCGCCGGGGGCATTGAGAAGGTGTATGCICTCA 2 576
N E L K X Y L P D Q Y V QF AA G G IRKUVYATLTI

TPCCTGAGATCCCCGCCCTACCTGCCCCTTTGAAGC AAGAAGTT CAGTAC GCCTTTGGCGAGAGTATTCGCCCAATTT 2652
P E I P AL P A PLXUOTEV QYA ATFGESTHRUPTIW

GGTACACTCTTGCCGGGATCGGTTTCCTTGGCCTGGTATC G CGGCGCTGATGAGGGATATC CCTTTGCACAATTACG 2730
Y T L A6 I G F L G L V S S ALMZBRDTIZ®PTILUHNYYV

TGGACGAGCAATGGAAGTTGGAAGAGAAAAATTC CAACGGAAGTAACGTGGTCTTGAARAACCAGACTGATGTCGATA 2808
DBQWKLBEKNSNGSNVVLKNQTDVDI

TCGAAGAAGTCCGTCATTAGGATGGACGTAGGACCGCTCGTTTCACTTTCTACCTGATCACTCCATGTTCTTCATCTC 2886
E E V R H

GAGGTCGCGCACTCCCATTTGTATTTAACATC CCTCATTACTACAATGATCACCATGCCTAC CCCCTAATAGCATAAA 2964

TGTAACCTTTTGGCATCATAGGCATCGACGATCTGC CACATTCACGGGGTCTGTGCGGGTCITG 3028

Figure 6.3 DNA sequence of the C. cinereus mfsl gene. The predicted protein

sequence is given in one letter code and the introns are indicated in lower case.
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BLAST searches do not belong to the ABC superfamily. The mfs] gene product clearly
belongs to a different class of transporters known as the major facilitator superfamily
(MFES). This superfamily includes the drug resistance proteins, sugar facilitators,
facilitators for Krebs cycle intermediates, phosphate ester-phosphate antiporters and

oligosaccharide-H* symporters (Marger and Saier, 1993; Lewis, 1994).

The MES transporters contain 12 or 14 transmembrane helices. Unlike the ABC
transporters which utilise ATP hydrolysis, members of the major facilitator superfamily
couple substrate transport to a proton electrochemical gradient (proton motive force). The
C. cinereus Mfs] protein is predicted to have 14 transmembrane domains. It also contains
two consensus sequences present in multidrug transporters, the drug translocase
consensus sequence GXXXDReXGRy (Rouch et al., 1990) and a drug consensus
sequence GXhyhyGPXXGG (Yamaguchi et al., 1992) (X is any amino acid, hy is a
hydrophobic amino acid) (Figure 6.4). They also contain a WRW motif just in front of
the sixth transmembrane domain which is conserved in the members of this superfamily
found in S. cerevisiae (Goffeau et al., 1997). The alignment shown in Figure 6.4 reveals
one further conserved motif, FXXNLPIGA. The data presented in this chapter provides
good evidence for the presence of a gene encoding a membrane-spanning transport
protein within a DNA sequence that forms part of the B42 locus of C. cinereus. It would
require gene disruption to ascertain whether this gene has a role to play in pheromone

function or whether its location within the B42 locus is incidental.

A similar gene (mfs2) has been identified within the corresponding 6kb of B6-specific
sequence to the left of the B6 pheromone and receptor genes (Halsall and Chaure,
unpublished data). The presence of this transporter is thus a general property of C.
cinereus cells, and not unique to cells with a B42 mating type locus. Hybridisation

analysis using the B6 gene as a probe to genomic DNA from all nine available strains
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Figure 6.4 Alignment produced using PILEUP (GCG, version 8.1) of the deduced
amino acid sequences of the msfl gene product from the B42 mating type locus of C.
cinereus, Yan6 hypothetical protein from S. pombe, Bmr3 from B. subtilis, the TOXA
gene product from C. carbonum and Sgel from S. cerevisiae. The positions containing
identical amino acids in all five sequences are indicated by a ¢. The positions where two
or more sequences share the same amino acid as Mfs1 are indicated by an asterisk. The

