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Abstract

This review compiles and discusses previous reports on the identity of wall-associated enzymes (WAEs) in fungi and addresses
critically the widely different terminologies used in the literature to specify the type of bonding of WAEs to other entities of the cell
wall compartment, the extracellular matrix (ECM). A facile and rapid fractionation protocol for catalytically active WAEs is pre-
sented, which uses crude cell walls as the experimental material, a variety of test enzymes (including representatives of poly-
saccharide synthases and hydrolases, phosphatases, y-glutamyltransferases, pyridine-nucleotide dehydrogenases and phenol-
oxidising enzymes) and a combination of simple hydrophilic and hydrophobic extractants. The protocol provides four fully oper-
ationally defined classes of WAESs, with constituent members of each class displaying the same basic type of physicochemical
interaction with binding partners in situ. The routine application of the protocol to different species and cell types could yield easily
accessible data useful for building-up a general objective information retrieval system of WAESs, suitable as an heuristic basis both
for the unravelling of the role and for the biotechnological potentialities of WAEs. A detailed account is given of the function
played in the ECM by WAE:s in the metabolism of chitin (chitin synthase, chitinase and B-N-acetylhexosaminidase) and of phenols
(tyrosinase).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

According to a pioneer of research on the present
topic (Fleet, 1991), the cell wall is considered as that
complex of macromolecules which envelopes the cell
external to the plasma membrane and, thus, includes the
periplasmic space (Arnold, 1991). By analogy to the
situation in plants (Kohorn, 2000), the wall compart-
ment of fungi may also be referred to as the extra-
cellular matrix (ECM), which embodies the plasma
membrane—wall interface (for examples, see Carpita et
al., 1996, 2001; Anderson et al., 2001). This broad
definition has been adopted here.

1.1. Current views of wall-associated enzymes (WAEs)

That fungi harbour functionally relevant enzymes in
muro, synthetic as well as hydrolytic ones, was postu-
lated very early in the era of fungal cell wall biochem-
istry (Burnett, 1979). Previous studies on fungal walls
had been directed almost exclusively to the chemical and
ultrastructural analysis of the extracellular compartment
of these organisms and resulted in the elaboration of
various wall fractionation procedures (Fleet, 1991), of
which the protocol of Hunsley and Burnett (1970) is the
most generally applicable one. Progress in the field of
WAEs has been sluggish, however, despite its prime
importance for understanding fungal morphogenesis and
for biotechnological applications (see Peberdy, 1994;
Gooday, 1995).

The main reason for the scarcity of data on WAEs in
fungi might be the long-lived notion that enzymes
detected in the wall fraction are not genuinely located
there, but either simply proteins en route for secretion
into the milieu, or artefacts of cell disruption (lit. cit’s in
Ruiz-Herrera, 1992). This assumption has been nur-
tured by the observation that some chemical and bio-
chemical tests with cell walls for the presence of entities
presumed to be exclusively protoplastic (Taylor and
Cameron, 1973) are quite regularly positive. Thus, the
problem of the occurrence of WAEs in these organisms
has been tackled to some extent only during the last
decade and the situation has been addressed in a rela-
tively small number of species, the selection of which
has been heavily biased towards medically or bio-
technologically important representatives of the Deu-
tero- and Ascomycetes. Further, the approaches
followed to demonstrate a mural location of enzymes
vary greatly (compare, e.g., Williams et al., 1984, with
Lam et al., 1994; Vainstein and Peberdy, 1990; Ruiz-
Herrera et al., 1995; Lucio et al., 2000; Zhu et al., 2001),
frequently rely on indirect methods (see Molina et al.,
2000) and—although often based on a variety of quite
sophisticated genomic and microscopic techniques (e.g.,
green fluorescent protein methodology; Cubitt et al.,
1995; Cormack et al., 1997)—sometimes do not even
encompass confirmatory direct enzyme activity tests
with isolated cell walls. Finally, the terminology used to
specify the physicochemical relationships between
WAEs and other components of the wall varies con-
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siderably. Thus, reliable comparisons of data on fungal
WAEs provided by different authors are often difficult
and satisfactory generalisations are not possible to date.

1.2. Purpose of this article

To advance research on fungal WAEs, facile and
standardised extraction protocols are required that yield
the proteins sought as non-denatured, catalytically
active entities, upon which more extensive biochemical
and genomic analyses can be based. With current
methods, contamination of wall fragments by proto-
plastic entities occurs and is, in fact, intrinsically una-
voidable (details in Section 3.1). Nevertheless, with the
rapidly increasing knowledge of cellular biochemistry,
the detection of so-called intracellular markers in the
cell wall can no longer be construed as evidence per se
for a largely artefactual consortium of enzymes present
in the cell wall fraction. Indeed, nucleic acids (Celerin et
al., 1994) as well as some enzymes previously held to be
exclusively cytosolic, must now be considered to occur
as native extraprotoplastic entities (see references in
Chaffin et al., 1998).

In view of the difficulties outlined (Section 1.1) and to
make full use of earlier investigations into WAEs and
the multiple functions they may play, not only should
wall fractionation schemes be generally applicable, but
also be suitable for primary surveys of the sub-
compartmentation of WAEs in muro and assessments
of their species-, organ-, tissue- and cell-specific expres-
sion, as well as for the systematic search for further
WAE:s. It is the aim of the present article to: (i) compile
and critically discuss previous reports on the identity of
fungal WAEs as well as to list their species occurrence;
(ii) present a facile and rapid protocol for the fractio-
nation and preliminary assessment of the physicochem-
ical relationships of WAEs with other components of
the ECM; and (iii) give an account of the physiological
significance of some selected examples of mural proteins
for which sufficient knowledge is available to make
them promising model systems for future broad-based
general investigations into the function and biotechno-
logical potentialities of WAESs (Sections 4 and 5).

2. Identity of wall-associated enzymes (WAEs)
2.1. Bona fide WAEs

Based on direct catalytic activity tests with isolated
cell walls (either the crude low-speed sediment of the cell
homogenate or subfractions thereof) and excluding
inducible exoenzymes presumably involved merely in
the transformation of nutrients present in the medium,
published records of WAESs in fungi relate to the fol-
lowing biochemical classes-subclasses (Table 1): oxidor-

eductases acting on diphenols as donors and oxygen as
the acceptor, aminoacyltransferases, phosphoric
monoester hydrolases (also catalysing transphos-
phorylation), hexosyltransferases and O-glycosyl-
transferases. The latter two groups encompass the large
majority of enzymes reported to date as having an
extraprotoplastic location. The present authors’ recent
findings of some enzymes not reported to exist pre-
viously in wall-associated forms (see Section 3.2) have
also been included in Table 1.

For some of the WAE:s listed in Table 1 as well as for
some other entities not included, there is com-
plementary, confirmatory or strongly suggestive evi-
dence for a genuine extraprotoplastic occurrence.
Frequently, the evidence presented for wall-association
of a particular enzyme is indirect, i.e., inferred mainly
from simple histochemical tests or immunocytochemical
and genomic analyses, without biochemical studies.
Other papers report the presence of a particular WAE
in just another species than the one in which it had ori-
ginally been detected. These additional data refer to
tyrosinase (in Agaricus bisporus: Rast et al., 1981; Hol-
lenstein, 1997), B-(1-3)-glucanosyltransferase (in Candida
albicans: Hartland et al., 1991), acid phosphatase (in
Botrytis cinerea, Hebeloma ssp. and C. albicans: Weber
and Pitt, 1997; Tibbett et al., 1998; further references in
Chaffin et al., 1998), phospho- and lysophospholipases (in
C. albicans: citations in Chaffin et al., 1998), chitinase (in
Saccharomyces cerevisiae, C. albicans and Kluyveromyces
ssp.: Rodriguez-Medina et al., 1998; Iranzo et al., 2002;
Bahmed et al., 2002), B-glucosidase (in C. albicans,
Aspergillus kawachii and Acremonium persicinum: Ram
et al., 1984; Iwashita et al., 1999; Pitson et al., 1999),
trehalase (in Neurospora crassa, C. albicans and Mucor
rouxii: Hecker and Sussman, 1973; Ram et al., 1984,
Molloy et al., 1995; Lucio et al., 2000), (1-3)-B-glucanase
(in C. albicans and A. persicinum: Ram et al., 1984; Pitson
etal., 1999), (1-6)-B-glucanase (in A. persicinum: Pitson et
al., 1999) and N-acetylhexosaminidase (in C. albicans
and M. rouxii: Molloy et al., 1995; Rast et al., 1991).

2.2. Cytosolic enzymes as putative WAEs

Not unexpectedly, reports of some glycolytic enzymes
as bona fide WAEs, namely, glyceraldehyde 3-phos-
phate dehydrogenase (Gil-Navarro et al., 1997; Gozalbo
et al., 1998; Delgado et al., 2001), phosphoglycerate
kinase (Alloush et al., 1997) and enolase (Angiolella et
al., 1996; Eroles et al., 1977; Edwards et al., 1999) are
bound to encounter considerable reserve and scepticism
(see Chaffin et al., 1998). These, of course, are generally
accepted to be cytosolic, non-glycosylated marker
enzymes. Other major conceptual impediments to a
broad acceptance of the authors’ conclusions appear to
be the following: (a) the observations are at odds with
the firmly entrenched view of the fungal wall as a venue
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Table 1
A list of cell wall-associated enzymes (WAESs) in fungi®?
Enzyme EC no. Species Reference
Tyrosinase 1.10.3.1 Agaricus bisporus This article (Fig. 3b)
Laccase 1.10.3.2 Cryptococcus neoformans Zhu et al., 2001
Protein-glutamine 2.3.2.13 Candida albicans Ruiz-Herrera et al., 1995
y-glutamyltransferase
Chitin synthase 2.4.1.16 A. bisporus Hénseler et al., 1983b; this article (Fig. 3d)
Mucor rouxii Horsch et al., 1996
B-(1-3)-Glucan synthase 2.4.1.34 A. bisporus This article (Fig. 3c)
B-(1-3)-Glucanosyltrans-ferase® 2.4.1.x Saccharomyces cerevisiae Goldman et al., 1995
C. albicans
B-(1-3)-Glucanosyltrans-ferase® 24.1y Aspergillus fumigatus Hartland et al.,1996
B-(1,4)-Xylanase 3.2.1.8 Cryptococcus albidus Notario et al., 1979
Acid phosphatase 3122 S. cerevisiae See Arnold, 1991;¢ Fleet, 1991d
Chitinase 3.2.1.14 S. cerevisiae Kuranda and Robbins, 1991
M. rouxii Mayer, 1997
Benjaminiella poitrasii Ghormade et al., 2000
A. bisporus This article (Fig. 3d)
B-Glucosidase 3.2.1.21 C. albicans Notario, 1982
Coccidioides immitis Kruse and Cole, 1992; Hung et al., 2001
Aspergillus kawachii Iwashita et al., 1998
B-Galactosidase 3.2.1.23 Aspergillus nidulans Torralba et al., 1996
Invertased 3.2.1.26 Neurospora crassa Chang and Trevithik, 1972
Claviceps purpurea Dickerson and Baker, 1979
Puccinia graminis Williams et al., 1984
Aspergillus nidulans Vainstein and Peberdy, 1990
S. cerevisiae see Arnold, 1991d; Fleet, 1991d
Acremonium typhinum Lam et al., 1994
Trehalase 3.2.1.28 N. crassa Chang and Trevithik, 1972
(1-3)-B-Glucanase 3.2.1.39 C. albicans Notario, 1982
S. cerevisiae Klebl and Tanner, 1989; Mrsa et al., 1993
A. bisporus This article (Fig. 3c)
B-N-Acetylhexosaminid-ase 3.2.1.52 M. rouxii Mayer, 1997; this article (Figs. 1 and 2)

B. poitrasii
A. bisporus

Ghormade et al., 2000

This article (Fig. 3d)

4 Reports are not listed where the wall-associated protein has not been identified by its catalytic activity in native isolated cell walls or in endo-
genous autolysates thereof (Fleet, 1991). Papers on enzymes presumably only transiently present within the cell wall (i.e., induced secreted enzymes

en route to the medium) have been included neither.

® Some enzymes for which there is good, although largely indirect evidence for wall-association are referred to in the text.

¢ Mechanistically different entities.

4 These authors cite numerous earlier works, also on other yeast species.

for only a very few enzymic activities other than hydro-
lases involved in the re-mobilisation of nutrients for
uptake into the protoplastic compartment, apart from
being a passage way for exoenzymes (Wessels, 1999); (b)
the findings require the externalisation of the nucleo-
tides necessary as co-substrates in some of the reactions
concerned (for which there is no room in the traditional
picture of transport mechanisms); and (c) the claims
made are incompatible with the localisation of proteins
destined for the cell surface via the constitutive vesicle
bound signal-peptide dependent secretory pathway,
which requires glycoconjugation of the transportants.
But there are also arguments against the critical points
raised: (i) the now rapidly expanding knowledge of the
cell surface compartment as a biochemically very versa-
tile organelle, also in other organisms than fungi (for
plants, see Carpita et al., 2001), has created such a new

level of understanding cell wall enzymology and
dynamics that the classical view can simply no longer
hold; (i1) the ATP binding cassette (Higgins, 2001)—
universally present—contains members that provide for
the high affinity export of such nucleotides; (iii) there
are also ABC transporters for virtually any type of
proteins (whether small or large, hydrophobic or highly
charged; glycoconjugated or not; Higgins, 2001); and
(iv) the present knowledge of fungal protein export sys-
tems encompasses alternatives to both the ATP binding
cassette and the classical endoplasmic reticulum—Golgi
pathway. Thus, there exist export machineries for the
secretion of proteins that are distinct from either of
these, inasmuch as they apparently effect the externali-
sation of non-glycosylated proteins (Luna-Arias et al.,
1991) and of proteins lacking a classical secretory signal
sequence (Cleves et al., 1996).
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2.3. The pursuit of new WAEs

Considering the present picture of the chemical and
supramolecular structure of the wall of S. cerevisiae
(Fleet, 1991; Van der Vaart et al., 1996; Kapteyn et al.,
1999; Klis et al., 2002) and drawing on biochemical and
ultrastructural dissection data from the walls of two
filamentous fungi, Schizophyllum commune (Sietsma and
Wessels, 1977; Sietsma et al., 1977; van der Valk et al.,
1977) and A. bisporus (Michalenko et al., 1976; Rast
and Hollenstein, 1977; Rast et al., 1981; Hollenstein,
1997), the consortium of fungal WAEs that have been
identified biochemically to date (Table 1; Section 2.1.)
provides for some of the basic reactions required to: (i)
create and “mould” major building blocks of the wall
(refer to Klis et al., 2002); (i1) assemble these into a
dynamically remodelled giant heteropolysaccharide—
protein—lipid composite; and (iii) eventually transform
the latter into an intrinsically non-hydrolysable material
through oxidative coupling with phenolic residues. Two
examples concerning these are dealt with in Section 4.
As most of the many mannan cell wall proteins (CWPs)
are considered to be catalytically active (Mrsa et al.,
1999), one can safely assume that many more WAEs
remain to be detected. Some WAEs reach the extra-
protoplastic compartment in the form of vesicles (for-
merly called periplasmic bodies; Arnold, 1991; Notario,
1982; Weber and Pitt, 1997); others, among which glu-
canosyltransferases (Mouyna et al., 2000; Bernard and
Latgé, 2001), possibly are directly released from their
glycosyl-phosphatidylinositol (GPI)-anchored state in
the plasma membrane by hydrolytic/transglycosylating
reactions, whence they become attached to a -1,6-glu-
can residue of the f—glucan-chitin complex (Kapteyn et
al., 1999; Mrsa et al., 1999; Klis et al., 2002).

Covalent bonding of WAEs in the interface region
between the plasma membrane/periplasmic reaction
medium and the more densely packed part of the wall
compartment might be a reason why they are appar-
ently intrinsically more stable than their respective pro-
toplastic forms (Notario et al., 1979; Dickerson and
Baker, 1979; Horsch et al., 1996; Iwashita et al., 1998).
The latency displayed by some WAEs, e.g., B-glucanase
(Notario, 1982; Nombela et al., 1988), invertase (Wil-
liams et al., 1984; Arnold, 1991), chitin synthase (refer-
ences in Merz et al., 1999b) and chitinolytic enzymes
(Rast et al., 1991; Molloy et al., 1995) is probably
another factor contributing to their longevity in muro.
Good stability is a property that WAEs share with wall-
associated proteins (WAPs) in general (Ruiz-Herrera et
al., 2002) and should facilitate the identification of some
of the numerous WAPs in search of a function as WAEs
(Mrsa et al., 1999; Montijn et al., 1999). Directly
extracting these in their native form from ballistically
prepared walls and subfractions thereof (see Section
3.2.) and concomitantly screening for presumptive cata-

lytic activities, the choice guided, e.g., by molecular
genetic data, appears to be a promising first stage
towards that goal, eventually followed by more exten-
sive biochemical and genomic journeys. The work of
Iwashita et al. (1998, 1999) with B-glucosidase repre-
sents a good example for such a straightforward inte-
grated approach. Finally, the high stability of naturally
immobilized WAEs could also be made use of in the
search for inhibitors of WAEs as potential antifungal
agents (see Section 5).

