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- Role of phosphoinositides and inositol
phosphates in the regulation of mycelial
branching

G. D. ROBSON

Introduction

All cells have evolved regulatory mechanisms which allow them to
respond to external signals and are essential for cell multiplication
and survival. In mammalian cells, an array of signal transduction cas-
cades have been described that respond to growth factors and hormones
(Mooibroek & Wang, 1988; Su & Karin, 1996). More recently, highly
homologous signalling cascades have been reported in the yeasts
Saccharomyces cerevisiae and Schizosaccharomyces pombe, which are
involved in a variety of cellular processes including mating, hyper-
and hypo-osmotic sensing, invasive filamentous growth and cell wall
integrity (Nishida & Gotoh, 1993; Roberts & Fink, 1994; Waskiewicz
& Cooper, 1995; Su & Karin, 1996; Cahil, Janknecht & Nordheim,
1996). The presence of such highly conserved signal transduction path-
ways suggests that these signal cascades may first have evolved in
eukaryotic microbes and have been conserved and adapted during
eukaryotic evolution (Janssens, 1987; Kincaid, 1991; Csaba, 1994,
Gadd, 1995; Rasmussen et al., 1996).

One of the most highly studied signal transduction pathways in mam-
malian cells is the phosphoinositide cycle which has been the centre of
intense research since the first report that inositol 1,4,5-trisphosphate
(Ins(1,4,5)P3), acts as a second messenger, mobilizing Ca?” from intra-
cellular stores in response to a variety of growth factors, hormones and
other ligands (for reviews see Berridge & Irvine, 1984; Nishizuka, 1984;
Divecha & Irvine, 1995). In this chapter, current understanding of the
structure and function of phosphoinositide signalling in filamentous fungi
is reviewed.
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Phosphoinositides

The phosphoinositides are a group of minor acidic phospholipids of
which phosphatidylinositol (PtdlIns) is the principal member, constituting
3-10% of the total phospholipid present in the membrane (Fig. 7.1).
PtdIns is synthesized by the membrane-associated phosphatidylinositol
synthase from cytidine 5’-phosphate diacylglycerol (CDP-diacylglycerol)
and inositol. PtdIns synthase is encoded by a single gene PIS, which when

Phospholipid % range Headgroup (X)
Phosphatidylcholine 38-65 -CH,CH,N(CH,),
Phosphatidylethanolamine 19-33 -CH,CH,NH,
Phosphatidylserine 5-15 -CH,CH(COOH)NH,
Phosphatidylglycerol 04-2 CH,CH(OH)CH,0OH
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Fig. 7.1. Structure and composition of major phospholipids in eukar-
yotic membranes.
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disrupted confers a lethal phenotye in S. cerevisiae (Nikawa, Kodaki &
Yamashita, 1987) and represents the first committed step in the synthesis
of these phospholipds. Although there appears to be no direct regulation
of this gene, exogenous inositol has been shown to increase phosphati-
dylinositol synthesis rapidly, apparently by diverting more of the CDP-
diacylglycerol precursor from phosphatidylserine biosynthesis (Kelley et
al., 1988). Inositol is synthesized by a two-step process from glucose-6-
phosphate. The first step, catalysed by inositol-1-phosphate synthase,
converts glucose-6-phosphate to inositol-1-phosphate, which is then
dephosphorylated by inositol-1-phosphatase to form free inositol (Fig.
7.2). Synthesis of inositol from glucose-6-phosphate appears to be highly
conserved in most eukaryotes and has been reported in a number of fungi
including §. cerevisiae and Neurospora crassa (Donahue & Henry, 1981;
Zsindely et al., 1983).

PtdlIns is itself phosphorylated by PtdIns 4’-kinase forming phospha-
tidylinositol-4-phosphate (PtdIns(4)P). The PtdIns 4'-kinases are a family
of kinases functionally conserved in both mammalian and yeast cells
(Wong, Meyer & Cantly, 1997). In S. cerevisiae, two genes have been
cloned with 4’-kinase activity. The first, PIKI, is essential and appears to
be predominantly associated with the nucleus whilst disruption of the
'second gene, STT4, leads to slow growth and a phenotype similar to
that found in protein kinase C mutants (Flanagan et al., 1993; Garcia-
Bustos et al., 1994; Yoshida et al., 1994a,b). The discovery of two 4'-
kinases with different functions and subcellular locations suggests a
further level of control in phosphoinositide signalling with discrete com-
partmentalization of kinases with different cellular functions. PtdIns(4)P
is further phosphorylated at the 5’ position yielding phosphatidylinositol-
4,5-bisphosphate (PtdIns(4,5)P;) in both mammalian and yeast cells and
is the substrate for phosphoinositide-specific phospholipase C
(Boronenkov & Anderson, 1995). In S. cerevisiae, disruption of Fablp,
which encodes the 5'-kinase, leads to vacuolar and growth defects, sug-
gesting a role for PtdIns(4,5)P; in the regulation of vacuolar homeostasis
(Yamamoto et al., 1995).