translocase consensus sequence is shown in red, the drug consensus sequence 1s shown
in green, and the WRW and FXXNLPIGA motifs are shown in blue.
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having different B mating specificities, showed that this gene was present in all but the
B42 strain (Figure 6.5). It seems likely therefore, that the gene generally lies within the
homologous flanking sequence of the B locus rather than within the locus itself. Perhaps,
as a result of a DNA rearrangement, the gene at some time became translocated from
homologous flanking region into the unique DNA sequence of the B42 mating type
locus. Flanked by B42-specific sequences its chance of being recombined into other
genomic backgrounds would be reduced and there would then be no selection against the
accumulation of nucleotide substitutions that have little effect on gene function. Over the
course of time, a sufficient loss of DNA sequence homology would occur with the result
that the B42 gene would no longer cross-hybridise to other alleles of the gene and would

remain trapped in its current position.
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Discussion

The B mating type genes of the homobasidiomycetes play an essential role in the
recognition of a compatible mating partner. The fusion of compatible monokaryotic cells
leads to a reciprocal exchange of nuclei and the migration of donor nuclei through the
established monokaryotic cells of the recipient. A compatible B gene interaction is
required to promote this nuclear migration. Migration is rapid and necessitates the
enzymic disruption of the complex dolipore septa that normally prevent movement of
organelles between cells. Once the dikaryon has been established, the B genes continue to
play an essential role in maintaining the characteristic growth of this mycelium. Division
of each apical cell of the mycelium involves the accurate distribution of the two nuclei that
constitute the dikaryotic pair. In C. cinereus and many other species including
Schizophyllum commune, this involves the formation of the clamp connection through
which one of the daughter nuclei must pass to join its partner in the newly formed
subapical cell. Compatible B genes are essential for fusion of the clamp cell to the

subapical cell.

This study has helped to establish that the B mating type genes encode components of a
signalling pathway, namely peptide mating pheromones and their transmembrane

receptors. Molecular cloning of the separate Bal (Wendland ez al., 1995) and
Bp1(Vaillancourt et al., 1997) loci of Schizophyllum commune, and the B6 (O'Shea
1995: O'Shea et al., 1998) and B42 (this study) mating type loci of Coprinus cinereus

has provided the essential sequence to identify gene functions. It has, moreover, revealed
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that these loci contain large gene complexes with a considerable degee of functional

redundancy.

Pheromone signalling in mating plays an essential role in other fungal species. In the
unicellular yeasts, Saccharomyces cerevisiae and Schizosaccharomyces pombe, mating
cells secrete peptide pheromones as chemoattractants. Binding of the pheromone to
receptors on a compatible cell of different mating type elicits the major changes in gene
expression that permit cell fusion. Finally, in the hemibasidiomycete Ustilago maydis
which, like the homobasidiomycetes, sequesters the genes encoding the pheromones and
receptors into a mating type locus, also secretes pheromones that play an essential role in
preparing cells for fusion. Like the yeast species, there only two versions of the

pheromones and receptors in U. maydis.

The homobasidiomycetes are unique in that the pheromone signalling pathway appears to
be activated only after cells have fused. The components of the pathway are also unusual
with several muliallelic genes encoding an array of B mating type specificities. Providing
mating partners have different alleles of the B genes, the pheromone response is activated
and B-regulated development takes place. A considerable degree of specificity on the part
of the pheromones and receptors is required to discriminate incompatible products from
compatible ones, a level of complexity that is found in higher eukaryotes (Dulac and

Axel, 1995) but not in other fungal species.
7.1 Organisation of the B locus
At the outset of this project little was known about the molecular structure of the B locus

of C. cinereus. Unlike S. commune, there was no genetic evidence to suggest that the B

genes might be separated into two discrete loci (Haylock et al., 1980). Attempts to
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demonstrate recombination had proved unsuccessful. It seemed likely, therefore, that the

genes would map to a single complex locus.