3. Fractionation of wall-associated enzymes (WAEs) in
situ

3.1. The crude cell wall experimental system

The view is quite common that the crude cell wall
fraction (CWF) is heavily contaminated by protoplastic
components and, therefore, is unsuitable per se as an
experimental system in its own right. Implicit in this
view is the assumption that rigorous washing of the
CWF with dilute hydrophilic solutions is mandatory for
reliable wall studies as it removes these contaminants.
However, this contention appears to be ill-founded.
Thus, it has been shown by a combination of chemical
and electron-microscopical analyses [applying the wall
fractionation procedure of Hunsley and Burnett (1970)
to A. bisporus cells] that the innermost part of the wall
compartment is delimited by a thin amorphous zone
(ca. 20 nm; Michalenko et al., 1976; Rast and Hollen-
stein, 1977; Hollenstein, 1997; Fig. 5, layer III). As this
can be clearly detected only if washing with buffer is not
extensive it could, therefore, prima facie be discounted
as a protoplastic contaminant. However, it reveals itself
as a genuine and distinct structural mural element by
differential staining upon treatment of the wall frag-
ments with lipase or KOH. In other studies, with intact
mushroom spores, it was observed that the inner surface
of the wall sometimes displays projections connecting it
to the plasma membrane (Greuter and Rast, 1975; Rast
et al., 1981; L.E. Nyhlén and D.M. Rast, unpublished),
which are somewhat reminiscent of Hechtian adhesion
sites in plant cells. Indeed, Hechtian strands have been
shown now to be a regular feature of fungal hyphae
(Bachewich and Heath, 1997). This means that in pre-
parations of buffer-washed cell walls the extracellular
compartment is reduced to the more densely packed
regions of the wall fabric or, in terms of physical bio-
chemistry, a near-solid-state reaction medium with a
severely reduced mobility of reactants and products.
The clean wall experimental system may, in fact, be
unsuitable per se for a straightforward comprehensive
search of WAEs, as some of these can be expected to be
located at the plasma membrane—wall interface and to
be involved in mediating the communication of the cell
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with its environment, e.g., wall-associated receptor pro-
tein kinases and co-located polysaccharide synthases.
Most of the extensive data on signal transduction in
fungi come from phenotypic analyses of mutant strains
and related genetic evidence concerning MAP kinase
pathways (Navarro-Garcia et al., 2001; Popolo et al.,
2001; Klis et al., 2002), whereas biochemical analyses
are virtually absent. A promising approach to tackle
this problem would be to consider the situation in
plants, where wall-associated protein kinases with pre-
sumptive function in signalling have been isolated by
biochemical means (He et al., 1996; Gens et al., 2000;
Kohorn, 2000; Anderson et al., 2001), and then use the
crude cell wall experimental system, together with the
cell fractionation protocol presented in Section 3.2.2.

By the same token used to discount the crude cell wall
system as artefactual, it could be argued that this holds
vice versa for the crude cell extract (CCE), since this is
likely to be heavily contaminated by hydrophilic entities
of the ECM. Such criticism is hardly ever encountered
(for a notable exception, concerning ATPase, see Ser-
rano, 1985; and Section 3.2.2). For example, the con-
spicious presence of quantities of polysaccharide
hydrolases (e.g., chitinases and B-glucanases: Rast et al.,
1991; Mayer and Rast, 1997; Pitson et al., 1999) in the
CCE of fungi cultivated under non-inducing conditions
is assumed to represent just a pool of vesicle-bound
enzyme en route to the cell surface (Nombela et al.,
1988). Tagging the cell surface proteins prior to cell
breakage (e.g., by biotinylation; Casanova et al., 1992;
Mrsa et al., 1997; Chaffin et al., 1998; Ruiz-Herrera et
al., 2002), followed by searching for label in the CCE,
could help clarify the problem, although it is highly
unlikely that all proteins of the ECM potentially con-
taminating the CCE become tagged by that procedure.
Because some of the periplasmic enzymes intrinsically
partition between the CWF and the CCE, cross-con-
tamination of these is unavoidable (Arnold, 1991). The
problem just has to be dealt with in separate, individual
studies, should the issue of contamination be a critical
one.

3.2. A facile and rapid fractionation scheme for WAEs

In principle, the binding of wall-associated proteins
(WAPs) to other components of the ECM can be
brought about by: (i) hydrogen and (unspecific) weak
ionic bonding; (ii) van der Waals forces and hydro-
phobic interactions; (iii) strong electrostatic forces; and
(iv) covalent linkage. As detailed below, a system of
operationally defined classes of WAEs (called I-IV,
respectively) according to the type of interaction of their
respective members with binding partners in muro could
be a valuable tool for further, broad-based research into
the metabolism of the fungal cell wall. Applying Ock-
ham’s Razor, such a classification of WAEs would

allow: (a) more objective comparisons between data
relating to different species; (b) disclose similarities/dis-
similarities of the microenvironment in which WAEs
belonging to different operational classes are active; and
(c) enhance the establishment of an information retrie-
val system of WAEs as an heuristic basis upon which to
build hypotheses for their functions. This is not possible
at present, because the number of species and enzymes
studied is relatively small, isolation procedures for them
vary greatly, and the terminology used to refer to non-
buffer-extractable WAEs are incompatible. Thus, for
example, the term ‘‘strongly wall-bound” can mean
both ionically and covalently attached to a mural part-
ner (for references, see Section 1.1). Attempts to obtain
an operationally-based classification system for WAEs,
therefore, will aim primarily at selecting suitable chemi-
cal discriminators for wall fractionation protocols that
yield the isolated WAPs—probably mostly all WAEs
(Section 2.3)—as catalytically active entities. Con-
siderations of the general applicability, simplicity and
speed of such an extraction protocol will, additionally,
be of importance.

3.2.1. Choice of experimental organisms, test enzymes
and extractants

3.2.1.1. Experimental organisms. The choice of the main
experimental material, A. bisporus sporocarp hyphae,
was guided by the following conditions and considera-
tions (references given are not comprehensive): (i) it is a
filamentous fungus; (ii) easily available in the form of
exponentially growing hyphae (refer to Section 6.1.);
(ii1) its chemical composition and wall ultrastructure are
well documented (Michalenko et al., 1976; Rast and
Hollenstein, 1977; Rast et al., 1981; Hegnauer et al.,
1985; Mol and Wessels, 1990; Pierce and Rast, 1995;
Hollenstein, 1997); (iv) it has a more-than-average
repertoire of identified enzymes, both ubiquitous (Rast
et al., 1976, 1979; Hammond, 1985; Van Gelder et al.,
1997; Jolivet et al., 1998) and more specific ones (Hés-
ler-Kiing, 1974; Héasler-Kiing and Rast, 1974; Ruffner et
al., 1978; Thurston, 1994; Volc et al., 1998; Wannet et
al., 1998; Horer et al., 2001); (v) it is well investigated
with respect to enzyme systems that are undoubtedly
major players in the metabolism of basic wall compo-
nents (Hénseler et al., 1983a,b; Galan et al., 1999), and
(vi) a good record of molecular genetics data are avail-
able for this species (Stoop and Mooibroek, 1999;
Whiteford and Thurston, 2000).

If only point (v) were considered, M. rouxii would be
an alternative excellent choice, as it has served over a
period of more than 20 years as an experimental object
of many investigations into the metabolism of cell wall
polysaccharides (Pedraza-Reyes and Lopez-Romero,
1989; Lending et al., 1990, 1991; Rast et al., 1991;
Horsch et al., 1996, 1997; Mayer, 1997; Merz et al.,
1999a; further references in Merz et al., 1999b). This
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species, however, presents some disadvantages in the
present context: (a) as a zygomycete, the structure of its
wall is different from both yeasts and non-dimorphic
filamentous fungi (Bartnicki-Garcia, 1968); (b) it is not
so well studied with respect to both primary and sec-
ondary metabolism; (c) as a dimorphic fungus, it dis-
plays a strong tendency to grow as mixed mycelial/yeast
cells; and (d) the submerged liquid cultivation system
necessary to obtain quantities of homogeneously grow-
ing cells at pn. 1s exacting (Rast et al., 1991). Never-
theless, some of the experiments reported here have
been performed with M. rouxii.

Should the data of the composition, catalytic activity
and location in muro of the assembly of WAEs even-
tually be interpreted in relation to their functional sig-
nificance in growth, it is essential that they should have
been collected from log-phase cells (see Rast et al.,
1991). This condition is met here with both
experimental organisms (Section 6.1).

3.2.1.2. Test enzymes. The array of enzymes tested for
their presence in operationally defined fractions of the
ECM was selected on the basis of two criteria: (a) well
known in the test organisms as components of the crude
cell extract; and (b) as a whole, potentially displaying all
four types of physicochemical interactions between
WAEs and other components of the wall compartment
(as defined in the preamble to Section 3.2). On the
experimental level, the palette of enzymes thus con-
tained at least one representative of: (i) soluble
protoplastic enzymes that are generally considered not
to genuinely occur in the ECM, but might, nevertheless,
be present in the crude cell wall system (Section 3.1),
either as contaminants (by entrapment in interstitial
spaces of the CWF pellet or by unspecific weak bond-
ing) or as hitherto unknown authentic mural compo-
nents; (i) soluble cytoplasmic enzymes for which
extraprotoplastic forms have been suggested; (iii) mem-
brane-associated enzymes which may have correspond-
ing entities in the wall, or enzymes that are both in the
plasma membrane and the ECM (for examples, see
Section 3.1); and (iv) enzymes whose substrates or pro-
ducts in the wall are insoluble.

3.2.1.3. Extractants. The common procedures to isolate
WAESs are based on the insolubility of B-glucan as well
as of chitin and, in this, they draw from previous,
straightforward chemical methods to extract wall-asso-
ciated proteins (WAPs) which involve treatment of the
wall material with alkali and acid, sometimes followed
by digestion of the residue with B-glucanase and chit-
inase (Hunsley and Burnett, 1970; Fleet, 1991; Ruiz-
Herrera et al., 1996). In general, the sample for isolation
of WAEs consists of: (i) whole cells (native or surface-
labelled) or residues obtained therefrom by treatment
with dilute hydrophilic and hydrophobic solvents and/

or with glucanase mixtures (e.g., Elango et al., 1982;
Kuranda and Robbins, 1991; Kruse and Cole, 1992;
Molloy et al., 1995; Gil-Navarro et al., 1997; Pitson et
al., 1999); (ii) the low-speed sediment of ballistically
prepared cell homogenates (Section 2.1; Table 1); and
(iii) autolysates therefrom (Notario, 1982; Fleet, 1991;
Hartland et al., 1996; Mouyna et al., 2002). Whereas the
number of low-molecular strongly hydrophilic extrac-
tants used (mostly simple salts) is small (see Chaffin et
al., 1998), the array of lipophilic agents applied is large,
encompassing organic solvents and solutes covering an
extended range of dielectric constants as well as low/
high-molecular, and ionic/non-ionic surfactants (Héin-
seler et al., 1983b; Vainstein and Peberdy, 1990; Casa-
nova and Chaffin, 1991; Horsch et al., 1996; Ruiz-
Herrera et al., 1995; Mrsa et al., 1997; for further rerer-
ences, see Chaffin et al., 1998; Molina et al., 2000).
However, as with proteins in general, application of
lipophilic agents to extract proteins from a membranous
environment is conducive to inhibition, denaturation
and, thence, abolishment of the catalytic activity of
enzymes sought. Systematic investigations do not exist
of the chemical features of hydrophobic agents which
may have an influence on the array of proteins that they
solubilise from the wall. The few comparative studies
available are very restricted in scope, relating merely to
WAPs unidentified biochemically as to their potential
catalytic activity (Casanova and Chaffin, 1991; see also
Chaffin et al., 1998), or to just one particular enzyme
(e.g., invertase: Vainstein and Peberdy, 1990). Hence,
the overwhelming majority of studies on WAEs address
only one enzyme, and the choice of the lipophilic
extractant is determined less by a general rationale, but
more by trial-and-error decisions as well as by empirical
and technical considerations, among which especially the
compatibility with current electrophoretic techniques and
other protein purification methods. This could explain
why sodium dodecyl sulfate (SDS) has a key position
within the array of extractants with detergent action,
although it can be perceived as the prototype of an
“aggressive’” denaturing surfactant (le Maire et al., 2000).

It is in keeping with these considerations that the
most critical item in the search for a generally applicable
fractionation procedure for WAEs including hydro-
phobically bound species and enzymes displaying other
types of interaction with components of the ECM, is the
availability of a detergent combining solubilising effi-
cacy with reasonable preservation of catalytic activity,
at least to a workable extent (see Section 3.3). Should
the surfactant play a discriminator role within a proto-
col suitable for evaluation of data obtained for an
operational classification of WAEs (as outlined in the
preamble to Section 3.2), it should be rationally posi-
tioned within the sequence of extraction steps.

For the arguments (i)—(iv), the steroid glycoside
saponin digitonin (DIG; for formulae of its molecular
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and supramolecular structures, refer to Merz et al.
1999a) may be the detergent of choice for the extraction
of hydrophobically-bound WAE:s:

(i) Ionic detergents are in general more inactivating
than non-ionic, “mild” ones (le Maire et al.,
2000).

(i) DIG is an established tool for solubilising
membrane-associated proteins and has been
applied extensively in studies of polysaccharide
synthases of fungi (Gooday and de Rousset-Hall,
1975; Ruiz-Herrera et al., 1980; Hénseler et al.,
1983a,b; Leal-Morales et al., 1997; Merz et al.,
1999a, and references cited therein). Its use as an
extractant is far from being restricted to these
types of enzymes, however, but extends to
membranous systems of other, widely disparate
origins, e.g., from plant, epithelial and muscle
cells (Mohanty et al., 2002; Simons and Ikonen,
1997; White et al., 2002; Ivanov et al., 2002).

(iii)) In contrast to the application of other non-ionic
detergents (e.g., Tween-20 and Triton X-100),
application of DIG in low concentrations (0.01-
ca. 0.25%) generally produces a stimulation of
enzyme activity; thereafter, a gradual decline may
occur below the reference value of untreated
membranes (e.g., Robinson and Wiskich, 1975;
Ruiz-Herrera et al., 1980; Hénseler et al., 1983a;
Merz et al., 1999a). This inhibition is, however,
either relatively low, even when applied in satu-
rated “‘solution” (see below), or is otherwise
reversible by dilution, dialysis, gel filtration or
with polystyrene beads (le Maire et al., 1987).

(iv) Clearly, DIG as an extractant for membrane-
associated enzymes must have some properties
not possessed by other surfactants. Certainly, it
would be unrecasonable to suppose that DIG
should not comply with the general three-stage
model of the solubilisation of protein-containing
membranes by non-ionic detergents (le Maire et
al., 2000), which encompasses uptake of deter-
gent in non-micellar form, predominantly by the
lipid phase (stage I), followed by detergent—
detergent interactions leading to destabilisation
of the bilayer structure and membrane fragmen-
tation (stage II) and, thence, formation of mixed
lipid—detergent micelles, exposure of membrane
proteins to micellar detergent and, finally,
protein solubilisation (stage III).