In addition to its role in second messenger generation, PtdIns(4,5)P,
has also been shown to regulate the assembly of the actin cytoskeleton by
binding to a number of actin-binding proteins such as profilin in both
mammalian and yeast cells. Profilin possess both PtdIns(4,5)P,- and
actin-binding domains, which are located close together so that binding
of one excludes binding of the other (Goldschmidt-Clermont et al., 1990;
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Metzler et al., 1994; Sohn & Goldschmidt-Clermont, 1994). In S. cerevi-
siae, profilin has been found both in the cytosol and associated with the
plasma membrane. Moreover, depletion of PtdIns(4,5)P, by inositol
deprivation of an inositol auxotroph and by glucose starvation, leads
to the mobilization of part of the membrane-associated profilin. This
mobilization response could be reversed when PtdIns(4,5)P, levels were
restored to normal (Ostrander, Gorman & Carman, 1995). More recently
PtdIns 3’-kinases have been described in both mammalian and yeast cells
and represent a further class of kinases with distinctive regulatory roles.
In S. cerevisiae and S. pombe, PtdIns 3'-kinase is encoded by VSPS34
and disruption of the gene leads to mis-targeting of hydrolases to the
vacuole and abnormal vacuole development. PtdIns 3’-kinase differs
from the mammalian homologue P/10/P85 in being insensitive to the
inhibitor wortmannin and in having a strict substrate specificity for
PtdIns leading to the formation of phosphatidylinositol-3-phosphate
(PtdIns(3)P) (Auger et al., 1989; Herman & Emr, 1990; Otsu et al.,
1991; Schu er al., 1993; Stack & Emr, 1994; Kimura et al., 1995;
Takegawa, DeWald & Emr, 1995). In mammalian cells, PtdIns 3’ kinase
is wortmannin sensitive and is capable of phosphorylating PtdlIns,
PtdIns(4)P and PtdIns(4,5)P,, although in vivo PtdIns(4,5)P, appears to
be the major substrate leading to the formation of phosphatidylinositol-
3,4,5-trisphosphate (PtdIns(3,4,5)P;) (Stephens et al., 1994; Woscholski
et al., 1994; Brown et al., 1995). Despite these differences, mammalian
PtdIns 3'-kinase appears functionally similar to yeast VSPS34, where it is
involved in protein targeting to the lysosome, which plays a similar func-
tion in mammalian cells to the yeast vacuole. To date, there are no
reports of any PtdIns(4,5)P,-specific 3'-kinases in yeast. Thus, the yeast
and mammalian PtdIns 3’-kinases appear to play similar functions in
protein targeting, with PtdIns(3,4,5)P; fulfilling a similar role in mamma-
lian cells to PtdIns(3)P in yeast cells (Fig. 7.3).

Phosphoinositide-specific phospholipase C
Hydrolysis of PtdIns(4,5)P, by phosphoinositide-specific phospholipase
C leads to the generation of Ins(1,4,5)P; and diacylglycerol, which
both possess second messenger functions. A rise in intracellular
Ins(1,4,5)P; leads to the specific release of intracellular Ca?" from
internal pools whilst diacylglycerol acts within the membrane to sti-
mulate protein kinase C (Berridge & Irvine, 1994; Divicha & Irvine,
1995). In mammalian cells, phosphoinositide-specific phospholipase C




Phosphoinositides and branching 163

represents a family of enzymes which are coupled to either G-protein
or tyrosine kinase receptors and are stimulated by a range of agonists,
leading to rapid hydrolysis of PtdIns(4,5)P, and rise in intracellular
Ins(1,4,5)P; (Boyer, Hepler & Harden, 1989) (Fig. 7.4). In mammalian
cells, Ins(1,4,5)P; triggers the release of Ca®* from the endoplasmic
reticulum, leading to a transient rise in intracellular Ca?*. The
increase in Ca®” above the tightly regulated physiological levels in
the cytoplasm activates an array of Ca2+—dependent proteins, includ-
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Fig. 7.4. Schematic representation of agonist stimulated inositol tris-
phosphate generation in mammalian cells. A, agonist; R, receptor;
G, G-protein; PLC, phosphatidylinositol-specific phospholipase C;
PKC, protein kinase C.
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ing the ubiquitous Ca’®*-binding protein calmodulin (CAM), which in
turn can activate a number of calmodulin-dependent enzymes includ-
ing CAM-dependent protein kinases and phosphatases (Heinzmann &
Hunziker, 1991; Lu & Means, 1993). Ins(1,4,5)P; has been shown to
release Ca’" specifically from the vacuoles of S. cerevisiae, Candida
albicans and N. crassa (Cornelius, Gebauer & Techel, 1989; Schultz et
al., 1990; Belde et al., 1993; Calvert & Sanders, 1995), which appear to
act as the major intracellular Ca®* store in fungi (Cornelius &
Nakashima, 1987; Miller, Vogg & Sanders, 1990) and a phosphatidy-
linositol-specific phospholipase homologue (PLC-1) has been cloned
from S. cerevisiae, S. pombe (Flick & Thorner, 1993; Yoko-o et al.,
1993, 1995; Andoh et al., 1995) and more recently identified in a
number of filamentous fungi (Jung et al, 1997). Thus, a functional
Ins(1,4,5)P; signal transduction pathway appears to exist in fungi
although in vivo evidence of Ins(1,4,5)P;-stimulated Ca®* release is
lacking and it remains unclear what factors are involved in stimulating
phosphatidylinositol-specific phospholipase C activity. In S. cerevisiae
and S. pombe, disruption of PLC-1 leads to a number of phenotypes
depending on the strain and the medium the organism is grown in but
generally include heat sensitivity and an inability to adapt to osmotic
stress, suggesting that PLC-1 may be involved in relaying general stress
signals across the membrane (Flick & Thorner, 1993; Payne &
Fitzgerald-Hayes, 1993; Yoko-o et al, 1993, 1995, Andoh et al,
1995; Fankhauser et al., 1995). In addition, there have been contra-
dictory reports for a stimulation of phosphoinositide turnover and
Ins(1,4,5)P; formation on exposure of starved cells to glucose and
nitrogen, which would imply a role in nutrient sensing (Schomerus
& Kuntzel, 1992; Brandao et al., 1994; Prior, Robson & Trinci,
1994; Giugliano, Dennery & Rana, 1995) although a consensus view
has yet to be reached.

Phosphoinositides and inositol phosphates in fungi

In filamentous fungi, all the major components of the phosphoinositide
signalling pathway have been identified, including PtdIns, PtdInsP and
PtdInsP, (Hanson, 1991; Robson et al., 1991a; Prior et al., 1993). Using
HPLC to separate deacylated lipids from N. crassa, PtdInsP, was identi-
fied as PtdIns(4,5)P, whilst PtdInsP has been resolved and found to be
composed of both PtdIns(4)P and PtdIns(3)P with levels of PTdIns{4)P
being similar to PtdIns(3)P (Lakin-Thomas, 1993; Prior et al., 1993).
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Thus N. crassa more closely resembles S. cerevisiae and S. pombe in
containing significant levels of both PtdInsP isomers (Hawkins,
Stephens & Piggott, 1993; Stuart et al., 1995) unlike mammalian cells,
which contain predominantly only PtdIns(4)P and suggests that both a
PtdIns 3’ and a PtdIns 4’ kinases are present. The levels of PtdIns(4,5)P,
present in fungi as a percentage of the total phosphoinositides present is
much lower than reported for mammalian cells, typically between 0.1 to
1% compared with 3.0 to 9.3% respectively. Moreover, the profile of
inositol phosphates present in filamentous fungi appears complex. In
N. crassa, evidence from HPLC separations suggests the presence of
multiple isomers of InsP,, InsP; and InsP, at similar levels, making
their detection, identification and function difficult to establish (Lakin-
Thomas, 1993; Prior et al., 1993).