The B6 locus was isolated by O'Shea (1995) using a genomic subtraction technique. The
prediction was made that the multiple alleles of the B genes, like those of the A genes
(Pardo et al., 1996), would share little DNA sequence homology and thus fail to cross-
hybridise. Excess sheared genomic DNA from a B3 strain was used to subtract out all
common sequences from enzyme digested genomic DNA derived from a B6 strain.
Sequences unique to the B6 strain were then recovered by cloning into a suitable vector
followed by transformation into Escherichia coli. A fragment of B6-specific DNA
recovered identified cosmid clones in which the region of DNA non-homology between
B6 and B3 was shown to extend over 17kb. In this study, the B42 locus was isolated
using a homologous sequence from the border of the B6 locus to identify the first of a

number of overlapping clones covering the entire B42 locus.

DNA sequence analysis was used to identify nine genes that confer B42 mating
specificity. Six of these encode pheromone precursors and three encode transmembrane
receptors. The parallel analysis of the B6 locus identified the same number of genes, six
encoding pheromone precursors and three encoding receptors. A BLAST search showed
that the three receptor proteins encoded in each locus had significant homology to the
Ste3p receptor of S. cerevisiae and the Mapl receptor of S. pombe. In the yeast species
there are two receptor proteins corresponding to the two different mating types. Whilst
they have a common tertiary structure, the DNA sequences are quite dissimilar. Ste3p and
Mapl1 are activated by the isoprenylated a-factor and M-factor, respectively whereas the

Ste2p and Mam?2 receptors bind the non-modified o-factor and P-factor, respectively. It

is perhaps not surprising that all six pheromone precursor peptides encoded in the C.
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cinereus B loci contain the CaaX motif at the carboxy-terminus which indicates that the

mature pheromones will be isoprenylated like a-factor and M-factor.

The pheromone receptors encoded by the a mating type loci of U. maydis and the Bol
and BfI loci of S. commune also belong to the same sub-family of proteins that bind
isoprenylated pheromones (Bolker er al., 1992; Wendland et al., 1995; Vaillancourt
1997). In both these basidiomycete fungi only genes encoding pheromone precursors that
are predicted to be isoprenylated have been identified. This would seem to be a

characteristic of pheromones produced by basidiomycete species.

Figure 7.1 shows an alignment of several pheromone precursors from the B6 and B42
loci of C. cinereus and the Ba I and Bf 1 loci of S. commune. The CaaX motifs are
highlighted in red. A conserved ER/EH/DR motif is highlighted in green. This motif
represents a possible processing recognition site. Proteolytic cleavage adjacent to this
motif would generate mature peptide pheromones of the expected size, 11-13 residues.
The mature U. maydis pheromones have 9 and 13 amino acids and each has an amino
terminal NR or GR. It is interesting to note that when the S. commune pheromone

sequences are aligned with those of C. cinereus this EH/ER/DR motif can be seen.

Clearly, it will be of interest to ask whether the maturation pathway of the C. cinereus
pheromones is similar to that described for S. cerevisiae and S. pombe. The processing
pathway for the CaaX modified a-factor of §. cerevisiae 1s presented in Figure 1.4 and
described in the introduction. It involves five steps, of which, four are membrane
associated. The final step in the pathway is the secretion mediated by the Ste6p
transporter. The pathway in S. cerevisiae was determined using mutants defective in

mating function and with a knowledge of the sequence and structure of the mature

peptide.
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A similar approach to identifying the pathway in C. cinereus presents many problems.
Firstly, with the observed levels of functional redundancy it would be difficult to select
for gene mutations that disrupt pheromone function and secondly, how can one purify a
single mature peptide pheromone when each monokaryon produces several?

There appears to be no requirement for large amounts of pheromones to be secreted into
the surrounding environment. Mating cells fuse irrespective of mating type and the
pheromone response is initiated intracellularly. Pheromone secretion is expected to play a
role in clamp cell fusion but this would not require diffusion of pheromone beyond the
cell wall. If pheromones are localised within the mycelium, the actual concentration may
be too low to permit the purification procedures used for the yeast pheromones. One of
the challenges for future work on this system is to identfy where the pheromones and

receptors interact in C. cinereus.