Against this scheme as background, three properties
of DIG can be supposed to contribute significantly to its
special ability to extract enzymes as catalytically active
entities. Firstly, the avid interaction of DIG with 3p-
hydroxysterols, resulting in a very stable steroid/sterol
adduct (references in Merz et al., 1999a). This, of

course, would prima facie not be expected to further
membrane destabilisation as a prelude to solubilisa-
tion—unless the proteins to be extracted are strongly
attached to a special membrane domain that is inacces-
sible to other detergents. This holds for GPI-anchored
enzymes, which are grafted to sphingolipid—sterol rafts
(Simons and Ikonen, 1997; Nosjean and Roux, 1999),
from where they can be displaced by other non-ionic
detergents only if membranes are pre-extracted with
DIG (Cerneus et al., 1993). In any case, the anchoring
of DIG with membrane sterol will drive the equilibrium
between detergent in the solubilisation medium and
detergent in the membrane towards the latter and, thus,
allow maximum detergent “loading” of the membrane,
while transitorily stabilising it and, therefore, keep the
enzyme in a pseudo-natural hydrophobic micro-
environment (stage I). With increasing concentration of
non-sterol-bound detergent occurring upon saturation
of the sterol binding sites with DIG, the system, will,
nevertheless, gradually become more perturbed (stage
II), and be transformed into stage III, with the protein
in the DIG-solubilised state, which might have the
character of a proteoliposome embodying some sterol.
Secondly, DIG has an extremely low solubility in water
and a correspondingly low critical micellar concen-
tration. In other words, the solubilisation process is
carried out practically exclusively by pre-formed
micelles, which then readily fuse with mixed lipid—
detergent structures formed by detergent already taken
up into the membrane. This is a situation particularly
well suited for co-operative action of supramolecular
detergent structures on membrane lipid, which is a
“hallmark™ of solubilisation by non-ionic detergents (le
Maire et al., 2000). Thirdly, due its highly amphiphilic
nature, DIG has a strong tendency to self-organise into
vesicular micelles, for which the expression ‘digito-
somes’ has been coined (Merz, 1997; Merz et al., 1999a),
and fusion products thereof. By calculation, using S-
and M,-values and suitable references, ‘‘digitosomes”
have a diameter of about 8 nm; in completely different
experiments, using electron microscopy, the mean dia-
meter of DIG-micelles present in solubilisation medium
was in the 15-nm-range, with a few giant vesicles with
diameters roughly about twice this value (Hénseler et
al., 1983b). Another method sizes the premicellar and
micellar aggregate structures of DIG in H,O to ca. 6
and 100 nm, respectively (Menger and Keiper, 1998).
Through “digitosome”/*“digitosome™ interaction even
larger DIG-vesicles may, thence, be formed addition-
ally—a situation ideally suited for extracting membrane-
bound proteins through hydrophobic/amphiphilic
transfer, thus reducing interference by water resulting in
the release of un-shielded, inactive enzyme. In practical
terms, this might represent a rational explanation for
the fact that the solubilisation of membrane-protein is
more efficient if the detergent is added directly to the
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membrane sample (pellet) just prior to suspension in
buffer (see Section 6.2; based on unpublished observa-
tions of E. Hénseler, M. Horsch and D.M. Rast on
chitosomal chitin synthase).

3.2.2. The protocol (including experimental data)

In a number of previous attempts to classify wall-
associated proteins (WAPs) operationally, at least in
part, two groups have been distinguished, non-cova-
lently vs covalently bound proteins, using as dis-
criminators the extractability with hot SDS or reducing
agents (most often B-mercaptoethanol) for WAPs of the
first group, and the release of enzyme from the wall only
upon treatment with glucanase and/or chitinase for
members of the second (Sentandreu et al., 1994; Chaffin
et al., 1998). In another system, WAPs are divided into
three groups, based in principle on these criteria, but
sub-dividing covalently linked WAPs on their solubility
upon enzymic digestion of the wall fabric vs solubility
only in dilute NaOH (Mrsa et al., 1999; Molina et al.,
2000). A straightforward and generally applicable
extraction protocol suitable for the classification of
WAE:s is not available. By applying dilute buffer, DIG
and NaCl at high ionic strength as extractants (Sections
3.2.1 and 6.2), considering the resulting insoluble resi-
due as a wall sub-fraction in its own right, and using
appropriate enzyme assays (for examples, see Section
6.3), four fully operationally defined classes of WAEs,
called I-IV (see preamble to Section 3.2), can be probed
for in the crude cell wall experimental system (Section
3.1) presented here (Section 3.2.2).

Application of the principles and practical tools out-
lined in these Sections to a number of test enzymes from
A. bisporus afforded the results shown in Fig. 3(a—d).
Some of the data given have already been published
(Sassoon and Mooibroek, 2001). Exploratory experi-
ments designed to set up the protocol have used M.
rouxii, the fungus most extensively studied with respect
to both chitin synthase and chitinolytic enzymes (Sec-
tion 3.2.1). A full-fledged cellular fractionation scheme
for chitinase in this material, encompassing the soluble
and a mixed-membrane fraction (54 000 g supernatant
and sediment, respectively), the buffer, the DIG and the
NaCl extracts of the CWF as well as the insoluble resi-
due thereof, located 77, 5, 16, 2, ~0 and 1% of the total
cellular activity to these. The corresponding values for
B-N-acetylhexosaminidase (HexNAc’ase) amounted to
72, 5,12, 1, =0 and 10% (Mayer, 1997). When aiming
for a facile and rapid fractionation procedure suitable
for assessing several enzymes in one and the same
CWF-isolate, however, such a labour-intensive proce-
dure is neither practicable, nor even necessary, as long
as the evaluation of the results is not critically depen-
dent on their being quantitative (Section 3.3.). Based on
experiments with HexNAc’ase from M. rouxii (Fig. 1)
and similar experiments with mannitol dehydrogenase

from A. bisporus (D. Baumgartner and J. Sassoon,
unpublished data), the number of extraction steps to be
performed routinely with each, buffer, DIG and NaCl,
was set at five, two and two, respectively. There is no
evidence that WAEs would be altered in their basic
catalytic properties by the extractants used. Thus, with
M. rouxii HexNAc’ase, the non-extractable enzyme
form showed the same ratio of activity with the stan-
dard fluorogenic substrate (Section 6.3.11) and the
galactose analogue therefrom as observed with the
soluble enzyme (Mayer, 1997). Moreover, the Hex-
NAc’ase of subfraction IV could act as a HexNAc-
transferase as well (Fig. 2). This is a catalytic potenti-
ality of the enzyme that is only displayed under certain
favourable conditions and is, in fact, intrinsic to all B-
glycosidases performing hydrolysis with over-all retention
of configuration at the anomeric center (see scheme in
Horsch et al., 1997).
The results on WAEs of A. bisporus are as follows.

3.2.2.1. y-Glutamyltransferase (GT)
y-glutamyltransferase (AGT), [(i)-(ii)]

and agaritine

(i) GT has never been reported other than as a
membrane-associated enzyme, either in the
plasma membrane, with the active site oriented to
the outer cell surface (Tate and Meister, 1981;
Chikhi et al., 1999; Dominici et al., 1999), or in
the membrane of melanosomes, a special type of
lysosomes (Borovansky and Hach, 1999). In
bacteria, GT is located in the periplasm (Suzuki
et al., 1986). Its cellular function is seen as that of
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Fig. 1. Activities of B-N-acetylhexosaminidase (HexNAc’ase) present
in crude cell walls of M. rouxii log-phase hyphae upon exhaustive
extraction with buffer (x5, fractions W-1-W-5), digitonin [(DIG); x2;
fractions DIG-1 and DIG-2], NaCl (x2; fractions NaCl-1 and NaCl-2)
and the activity residing in the insoluble residue (final sediment). The
amount of enzyme present in the first buffer extract (217+83 [nkat];
N=3; independent experiments) was set as 100% (redrawn from
Mayer, 1997).
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tobiose as the substrate, of genuinely wall-associated HexNAc’ase
from M. rouxii hyphae (see Fig. 1, fraction residue), as assessed by
HPAEC/PAD analysis of the products (for details of the method, refer
to Section 6.3.11) (reproduced from Horsch et al., 1997; by permission
of Elsevier Science).

(ii)

a component of the y-glutamyl cycle, serving: (a)
as a mechanism for the uptake of amino acids
and (certain) dipeptides (Tate and Meister, 1981)
as well as of biologically active analogues there-
from (Furter and Rast, 1985); and (b) as a
detoxification system for a variety of xenobiotics
by using the y-glutamyl moiety of glutathione as
the conjugating group (Chikhi et al., 1999;
Dominici et al., 1999). The y-glutamyl cycle is
operative also in yeast (Mooz and Wigglesworth,
1976), and two of its constituent enzymes, GT
and 5-oxoprolinase, have been identified in A4.
bisporus as well (Stiissi, 1979). As shown in
Fig. 3a, there is no evidence for GT being a class-
IV, -III, or -II enzyme (the occurrence of GT-
activity in the DIG-fraction is too low to allow
another conclusion). There is, thus, no artefac-
tual transfer of GT, used here as a membrane
marker system, on to the cell wall fabric, where,
otherwise, it could just mimic the presence of a
hydrophobically-bound WAE.

The natural substrate of AGT is agaritine,
v-glutamyl-4-hydroxymethylphenylhydrazine,
which has been found only in A. bisporus and
some closely related species (for a list, see
Baumgartner, 1995). AGT differs from GT
inasmuch as it can be isolated without the use of
a detergent (Gigliotti and Levenberg, 1964) and
is apparently not membrane-bound. Also, it has
the ability to utilise aryl hydrazines and their vy-
glutamyl derivatives as acceptor and donor sub-
strates, respectively, while not effecting the clea-
vage of typical y-glutamyl peptides (as performed
by GT), but to accept the desglutamyl moiety of
v-glutaminyl-4-hydroxybenzene, the melanogenic

3.2.2.2. NAD'-Malate

precursor in A. bisporus (Rast et al., 1979, 1981;
Stiissi and Rast, 1981). Another link of AGT to
melanisation is also evident from the fact that
agaritine inhibits tyrosinase (Baumgartner, 1995;
Espin et al., 1998). Both distinctions between GT
and AGT concur with the different biosynthetic
pathways of their respective substrates (Baum-
gartner et al., 1998). It is in keeping with the
presumed subcellular location of AGT that it
behaves as a typical cytosolic enzyme, having no
special affinity to sub-compartments of the wall
(Fig. 3a).

dehydrogenase  (MalDH),

NADP*-Mannitol dehydrogenase (MtDH) and tyro-
sinase, [(i)—(iii)]. A feature common to all three
enzymes is that they are generally regarded as cyto-
plasmic.

(i)

(ii)

The following facts and observations cast doubt
on the validity of the general perception of
MalDH as an absolutely specific marker for
cytoplasmic enzymes. That it exists as isoforms in
intracellular organelles is well known, of course
(for plant systems, see Reumann et al., 1994),
not, however, that it occurs, additionally, as a
bona fide WAE of plants, according to its solu-
bility properties either as a class-IV or class-II
entity (Gross, 1977). With A. bisporus, there was
some MalDH activity in the DIG fraction
(Fig. 3b), but for reasons given in Section 3.3 it is
not assigned here the status of a WAE.

MtDH has been noticed repeatedly in the DIG
extract of the CWF of A. bisporus (Pfyffer et al.,
1989; D. Baumgartner and D.M. Rast, unpub-
lished data). With the existence of mannitol, a
typical constituent of fungi (Pfyffer et al., 1986;
Rast and Pfyffer, 1989) occurring also in mem-
brane-compatible forms (Tulloch and Spencer,
1964; Griffin et al., 1970; Byrne and Brennan,
1975; Fex, 1982), and with a 1-mannitol-B-glu-
cosidic partial structure existing in the wall fabric
of A. bisporus (D. Baumgartner, I. Rodriguez, F.
Schiar and D.M. Rast, unpublished), the possi-
bility cannot a priori be ruled out, that MtDH in
fungi disposes of a plasma membrane-bound
form, in addition to the soluble one. Such a sit-
uation would not be unprecedented, as polyol
dehydrogenases bound to the outer surface of the
plasma membrane are known from bacteria
(Shiniwaga and Ameyama, 1982; Adachi et al.,
2001). Since the catalytic activity displayed by
hydrophobically wall-bound MtDH amounted to
some 12% of that present in the CWF (Fig. 3b),
i.e., was some 5x higher than the activity poten-
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Fig. 3. (a)—(d). A general fractionation protocol for WAEs present in the crude cell wall fraction (CWF) as assessed by their sequential differential
extractability with buffer, digitonin (DIG) and NaCl, yielding subfractions I-1V (refer to Section 6.2). The total activity of the combined buffer
washes of the crude walls is set as 100% relative activity; the activities of the pooled DIG and NaCl extracts as well as the activity displayed by the
insoluble residue are expressed as a proportion of this reference. An example: A. bisporus sporocarp hyphae (for details, see Sections 6.1. and 6.2).
Numbers in square brackets represent the total activity in nkat displayed by the pool of the buffer washes. For each enzyme representative data are
given from one out of three independent isolations/fractionations: (a) y-glutamyltransferase (GT), [939]; agaritine y-glutamyltransferase (AGT),
[615]; (b) malate dehydrogenase (MalDH), [13476]; mannitol dehydrogenase (MtDH), [20055]; tyrosinase [182]; (c) ATP phosphohydrolase
(ATPase), [81]; B-(1-3)-glucan synthase (BGs) [21]; (1-3)-B-glucanase (BG’ase), [927]; (d) chitin synthase (Chs), [60]; chitinase, [3]; B-N-acetylhex-
osaminidase (HexNAc’ase), [19].

tially present as a contaminant (as compared with (see Section 4.2 for a more detailed account).
the membrane marker GT; Fig. 3a), on the Using the protocol and the standard substrate for
operational criteria set up here (see preamble to assaying the enzyme, dopa (Robb, 1984; Prota,
Sections 3.2 and 3.3), MtDH is a class-II WAE. 1992), two kinds of bona fide wall-associated
An argument, which could be raised against the tyrosinases were found here, a class-I1II and a
hypothesis of hydrophobically wall-associated class-1V species (Fig. 3b). This is the first report
MtDH being an enzyme active also in vivo, is of wall-associated tyrosinase (cf. with Wheeler
the requirement for an extraprotoplastic pool of and Bell, 1988), but the claim made is convincing
NADP (similarly as for NAD-MalDH in plants; only if there is not co-occurrence with laccase, a
see above). But translocation mechanisms which related phenol-oxidising enzyme that also reacts
could provide for this necessity do exist (see with dopa (Mayer and Staples, 2002) and is
Section 2.2). sometimes held to be a fungal melanogenic entity
(iii) Tyrosinase is the key enzyme of melanogenesis having at least the same importance as tyrosinase

and may be both membrane-bound and soluble (Wheeler and Bell, 1988; Zhu et al., 2001).
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However, laccase is a constitutive enzyme in
white rot fungi only, which secrete it into the
medium (Mayer and Staples, 2002), whereas
tyrosinase is ubiquitous and not an exoenzyme
(for A. bisporus, see Hasler-Kiing and Rast, 1974;
Hasler-Kiing, 1974). Moreover, the melanin
produced by laccase action differs from that
synthesized by most other fungi and animals as a
whole, inasmuch as it occurs extracellularly in the
medium and is to some extent soluble. In any
case, laccase can be excluded from taking part in
the oxidation of dopa in the experimental mate-
rial used here (plectenchyme from the, cap and
the upper third of the stipe: see Section 6.1), for
the following reasons: (a) A. bisporus sporocarp
hyphae display laccase activity in the rhizo-
morphs and the base of the stipe only (Hésler-
Kiing,1974; Haisler-Kiing and Rast, 1974); (b)
using p-phenylenediamine or syringaldazine as
the substrate (Thurston, 1994; Mayer and Sta-
ples, 2002), no laccase activity was found, either
in the crude cell extract, or in the CWF and
subfractions thereof; and (c) product formation
with dopa was completely suppressed by sali-
cylhydroxamic acid, a specific tyrosinase inhi-
bitor (Allan and Walker, 1988) in as low a
concentration as 10 pM. Since more than 95% of
the total potential cellular activity of tyrosinase
of A. bisporus is in a latent form (see below), the
existence of tyrosinase as a class-1I enzyme also is
quite probable, but the enzyme cannot be
assigned this status here, since the relative tyr-
osinase activity occurring in subfraction-II was
only some 5% (Fig. 3b; refer to Section 3.3 for
the conditions set for including an enzyme in the
operationally defined classification system pre-
sented here). The high catalytic activity con-
centrations of class-IV- and -III tyrosinases must
not be mis-interpreted as indicative of particu-
larly high tyrosinase protein contents in the
subfractions concerned, since A. bisporus tyr-
osinase diplays zymogenicity, a distinct feature of
tyrosinases in general (Van Gelder et al., 1997).
Activation of the pro-enzyme in the present sit-
uation is probably caused by the extractants
used, especially DIG, and/or by self-activation
through co-occurring proteinase. Indeed, latent
A. bisporus tyrosinase becomes activated by
treatment with detergents (Moore and Flurkey,
1990; Espin and Wichers, 1999) as well as by
endogenous serine protease (Burton et al., 1993;
Espin et al., 1999).

3.2.2.3. ATPase, B-glucan synthase (BGs) and B-gluca-
nase (BG'ase), [(i)—(iii)]. Using a standard assay for

ATPase (Section 6.3.6.), a typical integral plasma mem-
brane protein (Serrano, 1985; Kasamo and Sakakibara,
1995), enzyme activity was detected in subfraction II
(Fig. 3c). The same was observed with BGs, which is
employed widely as a biochemical marker for plasma
membrane association (Serrano, 1985).