Metabolism of Ins(1,4,5)P; is an important control point in the
Ins(1,4,5)P3;-mediated Ca®*-release mechanism, serving to reduce
Ins(1,4,5)P; levels and hence terminate the signal. Metabolism occurs by
two mechanisms, phosphorylation by a specific kinase to InsP, and by
dephosphorylation to InsP,. InsP; is itself further dephosphorylated to
InsP and ultimately inositol, which can then return to the phosphoinosi-
tide cycle by incorporation back to PtdIns. In mammalian cells,
Ins(1,4,5)P; is dephosphorylated principally by a 5'-phosphomonoester-
ase and phosphorylated by a specific 3'-kinase leading to the formation of
Ins(1,3,4,5)P, (Shears, 1992). The formation of Ins(1,3,4,5)P, itself acts as
a further signal molecule, stimulating the opening of Ca>™ channels in the
plasma membrane, prolonging the increase in intracellular Ca?* (Irvine,
1992). In S. cerevisiae, no phosphomonoesterase activity was detected in
either soluble or microsomal fractions and the phosphorylation by a solu-
ble kinase found to produce Ins(1,4,5,6)P,, indicating a 6'-kinase rather
than a 3’-kinase described in mammalian cells (Estevez et al., 1994). In N.
crassa, dephosphorylation of Ins(1,4,5)P; was associated principally with
the microsomal fraction and appeared to occur through the concerted
action of 1’, 4’ and 5’-phosphomonoesterase activities. Ins(1,4,5)P; meta-
bolism in the cytoplasm appeared to occur largely by phosphorylation by
a 3'-kinase leading to the formation of Ins(1,3,4,5)P, identical with that
found in mammalian cells, although a minor unidentified InsP, was also
present suggesting N. crassa may contain two InsP 3’-kinases (Hosking,
Trinci & Robson, 1997). In C. albicans, both an Ins(1,4,5,)P; kinase and
Ins(1,4,5); phosphatase activities were demonstrated in vitro although
isomers formed were not identified (Gadd & Foster, 1997).
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Studies with inositol-requiring mutants

The first indications that phosphoinositides may play an important role
in hyphal morphology and branching were made by Beadle (1944) who
noted that inositol-requiring strains of N. crassa, when grown on sub-
optimal concentrations of inositol, produced small, compact mycelial
pellets in liquid cultures rather than the normal spreading mycelial mat
formed by the wild-type strain. This alteration in the mycelial branching
pattern was later correlated to a reduction in the content of inositol-
containing phospholipids (Fuller & Tatum, 1956; Shatkin & Tatum,
1961). Inositol starvation was found to lead to a rapid drop in viability
and a deterioration of cellular membranes in N. crassa and was attributed
to the uncoupling of membrane synthesis and other cellular components
leading to unbalanced growth and so-called ‘inositol-less death’ (Shatkin
& Tatum, 1961; Munkres, 1976). Similar observations were also made for
inositol auxotrophs of S. cerevisiae, where inositol starvation was also
associated with a rapid decrease in cell viability and degeneration of
membranes (Atkinson, Kolat & Henry, 1977; Henry et al., 1977). In
addition, inositol deprivation was also associated with changes in the
cell wall composition of both S. cerevisiae and N. crassa. In N. crassa,
the glucosamine content of the wall was reduced, indicating that chitin
synthase activity was lower whilst in S. cerevisiae, inositol starvation was
associated with a decrease in both the level of mannan and glucan in the
wall. The decrease in the levels of mannan was correlated to a reduction
in the activity of UDP-N-acetylglucosamine:dolichol phosphate N-acet-
ylglucosamine-1-phosphate transferase (GlcNAc-1-P), a membrane-asso-
ciated enzyme which catalyses the first step in N-linked mannan synthesis
(Hanson & Lester, 1982). GIcNAc-1-P transferase activity could be
restored in vitro by the addition of PtdIns. Hence, at least for mannan
synthesis, a decrease is due to a dependency of GIcNAc-1-P transferase
on PtdIns for maximal activity. One of the problems associated with
using inositol-requiring strains of N. crassa to investigate the relationship
between phosphoinositides and morphology is that inositol deprivation
leads to a reduction in all classes of phosphoinositides in the membrane,
due to the reduction in the synthesis of PtdIns (Table 7.1). As well as
acting as the precursor for PtdInsP and PtdInsP,, PtdIns, which com-
prises 80-95% of the total phosphoinositides in the membrane, is also
required for the maximal activity of a number of membrane-bound
enzymes. In addition, PtdIns is also the precursor for a further class of
inositol-containing lipids, the sphingolipids, which themselves play an
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Table 7.1. Effect of inositol deprivation on the phosphoinositide
composition of an inositol-requiring strain of Neurospora crassa.
Data from Lakin-Thomas (1993)

Phosphoinositide content (pmol/g dry weight)

Phosphoinositide Inositol-sufficient Inositol-deficient
PtdIns 2500 240
PtdIns(3)P 29.5 7.3
PtdIns(4)P 29.5 5.0
PtdIns(4,5)P, 24.3 6.9

essential role in cell viability and are also depleted during inositol depri-
vation (Hanson & Brody, 1978; Dickson et al., 1990; Patton et al., 1992;
Nagiec et al., 1997). Thus, morphological changes associated with inosi-
tol deprivation may be due to factors other than interference with phos-
phoinositide turnover.