A novel approach to understanding how the C. cinereus pheromones are processed is
currently being undertaken in our laboratory by asking whether a C. cinereus pheromone
gene product can be processed in S. cerevisiae (N. Olesnicky, unpublished). If these
experiments are successful, it will imply that the pathway is highly conserved and the

genes involved may be identified by homology to those in S. cerevisiae.

By analogy with S. cerevisiae and S. pombe, it would be expected that the pheromones
would be transported across a cell membrane. This would require a protein homologous
in function to Ste6p and Maml1. The fortuitous discovery of a gene encoding a transport
protein within the B42 locus was initially of great interest as a possible candidate for a
Ste6p/Mam1 homologue. Unfortunately, the sequence analysis of the predicted protein
identified it as a different class of transporter and unlikely to have a role in pheromone
export. One way of eliminating this possibility would be to knock out the gene by

homologous recombination and then look for mating defects.
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7.2 The origin of multiple B mating specificities

Each of the nine genes identified in the B42 locus (this study) and the B6 locus (O'Shea
et al., 1998) was shown by transformation to be able to change the B mating specificity
of a suitable host strain. A single pheromone or single receptor is thus sufficient to
activate the pheromone response when expressed in a host cell. A comparison of the B6
and B42 loci showed that gene order was conserved (Figure 4.2). Moreover, these
results suggested that the genes might be organised into three groups each comprising a
receptor gene and two pheromone genes. There is clearly considerable redundancy in
function. In the A locus, a similar redundancy in function is the basis for the large
numbers of A mating specificities (Pardo et al., 1996). If this is also true in the B locus,
then many unique allele combinations could be generated from three functionally
independent groups of genes. In support of this idea, Southern blot analyses established
that a region containing one of the proposed groups of B42 genes (group 1) shared DNA-
homology with the same region of the B6 locus. None of the three genes in this region of
shared homology could activate the pheromone response in a B6 host suggesting that the
genes were homoallelic. Similarly, a region containing the middle group of three genes in
B42 (group 2) shared DNA homology with a corresponding region in the uncloned B3

locus and these three genes were unable to activate the pheromone response in a B3 host.

Since all the genes identified are able to activate the pheromone response in a suitable
host, it is evident that mating partners require only one group of genes to have different
alleles in order to have a compatible B gene interaction. A few different alleles of each
group of genes would be sufficient to generate a large number of unique allele
combinations and hence B mating specificities. Four alleles of two of the groups of genes

and five of the other would be sufficient to generate the 79 predicted B mating

specificities.
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DNA sequence analysis confirmed the prediction that B6 and B42 share the same alleles
of the three genes comprising group 1. Figure 7.2 shows a direct comparison of the
Phbl.1 and Phb2.1 pheromone precursor sequences and the Rcb1 protein sequences. In
the case of the pheromone precusors, the carboxy-terminal residues predicted to represent
the mature peptide pheromones are identical. In the case of the two receptor proteins, the
only significant differences in sequence are a single non-conservative amino acid

substitution at position 130 and an insertion at position 336 in the B6 protein.

Although the B3 locus has not been cloned, a single putative pheromone precursor gene
was amplified by PCR. B42 and B3 are predicted to share alleles of the middle group of
genes. Comparison of the Phb2.2 peptides from B42 and B3 clearly identifies them as
functionally identical (Figure 7.2B). The organisation of the rest of the B3 locus can only
be predicted but there is evidence (Chapter 5) to suggest that there are three groups of
genes arranged in the same order as those in B42 and B6. Hybridisation analysis
identified all three genes that constitute the middle group of genes (group 2). By using
PCR to amplify the sequences flanking the middle group of genes, it was possible to
confirm that these regions contained genes that conferred B mating specificity in certain
host strains but not others. Where the genes failed to activate the pheromone response,
there was shared DNA homology between them and sequences in the genomic DNAs of

the hosts.