)

(if)

Against this background alone, the ATPase
present in the CWF could be discounted as a
contaminant. But, even if this were the case, it
would represent a conspicious artefact worthy of
special attention, since tight association of
ATPase in plasma membrane preparations with
non-membrane polysaccharide (Nurminen et al.,
1970) has been considered, vice versa, an artefact
(Serrano, 1985; see also Section 3.1). It is thus
difficult comprehensively to rule out a genuine
association of plasma membrane ATPase with a
component of the ECM, as holds for some GPI-
anchored enzymes that occupy a dual location at
the cell surface (refer to Sections 2.3 and 3.1).
While most surfactants activate fungal plasma
membrane ATPase, only a few, however, solu-
bilise it effectively with preservation of reason-
able catalytic activity (Serrano, 1985). That the
hydrophobically wall-associated ATPase 1is
extractable into DIG is an interesting observa-
tion per se, since this is the detergent of choice to
solubilise GPI-anchored enzymes clustered in
microdomains enriched in cholesterol and gly-
cosphingolipid bases that connect the plasma
membrane with the ECM (refer to Section
3.2.1.3). Thus, regardless of whether the wall-
associated ATPase observed here is a typical
MgATPase or another ATPase, e.g., a protein
kinase (Serrano, 1985)—on operational criteria it
is a class-I WAE. The existence of wall-asso-
ciated ATPases has been reported from plant
cells as well (Kiba et al., 1995).

The cell wall fraction of fungi accounts for about
half of the total cellular activity of BGs (Fevre
and Dumas, 1977; Févre, 1979). While the same
critical argument brought forward above against
ATPase as a genuine WAE could be raised in the
case of class-IT BGs, it is clearly at odds with the
fact that BGs is present in subfraction 1V also
(Fig. 3c), where it cannot possibly be a con-
taminant. The existence of two types of BGs
species in two different domains of the ECM,
even on simple operational grounds calls for a
reconsideration of the general assumption that [3-
glucan, in contrast to chitin, is synthesised
intracellularly in transport vesicles releasing the
polysaccharide at the cell surface as a preformed
wall component (Bartnicki-Garcia, 1973). Fur-
ther, it might be tempting to hypothesise on a
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precursor-product relationship between class-11
and class-IV BGs. Judged from some observa-
tions on the stability and dynamics of protein
pools from the cell wall of several fungi (Ruiz-
Herrera et al., 2002), this appears not to be the
case, however. Alternatively, one could speculate
that the two BGs species play different functions
within the ECM and travel to the cell surface via
two different secretory pathways (as discussed
below for Chs). Since GPI-anchored cell wall
proteins (see Section 2.3), to which BGs is
believed to belong (Kapteyn et al., 1999), display
environmentally induced changes in expression
(Klis et al., 2002), the enzyme suggests itself as an
ideal target for novel antifungals (Section 5).

As with ATPase, DIG appears to behave in a
special way with BGs, inasmuch as, unlike other
detergents, it solubilises the enzyme at low con-
centrations and stabilises it as well: a property
that has been taken advantage of from the very
beginning of research into BGs (which was with
plants: Flowers et al., 1968; Hayashi et al., 1987).
More recently, however, DIG has had to share its
exclusive position as a solubilising agent of plant
BGs with the structurally related, likewise
strongly amphiphilic detergent CHAPS (Lawson
et al., 1989). The same has been observed with
fungi (Beauvais et al., 1993; Billon-Grand et al.,
1997). The apparent failure to solubilise BGs
with DIG (see, e.g., San Blas and San Blas, 1982)
is probably an experimental artefact, due to
inappropriate application of the detergent (Section
3.2.1.3, last paragraph) and mis-interpretation of
inactivation with lack of solubilisation, while not
attempting re-activation through detergent
removal (refer to Section 3.2.2.4).

As evidenced by Fig. 3c, BG’ase is a genuine
WAE. This comes as no surprise, since it is the
wall where the enzyme’s substrate occurs. Like
other wall-associated proteins in general, BG’ase
can be assumed to be glycoconjugated (Mrsa et
al., 1999; Kapteyn et al., 1999; Ruiz-Herrera et
al., 2002). This and the fact that the wall embo-
dies glucanosyltransferases (for examples, refer
to Table 1) as well as transglycosylating B-gly-
cosidases (Horsch et al., 1997, Mayer, 1997,
Fig. 2), suggests that the covalent attachment of
BG’ase in muro is likely to be effected by trans-
glycosylation reactions. In contrast to class-IV
BG’ase, class-II BG’ase is probably represented
by a periplasmic form of the enzyme (Nombela et
al., 1988). B-Glucanases not destined for secre-
tion into the medium and, hence, not subjected to
catabolite repression, are supposed to be mor-
phogenetically important, providing for some
plasticity of the ECM as necessary for growth

3.2.24.
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(Nombela et al., 1988; Mouyna et al., 2002).
Thus, a BGs—BG’ase—"‘laminaribiase”’-system
could be operating in muro, analogous to the
Chs—chitinase-HexNAc’ase system proposed for
controlled metabolism of chitin in the ECM of
growing cells (Sections 3.2.2.3 and 4.1).

Chitin synthase (Chs), chitinase, and B-N-acet-

ylhexosaminidase (HexNAc'ase), [(i)—(iii)]. The pro-
tocol reveals the presence of all of these as WAEs
(Fig. 3d). For an interpretation of their co-occurence in

the EC

()

Table 2
Operatio

M, see Section 4.1.

Just as BGs, Chs is represented by both a class-11
and a class-I1V entity (Fig. 3d and Table 2). This
indicates that the generation of chitin chains
could take place at the outer surface of the
plasma membrane, an opinion which is at odds
with the conventional view that the catalytic site
of Chs is located in the cytoplasm (Cabib et al.,
1983, 2001). But this need not to be the case, if
cellulose synthesis is considered as a paradigm
(Brown and Saxena, 2000), where it is envisaged
that the catalytic site of plasma membrane-
bound cellulose synthase may be oriented
towards, and part of, the periplasmic space
(models 2 and 4 of the authors). The existence of

nal classification of wall-associated enzymes (WAESs), based

on the type of their interaction with binding partners of the extra-
cellular matrix (ECM)?, as represented by a crude cell wall experi-
mental system®, and using a new cell wall fractionation procedure:® an

overview
(Section

of results obtained with A. bisporus as the test organism
3.2.2)

Enzymes

Classes of WAEs®

I 1 111 v

v-Glutamyltransferase
Agaritine y-glutamyltransferase
Malate dehydrogenase
Mannitol dehydrogenase

Tyrosina;
Laccase

ATP phosphohydrolase
B-(1-3)-Glucan synthase
(1-3)-B-Glucanase

Chitin synthase

Chitinase
B-N-Acetylhexosaminidase

S€

2 As defined in preamble to Section 1.1.

b Described in Section 3.1.

¢ Classes-1I, -II, -III and -IV of WAEs, embodying, respectively,
entities the interaction of which with other components of the ECM is
mediated by hydrogen bonding or (unspecific) weak ionic bonding,
van der Waals forces and hydrophobic interaction, strong electrostatic
forces, or covalent linkage (for details, see preamble to Sections 3.2.

and 3.3).
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two types of bona fide Chs WAEs implies,
furthermore, that the plasma membrane-bound
enzyme is not the only Chs protein catalyzing the
generation of chitin chains. Considering the
particular features of the two general major
pathways for the delivery of enzymes that have
the cell surface as the locus operandi, non-regu-
lated and regulated, respectively (Satiat-Jeune-
maitre and Hawes, 1993; Satiat-Jeunemaitre et
al., 1996), it could be tempting to localise the
class-II and -IV Chs entities to these pathways,
respectively, although this might appear some-
what speculative. Nevertheless, there are reasons
to assume that one of them travels to the cell
surface in specific transport vesicles, chitosomes
(Leal-Morales et al., 1988), via a complex regu-
lated vesicular protein carrier system intersecting
the exocytotic and endocytotic pathways by
routing through an endosomal compartment
(Chuang and Schekman, 1996; Ziman et al.,
1998; Lucero and Robbins, 2002).

Further insight into the function of the class-1I
and class-1V Chs proteins (for definition of clas-
ses, refer to Table 2) as well as into the secretory
pathways effecting their transport to the cell sur-
face could be obtained by: (i) rigorous identifica-
tion of the physical structure of at least one of
them (conveniently class-II Chs), applying the
sensitive analytical methods of proteomics
(Blackstock and Weir, 1999), (ii) using this Chs
as a reference probe in protein microarray chips
(MacBeath and Schreiber, 2000) containing the
proteins of the CWF (Section 3.1), and (iii)
matching the data thus obtained with those gen-
erated by suitably designed DNA microarrays
(see Heller, 2002). Applying the affinity chroma-
tography procedure worked out to isolate a Chs
from M. rouxii (Merz et al., 1999a; see also Geng
et al., 2001), which has yielded the purest Chs
preparation described hitherto, and using protein
and DNA microarrays from S. cerevisiae would
appear to be a most promising approach to
address the problems raised above, since this is
the fungus studied best with respect to the struc-
ture, biochemistry, molecular genetics and cell
biology of Chs (see reviews of Merz et al., 1999b;
Rast et al., 2000; Munro and Gow, 2001; Cabib
et al., 2001; Klis et al., 2002; Roncero, 2002).

DIG has remained the only detergent to effi-
ciently solubilise both plasma membrane-bound
and chitosomal Chs (100 S), yielding 16 S Chs
particles, without irreversibly inactivating the
enzyme (Duran and Cabib, 1978; Ruiz-Herrera
et al., 1980; Hénseler et al., 1983b; Horsch et al.,
1996). This particular solubilisation behaviour of
Chs is interesting, inasmuch as it is a common

feature of GPI-anchored enzymes (cf. with Sec-
tion 2.3 and 3.2.1.3). Depending on experimental
conditions, the catalytic activity of 16 S ChS
particles, whether ex walls or ex chitosomes, can
be equal or even higher than that displayed by
the chitosomes from which they were released,
provided the detergent is partially removed,
leaving the solubilised entity in a strongly
amphiphilic environment mimicking the situation
in vivo (Hénseler et al., 1983b, Merz et al., 1999a;
Section 3.2.1.3, last paragraph).

(i) On operational criteria, the chitinase present in
fraction IV has the status of a bona fidle WAE
(Fig. 3d). The high activity displayed by this
chitinase, exceeding that of the chitinase pool
present in subfraction I, either as truly peri-
plasmic or a cytoplasmic transport form of the
enzyme, a “‘contaminant” (refer to Section 3.1), is
likely to be due to its release from latency. This
activation in situ might occur by the preceeding
DIG extraction step, similarly to the earlier dis-
cussion for latent tyrosinase (Section 3.2.2.2).
Considering the existence of several chitinase
forms displaying close to 100% latency (Rastetal.,
1991), one can safely assume, that the chitinase
present in subfraction ITisa WAE, too, although it
cannot be classified as such on the criterion set for
inclusion of a WAE in the operationally-based
classification system (see Section 3.3).

(iii) Besides chitinase class-1V, there exists class-1V
HexNA’ase. By much the same reasoning as
followed in the case of chitinase, the HexNAc’ase
present in subfraction II cannot be classified (as
yet), since its relative activity is below 10%. For a
biochemical description of HexINAc’ase that sets
it apart from other, similar enzymes, refer to
Horsch et al. (1997).

Table 2 summarises the basics of the new wall frac-
tionation protocol and the results of its application to
A. bisporus.

3.3. Evaluation and refinement of the basic protocol

The procedure described here for the fractionation of
WAESs probes for four classes of WAEs, I-1V, which
are operationally defined according to the type of
interaction of component members with other con-
stituents of the ECM (see preamble to Section 3.2 and
legend of Table 2). As evident from the results
obtained with the crude cell wall experimental system
(Sections 3.1 and 3.2.2), there is no tapering carry-over
to any extent through the extraction run, and WAEs
are not randomly distributed in the four wall subfrac-
tions. Thus, there are WAEs which do not occur in any
other wall subfraction than I, some are additionally
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present in another fraction as well, while others display
the II/TV combination of wall association, notably the
polysaccharide synthases (for the significance of the
latter finding in the cellular context, refer to Sections
3.2.2.3, 3.2.2.4 and 4.1). To assess the extent that sub-
fraction I embodies cytoplasmic contaminants, a com-
bination of genomic and proteomic methods could
represent a promising approach (see Blackstock and
Weir, 1999; for further references and a specific exam-
ple, refer to Section 3.2.2.4), but because of considera-
tions of facility, speed and the sophistication of
instrumentation needed, this lies outside of the scope of
the protocol. It is implicit to the concept upon which
the basic wall fractionation procedure has been set up
that the data it yields cannot be evaluated quantita-
tively. Nevertheless, in order to address the problem of
contaminants and WAEs present in very low catalytic
activity concentrations, without harming the high dis-
criminatory value of the classification system, enzymes
displaying relative activities below a certain level, arbi-
trarily set at 10% (as indicated in the ledger lines in
Fig. 3), are not assigned the status of bona fide WAEs,
i.e., class-1I, -IIT or -IV enzymes. If this is to serve as a
general information retrieval system both for basic
research in the developmental cell biology of fungi
(examples in Section 4) and the search of antifungals
for use in agriculture and medicine (Section 5),
neglecting potential false negatives seems to be pre-
ferable to having many enzymes of doubtful status
included in a fully operational classification system
for WAEs.

For the purpose of classifying WAEs based on the
protocol and the 10% limit set for inclusion of a WAE
into the system, it is neither necessary, nor even mean-
ingful, to push the reliability of the method beyond the
semi-quantitative level, at the most, for the following
reasons: (i) the simultaneous isolation of several WAEs
in one and the same run means that there is just one
buffer for homogenisation and the same, or another (see
Section 6.2) as the solvent for the extractants, dis-
regarding the fact that the enzymes tested for might
differ largely in pH optima; (ii) the cocktails used to
assay the WAEs are standard ones, having been estab-
lished with the soluble or the solubilised forms of the
enzymes, and are thus not optimised for the conditions
prevailing in the wall; (iii) most WAEs appear to display
at least some degree of latency; and (iv) the substrate
used may not be reacted upon only by the WAE
sought, or the reaction product may be transformed
by a co-occurring enzyme not accounted for. There
are some counter-measures, of course, to any of these
items.

(a) Due to the facility and speed by which enzymes
can be screened for wall-association using the
protocol, to run the homogenisation and the

extraction steps with buffers of different pHs is a
simple matter.

(b) To follow up item (ii)) would be time-consum-
ing, however, and worth the effort only, if the
enzyme concerned was of some special interest,
additional to the purpose of the protocol
alone.

(c) Inclusion of a proteinase in the homogenisation
and extraction media to activate the WAEs to
full catalytic capacity, might appear the most
appropriate means to distinguish enzymes dis-
playing very low activity due to near-total latency
from non-zymogenic entities present in traces
only. But this suggestion needs special con-
sideration, since it is well known that large dif-
ferences exist in the susceptibility to limited
proteolysis between different zymogenic enzymes,
and even of the same latent enzyme species pre-
sent in different fungi. Thus, the standard pro-
teinase used to activate Chs of M. rouxii,
Rennilase, has very little effect on the same
enzyme preparation from A. bisporus, whereas
trypsin, routinely applied in studies with S. cer-
evisiae, 1s a good activator, but fairly quickly
destroys the A4. bisporus enzyme (Hénseler et al.,
1983a). Nevertheless, a similar rationale has been
successfully followed to detect latent forms of
chitinase and HexNAc’ase, applying the proteo-
lytic activator at two largely different
concentrations (Rast et al., 1991).

(d) Another caveat against over-interpreting the data
obtained with the protocol in quantitative terms
addresses the use of chromogenic substrates to
assay WAESs, when there is co-occurrence with
tyrosinase. Due to its broad substrate tolerance,
tyrosinase oxidises the product of WAE action,
the free phenol, a situation falsely indicating
lesser activities of the WAE concerned than the
actual ones, or even producing false negatives.
This might well be the reason for some of the
peculiar results obtained with chromogenic gly-
cosides used to assay B-glucanases (Nombela et
al., 1988; Luna-Arias et al., 1991). This problem
is not confined, however, to WAEs, but has to be
considered also with the corresponding soluble
enzyme forms present in the crude cell extract
(for a detailed account of the fallacies inherent in
the use of chromogenic substrates for glycosi-
dases in the presence of tyrosinase, refer to
Horsch et al., 1997).

Finally, an extension of the basic protocol could
involve sub-dividing the consortium of class-IV WAEs
by sequential treatment of the insoluble residue with B-
glucanase, chitinase and NaOH, as used previously
(Mrsa et al., 1999; Molina et al., 2000) to fraction wall-
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associated proteins (WAPs). But it remains to be shown,
whether the WAPs thus solubilised are still identifiable
as WAEs by their catalytic activity.