Studies with phosphoinositide turnover inhibitors

Studies with inhibitors of phosphoinositide synthesis have also been cor-
related to changes in colony morphology and hyphal branching.
Validamycin A, an aminoglycosidic antibiotic used in the control of
Rhizoctonia solani, which causes sheath blight in rice plants, was found
to induce profuse branching and a reduction in hyphal extension in R.
solani and Rhizoctonia cerealis (Robson, Kuhn & Trinci, 1988). This
alteration in the spatial pattern of the colony was correlated to a reduc-
tion in the total phosphoinositide content of the membrane, which was
only slightly reversed by the addition of exogenous inositol (Robson,
Kuhn & Trinci, 1989). Validamycin was reported to lead to an alteration
in the wall composition of R. solani, suggesting that the observed changes
in hyphal extension and branching may be due to an alteration in wall
assembly at the hyphal tip. Hanson (1991) examined the effects of lithium
chloride on the morphology and phosphoinositide composition of N.
crassa. Studies on a range of mammalian cells have shown that hydrolysis
of inositol phosphates by inositol monophosphatases is highly sensitive to
lithium and that exposure leads to a reduction in phosphoinositide synth-
esis (Drummond, 1987; Nahorski & Potter, 1989). When grown in the
presence of LiCl up to a concentration of 4 mM, the morphology of N.
crassa changed from a spreading mat to compact pellets, similar to that
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found during inositol deprivation of inositol-requiring strains of N.
crassa. This dose-dependent change in hyphal morphology was asso-
ciated with a decrease in the levels of PtdIns, PtdInsP and PtdInsP,.
However, as with the inositol-requiring strains, the primary effects are
due to a reduction in PtdIns synthesis and therefore not necessarily due to
inhibition of the phosphoinositide signalling pathway.

More recently, we investigated the effect of specific phosphoinositide
turnover inhibitors on the growth and morphology of N. crassa. Both
lysocellin and piericidin Bl N-oxide were found to reduce hyphal exten-
sion and induce hyphal branching without affecting the overall specific
growth rate (Hosking, Robson & Trinci, 1995). An inositol analogue (25,
3R, 5R-3-azido-2-benzoyloxy-5-hydroxycyclohexanone), which would
reduce the levels of all the phosphoinositides in the membrane, also
had similar morphological effects (Table 7.2). On further investigation,
lysocellin was found to reduce the levels of PtdInsP and PtdInsP, by
about 70% and 90% respectively and to cause a significant increase in
the levels of PtdIns in vivo (Table 7.3) suggesting that lysocellin specifi-
cally blocks conversion of PtdIns to PtdInsP. This was confirmed i vitro
on isolated membrane fractions from N. crassa, where potent inhibition
of PtdIns 4’-kinase activity was observed. Thus, in N. crassa, lysocellin
potently blocks at least PtdIns (4)P synthesis and consequently
PtdIns(4,5)P, formation. When young mycelia grown on Cellophane
overlaid plates in the absence of lysocellin were transferred to plates
containing lysocellin, hyphal extension was reduced and profuse branch-
ing was initiated throughout the whole mycelium, first appearing about
1 h after transfer (Fig. 7.5). Thus, interference in phosphoinositide sig-
nalling by lysocellin leads to a profound effect on hyphal growth and
morphology. When the effect of exposure to lysocellin of growing hyphae
was investigated, it was found that lysocellin caused a rapid and complete
cessation of hyphal extension within 30 s. This was followed by a recov-
ery after 4-7 min to a rate which was only about 30% of the rate prior to
treatment (Fig. 7.6). The rapid reduction in hyphal extension rate indi-
cates that phosphoinositide turnover must be very rapid in growing
hyphae and that the rate of hyphal extension is in some way dependent
on maintaining levels of PtdInsP and/or PtdInsP,. If PtdIns(4,5)P; plays
an important role in regulating the actin cytoskeleton in filamentous
fungi, the reduction in hyphal extension and the induction of profuse
branching observed throughout the mycelium on lysocellin treatment
may result from a reorganization of the actin cytoskeleton following
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Table 7.2. Effect of phosphoinositide turnover inhibitors on the growth and
morphology of Neurospora crassa. Data from Hosking, Robson & Trinci
(1995)

Concentration of inhibitor =~ Hyphal growth unit Specific growth
length (um) rate (h™)

Controf 1443 + 141 0.34 £ 0.07

8 uM lysocellin 993 + 141 0.30 £ 0.05

112 pM piericidin 513 + 48 0.33 + 0.05

7.6 UM inositol analogue 578 + 42 0.33 & 0.08

Table 7.3. Effect of lysocellin on the percentage phosphoinositide
composition of Neurospora crassa. N. crassa was grown in the presence or
absence of 1.6 uM lysocellin in a medium containing [>H J-inositol and
extracted phospholipids deacylated and separated by HPLC against
authentic standards. Data from Hosking, Robson & Trinci (1995)

Phosphoinositide Absence of lysocellin Presence of lysocellin
PdIns 87.6 = 0.4 96.9 =+ 0.1

PtdInsP 52+ 16 1.5+ 0.1

PtdInsP, 0.48 +: 0.1 0.05 + 0.02

b)

Fig. 7.5. Effect of transferring young germlings of ‘N. crassa from agar
medium to agar medium lacking (a) or containing (b) 4 uM lysocellin.
The effect of the transfer on hyphal morphology is shown after 3 h.
(Based on the data of Hosking, Robson & Trinci, 1995.)
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Fig. 7.6. Effect on the extension rate of a single growing hypha of N.
crassa to exposure to 1.6 pM lysocellin. Hyphae were grown in a cello-
phane sandwich overlaying agar medium and lysocellin added at the

time indicated. (Based on the data of Hosking, Robson and Trinci,
1995.)