Only nine different B mating specificities are represented in the strains of C. cinereus
available in the Oxford collection. The combination of Southern blot analyses and
transformation with cloned genes from B42 and B6 and fragments from B3 identified at
Jeast one group of genes in each locus and often two (Figure 5.4). Four of the loci,
B1/B44 and B40/B41 share the group 1 and group 3 gene alleles and their different

specificities can only reside in the middle group of genes. To demonstrate conclusively
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Figure 7.2 Alignment of C. cinereus B proteins encoded by homoalleles, using GAP
(GCG, version 8.1). (A) Phb1.184 with Phb1.12 and Phb1.25% with Phb1.285, (B)
Phb2.2842 with Phb2.283. (C) Rcb1842 with Rcb156. | indicates identical amino acids and

: or. indicate conserved changes.
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that the three groups of genes belong to three functionally independent sub-families
would require the generation of a B-null host in which to test compatible gene

combinations. However, the data are consistent with this interpretation.

The lack of DNA homology between different alleles of the B genes and the fact that the
three genes in each group are embedded in allele-specific flanking sequences, means that
they cannot be separated by recombination. This is essential for maintaining self-
incompatibility. If the three groups of genes are functionally independent, recombining
whole groups might generate a new B mating specificity in a population and add to
genetic diversity. The only possibility for homologous recombination within the B locus
is where a group of genes is shared. This will only be effective in generating a new
mating specificity if the shared genes are the middle group and recombination effects new
allele combinations of genes in the flanking groups. Alternatively, new alleles could arise
through random point mutations. Although the frequency of these events is expected to be
very low, redundancy within the B locus may allow non-functional mutations to be
tolerated and new specificity to arise through nucleotide substitutions and genetic drift

(Ohta, 1996).

Each group of three genes extends over some 5-6kb, sufficient to permit a low frequency
of homologous recombination but one that would be difficult to detect in a standard
genetic cross. It should, however, be possible to detect recombinant products in the spore
progeny using PCR. Of the nine B loci available, only B42 and B3 share the same alleles
of the middle group of genes and have different alleles of the flanking genes. This
presents a perfect opportunity to look for recombination within the B locus. A PCR

strategy that could be used to detect recombinant DNA molecules is illustrated in Figure

7.3.
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7.3 Comparative analysis of the basidiomycete B and a mating type loci

Figure 7.4 compares the organisation of the multiallelic B loci of C. cinereus and S.
commune with the much simpler biallelic a locus of U. maydis. The B loci of S.
commune each contain a receptor gene and three pheromone precursor genes. It is clearly
evident that these two sets of genes are functionally independent and that the nine
different alleles of each locus are sufficient to generate the 81 B mating specificities. Like
the C. cinereus genes, different alleles are very dissimilar in sequence and an allele
complex is kept together by a general level of DNA non-homology across the entire 8kb
which constitutes each locus. The a loci of U. maydis each contain a single receptor and
pheromone precursor gene and the overall sequence of each locus, including the genes, is
very dissimilar. As shown in C. cinereus, the pheromone and receptor genes cannot be
separated by recombination. The two genes designated /ga2 and rgaZ2 in the a2 locus are
of unknown function. The fact that they are sequestered into a mating type locus suggests
that they may play some role in mating and interestingly, they are both up-regulated in

mating cells (Urban et al., 1996).

The complex multiallelic B loci that are present in C. cinereus and S. commune are
assumed to have evolved by gene duplication and amplification from the simple biallelic
organisation seen in U. maydis. In S. commune, there are 9 Ba and 9 Bf alleles - equal
numbers of genes in the two groups. In C. cinereus, three groups of genes have evolved.
From the small sample of B loci that it was possible to screen in this analysis it is clear
that the middle group, group 2, has many more alleles than group 1 and group 3 and
genes of this group probably gave rise to the others. Since the genes are embedded in
allele specific sequence, recombination and rearrangement would not be expected to

occur. The fact that in some groups, the pheromone genes may be in different orientation
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Figure 7.4 Organisation of the a mating type locus of Ustilago maydis and the B loci of
Schizophyllum commune and Coprinus cinereus. Arrows indicate the direction of gene

transcription. Thick lines indicate homologous DNA sequences.
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with respect to the receptor, may indicate that some rearrangement occurred early in the

evolution of different alleles.