4. Significance of some wall-associated enzymes
(WAEs)

4.1. WAEs of chitin metabolism

In contrast to chitinolytic enzymes induced during
growth on chitin, under carbon limitation, or during
senescence, growing fungi have a complex chitinolytic
system consisting of chitinases and HexNAc’ases that is
produced under a severe regime of catabolite repression.
These enzymes are thus clearly constitutive (Rast et al.,
1991). The simultaneous presence of chitinase (produ-
cing N,N'-diacetylchitobiose =(GIlcNAc), = “chitobiose”
as the end product) and HexNAc’ase is in keeping with
the general concept that this represents an obligate
component of any biological system effecting the com-
plete degradation of chitin (Kramer and Koga, 1986).
There exists a synergism between the two enzymes
which act together as a ‘“‘tandem binary” system
(Fukamizo and Kramer, 1985). Mechanistically, this
synergism could involve a stereo-controlled transfer of
chitobiosyl units from chitinase to a closely associated
HexNAc’ase. Indeed, chitobionolactone oxime (Beer et
al., 1990), which mimics nascent (GIcNAc),, is a rea-
sonably good inhibitor of chitinase, whereas free
(GlcNAc), is not (Rast et al., 1991). The binary chit-
inolytic system shows some self-regulation, inasmuch as
the hydrolytic action of both enzymes is subjected to
end product inhibition by (GlcNAc), and GIcNAc,
respectively. By itself, this control must be weak, since
the ECsq values are high, i.e. ca. 20 mM for chitobiose
(Rast et al., 1991) and 4-6 mM for GlcNAc (Kappes
and Legler, 1989; M. Horsch and D.M. Rast, unpub-
lished data). However, the situation is different if the
transglycosylating activity of the enzymes is considered
additionally. As implicated by the general reaction
mechanism of retaining B-glycosidases (Sinnott, 1987,
1990), to which both enzymic components of the binary
chitinolytic system belong (for a special consideration of
HexNAc’ase, see Horsch et al.,, 1997), an increased
concentration of the end product of chitinase action
favours the transglycosylating activity of either enzyme,
(GlcNAc), serving as an acceptor for higher oligomers
with chitinase, and as a donor/acceptor with Hex-
NAc’ase. The increase in the proportion of transglycosyl-
ation vs simple hydrolysis events upon the accumulation
of (GIcNAc),, therefore, must lead to a slowdown of
further degradation of chitin to GIlcNAc. Nevertheless,
the action of the binary tandem system on a given pool
of chitin is geared inevitably to its complete break-
down—unless there is a continuous replenishment by
chitin synthesised de novo.

There are two types of log-phase chitinases. Repre-
sentatives of the first type (A) are acidic, display partial
latency, show an unusual affinity to polysaccharide gels
and act weakly on preformed chitin; their performance
with chito-oligomers, however, is excellent. Conversely,
chitinases of the second type (B) are basic or neutral and
nonzymogenic, do not show strong adsorption to such gels
and can degrade preformed chitin easily (Rast et al., 1991).
This strongly suggests that the two chitinolytic systems
(A,B) perform different functions within the wall. The sys-
tem A presumably acts in the innermost area of the ECM,
and B in the adjoining outer regions. These systems are
tentatively assigned to WAE-II and WAE-IV entities.

With chitin representing the fibrillar skeleton of the
wall conferring mechanical resistance to the protoplast,
the presence of an array of chitinolytic enzymes in log-
phase hyphae calls for a controlled lysis and co-ordi-
nately regulated synthesis of chitin to provide for both
necessities: expansion of the hypha at the tip and at sites
of branch initiation and prevention of bursting of the
cell. Although regulation of Chs activity by non-allo-
steric and allosteric activation is sufficient to allow some
control of the enzyme’s activity in vitro, additional
mechanisms must exist that provide for a tight regula-
tion of chitin synthesis in vivo, at the transcriptional as
well as at the post-translational level (Choi et al., 1994).
Examples are phosphorylation/dephosphorylation as
mediated by the Ca?>" calmodulin system (Martinez-
Cadena and Ruiz-Herrera, 1987; Suresh and
Subramanyam, 1997), interaction of Chs secretory vesi-
cles with components of the cytoskeleton (for refer-
ences, see Gow, 1995) and controlled action of Chs with
respect to co-occurring enzymes at the site of product
deposition. Concerning these, the correct balance
between the activity of an appropriately regulated chit-
inolytic system and that of the Chs system appears to be
paramount in vivo, not only in filamentous but also in
yeast growth of fungi (Rast et al., 1991; Cabib et al.,
1992; Horsch et al., 1997; Merz et al., 1999b). A spec-
ulative scheme for the controlled synthesis and partial
lysis of chitin through the concerted action of Chs,
chitinase and HexNAc’ase is depicted in Fig. 4. The
hypothesis is based on premises (i)—(vii):

(1) The topology of the sites of action of the chitin
synthesizing system at the cell surface, encom-
passing the plasma membrane, the periplasmic
space as well as the wall fabric itself (Horsch et
al., 1996; Merz et al., 1999a; Section 3.2.2.4).

(i) The regulatory properties of Chs, encompassing
mechanisms of non-allosteric activation (includ-
ing partial latency; for a discussion of the phe-
nomenon, see Merz et al., 1999b) and allosteric
stimulation (Horsch et al., 1996).

(iii) The co-occurrence in log-phase hyphae of genu-
inely wall-associated Chs, chitinase and Hex-
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Fig. 4. A biochemical model for the function of WAEs of chitin
metabolism in the coordinately controlled synthesis and lysis of chitin
in the extracellular matrix (ECM) of growing fungal cells. An indica-
tion is given in the graph of the approximate spatial arrangement of
the enzymes in the plasma membrane—periplasmic space—wall fabric
continuum. An integrated triple enzyme system consisting of chitin
synthase (Chs), chitinase and B-N-acetylhexosaminidase (HexINAc’ase),
and a chitinolytic system effecting hydrolysis of chitin concomitantly
with transglycosylation are the two key components of the scheme
(adapted from Rast et al., 1991; Horsch et al., 1997; Merz et al.,
1999b). Part (a) of the model concerns the synthesis of chitin, and part
(b) both the remodelling of chitin through the combined hydrolysing/
transglycosylating action of chitinase and the final breakdown of some
the polymer chains to the monomer. The chitinolytic enzyme species of
parts (a) and (b) differ in substrate chain length preference and some
other properties (Rast et al., 1991). The concerted action of (a) and (b)
encompasses four steps: (1) de novo synthesis of chitin by activated
Chs; (2) remodelling of nascent as well as of preformed chitin chains
through the combined transglycosylating/hydrolysing activity of
chitinase and HexNAc’ase; (3) progressive lysis of chitin, with
increasing amounts of shorter chito-oligomers and N,N’-diacetyl-
chitobiose (‘chitobiose’) becoming available for chitinase and Hex-
NAc’ase associated with Chs; and (4) HexNAc’ase-mediated attack of
chitobiose resulting in both the generation of GIcNAc available for
chitin synthase activation and a GlcNAc residue for transglycosylation
to suitable acceptors (for a graphic scheme of the reaction mechanism
of HexNAc’ase, refer to Horsch et al., 1997).

NAc’ase, any of which being held in the wall
compartment by two types of bonding, namely,
hydrophobic interaction in a strongly amphi-
philic environment and covalent linkage to a
partner of the wall fabric (Horsch et al., 1997;
Mayer, 1997; Section 3.2.2.4).

(iv) The presence in Chs species (100 S as well as 16 S
size forms) of a chito-oligosaccharide residue,
besides an N-glycoconjugated partial structure
(Merz et al., 1993, 1996, 1999a.b; Merz, 1997),
which could conceivably serve as a region of
complexation, by carbohydrate recognition, for
the non-catalytic high-affinity binding domain of
chitinase (Kuranda and Robbins, 1991).

(v) The characteristics of the constitutive chitinolytic
system of log-phase hyphae, consisting of several
HexNAc’ases and two types of chitinases (A, B;
see above).

(vi) The tandem action of the binary chitinolytic
system in effecting the breakdown of chitin to
chitobiose and GIcNAc (see above).

(vii) The transglycosylating activity of genuinely wall-
associated as well as of soluble fungal chitinases
and HexNAc’ases (Mayer et al., 1996; Mayer,
1997; Mayer and Rast, 1997; Horsch et al., 1997,
Section 3.2.2).

Our near-steady-state model of the synthesis of chitin
de novo coupled with partial lysis of chitin—energetically
geared by the Chs substrate UDPGIcNAc and a pool of
preformed chitin—is depicted in Fig. 4. Part (a) of the
scheme concerns the synthesis of chitin, and part (b) the
dynamic re-modelling and lysis of chitin, with Hex-
NAc’ase playing a mediator role between the two. For
convenience, one turn of the “cycle” may be described
as occurring in four steps. (1) Chitin synthesis de novo
by activated Chs representing a component of an inte-
grated triple enzyme system encompassing a chitinase
preferentially hydrolysing chito-oligomers (chitinase A;
see above) and a HexNAc’ase. (2) Restriction as well as
extension of the chain length of newly synthesised chitin
by the action of chitinase. Because it has substrate
length specificity of n>4—as opposed to HexNAc’ase;
which almost exclusively uses (GIcNAc), (Horsch et al.,
1997)—chitinase can use as alternative acceptors B-1,4-
linked residues of the required length that are covalently
bound to other polymers, for example, chito-oligo-
saccharides conjugated with protein or lipid, and thus
effect cross-linking. (3) Rearrangement by chitinase
(type B) of preformed chitin also, the attack gradually
resulting in an increased production of chito-oligomers
as the preferred substrates of a proteolytically activa-
table chitinase (type A) associated with Chs by carbo-
hydrate recognition. (4) Hydrolysis of the end product
of chitinase action by HexNAc’ases, one of which is
latent and strongly associated with Chs (regardless
whether it is present in 100 S Chs and 16 S Chs, or iso-
lated ex walls; presumably the HexNAc’ase entity pre-
sent in subfraction II of the wall; Section 3.2.2.4),
whereby the Chs effector GIcNAc is generated to pro-
vide for full capacity binding of UDPGIcNAc and,
thence, de novo synthesis of chitin.
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There are three major implications inherent in this
biochemical scheme for the concerted action of Chs and
chitinolytic enzymes in log-phase hyphae:

(i) The B-linked partial structures present in indivi-
dual chitin chains can be of a dual origin,
namely, stretches generated de novo and residues
attached by transglycosylating chitinase at the
non-reducing, that is the acceptor end of a
growing chain.

(i) Entrapment of Chs into its product (Ruiz-Her-
rera et al., 1977; Kang et al., 1984) reduces its
activity, as undoubtedly the displacement of the
enzyme from the source of its substrate at the cell
surface to the adjacent area of the developing wall
must (for potential mechanisms of externalisation
of UDPGIcNAc, see Abeijon et al., 1996; Rini
and Sharon, 2000; further references in Merz et al.,
1999a). It is this situation, where the mural non-
zymogenic chitinolytic system [Fig. 4(b)] has its
main function, besides that of providing for a
dynamic remodelling of preformed chitin, inasmuch
as reduction of the length of Chs-attached chitin to
that of a shorter oligomer restores some of the cat-
alytic potential of the Chs system concerned. In
addition, the concomitant breakdown of preformed
chitin yields an ample supply of the effector GIcNAc
to temporarily maintain some further polymer
synthesis at this site.

(iii) Considering the mediator function of the triple
enzyme system, the transfer of GIcNAc to Chs
would be particularly effective if the association
between the two enzymes were such that the
active site of the former was positioned in close
proximity to the allosteric site of the latter. The
mediator role of HexNAc’ase could be even more
sophisticated, if the enzyme, provided with its sub-
strate by nearby chitinase, was also to modify Chs
chemically, and thus, generate a covalently linked
acceptor structure. With its generally high leaving
group/acceptor tolerance (for reaction mechanism,
see Horsch et al., 1997), HexNAc’ase appears
intrinsically well befitted for such a function.

The parts (a) and (b) of this biochemical model of the
coupled synthesis and partial lysis of chitin in the ECM
of growing fungi must not be misinterpreted, at the cel-
lular level, as representing two separate events with,
first, complete breakdown of some of the chitin to the
monomer and, then, synthesis of chitin to “repair” the
weakened chitin skeleton (Wessels, 1999), but to take
place simultaneously, in a dynamic manner. For an
account of the biochemical model of the controlled
chitin metabolism in hyphal growth in the physiological
context, refer to Rast et al., 1991, and Horsch et al.,
1996, 1997.

4.2. WAEs oxidising phenols

There can be no doubt that tyrosinase is the only
enzyme absolutely essential for the synthesis of “‘bio-
melanin” (Robb, 1984; Hearing and Jimenez, 1987,
Prota, 1992), although some other enzymes functionally
or subcellularly associated with it may play a mod-
ulatory role (Orlow et al., 1994; Del Marmol and Beer-
mann, 1996). Melanin can be prepared in vitro, either
chemosynthetically or by using tyrosinase from A. bis-
porus as a catalyst, but the resulting product differs
from the biogenic material, both physicochemically and
ultrastructurally (Pierce and Rast, 1995; Hollenstein,
1997). Tyrosinase displays a broad substrate accep-
tance, for which reason it is often referred to as poly-
phenol oxidase in organisms disposing of a variety of
potential melanogenic substrates, whereas animals use
almost exclusively tyrosine. In animals, tyrosinase is an
integral membrane protein located in melanosomes
(Hearing and Jimenez, 1987; Prota, 1992), which are
specialised lysosomes (Orlow, 1995; Donatien and
Orlow, 1995). An analogous situation holds for the
intracellular deposition of melanin in vacuoles of A.
bisporus (Hollenstein, 1997). Melanisation catalysed by
soluble tyrosinase is considered either an artefact of cell
disruption, which results in the production of melanin-
like, fairly soluble brown pigments, or a wound/defense
reaction occurring as a response to a variety of stres-
sors, rather than a component of cellular differentiation
(Robb, 1984; Prota, 1992). For a comprehensive com-
parison of the animal and fungal melanogenic systems,
refer to Hollenstein (1997).

A fundamental distinction between the melanogenic
systems of animals and fungi is that, in the latter, pig-
ment deposition takes place also extracellularly, in a
distinct region of the ECM, namely, the part oriented
towards the environment (Fig. 5). Since the tyrosinase-
catalysed oxidative polymerisation of phenols encom-
passes all other organic components of the wall as co-
reactants and, thus, renders the wall composite intrinsi-
cally non-hydrolysable, melanin deposition in muro
represents the final step of differentiation in fungal cells.
Isolated melanin from A. bisporus spores occurs in two
modifications of the pigment, granular and amorphous
(Rast et al., 1981; Hegnauer et al., 1985; Hollenstein,
1997). This is in keeping with the presence of two types
of tyrosinase in the ECM, soluble and particle-bound,
respectively (Fig. 3b). A schematic representation of the
compartmentation of these in muro is shown in Fig. 5.

5. Outlook

Considering the easiness and speed with which WAEs
can be fractionated with the protocol presented here
(Sections 3.2.2 and 3.3), its application to a large num-
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Areas of the wall occupied by class-IV tyrosinase that is bound to
the membrane of a 50-60 nm vesicle (termed tyrosinase vesicle). The
enzyme becomes covalently linked to and then buried within a
complex heteropolymeric supramolecular product, melanin,
generated by oxidative polymerisation of phenolic radicals, created
through the action of tyrosinase, with co-located protein, lipid and
carbohydrate. The resulting product is absolutely inert for the
organism synthesizing it and also recalcitrant to most organic
solvents

Regions of the wall where deposition of amorphous melanin through
the action of class-III tyrosinase occurs, in statu nascendi of which
all components of the material present in the interstitial spaces
between melanin granules become attached to each other through
multiple cross-links, the product thus formed being a complex space-
filling heteropolymer that is intrinsically non-hydrolysable

Melanin granules with chitin fibrils emanating from them

Sub-regions of the wall loosely delimited by membrane material
reminiscent of lomasomal configurations generated upon fusion with
the plasma membrane of large vacuoles (ca. 200 nm) that contain
tyrosinase vesicles

Net of non-melanised chitin fibrils

Hydrophobin rodlets (Wessels, 1999) embedded in 3-1,3- and o-1,3-
glucans

The arrow points to the outer face of the wall

357

Fig. 5. A scheme of the location of wall-associated tyrosinase in the extracellular matrix (ECM) of melanising fungal spores (adapted from Hol-
lenstein, 1997). The model is based on the intrinsic co-location in situ of tyrosinase and its insoluble product, melanin, as well as on a combination of
chemical, enzymatic and histochemical studies, by electron microscopy, of spore and subhymenial cells of A. bisporus (Rast and Hollenstein, 1977;
Rast et al., 1981; Hegnauer et al., 1985; Pierce and Rast, 1995; Hollenstein, 1997). For explanation of symbols, refer to the legend, for the classifi-
cation of WAEs, see Section 3.2). Class-1V tyrosinase is contained in the membrane of periplasmic bodies, which—upon apposition to the thin wall
of the spore initial and activation of the enzyme—serve as the bases for the generation of melanin granules. Class-11I tyrosinase is responsible for the

deposition of amorphous melanin. For details, see text.
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ber of species and cell types could potentially yield
valuable data for building-up an operationally-based
general information retrieval system of fungal WAEs.
This would be useful both as an heuristic basis for
investigations into their physiological significance (refer
to Section 4) and for biotechnological applications, such
as the development of novel antifungal agents.