the reduction in PtdIns(4,5)P, in the membrane. Actin is associated with
sites of polarized growth and is important in both polarized hyphal
extension and branch initiation (Heath, 1990). Alternatively, the reduc-
tion of PtdIns(4,5)P, in the membrane by lysocellin treatment would also
lead to a reduction in Ins(1,4,5)P; and DAG levels, which may result in
lower levels of intracellular Ca®™ and protein kinase C activity. A protein
kinase C homologue has been cloned from a number of fungi including S.
cerevisiae, S. pombe, C. albicans, Aspergillus niger, Trichoderma reesei
and N. crassa (Antonsson e! al, 1994; Morawetz et al., 1996;
Paravicini et al, 1996). Disruption of the PKC locus in S. cerevisiae
and S. pombe leads to an osmotically sensitive phenotype due to an
increase in B-1,3-glucanase activity in the cell wal (Levin et al., 199%4;
Paravicini et al., 1996). In filamentous fungi, disruption of PKC has
yet to be reported. A reduction in the levels of Ins(1,4,5)P; may result
in a reduction in intracellular Ca®*, which could also affect mycelial
morphology. Growth of F. graminearum and N. crassa in a Ca®*-
depleted medium resulted in a more highly branched phenotype and
abnormal hyphal development (Schmid & Harold, 1988; Robson,
Wiebe & Trinci, 199156) whilst the highly branched phenotypes of two
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mutants of N. crassa, frost and spray, could be reversed by high levels of
extracellular Ca®* (Dicker & Turian, 1990). However, if changes in
mycelial morphology associated with a reduction in PtdIns(4,5)P, levels
were due to a reduction, in either Ins(1,4,5)P; or DAG, it would imply
that phosphoinositide-specific phospholipase C actively hydrolyses
PtdIns(4,5)P, during normal hyphal growth, rather than in response to
an outside stimulus.

To date, it is clear that phosphoinositide turnover is intimately linked
with hyphal extension and branch induction although the exact nature of
the relationship remains unclear. As more homologues of this signal
cascade are identified in filamentous fungi, the nature and function of
phosphoinositide signalling and its evolution from primitive to higher
eukaryotes will be revealed.

References

Andoh, T., Yoko-o, T., Matsui, Y. & Tohe, A. (1995). Molecular-cloning of
the PLCI1(+) gene of Schizosaccharomyces pombe, which encodes a
putative phosphoinositide-specific phospholipase C. Yeast, 11, 179-85.

Antonsson, B., Montessuit, S., Friedli, L., Payton, M. A. & Paravicini, G.
(1994). Protein kinase C in yeast. Characteristics of the Saccharomyces
cerevisine PKCI gene product. Journal of Biological Chemistry, 269,
16821-8.

Atkinson, K. D., Kolat, A. I. & Henry, S. A. (1977). Osmotic imbalance in
inositol-starved spheroplasts of Saccharomyces cerevisiae. Journal of
Bacteriology, 132, 806-17.

Auger, K. R., Carpenter, C. L., Cantely, L. C. & Varticovski, L. (1989).
Phosphatidylinositol 3-kinase and its novel product phosphatidylinositol
3-phosphate, are present in Saccharomyces cerevisiae. Journal of Biological
Chemistry, 264, 201814,

Beadle, G. W. (1944). An inositol-less mutant strain of Neurospora crassa and
its use in bioassays. Journal of Biological Chemistry, 156, 683-9.

Belde, P. J., Vossen, J. H., Borst-Pauwels, G. W. & Theuvenet, A. P. (1993).
Inositol 1,4,5-trisphosphate releases Ca?* from vacuolar membrane
vesicles of Saccharomyces cerevisiae. FEBS Letters, 323, 113-18.

Berridge, M. J. & Irvine, R. F. (1984). Inositol trisphophate, a novel second
messenger in cellular signal transduction. Nature, 312, 315-21.

Boronenkov, 1. V. & Anderson, R. A. (1995). The sequence of
phosphatidylinositol phosphate 5-kinase defines a novel family of lipid
kinases. Journal of Biological Chemistry, 270, 2881-4.

Boyer, J. L., Hepler, J. R. & Harden, T. K. (1989). Hormone and growth
factor receptor-mediated regulation of phospholipase C activity. Trends in
Pharmacological Sciences, 10, 360—4.

Brandao, R. L., de Magalhaes-Rocha, N. M., Aljjo, R., Ramos, J. &
Thevelein, J. M. (1994). Possible involvement of a phosphatidylinositol-
type signalling pathway in glucose-induced activation of plasma-membrane

Y



172 G.D. Robson

H*-ATPase and proton extrusion in the yeast Saccharomyces cerevisiae.
Biochimica et Biophysica Acta, 1223, 117-24.

Brown, W. J., DeWald, D. B,, Emr, S. D., Plutner, H. & Balch, W. E. (1995).
Role for phosphatidylinositol 3-kinase in the sorting and transport of
newly synthesised lysosomal enzymes in mammalian cells. Journal of Cell
Biology, 130, 781-96.

Cahil, M. A., Janknecht, R. & Nordheim, A. (1996). Signalling pathways: Jack
of all cascades. Current Biology, 6, 16--19.

Calvert, C. M. & Sanders, D. (1995). Inositol trisphosphate-dependent and
-independent Ca®* mobilisation pathways at the vacuolar membrane of
Candida albicans. Journal of Biological Chemistry, 270, 7272-80.

Cornelius, G., Gebauer, G. & Techel, D. (1989). Inositol trisphosphate induces
calcium release from Neurospora crassa vacuoles. Biochemical and
Biophysical Research Communications, 162, 852-6.

Cornelius, G. & Nakashima, H. (1987). Vacuoles play a decisive role in
calcium homeostasis in Neurospora crassa. Journal of General
Microbiology, 133, 2341-17.

Csaba, G. (1994). Phylogeny and ontogeny of chemical signalling: origin and
development. International Review of Cytology, 155, 1-48.

Dicker, J. W. & Turian, G. (1990). Calcium deficiencies and apical
hyperbranching in wild-type and the ‘frost’ and ‘spray’ mutants of
Neurospora crassa. Journal of General Microbiology, 136, 1413-20.

Dickson, R. C., Wells, G. B., Schmidt, A. & Lester, R. L. (1990). Isolation of
mutant Saccharomyces cerevisiae strains that survive without sphingolipids.
Molecular and Cellular Biology, 10, 2176-81.

Divecha, N. & Irvine, R. F. (1995). Phospholipid signalling. Cell, 80, 269-78.

Donahue, T. F. & Henry, S. A. (1981). Myo-inositol-1-phosphate synthase.
Characterisation of the enzyme and identification of its structural gene in
yeast. Journal of Biological Chemistry, 256, 7077-85.

Drummond, A. H. (1987). Lithium and inositol lipid-linked signalling
mechanisms. Trends in Pharmacological Sciences, 8, 129-33.