7.4 Allelic specificity

With three functionally redundant groups of genes within the C. cinereus B locus there
must be a considerable degree of specificity exhibited by the individual pheromones and
receptors. A comparison of the three receptors sequences encoded by the rcbl, rcb2 and
rcb3 genes in the B42 locus revealed variable levels of homology. The comparisons are
summarised in Table 7.1 together with sequence comparisons for the B6 receptor proteins
and three receptors from cloned S. commune loci, two versions of the Barl protein

encoded by the Ba/ and Ba2 loci and the receptor encoded by the Bf! locus.

The level of homology displayed by the three receptors encoded by the B42 or B6 genes
varies from 35% identity to 53%. Since it is concluded that these represent members of
three functionally independent sub-families, a higher degree of identity would not be
expected. More striking is the comparison of the sequences encoded by the two alleles of
rcb3. These are illustrated in Figure 7.5A. Here it can be seen just how conserved the two
sequences are with 78% identity and 92% similarity. Such similar sequences must pose
problems for pheromone specificity. The rcb3 receptors bind the Phb3.1 and Phb3.2
peptides. Interestingly, if one compares the two B42 pheromone precursors and the
corresponding B6 precursors, they show very little sequence similarity and it is
surprising that they can both activate the same receptor. In fact, the Phb3.1 and Phb3.2
pheromones did not always show the same spectrum of activity. For example, Phb3.1
activated the B3 and BI receptor but not the B6. Phb3.2 activated the B6 receptor but not
the B1 or B3. However, when one compares the sequences of the Phb3.1 and Phb3.2

alleles present in B6 and B42, the conservation in sequence 1s striking with only four
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Figure 7.5 Alignment of C. cinereus predicted receptor proteins produced by the GAP
program (GCG, version 8.1). (A) Rcb332 with Rcb3®, (B) Rcb2B2 with Rcb2®. |
indicates identical amino acids and : or . indicate conserved changes. Predicted

transmembrane domains are shown as dashed lines.
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conservative changes in the residues that constitute the predicted pheromone sequence

(Figure 7.6A and B).

By comparison with U. maydis, S. cerevisiae and S. pombe, it is surprising to find that
each group of genes within the B locus has two rather than one pheromone gene. In S.
commune, even more functional redundancy is observed. There are two groups of genes
in this species, separated into the Bex or B loci and each is comprised of one receptor
and three pheromone genes. As with the B42 group 3 pheromones, those encoded in any
one allelic version of Ba or Bf3 show different spectra of activity with respect to which
other Ba or B receptors they can activate. Pheromone redundancy may be a necessary
consequence of the high level of specificity that is demanded of pheromone-receptor
recognition in these species. During the evolution of this large family, pheromone
silencing may have occurred to prevent very similar peptides activating the wrong
receptor. Without an active pheromone gene, mating would be impaired but this would be
overcome by having a second (or third) gene encoding a pheromone with a
complementary activity. This is exactly the situation one sees with the two B42 group3

pheromones.

When the sequences of the two allelic versions of the Rcb2 proteins are compared they
show much less conservation (Figure 7.5B). There is 37% identity and 59% similarity.
The pairs of pheromones that activate these receptors, Phb2.1 and Phb2.2, are very
similar in sequence unlike the group 3 peptides. Not surprisingly, since the receptor
proteins are so different, the different alleles of the phb2.1 and phb2.2 genes are not very
similar in sequence. It can be noted also that the Phbl.1 and Phbl.2 sequences are
conserved (Figure 7.6C). It is not known whether different versions of the Rcbl receptor

proteins are similar, because B42 and B6 have the same alleles of the gene.
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Figure 7.6 Alignments of C. cinereus predicted pheromone precursor sequences
produced by the GAP program (GCG, version 8.1). (A) Phb3.1 with Phb3.2. (B) B42
group 3 pheromones with the B6 group 3 pheromones. (C) B42 group 1 and group 2
pheromone pairs. | indicates identical amino acids and : or . indicate conserved changes.
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7.5 Regulation