Interference with fungal parasite—host interactions at
the cell-surface level through the application of exogen-
ous inhibitory compounds evidently represents a most
appropriate means to prevent or disrupt antagonistic
inter-organismic relationships. In order to specifically
target the pathogen, such agents must affect a metabolic
site of the pathogen that is not present in the host. Dis-
regarding sheer serendipity and setting apart other stra-
tegies for the management of fungal plant diseases or
mycoses in animals, there are basically two major
approaches to the discovery of novel low-molecular
weight antifungals: (i) drug design relying on “lead”
substances detected by biochemical high-throughput
screening (HTS) with the target enzymes as the
“screen’’, followed by chemical modification of the
inhibitory compounds detected to increase their potency
according to quantitative structure—activity relation-
ships; and (ii) drug design based on the elucidation of
target enzyme-ligand interactions, ideally with a three-
dimensional model. While the second method may
appear intellectually more satisfying, for practical pur-
poses it is clearly not suitable as a tool in the early
stages of the search for antifungals (see Horsch et al.,
1997). Whether HTS is conducted with enzyme-based
screens using libraries of chemosynthetic or natural
products, is not critical—inhibitors can be found with
either, for example, reaction-based GIcNAc analogues
for HexNAc’ase (Horsch et al., 1991, 1993; for a com-
pilation of HexINAc’ase inhibitors, see Rast et al., 2000),
and nucleoside-peptides for Chs (Furter and Rast, 1985;
for further Chs inhibitors, refer to Rast et al., 2000).
Setting aside the type of test compounds and screens
used, which might even consist of living cells (Evans et
al., 2002), WAEs appear to be most promising targets in
antifungal drug research, since antifungals targeted at
them need no special mechanisms to overcome the
plasma membrane barrier.

Solubilisation of the target enzyme is not a pre-requi-
site for a meaningful primary screening. On the con-
trary, the crude cell wall system (Section 3.1) appears to
be a better approximation of the situation in vivo than
solubilised and partially purified enzymes, and yet does
not have the complexity of whole cell screens, results
obtained with which are difficult to interpret in terms of
structure—activity relationships of inhibitors. The con-
ceptual superiority of the crude cell wall screen over the
soluble enzyme screen for predicting inhibition in vitro
to reflect antifungal activity in vivo probably lies in the
fact that the former intrinsically encompasses some

physicochemical parameters that have an influence on
the activity of WAEs, but which are not accounted for
in the latter. Thus, designed to perform in a semi-solid
medium, reactions catalysed by naturally immobilised
WAEs have some special features, such as attachment
to the matrix in an oriented position, which, though
restricting the degree of freedom, stabilises them (refer
to Section 2.3), a lowered diffusibility of leaving groups,
spatially co-ordinated interaction with co-located
enzymes, and restricted accessibility by xenobiotics and
substrates—unless the latter ones are generated in situ
by closely associated enzymes (for an example, see Sec-
tion 4.1). More sophisticated biochemical and mechan-
istic analyses of the enzymes concerned are not required
at an early stage of the lead discovery process, except in
cases where the inhibitory potency of the test compound
is particularly high or the enzyme is known to exist as
isoforms with significantly different catalytic perfor-
mance, as known for some enzymes of B-glucan and
chitin metabolism, for example, B-(1-3)-glucanosyl-
transferases (refer to Table 1) and chitinolytic enzymes
(Mayer, 1997; C. Mayer and D.M. Rast, unpublished
data).

With the exception of BGs and BG’ase, quite a few
good reference compounds are available for the search
of new inhibitors of any of the bona fide WAEs referred
to in Section 3.2.2 (Rast et al., 2000; Rescigno et al.,
2002; D. Baumgartner, C. Unger, A. Jeanguenat, F.
Schaub, E. Moésinger and D.M. Rast, unpublished
data). With respect to enzymes of B-glucan metabolism,
however, the choice of good leads seems to be restricted
to certain papulacandins and lipopeptides (see Georgo-
papadakou and Tkacz, 1995; Georgopapadakou, 2001;
Douglas, 2001) and possibly also bisvertinolone
(Trifonov et al., 1986; Kontani et al., 1994).

6. Experimental
6.1. Fungus material

Stage-2-sporocarps (Hammond and Nichols, 1976) of
A. bisporus, produced under conditions of commercial
mushroom cultivation as described previously (Baum-
gartner et al., 1998), served as the main experimental
material. Mucor rouxii was cultivated as described by
Rast et al. (1991).

6.2. Isolation and fractionation of cell walls

All manipulations were carried out in the cold room.
The lower part (two thirds of the stipe) of freshly
collected mushrooms (50 g) was removed and the upper
part sliced into 50 ml ice-cold 0.25 M Tris—HCI buffer
(pH 8.0). The material was collected on a glass filter,
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transferred into 70 ml bottles containing 10 ml of glass
beads (0.5 mm diam.) and disintegrated in a Braun
MSK homogenizer for 4x15 s at 4000 rpm. Phase-con-
trast microscopy showed that >99 of the cells were
broken. The homogenate was centrifuged (4000 g, 15
min, 4 °C), to yield the crude cell extract (CCE) and the
cell wall fraction (CWF, unwashed sediment). After
suspension in 50 ml buffer (50 mM KH,PO4/NaOH, pH
7.0; hereafter referred to as P-buffer), the wall fragments
were re-pelleted. The washing/extracting procedure was
repeated until no more enzyme activity could be detec-
ted in the supernatant (typically x5; sum of buffer
washes =subfraction I). The sediment was suspended in
P-buffer (50 ml), the wall suspension supplemented
with solid digitonin (DIG) to give a final concentration
of 0.3% (w/v) and stirred slowly for 3 h at 4 °C
(essentially as described previously for the isolation of
wall-associated chitin synthase: Hénseler et al., 1983b;
Horsch et al., 1996) and chitinolytic enzymes (Mayer,
1997). Following centrifugation (as above), the super-
natant was assayed for the presence of released enzyme,
and the pellet re-extracted with DIG (sum of the two
DIG extracts =subfraction II). The same extraction/
centrifugation procedure as with DIG was followed for
the subsequent incubation of the wall fragments with
NaCl 2 M, 3 h; sum of the two NaCl extra-
cts =subfraction III). The final pellet (subfraction IV)
was taken up in buffer (10 ml) and an aliquot of the
suspension assayed directly for the respective enzyme
activity.

6.3. Enzyme assays

The activities of most of the enzymes tested were suf-
ficiently high to require only small aliquots of the pools
in the assay mixtures.

6.3.1. y-Glutamyltransferase (EC 2.3.2.2; GT)

The assay medium consisted of 1 ml Tris—HCI (0.1
M, pH 8.0) containing y-L-glutamyl-4-nitroanilide (I
mM), glycylglycine (20 mM) and MgCl, (11 mM).
After equilibration at 37 °C, the reaction was started
by adding enzyme extract (20 pl) and the released 4-
nitroaniline measured at A4 (Bergmeyer, 1974;
modified).

6.3.2. Agaritine y-glutamyltransferase (EC 2.3.2.9;
AGT)

The reaction medium contained, in 1 ml Tris—HCI
(0.1 M, pH 8.0), MgCl, (11 mM), agaritine (I mM; iso-
lated and purified as described by Baumgartner, 1995)
and sodium glyoxylate. To this 20 pl of enzyme extract
was added after equilibration at 37 °C. The formation
of the product, glyoxylic acid-4-hydroxymethyl-
phenylhydrazone, was measured at A;»s (Levenberg,
1970; modified).

6.3.3. Malate dehydrogenase (EC 1.1.1.37; MalDH)

The cuvette contained 1.3 ml 25 mM HEPES buffer
(pH 7.4), 1.4 ml H,0, 100 pl NADH (3 mg ml~!) and
20-100 pl enzyme preparation. The reaction was started
by adding 100 pl oxaloacetic acid (2 mg ml~!) and
measured as the oxidation of NADH at A3, (Berg-
meyer, 1974).

6.3.4. Mannitol dehydrogenase (EC 1.1.1.138; MtDH)
The incubation mixture consisted of 2.4 ml 0.1 mM
Tris—HCI buffer (pH 8.0) containing 0.64 M fructose, 200
uM NADPH and 1040 ul enzyme extract. Other para-
meters were as described previously (Ruffner et al., 1978).

6.3.5. Tyrosinase ( = polyphenol oxidase; EC 1.10.3.1)

The cuvette contained 2.8 ml 5 mM dihydroxy-
phenylalanine (DOPA) in 50 mM P-buffer at 30 °C.
The reaction was started by adding enzyme prepara-
tion (200 pl) and the formation of product (Dopa
quinone and derivatives thereof: Robb, 1984) mea-
sured at Ayg.

6.3.6. ATPase

The reaction mixture consisted of 0.5 ml 3 mM Tris—
ATP and 3 mM MgSOy, in 30 mM Tris—=MES (pH 6.5)
and 100 pl enzyme extract. Incubation of the samples
was in a water bath at 37 °C for 15 min. To terminate
the reaction, the vials were placed on ice and 1 ml of
stopping/developing reagent was added (freshly pre-
pared by mixing 10 ml of 10% (w/v) of sodium ascor-
bate with 50 ml of 0.42% (w/v) of ammonium
molybdate tetrahydrate in 0.5 M H»SO4. The colour
was developed at room temperature for 30 min and A
measured (Perlin and Spanswick, 1981). Control tests to
assess the suitability of the method also with the A4. bis-
porus experimental material contained 30 pg of mem-
brane protein (Bradford microprocedure) from a mixed-
membrane fraction (MMF), which was obtained by
centrifugation of the CCE at 54000 g (R,,, Beckman T-
50 rotor; 10 min) and washing the pellet with buffer (as
described by Hénseler et al. 1983a).

6.3.7. B-(1-3)-Glucan synthase (EC 2.4.1.34)

Considering the dissimilar enzymological properties
of B-glucan synthases of different origins, particularly
with respect to activating/inhibitory components (Ruiz-
Herrera and Sentandreu, 1989), only a minimal incu-
bation medium has been used. The assay mixture con-
sisted of 50 ul of a stock solution of HEPES buffer (pH
7.2) containing (final concentrations of) DIG (0.1%),
CaCl, (50 mM), cellobiose (0.1 M), UDP['*C]Glc (2.0
mM, 3.7 mBq) and 100 pl of enzyme preparation. The
mixture was incubated at 30 °C for 30 min, the reaction
stopped by addition of EtOH (200 pl) and the product
processed as in the standard assay for chitin synthase
(see below).
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6.3.8. (1-3)-B-Glucanase (presumably EC 3.2.1.39)/
B-glucosidase (EC 3.2.1.21)

The glucanase activity was assayed using 2 ml of wall
suspension in sodium citrate buffer (25 mM, pH 4.5)
containing 50 mg laminarin (Sigma), and incubating for
45 min at 30 °C. The increase in free glucose was assessed
in microtiter plates using 20 pl of the reaction mixture
and 200 pl of ABTS [2,2-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid)] cocktail, measuring at A4sy (Berg-
meyer, 1974).

6.3.9. Chitin synthase (EC 2.4.1.16)

The assay was according to a standard method (Hén-
seler et al., 1983b): the incubation mixture contained, in
a total volume of 225 ul, UDP['*C]GIcNAc (0.6 mM;
0.74 Bq), GIcNAc (20 mM), pronase (7.5 pg) and
enzyme preparation (125 ul). All solutions were pre-
pared in P-buffer with 10 mM MgCl,. After a reaction
time of 30 min, the radioactive chitin formed was
determined by a filtration method (Bartnicki-Garcia et
al., 1978).

6.3.10. Chitinase

The test used is based on the liberation of 4-methyl-
umbelliferone (MU) from 4-methylumbelliferyl (MUF)-
B-N,N',N’-triacetylchitotrioside (MUF3) through the
action of the enzyme, as originally described by Lea-
back and Walker (1961) for the use of the MUF1 ana-
logue as a fluorogenic substrate for HexNAc’ase (see
below). Due to the very high sensitivity of the test, i.e.
<0.1 pkat ml~! (Mayer, 1997; Horsch et al., 1997), the
original WAE preparations had to be diluted prior to
use. Assay conditions were: 50 pl enzyme preparation
(with catalytic activity conc. of 0.5-5 pkat mI~!) and 50
pl phosphate buffer (pH 6.5, 100 mM) placed in micro-
titer plates; start of the reaction by addition of 50 ul of
MUEF3 (50 uM in H,O; assessment of the formation of
MU at 390 nm excitation and 460 nm emission wave
length, using a Millipore Cytofluor 2350 fluorescence
measurement system (further details in Mayer, 1997).

6.3.11. B-N-Acetylhexosaminidase (HexNAc'ase)

The fluorogenic test based on the model substrate
MUEF-B-N-acetylglucosaminide was as described for
chitinase; its principles and potential fallacies upon
applying it with crude enzyme preparations have been
discussed elsewhere (Horsch et al., 1997). For Hex-
NAc’ase product assessment with its natural substrate, a
combination of high performance anion exchange chro-
matography (HPAEC)/pulsed amperometric detection
(PAD) has been used (Horsch et al., 1996). Besides its
high sensitivity, this method allows the separation of the
monomer and higher B-1,4-linked GIcNAc oligomers,
hence, the simultaneous assessment of the products of
both hydrolysis and transglycosylation (Mayer et al.,
1996; Mayer, 1997; Mayer and Rast, 1997).

Acknowledgements

The experimental work reported here has been per-
formed within the framework of project no. 3064.1
(1995) of the Swiss Commission for Technology and
Innovation (joint venture of the senior author with for-
mer Novartis Crop Protection Unit). It is also a plea-
sure to thank Professor G.H.N. Towers, University of
British Columbia, Vancouver, for a critical reading of
the manuscript.

References

Abeijon, C., Robbins, P.W., Hirschberg, C.B., 1996. Molecular clon-
ing of the Golgi apparatus uridine diphosphate-N-acet-
ylglucosamine transporter from Kluyveromyces lactis. Proc. Natl.
Acad. Sci. USA 93, 5963-5968.

Adachi, O., Fujii, Y., Moonmangmee, D., Toyma, H., Shinagawa, E.,
Theeragoul, G., Lotong, N., Matsushita, K., 2001. Membrane-
bound sugar alcohol dehydrogenase in acetic acid bacteria catalyzes
L-ribulose formation and NAD-dependent ribitol dehydrogenase is
independent of the oxidative fermentation. Biosci. Biotechnol. Bio-
chem. 65, 115-125.

Allan, A.C., Walker, R.L., 1988. The selective inhibition of catecho-
loxidases by salicylhydroxamic acid. Phytochemistry 27, 3075—
3076.

Alloush, H.M., Lopez-Ribot, J.L., Masten, B.J., Chaffin, W.L., 1997.
3-Phosphoglycerate kinase: a glycolytic enzyme protein present in
the cell wall of Candida albicans. Microbiology 143, 321-330.

Anderson, C.M., Wagner, T.A., Perret, M., He, Z.-H., He, D.,
Kohorn, B.D., 2001. WAKSs: cell-wall associated kinases linking
the cytoplasm to the extracellular matrix. Plant Mol. Biol. 47, 197—
206.

Angiolella, L., Facchin, M., Stringaro, A., Maras, B., Simonetti, M.,
Cassone, A., 1996. Identification of a glucan-associated enolase as a
main cell wall protein of Candida albicans and an indirect target of
lipopeptide antimycotics. J. Infect. Dis. 173, 684-690.

Arnold, W.N., 1991. Periplasmic space. In: Rose, A.H., Harrison,
J.S. (Eds.), The Yeasts, Vol. 4. Academic Press, London, pp. 279—
295.

Bachewich, C.L., Heath, I.B., 1997. Differential cytoplasm—plasma
membrane—cell wall adhesion patterns and their relationship to
hyphal tip growth and organelle mobility. Protoplasma 200, 71—
86.

Bahmed, K., Bonaly, R., Wathier, M., Pucci, B., Coulon, J., 2002.
Change of cell wall chitin content in amphotericin B resistant K/uy-
veromyces strains. FEMS Microbiol. Lett. 216, 99-103.

Bartnicki-Garcia, S., 1968. Cell wall chemistry, morphogenesis, and
taxonomy of fungi. Annu. Rev. Microbiol. 22, 87-108.

Bartnicki-Garcia, S., 1973. Fundamental aspects of hyphal morpho-
genesis. Symposia Soc. Gen. Microbiol. 23, 245-267.

Bartnicki-Garcia, S., Bracker, C.E., Reyes, A., Ruiz-Herrera, J., 1978.
Isolation of chitosomes from diverse fungi and synthesis of chitin
microfibrils in vitro. Exp. Mycol. 2, 173-192.