Estevez, F., Pulford, D., Stark, M. J. R., Carter, A. N. & Downes, C. P.
(1994). Inositol trisphosphate metabolism in Saccharomyces cerevisiae-
identification, purification and properties of inositol 1,4,5-trisphosphate 6-
kinase. Biochemical Journal, 302, 709~16.

Fankhauser, H., Schweingruber, A. M., Edenharter, E. & Schweingruber,

M. E. (1995). Growth of a mutant defective in a putative
phosphoinositide-specific phospholipase C of Schizosaccharomyces pombe
is restored by low concentrations of phosphate and inositol. Current
Genetics, 28, 199-203.

Flanagan, C. A., Schneiders, E. A., Emerick, A. W., Kunisawa, R., Admon, A.
& Thorner, J. (1993). Phosphatidylinositol 4-kinase: gene structure and
requirement for yeast cell viability. Science, 262, 1444-8.

Flick, J. S. & Thorner, J. (1993). Genetic and biochemical characterisation of a
phosphatidylinositol-specific phospholipase C in Saccharomyces cerevisiae.
Molecular and Cellular Biology, 13, 5861-76. '

Fuller, R. C. & Tatum, E. L. (1956). Inositol-phospholipid in Neurospora and
its relationship to morphology. American Journal of Botany, 43, 361-5.

Gadd, G. M. (1995). Signal transduction in fungi. In The Growing Fungus, ed.
N. A. R.-Gow & G. M. Gadd, pp. 183-210. London: Chapman and Hall.




Phosphoinositides and branching ' 173

Gadd, G. M. & Foster, S. A. (1997). Metabolism of inositol 1,4,5-
trisphosphate in Candida albicans: significance as a precursor of inositol
polyphosphates and in signal transduction during the dimorphic transition
from yeast cells to germ tubes. Microbiology, 143, 437-48.

Garcia-Bustos, J. F., Marini, F., Stevenson, 1., Frei, C. & Hall, M. N. (1994)
PIK1, an essent1a1 phosphatldylmosnol -4- kmase associated with the yeast
nucleus. EMBO Journal, 13, 2352-61.

Giugliano, E. R., Dennery, N. & Rana, R. S. (1995). Glucose metabolism
stimulates phosphomosntlde biosynthesis in Saccharomyces cerevisiae. :
FASEB Journal, 9, A1308.

Goldschmidt-Clermont, P. J., Machesky, L. M., Baldassare, J. J. & Pollard,
T. D. (1990). The actin- bmdmg protein proﬁlm binds to PIP, and inhibits
its hydrolysis by phospholipase C. Science, 247, 1575-8.

Hanson, B. A. (1991). The effects of lithium on the phosphoinositides and
inositol phosphates of Neurospora crassa. Experimental Mycology, 15,
76-90.

Hanson, B. A. & Brody, S. (1978). Lipid and cell wall changes in an inositol-
requiring mutant of Neurospora crassa. Journal of Bacteriology, 138,
461-6.

Hanson, B. A. & Lester, R. L. (1982). Effect of inositol starvation on the in
vitro synthesis of mannan and N-acetylglucosaminylpyrophosphoryl-
dolichol in Saccharomyces cerevisiae. Journal of Biological Chemistry, 151,
334-42.

Hawkins, P. T., Stephens, L. R. & Piggott, J. R. (1993). Analysis of inositol
metabolites produced by Saccharomyces cerevisiae in response to glucose
stimulation. Journal of Biological Chemistry, 268, 3374-83.

Heath, 1. B. (1990). The roles of actin in tip growth of fungi. International
Review of Cytology, 123, 95-127.

Heinzmann, C. W. & Hunziker, W. (1991). Intracellular calcium-binding
proteins: more sites than insights. Trends in Biochemical Sciences, 16,
98-103.

Henry, S. A., Atkinson, K. D., Kolat, A. 1. & Culbertson, M. R. (1977).
Growth and metabolism of inositol-starved Saccharomyces cerevisiae.
Journal of Bacteriology, 130, 472-84.

Herman, P. K. & Emr, S. D. (1990). Characterisation of VPS34, a gene
required for vacuolar protein sorting and vacuole segregation in
Saccharomyces cerevisiae. Molecular and Cellular Biology, 10, 6742-54.

Hosking, S. L., Robson, G. D. & Trinci, A. P. J. (1995) Phosphoinositides
play a role in hyphal extension and branchmg in Neurospora crassa.
Experimental Mycology, 19, 71-80.

Hoskings, S. L., Trinci, A. P. J. & Robson, G. D. (1997). In vitro metabolism
of inositol 1,4,5-trisphosphate by Neurospora crassa. FEMS Microbiology
Letters, 154, 223-9.

Irvine, R. F. (1992) Is inositol tetrakisphosphate the second messenger that
controls Ca®* entry into cells? ddvances in Second Messenger and
Phosphoprotein Research, 26, 161-85.

Janssens, P. M. W. (1987). Did vertebrate signal transduction mechanisms
originate in eukaryotic microorganisms? Trends in Biochemical Sciences,
12, 456-9.



174 G.D. Robson

Jung, O. J,, Lee, E. J., Kim, J. W, Chung, Y. R. & Lee, C. W. (1997).
Identification of putative phosphoinositide-specific phospholipase C genes
in filamentous fungi. Molecules and Cells, 7, 192-9.

Kelley, M. J., Baillis, A. M., Henry, S. A. & Carman, G. M. (1988).
Regulation of phospholipid biosynthesis in Saccharomyces cerevisiae by
inositol. Inositol is an inhibitor of phosphatidylserine synthase activity.
Journal of Biological Chemistry, 263, 18078-85.

Kimura, K., Miyake, S., Makuuchi, M., Morita, R., Usui, T., Yoshida, M.,
Horinouchi, S. & Yasuhisa, F. (1995). Phosphatidylinositol-3 kinase in
fission yeast: a possible role in stress responses. Bioscience Biotechnology
and Biochemistry, 89, 678-82.

Kincaid, R. L. (1991). Signalling mechanisms in microorganisms: common
themes in the evolution of signal transduction pathways. Advances in

,Second Messenger and Phosphoprotein Research, 23, 165-81.