Studies on the regulation of the pheromone and receptor genes are still somewhat
preliminary. However, there is good evidence that for most genes in this large complex
there is independent regulation by the A and B genes. The presence of pheromone and
receptor gene transcripts were initially examined in two mycelial types, the monokaryon
and a strain heterozygous for A5/A6 (A-on). As seen in Figure 3.11, in the monokaryon
most pheromone and receptor gene transcripts were undetectable. This reinforces the
conclusion that the pheromone response plays no role before cell fusion. Following A
gene activation (A-on), transcripts for all three receptors and most of the pheromone
genes were highly expressed. In an A-on mycelium, transcription of these genes cannot
be influenced by the pheromone response pathway and must relate to the fact that the A
protein heterodimer is present in the cells and A-regulated development is activated.
Similar experiments were carried out to detect levels of B gene transcripts when the
pheromone response pathway had been activated by the presence of two different B loci
(B42/B6). In most cases it was clear that the transcript levels were up-regulated, although
there was the exception for two of the pheromone genes which were expressed at higher

levels in the monokaryon (Figure 5.5).

Why would the transcription of the pheromone and receptor genes be regulated
independently by the A and the B genes? This question still has to be answered. In U.
maydis, it was shown that transcription of the pheromone and receptor genes was up-
regulated some 10-40 fold by activation of the pheromone response pathway (Urban ez
al., 1996). As in the yeasts, once pheromone binding has activated the pheromone
response pathway, transcription of the receptor and pheromone genes themselves is up-
regulated to amplify the signal. In U. maydis Prfl plays a pivotal role in co-ordinating the

pheromone response and activating transcription of the b mating type genes. It is
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suggested that continued pheromone signalling after dikaryon formation is necessary only
to maintain the expression of the b proteins (Hartmann et al., 1995). These form the
heterodimeric transcription factor whose activity is essential for filamentous growth and
pathogenicity of the dikaryon. This model is not applicable to C. cinereus since
pheromone signalling is not necessary for cell fusion and the A proteins that generate the
important heterodimeric transcription factor are expressed constitutively in both unmated
and mated cells (Richardson et al., 1993). Activation of the pheromone response pathway
is essential to maintain the growth of the homobasidiomycete dikaryon and this would
imply that its role is far more fundamental than just regulating transcription levels of the

homeobox mating type genes.

7.6 Future perspectives

An important aspect to be addressed in the near future is the cellular localisation of the
pheromones and receptors. This may not be an easy task, and has proved difficult in
other species. An attempt to use antibodies raised to one of the outside loops of the
receptor to localise the receptors of S. commune has highlighted the problems of non-
specific antibody binding (E. Kothe, pers. com.). An alternative approach would be to
make in-frame translation fusions between the receptors and commercially available
peptide tags such as His or HA sequences for which the antibodies are available.
Localisation of the pheromones is more difficult since tagging is likely to impair the

conformation and processing of these molecules.

The identification of the pheromone response factor and its downstream targets is another
important area for future research. The pheromone response factor of U. maydis was
shown to be a possible homologue of the S. pombe Stell protein (Hartmann ez al, 1996),

as outlined in the introduction. It would clearly be of interest to look for the
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corresponding gene in C. cinereus. This would open up the possibility of examining the
downstream targets involved in maintaining growth of the dikaryon, something that is in
itself an interesting developmental pathway, and one that cannot be studied in U. maydis
because it occurs within the plant host. It is of considerable interest to determine how the
activities of the A and B genes are co-ordinated during dikaryotic growth and to
understand why A-regulated development leads to induction of the B genes independently

of the pheromone response.

The genes of the B mating type locus encode a large family of 7-transmembrane receptors
and peptide pheromone precursors. The organisation of the C. cinereus locus indicates
that there are three sub-families of these signalling molecules and that only members of
the same sub-family can activate the pheromone response pathway. The specificity of the
pheromone-receptor interaction is truly remarkable. Receptors can distinguish between
pheromones to the extent that they reject those encoded by their own alleles and by those
encoded by genes in other sub-families, yet be stimulated by a large number of different
pheromones from within their own sub-family. The basidiomycetes are not the only
organisms to have evolved large families of receptors and their ligands. Indeed, using this
fungal system to analyse such remarkably specific interactions may be extremely useful in
understanding their complexity, as it offers all the advantages of genetic and molecular

manipulations.
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