Baumgartner, D., 1995. Agaritin—ein Phenylhydrazinderivat des
Kulturchampignons. PhD Thesis, Univ. of Ziirich. ISBN 3 260
05380 8.

Baumgartner, D., Hoesch, L., Rast, D.M., 1998. The biogenesis of -
N-(y-glutamyl)-4-hydroxymethylphenylhydrazine  (agaritine) in
Agaricus bisporus. Phytochemistry 49, 465-474.

Bergmeyer, H.U., 1974. Methoden der enzymatischen Analyse, Vol. 1.
Verlag Chemie, Weinheim, pp. 649, 757, 1257.

Beauvais, A., Drake, R., Ng, K., Diaquin, M., Latgé, J.P., 1993.



D.M. Rast et al. | Phytochemistry 64 (2003) 339-366 361

Characterization of the 1,3-8-glucan synthase of Aspergillus fumi-
gatus. J. Gen. Microbiol. 139, 3071-3078.

Beer, D., Maloisel, J.-L., Rast, D.M., Vasella, A., 1990. Synthesis of 2-
acetamido-2-deoxy-D-gluconhydroximolactone- and chitobionhy-
droximolactone-derived N-phenylcarbamates, potential inhibitors
of N-acetylglucosaminidase. Helv. Chim. Acta 73, 1918-1922.

Bernard, M., Latgé, J.-P., 2001. Aspergillus fumigatus cell wall: com-
position and biosynthesis. Med. Mycol. 39 (SI), 9-17.

Billon-Grand, G., Marais, M.-F., Joselau, J.-P., Girard, V., Gay, L.,
Fevre, M., 1997. A novel B-glucan synthase from the oomycete
Saprolegnia monoica. Microbiology 143, 3175-3183.

Blackstock, W.P., Weir, M.P., 1999. Proteomics: quantitative and
physical mapping of cellular proteins. Trends Biotechnol. 17, 121-
127.

Borovansky, J., Hach, P., 1999. Disparate behaviour of two melano-
somal enzymes (a-mannosidase and y-glutamyltransferase). Cell.
Molec. Biol. 45, 1047-1052.

Brown Jr., R.M., Saxena, [.M., 2000. Cellulose biosynthesis: a model
for understanding the assembly of biopolymers. Plant Physiol. Bio-
chem. 38, 57-67.

Burnett, J.H., 1979. Aspects of the structure and growth of hyphal
walls. In: Burnett, J.H., Trinci, A.P.J. (Eds.), Fungal Walls and
Hyphal Growth. Cambridge University Press, Cambridge, pp. 1-
25.

Burton, K.S., Wood, D.A., Thurston, C.F., Barker, P.J., 1993. Pur-
ification and characterization of a serine protease from senescent
sporophores of the commercial mushroom Agaricus bisporus. J.
Gen. Microbiol. 139, 1379-1386.

Byrne, P.F.S., Brennan, P.J., 1975. The lipids of Agaricus bisporus. J.
Gen. Microbiol. 89, 245-255.

Cabib, E., Bowers, B., Roberts, R.L., 1983. Vectorial synthesis of a
polysaccharide by isolated plasma membranes. Proc. Natl. Acad.
Sci. 80, 3318-3321.

Cabib, E., Silverman, S.J., Shaw, J.A., 1992. Chitinase and chitin
synthase 1: counterbalancing activities in cell separation of Sac-
charomyces cerevisiae. J. Gen. Microbiol. 138, 97-102.

Cabib, E., Roh, D.H., Schmidt, M., Crotti, L.B., Varma, A., 2001.
The yeast cell wall and septum as paradigms of cell growth and
morphogenesis. J. Biol. Chem. 276, 19679-19682.

Carpita, N., McCann, M., Griffing, L.R., 1996. The plant extracellular
matrix: news from the cell’s frontier. Plant Cell 8, 1451-1463.

Carpita, N., Campbell, M., Tierney, M., 2001. Plant Molecular Biol-
ogy. Kluwer Academic, Dordrecht.

Casanova, M., Chaffin, W.L., 1991. Cell wall glycoproteins of Candida
albicans as released by different methods. J. Gen. Microbiol. 137,
1045-1051.

Casanova, M., Lopez-Ribot, J.L., Martinez, J.P., Sentandreu, R.,
1992. Characterisation of cell wall proteins from yeast and mycelial
cells of Candida albicans by labelling with biotin. Infect. Immun. 60,
4898-4906.

Celerin, M., Laudenbach, D.E., Bancroft, J.B., Day, A.W., 1994.
Evidence that fimbriae of the smut fungus Microbotryum violaceum
contain RNA. Microbiology 140, 2699-2704.

Cerneus, D.P., Ueffing, E., Posthuma, G., Strous, G.J., van den Ende,
A., 1993. Detergent insolubility of alkaline phosphatase during bio-
synthetic transport and endocytosis. J. Biol. Chem. 268, 3150-3155.

Chaffin, W.L., Lopez-Ribot, J.L., Casanova, M., Gozalbo, D., Marti-
nez, J.P., 1998. Cell wall and secreted proteins of Candida albicans:
identification, function, and expression. Microbiol. Molec. Biol.
Rev. 62, 130-180.

Chang, P.L.J., Trevithick, J.R., 1972. Release of wall-bound invertase
and trehalase in Neurospora crassa by hydrolytic enzymes. J. Gen.
Microbiol. 70, 13-22.

Chikhi, N., Holic, N., Guellaen, G., Laperche, Y., 1999. Gamma-glu-
tamyl transpeptidase gene organization and expression: a compara-
tive analysis in rat, mouse, pig and human species. Comp. Biochem.
Physiol. B 122, 367-380.

Choi, W.-J., Santos, B., Duran, A., Cabib, E., 1994. Are yeast chit-
inases regulated at the transcriptional level or the posttranslational
level? Mol. Cell. Biol. 14, 7685-7694.

Chuang, J.S., Schekman, R.W., 1996. Differential trafficking and
timed localization of two chitin synthase proteins, Chs2p and
Chs3p. J. Cell. Biol. 135, 597-610.

Cleves, A.E., Cooper, D.N.W., Barondes, S.H., Kelly, R.B., 1996. A
new pathway for protein export in Saccharomyces cerevisiae. J. Cell.
Biol. 133, 1017-1026.

Cormack, B.P., Bertram, G., Egerton, M., Gow, N.A.R., Falkow, S.,
Brown, A.J.P., 1997. Yeast-enhanced green fluorescent protein
(YEGFP): a reporter of gene expression in Candida albicans. Micro-
biology 143, 303-311.

Cubitt, A.B., Heim, R., Adams, S.R., Boyd, A.E., Gross, L.A., Tsien,
R.Y., 1995. Understanding, improving and using green fluorescent
proteins. Trends Biochem. Sci. 20, 448-455.

Delgado, M.L., O’Connor, J.E., Azorin, 1., Renau-Piqueras, J., Gil,
M.L., Gozalbo, D., 2001. The glycerinaldehyde-3-phosphate dehy-
drogenase polypeptides encoded by the Saccharomyces cerevisiae
TDHI, TDH2 and TDH3 genes are also cell wall proteins. Micro-
biology 147, 411-417.

Del Marmol, V., Beermann, F., 1996. Tyrosinase and related proteins
in mammalian pigmentation. Minireview. Febs Letts 381, 165-168.

Dickerson, A.G., Baker, R.C., 1979. The binding of enzymes to fungal
B-glucans. J. Gen. Microbiol. 112, 67-75.

Dominici, S., Valentini, M., Maellaro, E., Del Bello, B., Paolicchi, A.,
Lorenzini, E., Tongiani, R., Camporti, M., Pompella, A., 1999.
Redox modulation of cell surface protein thiols in U937 lymphoma
cells: the role of y-glutamyl transpeptidase-dependent H,O, produc-
tion and S-thiolation. Free Rad. Biol. Med. 27, 623-635.

Donatien, P.D., Orlow, S.J., 1995. Interaction of melanosomal pro-
teins with melanin. Eur. J. Biochem. 232, 159-164.

Douglas, C.M., 2001. Fungal B(1,3)-D-glucan synthesis. Med. Mycol.
SI, 55-66.

Duran, A., Cabib, E., 1978. Solubilization and partial purification of
yeast chitin synthase. J. Biol. Chem. 253, 4419-4425.

Edwards, S.R., Braley, R., Chaffin, W.L., 1999. Enolase is present in
the cell wall of Saccharomyces cerevisiae. FEMS Microbiol. Lett.
177, 211-216.

Elango, N., Correa, J.U., Cabib, E., 1982. Secretory character of yeast
chitinase. J. Biol. Chem. 257, 1398-1400.

Eroles, P., Sentandreu, M., Elorza, M.V., Sentandreu, R., 1977. The
highly immunogenic enolase and Hsp70p are adventitious Candida
albicans cell wall proteins. Microbiology 143, 313-320.

Espin, J.C., Wichers, H.J., 1999. Activation of a latent mushroom
(Agaricus bisporus) tyrosinase isoform by sodium dodecyl sulfate
(SDS). Kinetic properties of the SDS-activated isoform. J. Agric.
Food Chem. 47, 3518-3525.

Espin, J.C., Jolivet, S., Wichers, H.J., 1998. Inhibition of mushroom
polyphenol oxidase by agaritine. J. Agric. Food Chem. 46, 2976—
2980.

Espin, J.C., van Leeuwen, J., Wichers, H.J., 1999. Kinetic study of
the activation process of a latent mushroom (Agaricus bisporus)
tyrosinase by serine proteases. J. Agric. Food Chem. 47, 3509-
3517.

Evans, J.M., Zaworski, P.G., Parker, C.N., 2002. A high throughput
screen for inhibitors of fungal cell wall synthesis. J. Biomolec.
Screen 7, 359-366.

Fevre, M., 1979. Glucanases, glucan synthases and wall growth in
Saprolegnia monoica. In: Burnett, J.H., Trinci, A.P.J. (Eds.), Fungal
Walls and Hyphal Growth. Cambridge University Press, Cam-
bridge, pp. 225-263.

Fevre, M., Dumas, C., 1977. B-Glucan synthase from Saprolegnia
monoica. J. Gen. Microbiol. 103, 297-306.

Fex, T., 1982. Chalmicrin, a mannitol ether of methylated mono-
cyclofarnesol, from Chalara microspora. Phytochemistry 21, 367—
369.



362 D.M. Rast et al. | Phytochemistry 64 (2003) 339-366

Fleet, G.H., 1991. Cell walls. In: Rose, A.H., Harrison, J.S. (Eds.),
The Yeasts, Vol. 4. Academic Press, London, pp. 199-277.

Flowers, H.M., Batra, K.K., Kemp, J., Hassid, W.Z., 1968. Bio-
synthesis of insoluble glucans from uridine-diphosphate-D-glucose
with enzyme preparations from Phaseolus aureus and Lupinus albus.
Plant Physiol. 43, 1703-1709.

Fukamizo, T., Kramer, K.J., 1985. Mechanism of chitin hydrolysis by
the binary chitinase system in insect moulting fluid. Insect Biochem.
15, 141-145.

Furter, R., Rast, D.M., 1985. A comparison of the chitin synthase
inhibitory and antifungal efficacy of nucleoside—peptide antibiotics:
structure—activity relationships. FEMS Microbiol. Lett. 28, 205-
211.

Galan, B., Garcia Mendoza, C., Calonje, M., Novaes-Ledieu, M.,
1999. Production, purification, and properties of an endo-1,3-B-glu-
canase from the basidiomycete Agaricus bisporus. Curr. Microb. 38,
190-193.

Geng, M., Zhang, X., Bina, M., Regnier, F., 2001. Proteomics of gly-
coproteins based on affinity selection of glycopeptides from tryptic
digests. J. Chrom. B 752, 293-306.

Gens, J.S., Fujiki, M., Pickard, B.G., 2000. Arabinogalactan protein
and wall-associated kinase in a plasmalemmal reticulum with spe-
cialized vertices. Protoplasma 212, 115-134.

Georgopapadakou, N.H., 2001. Update on antifungals targeted to the
cell wall: focus on B-1,3-glucan synthase inhibitors. Exp. Opin.
Invest. Drugs 10, 269-280.

Georgopapadakou, N.H., Tkacz, J.S., 1995. The fungal cell wall as a
drug target. Trends Microbiol 3, 98—-104.

Ghormade, V.S., Lachke, S.A., Deshpande, M.V., 2000. Dimorphism
in Benjaminiella poitrasii. Folia Microbiol 45, 231-238.

Gigliotti, H.J., Levenberg, B., 1964. Studies on the y-glutamyl-
transferase of Agaricus bisporus. J. Biol. Chem. 239, 2274-2284.

Gil-Navarro, 1., Gil, M.L., Casanova, M., O’Connor, J.E., Martinez,
J.P., Gozalbo, D., 1997. The glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase of Candida albicans is a surface antigen. J.
Bact 179, 4992-4999.

Goldman, R.C., Sullivan, P.A., Zakula, D., Capobianco, J.O., 1995.
Kinetics of 8-1,3 glucan interaction at the donor and acceptor sites
of fungal glucosyltransferases encoded by the BGL2 gene. Eur. J.
Biochem. 227, 372-378.

Gooday, G.W., 1995. The dynamics of hyphal growth. Mycol. Res.
99, 385-394.

Gooday, G.W., de Rousset-Hall, A., 1975. Properties of chitin syn-
thase from Coprinus cinereus. J. Gen. Microbiol 89, 137-145.

Gow, N.A.R., 1995. Tip growth and polarity. In: Gow, N.A.R., Gadd,
G.M. (Eds.), The Growing Fungus. Chapman and Hall, London,
pp- 277-299.

Gozalbo, D., Gil-Navarro, 1., Azorin, I., Renau-Piqueras, J., Marti-
nez, J.P., Gil, M.L., 1998. The cell wall-associated glyceraldehyde-3-
phosphate dehydrogenase of Candida albicans is also a fibronectin
and laminin binding protein. Infect. Immun 66, 2052-2059.

Greuter, B., Rast, D., 1975. Ultrastructure of the dormant Agaricus
bisporus spore. Can. J. Bot 53, 2096-2101.

Griffin, P.F.S., Brennan, P.J., Losel, D.M., 1970. Free lipids and car-
bohydrates of Agaricus bisporus mycelium. Biochem. J. 119, 11-12.

Gross, G.G., 1977. Cell wall-bound malate dehydrogenase from
horseradish. Phytochemistry 16, 319-321.

Hammond, J.B., 1985. Glucose-6-phosphate dehydrogenase from
Agaricus bisporus: purification and properties. J. Gen. Microbiol.
131, 321-328.

Hammond, J.B.W., Nichols, R., 1976. Carbohydrate metabolism in
Agaricus bisporus (Lange) Sing.: Changes in soluble carbohydrates
during growth of mycelium and sporophore. J. Gen. Microbiol. 93,
309-320.

Hinseler, E., Nyhlén, L.E., Rast, D.M., 1983a. Isolation and proper-
ties of chitin synthetase from Agaricus bisporus mycelium. Exp.
Mycol. 7, 17-30.

Hénseler, E., Nyhlén, L.E., Rast, D.M., 1983b. Dissociation and
reconstitution of chitosomes. Biochim. Biophys. Acta 745, 121-133.

Hartland, R.P., Emerson, G.W., Sullivan, P.A., 1991. A secreted B-
glucan-branching enzyme from Candida albicans. Proc. R. Soc.
Lond. B 246, 155-160.

Hartland, R.P., Fontaine, T., Debeaupuis, J.-P., Simenel, C., Dele-
pierre, M., Latgé, J.-P., 1996. A novel B-(1-3)-glucanosyltransferase
from the cell wall of Aspergillus fumigatus. J. Biol. Chem. 271,
26843-26849.

Hisler-Kiing, D. 1974. Die Phenoloxidasen von Agaricus bisporus.
PhD thesis, Univ. of Ziirich. ISBN 3 260 0370 9.

Hisler-Kiing, D., Rast, D., 1974. Enzymologie des Holzabbaus durch
Agaricus bisporus. Mater. Organismen 9, 35-50.

Hayashi, T., Read, S.M., Bussell, J., Thelen, M., Lin, F.-C., Brown jr,
R.M., Delmer, D.P., 1987. UDP-Glucose: (1-3)-g-glucan synthases
from mung bean and cotton. Differential effects of Ca’?* and
Mg? " on enzyme properties and on macromolecular structure of the
glucan product. Plant Physiol. 83, 1054-1062.

He, Z.-H., Fujiki, M., Kohorn, B.D., 1996. A cell-wall-associated,
receptor-like protein kinase. J. Biol. Chem. 271, 19789-19793.

Hearing, V.J., Jimenez, M., 1987. Mammalian tyrosinase—the critical
regulatory control point in melanocyte pigmentation. Int. J. Bio-
chem. 19, 1141-1147.