Lakin-Thomas, P. L. (1993). Effects of inositol starvation on the levels of
inositol phosphates and inositol lipids in Neurospora crassa. Biochemical
Journal, 292, 805-11.

Levin, D. E., Bowers, B., Chen, C. Y., Kamada, Y. & Watanabe, M. (1994).
Dissecting the protein kinase C/MAP kinase signalling pathway of
Saccharomyces cerevisiae. Cellular and Molecular Biology, 40, 229-39.

Lu, K. P. & Means, A. R. (1993). Regulation of the cell cycle by calcium and
calmodulin. Endocrine Reviews, 14, 40-58.

Metzler, W. J., Bell, A. J., Ernst, E., Lavoie, T. B. & Mueller, L. (1994).
Identification of the poly-L-proline-binding site on human profilin. Journal
of Biological Chemistry, 269, 4620-5.

Miller, A. J., Vogg, G. & Sanders, D. (1990). Cytosolic calcium homeostasis in
fungi: roles of plasma membrane transport and intracellular sequestration
of calcium. Proceedings of the National Academy of Sciences, USA, 87,
9348-52.

Mooibroek, M. J. & Wang, S. H. (1988). Integration of signal transduction
processes. Biochemistry and Cell Biology, 66, 557—66.

Morawetz, R., Lendenfeld, T., Mischak, H., Muhlbauer, M., Gruber, F.,
Goodnight, J., de Graaf, L. H., Visser, J., Mushinski, J. F. & Kubicek,
C. P. (1996). Cloning and characterisation of genes (pkcl and pkcA)
encoding protein kinase C homologues from Trichoderma reesei and
Aspergillus niger. Molecular and General Genetics, 250, 17-28.

Munkres, K. D. (1976). Ageing of Neurospora crassa II1. Induction of cellular
death and clonal senescence of an inositol-less mutant by inositol
starvation and the protective effect of dietary antioxidants. Mechanisms of
Ageing and Development, §, 163-9,

Nagiec, M. M., Nagiec, E. E., Baltisberger, J. A., Wells, G. B., Lester, R. L. &
Dickson, R. C. (1997). Sphingolipid synthesis as a target for antifungal
drugs. Complementation of the inositol phosphorylceramide synthase
defect in a mutant strain of Saccharomyces cerevisiae by the AURI gene.
Journal of Biological Chemistry, 272, 9809-17.

Nahorski, S. R. & Potter, B. V. L. (1989). Molecular recognition of inositol
polyphosphates by intracellular receptors and metabolic enzymes. Trends
in Pharmacological Sciences, 10, 139-44,

Nikawa, J., Kodaki, T. & Yamashita, S. (1987). Primary structure and
disruption of the phosphatidylinositol synthase gene of Saccharomyces
cerevisiae. Journal of Biological Chemistry, 262, 4876-81.



Phosphoinositides and branching 175

Nishida, E. & Gotoh, Y. (1993). The MAP kinase cascade is essential for
diverse signal transduction pathways. Trends in Biochemical Sciences, 18,
128-31.

Nishuzka, Y. (1984). Turnover of inositol phospholipid and signal
transduction. Science, 225, 1365-70.

Ostrander, D. B., Gorman, J. A. & Carman, G. M. (1995). Regulation of
profilin localisation in Saccharomyces cerevisiae by phosphoinositide
metabolism. Journal of Biological Chemistry, 270, 27045-50.

Otsu, M., Hiles, I., Gout, 1., Fry, M. J., Ruiz-Larrea, F., Panaotou, G.,
Thompson, A., Dhand, R:, Hsuan, J., Totty, N., Smith, A. D., Morgan,
S. J., Courtneidge, S. A., Parker, P. J. & Waterfield, M. D. (1991).
Characterisation of two 85 kDa proteins that associate with receptor
tyrosine kinases, middle-T/pp60c-src complexes and PI3-kinase. Cell, 65,
91-104.

Paravicini, G., Mendoza, A., Antonsson, B., Cooper, M., Losberger, C. &
Payton, M. A. (1996). The Candida albicans PKCI-gene encodes a protein
kinase C homologue necessary for cellular integrity but not dimorphism.
Yeast, 12, 741-56.

Patton, J. L., Srinivasan, B., Dickson, R. C. & Lester, R. L. (1992).
Phenotypes of sphingolipid-dependent strains of Saccharomyces cerevisiae.
Journal of Bacteriology, 174, 7180-4.

Payne, W. E. & Fitzgerald-Hayes, M. (1993). A mutation in PLCI, a candidate
phosphoinositide-specific phospholipase C gene from Saccharomyces
cerevisine causes aberrant mitotic chromosomal segregation. Molecular and
Cellular Biology, 13, 4351-64.

Prior, S. L., Cunliffe, B. W., Robson, G. D. & Trinci, A. P. J. (1993). Multiple
isomers of phosphatidylinositol monophosphate and inositol bis- and
trisphosphates from filamentous fungi. FEMS Microbiology Letters, 110,
147-52.

Prior, S. L., Robson, G. D. & Trinci, A. P. J. (1994). Phosphoinositide
turnover does not mediate the effects of light or choline, or the relief of
derepression of glucose metabolism in filamentous fungi. Mycological
Research, 98, 291-4.

Rasmussen, L., Christensen, S. T., Schousboe, P. & Wheatley, D. V. (1996).
Cell survival and multiplication. The overriding need for signals: from
unicellular to multicellular systems. FEMS Microbiology Letters, 137,
123-8.

Roberts, R. L. & Fink, G. R. (1994). Elements of a single MAP kinase cascade
in Saccharomyces cerevisiae mediate two developmental programs in the
same cell type: mating and invasive growth. Genes and Development, 8,
2974-8s.

Robson, G. D., Kuhn, P. J. & Trinci, A. P. J. (1988). Effect of validamycin A
on the morphology, growth and sporulation of Rhizoctonia cerealis,
Fusarium culmorum and other fungi. Journal of General Microbiology, 134,
3187-94.

Robson, G. D., Kuhn, P. J. & Trinci, A. P. J. (1989). Effect of validamycin A
on the inositol content and branching of Rhizoctonia cerealis and other
fungi. Journal of General Microbiology, 135, 739-50.

Robson, G. D, Trinci, A. P. J., Wiebe, M. G. & Best, L. C. (1991a).
Phosphatidylinositol 4,5-bisphosphate (PIP,) is present in Fusarium
graminearum. Mycological Research, 95, 1082—4.



176 G.D. Robson

Robson, G. D., Wiebe, M. G. & Trinci, A. P. J. (19915). Low calcium
concentrations induce increased branching in Fusarium graminearum.
Mycological Research, 95, 561-5.

Schmid, J. & Harold, F. M. (1991). Dual roles for calcmm ions in apical
growth of Neurospora crassa. Journal of General Microbiology, 134,
2623-31.

Schomerus, C. & Kuntzel, H. (1992). CDC25-dependent induction of inositol
1,4,5-trisphosphate and diacylglycerol in Saccharomyces cerevisiae by
nitrogen. FEBS Letters, 307, 249-52.

Schu, P. V., Takegawa, K., Fry, M. J., Stock, J. H., Waterfieid, M. B. & Emr,
S. D. (1993). Phosphatidylinositol 3-kinase encoded by yeast VSP34 gene
is essential for protein sorting. Science, 260, 88-91.

Schultz, C., Gebauer, G., Metschies, T., Rensing, L. & Jastorff, B. (1990).
Cis,cis-cyclochexane 1,3,5-triol polyphosphates release calcium from
Neurospora crassa via unspecific Ins 1,4,5-P; receptor. Biochemical and
Biophysical Research Communications, 166, 1319-27.

Shatkin, A. J. & Tatum, E. L. (1961). The relationship of m-inositol to
morphology in Neurospora crassa. American Journal of Botany, 48, 760-71.

Shears, S. B. (1992). Metabolism of inositol phosphates. Advances in Second
Messenger and Phosphoprotein Research, 26, 63-92.

Sohn, R. H. & Goldschmidt-Clermont, P. J. (1994). Profilin: at the crossroads
of signal transduction and the actin cytoskeleton. Bioessays, 16, 465-72.

Stack, J. H. & Emr, S. D. (1994). Vps34p required for vacuolar protein sorting
is a multiple specificity kinase that exhibits both protein kinase and
phosphatidylinositol-specific P13-kinase activities. Journal of Biological
Chemistry, 269, 31552-62.

Stephens, L., Cooke, F. T., Walters, R., Jackson, T., Volina, S., Gout, 1.,
Waterfield, M. D. & Hawkins, P. T. (1994). Characterisation of a
phosphatidylinositol-specific phosphoinositide 3-kinase from mammalian
cells. Current Biology, 4, 203-14.

Stuart, J. A., Hughes, P. I, Kirk, C. J., Davey, J. & Michel, R. H. (1995).
The involvement of inositol lipids and phosphates in signalling in the
fission yeast Schizosaccharomyces pombe. Biochemical Society Transactions,
23, 223S.

Su, B. & Karin, M. (1996). Mitogen-activated protein cascades and regulation
of gene expression. Current Opinion in Immunology, 8, 402-11.

Takegawa, K., DeWald, D. B. & Eme, S. D. (1995). Schizosaccharomyces
pombe Vps34p, a phosphatidylinositol-specific PI 3-kinase essential for
normal cell growth and vacuole morphology. Journal of Cell Science, 108,
3745-56.

Waskiewicz, A. J. & Cooper, J. A. (1995). Mitogen and stress response
pathways: MAP kinase cascades and phosphatase regulation in mammals
and yeast. Current Opinion in Cell Biology, 7, 798-805.

Wong, K., Meyers, D. D. R. & Cantly, L. C. (1997). Subcellular locations of
phosphatidylinositol 4-kinase isoforms. Journal of Biological Chemistry,
272, 13236-41.

Woscholski, R., Kodaki, T., McKinnan, M., Waterfield, M. D. & Parker, A. J.
(1994). A comparison of demethoxyviridin and wortmannin as inhibitors
of phosphatidylinositol 3-kinase. FEBS Letters, 342, 109-14.

Yamamoto, A., DeWald, D. B., Boronenkov, 1. V., Emr, S. D. & Koshland,
D. (1995). Novel PI(4)P.5-kinase homologue, Fablp, essential for normal



Phosphoinositides and branching 177

vacuole function and morphology in yeast. Molecular Biology of the Cell,
6, 525-39.

Yoko-o, T., Koto, H., Matsui, Y., Takenawa, T. & Toh-e, A. (1995). Isolation
and characterisation of temperature-sensitive plcl mutants of the yeast
Saccharomyces cerevisiae. Molecular and General Genetics, 247, 148-56.

Yoko-o, T., Matsui, Y., Yagisawa, H., Nolima, H., Uno, 1. & Toh-¢, A.
(1993). The putative phosphoinositide-specific phospholipase C gene,
PLCI, of the yeast Saccharomyces cerevisiae is important for cell growth.
Proceedings of the National Academy of Sciences, USA, 90, 1804-8.

Yoshida, S., Ohya, Y., Goebi, M., Nakano, A. & Anraku, Y. (19944). A novel
gene STT4, encodes a phosphatidylinositol-4-kinase in the PCK1 protein
kinase pathway of Saccharomyces cerevisiae. Journal of Biological
Chemistry, 269, 1166-72.

Yoshida, S., Ohya, Y., Nakano, A. & Anraku, Y. (1994b). Genetic interactions
among genes involved in the STT4-PKC1 pathway of Saccharomyces
cerevisiae. Molecular and General Genetics, 242, 631-40.

Zsindely, A., Kiss, A., Schablik, M., Szabolcs, M. & Szabo, G. (1983). Possible
role of a regulatory gene product upon the myo-inositol-1-phosphate
synthase production in Neurospora crassa. Biochimica et Biophysica Acta,
741, 273-8.



ia

The fungal colony

SYMPOSIUM OF

THE BRITISH MYCOLOGICAL SOCIETY

HELD AT THE SCIENTIFIC SOCIETIES’ LECTURE
THEATRE, LONDON

SEPTEMBER 1997

EDITED BY

N. A. R. GOW, G. D. ROBSON
AND G. M. GADD

Published for the British Mycological Society

5% CAMBRIDGE
8 UNIVERSITY PBESS