Hecker, L.I., Sussman, A.S., 1973. Activity and heat stability of tre-
halase from the mycelium and ascospores of Neurospora. J. Bact.
115, 582-591.

Hegnauer, H., Nyhlén, L.E., Rast, D.M., 1985. Ultrastructure of
native and synthetic Agaricus bisporus melanins—implications as to
the compartmentation of melanogenesis in fungi. Exp. Mycol. 9,
221-229.

Heller, M.J., 2002. DNA microarray technology: devices, systems, and
applications. Annu. Rev. Biomed. Eng. 4, 129-153.

Higgins, C.F., 2001. ABC transporters: physiology, structure and
mechanism—an overview. Res. Microbiol 152, 205-210.

Hollenstein, G.A.O. 1997. Physikalisch-chemische Eigenschaften und
Kompartimentierung der Biogenese eines pilzlichen Melanins. PhD
Thesis, Univ. of Ziirich. ISBN 3 260 05411 1.

Horer, S., Stoop, J., Mooibroek, H., Baumann, U., Sassoon, J., 2001.
The crystallographic structure of the mannitol 2-dehydrogenase
NADP™ binary complex from Agaricus bisporus. J. Biol. Chem.
276, 27555-27561.

Horsch, M., Hoesch, L., Vasella, A., Rast, D.M., 1991. N-Acet-
ylglucosaminono-1,5-lactone oxime and the corresponding (phe-
nylcarbamoyl)oxime. Novel and potent inhibitors of B-N-
acetylglucosaminidase. Eur. J. Biochem. 197, 815-818.

Horsch, M., Hoesch, L., Fleet, G.W.J., Rast, D.M., 1993. Inhibition
of B-N-acetylglucosaminidase by glycon-related analogues of the
substrate. J. Enz. Inhib 7, 47-55.

Horsch, M., Mayer, C., Rast, D.M., 1996. Stereochemical require-
ments of chitin synthase for ligand binding at the allosteric site for
N-acetylglucosamine. Eur. J. Biochem. 237, 476-482.

Horsch, M., Mayer, C., Sennhauser, U., Rast, D.M., 1997. 8-N-Acet-
ylhexosaminidase: a target for the design of antifungal agents.
Pharmacol. Ther. 76, 187-218.

Hung, C.Y., Yu, J.-J., Lehmann, P.F., Cole, G.T., 2001. Cloning and
expression of the gene which encodes a tube precipitin antigen and
wall-associated B-glucosidase of Coccidioides immitis. Infec. Immun
69, 2211-2222.

Hunsley, D., Burnett, J.H., 1970. The ultrastructural architecture
of the walls of some hyphal fungi. J. Gen. Microbiol 62, 203-
218.

Iranzo, M., Aguado, C., Pallotti, C., Canizares, J.V., Mormeneo, S.,
2002. The use of trypsin to solubilize wall proteins from Candida
albicans led to the identification of chitinase 2 as an enzyme cova-
lently linked to the yeast cell wall structure. Res. Microbiol 153,
227-232.

Ivanov, A.V., Modyanov, N.N., Askari, A., 2002. Role of the self-



D.M. Rast et al. | Phytochemistry 64 (2003) 339-366 363

association of B subunits in the oligomeric structure of Na*K™*-
ATPase. Biochem. J. 364, 293-299.

Iwashita, K., Todoroki, K., Kimura, H., Shimoi, H., Ito, K., 1998.
Purification and characterization of extracellular cell wall bound -
glucosidase from Aspergillus kawachii. Biosci. Biotechnol. Biochem.
62, 1938-1946.

Iwashita, K., Nagahara, T., Kimura, H., Takano, M., Shimoi, H., Ito,
K., 1999. The bglA gene of Aspergillus kawachii encodes both
extracellular and cell wall-bound B-glucosidases. Appl. Environ.
Microbiol. 65, 5546-5553.

Jolivet, S., Mooibroek, H., Wichers, H.J., 1998. Space-time distribu-
tion of y-glutamyl transferase activity in Agaricus bisporus. FEMS
Microbiol. Lett. 163, 263-267.

Kang, M.S., Elango, N., Mattia, E., Au-Young, J., Robbins, P.W.,
1984. Isolation of chitin synthase from Saccharomyces cerevisiae.
Purification of an enzyme by entrapment in the reaction product. J.
Biol. Chem. 259, 14966-14972.

Kappes, E., Legler, G., 1989. Synthesis and inhibitory properties of 2-
acetamido-2-deoxynojirimycin  (2-acetamido-5-amino-2,5-dideoxy-
D-glucopyranose, /) and 2-acetamido-1,2-didexynojirimycin
(2-acetamido-1,5-imino-1,2,5-trideoxy-p-glucitol, 2). J. Carbohydr.
Chem. 8, 371-388.

Kapteyn, J.C., Van Den Ende, H., Klis, F.M., 1999. The contribution
of cell wall proteins to the organization of the yeast cell wall. Bio-
chim. Biophys. Acta 1426, 373-383.

Kasamo, K., Sakakibara, Y., 1995. The plasma membrane H™-
ATPase from higher plants: functional reconstitution into liposomes
and its regulation by phospholipids. Plant Sci. 111, 117-131.

Kiba, A., Toyoda, K., Ichinose, Y., Yamada, T., Shiraishi, T., 1995.
Specific inhibition of cell wall-bound ATPases by fungal suppressor
from Mycospherella pinodes. Plant Cell. Physiol. 36, 809-817.

Klebl, F., Tanner, W., 1989. Molecular cloning of a cell wall exo-B-
1,3-glucanase from Saccharomyces cerevisiae. J. Bact. 171, 6259—-6264.

Klis, F.M., Mol, P., Hellingwerf, K., Brul, S., 2002. Dynamics of cell
wall structure in Saccharomyces cerevisiae. FEMS Microbiol. Rev.
26, 239-256.

Kohorn, B.D., 2000. Plasma-membrane—cell wall contacts. Plant
Physiol. 124, 31-38.

Kontani, M., Sakagami, Y., Marumo, S., 1994. First B-1,6-glucan
biosynthesis inhibitor, bisvertinolone isolated from fungus, Acre-
monium strictum and its absolute stereochemistry. Tetrahedron
Letts 35, 2577-2580.

Kramer, K.J., Koga, D., 1986. Insect chitin. Insect Biochem. 16, 851-877.

Kruse, D., Cole, G.T., 1992. A seroreactive 120-kilodalton B-1,3-glu-
canase of Coccidioides immitis which may participate in spherule
morphogenesis. Infect. Immun. 60, 4350-4363.

Kuranda, M.J., Robbins, P.W., 1991. Chitinase is required for cell
separation during growth of Saccharomyces cerevisiae. J. Biol.
Chem. 266, 19758-19767.

Lam, C.K., Belanger, C.F., White Jr., J.F., Daie, J., 1994. Mechanism
and rate of sugar uptake by Acremonium typhinum, an endophytic
fungus infecting Festuca rubra: evidence for presence of a cell wall
invertase in endophytic fungi. Mycologia 86, 408-415.

Lawson, S.G., Mason, T.L., Sabin, R.D., Sloan, M.E., Drake, R.R.,
Haley, B.E., Wasserman, B.P., 1989. UDP-Glucose: (1,3)-B-glucan
synthase from Daucus carota L. Characterisation, photoaffinity
labelling, and solubilisation. Plant Physiol. 90, 101-108.

Leaback, D.H., Walker, P.G., 1961. Studies on glucosaminidase. 4.
The fluorimetric assay of N-acetyl-B-glucosaminidase. Biochem. J.
78, 151-156.

Leal-Morales, C.A., Bracker, C.E., Bartnicki-Garcia, S., 1988. Local-
ization of chitin synthase in cell-free homogenates of Saccharomyces
cereisiae: chitsomes and plasma membrane. Proc. Natl. Acad. Sci.
USA 85, 8516-8520.

Leal-Morales, C.A., Gay, L., Févre, M., Bartnicki-Garcia, S., 1997.
The properties and localization of Saprolegnia monoica chitin syn-
thase differ from those of other fungi. Microbiology 143, 2473-2483.

Le Maire, M., Moller, J.V., Champeil, P., 1987. Binding of non-ionic
detergent to membranes—flip-flop rate and location on the bilayer.
Biochemistry 26, 4803—4810.

Le Maire, M., Champeil, P., Moller, J.V., 2000. Interaction of mem-
brane proteins and lipids with solubilizing detergents. Biochim.
Biophys. Acta 1508, 86-111.

Lending, C.R., Lippman, E., Bracker, C.E., Bartnicki-Garcia, S.,
1990. An efficient preparative isopycnic flotation method for the
isolation of chitosomes. Protoplasma 159, 16-25.

Lending, C.R., Leal-Morales, C.A., Flores-Martinez, A., Bracker,
C.E., Bartnicki-Garcia, S., 1991. Purification and characterization
of 16 S chitin synthetase particles from cell walls of Mucor rouxii.
Exp. Mycol. 11-25.

Levenberg, B., 1970. Agaritine and y-glutamyltransferase. In: Tabor,
H., Tabor, C.W. (Eds.), Methods in Enzymology. Academic Press,
London, pp. 877-883.

Lucero, H.A., Robbins, P.W., 2002. Secretion and activation of chitin
synthase III in Saccharomyces cerevisiae. J. Gen. Physiol. 120, 10a—
11a.

Lucio, A.K.B., de Lourdes, M., Polizeli, T.M., Jorge, J.A., Terenzi,
H.F., 2000. Stimulation of hyphal growth in anaerobic cultures of
Mucor rouxii by extracellular trehalose. Relevance of cell wall-
bound activity of acid trehalase for trehalose utilization. FEMS
Lett. 182, 9-13.

Luna-Arias, J.P., Andaluz, E., Ridruejo, J.C., Olivero, 1., Larriba, G.,
1991. The major exoglucanase from Candida albicans—a non-gly-
cosylated secretory monomer related to its counterpart from Sac-
charomyces cerevisiae. Yeast 7, 833-841.

MacBeath, G.M., Schreiber, S.L., 2000. Printing proteins as micro-
arrays for high-throughput function determination. Science 289,
1760-1763.

Martinez-Cadena, G., Ruiz-Herrera, J., 1987. Activation of chitin
synthase from Phycomyces blakesleeanus by calcium and calmodu-
lin. Arch. Microbiol. 148, 280-285.

Mayer, A.M., Staples, R.C., 2002. Laccase: new functions for an old
enzyme. Phytochemistry 60, 551-565.

Mayer, C.A., 1997. Eine mechanistische Analyse von Enzymen der
Chitinlyse bei Pilzen unter Verwendung von Lysozym als dem
Paradigma. PhD Thesis, Univ. of Ziirich. ISBN 3 260 05417 0.

Mayer, C., Rast, D.M., 1997. High-pH anion-exchange chromato-
graphy analysis of hydrolysis and transglycosylation catalyzed by
chitinolytic enzymes. In: Muzzarelli, R.A.A., Peter, M.G. (Eds.),
Chitin Handbook. European Chitin Society, Ancona, pp. 345-
351.

Mayer, C., Ruffner, H.P., Rast, D.M., 1996. Assessment of the mode
of action of chitinases with anion exchange chromatography/pulsed
amperometric detection. In: Domard, A., Jeniaux, C., Muzzarelli,
R., Roberts, G. (Eds.), Adv. Chitin Sci. Jacques André Publ, Lyon,
pp. 108-113.

Menger, F.M., Keiper, J.S., 1998. Digitonin as a chemical trigger for
the selective transformation of giant vesicles. Angew. Chem. Int. Ed.
37, 3433-3435.

Merz, R., 1997. Die chitosomale Chitinsynthase von Mucor rouxii:
Lektinaffinitdt und hdmolytische Aktivitdt. Ph.D. thesis, Univ. of
Zirich. ISBN 3 260 05413 8.

Merz, R.A., Horsch, M., Schaller, E., Rast, D.M., 1993. Lectin affinity
chromatography of chitin synthetase. In: Muzzarelli, R.A.A. (Ed.),
Chitin Enzymology. European Chitin Society, Ancona, pp. 137—
146.

Merz, R.A., Horsch, M., Ruffner, H.P., Rast, D.M., 1996. Chitosomes
and concanavalin A. In: Domard, A., Jeuniaux, C., Muzzarelli,
R.A.A. (Eds.), Advances in Chitin Science. Jaque André, Lyon, pp.
102-107.

Merz, R.A., Horsch, M., Ruffner, H.P., Rast, D.M., 1999a. Interac-
tion between chitosomes and concanavalin A. Phytochemistry 52,
211-224.

Merz, R.A., Horsch, M., Nyhlén, L.E., Rast, D.M., 1999b. Biochem-



364 D.M. Rast et al. | Phytochemistry 64 (2003) 339-366

istry of chitin synthase. In: Jollés, P., Muzzarelli, R.A.A. (Eds.),
Chitin and Chitinases. Birkhduser Verlag, Basel, pp. 9-37.

Michalenko, G., Hohl, H.R., Rast, D., 1976. Chemistry and archi-
tecture of the mycelial wall of Agaricus bisporus. J. Gen. Microbiol.
92, 251-262.

Mohanty, P., Vani, B., Prakash, J.S.S., 2002. Elevated temperature
treatment induced alteration in thylakoid membrane organisation
and energy distribution between the two photosystems in Pisum
sativum. Zeitschr. Nat. Forsch. C-A J. Biosci. 57, 836-842.

Mol, P.C., Wessels, J.G.H., 1990. Differences in wall structure
between substrate hyphae and hyphae of fruit-body stipes in Agar-
icus bisporus. Mycol. Res. 94, 472-479.

Molina, M., Gil, C., Pla, J., Arroyo, J., Nombela, C., 2000. Protein
localisation approaches for understanding yeast cell wall biogenesis.
Microsc. Res. and Tech. 51, 601-612.

Molloy, C., Shepherd, M.G., Sullivan, P.A., 1995. Differential extrac-
tion of acetylglucosaminidase and trehalase from the cell envelope
of Candida albicans. Exp. Mycol. 19, 178-185.

Montijn, R.C., Vink, E., Muller, W.H., Verkleij, A.J., Van den Ende,
H., Klis, F.M., 1999. Localization of synthesis of B-1,6-glucan in
Saccharomyces cerevisiae. J. Bact. 181, 7414-7420.

Moore, B.M., Flurkey, W.H., 1990. Sodium dodecyl sulfate activation
of a plant polyphenoloxidase. Effect of sodium dodecyl sulfate on
enzymatic and physical characteristics of purified broad bean poly-
phenoloxidase. J. Biol. Chem. 265, 4982-4988.

Mooz, E.D., Wigglesworth, L., 1976. Evidence for the y-glutamyl
cycle in yeast. Biochem. Biophys. Res. Comm. 68, 1066-1072.

Mouyna, 1., Fontaine, T., Vai, M., Monod, M., Fonzi, W.A., Dia-
quin, M., Popolo, L., Hartland, R.P., Latgeé, J.P., 2000. J. Biol.
Chem. 275, 14882-14889.

Mouyna, 1., Sarfati, J., Recco, P., Fontaine, T., Henrissat, B., Latge, J.-P.,
2002. Molecular characterisation of a cell wall-associated B(1-3)-
endoglucanase of Aspergillus fumigatus. Med. Mycol. 40, 455-464.

Mrsa, V., Klebl, F., Tanner, W., 1993. Purification and characteriza-
tion of the Saccharomyces cerevisiae BGL2 gene product, a cell wall
endo-B-1,3-glucanase. J. Bact. 175, 2102-2106.

Mrsa, V., Seidl, T., Gentzsch, M., Tanner, W., 1997. Specific labelling
of the cell wall proteins by biotinylation. Identification of four
covalently linked O-mannosylated proteins of Saccharomyces cere-
visiae. Yeast 13, 1145-1154.

Mrsa, V., Ecker, M., Cappellaro, C., Teparic, R., Tanner, W., 1999.
Saccharomyces cerevisiae cell wall proteins. Food Technol. Bio-
technol. 37, 21-27.

Munro, C.A., Gow, N.A.R., 2001. Chitin synthesis in human patho-
genic fungi. Med. Mycol. 39 (SI), 41-53.

Navarro-Garcia, F., Eisman, B., Roman, E., Nombela, C., Pla, J.,
2001. Signal transduction pathways and cell wall construction in
Candida albicans. Med. Mycol 39 (SI), 87-100.

Nombela, C., Molina, M., Cenamor, R., Sanchez, M., 1988. Yeast B-
glucanases: a complex system of secreted enzymes. Microbiol Sci. 5,
328-332.

Nosjean, O., Roux, B., 1999. Ectoplasmic insertion of a glycosylpho-
sphatidylinositol-anchored protein in glycosphingolipid- and cho-
lesterol-containing phosphatidylcholine vesicles. Eur. J. Biochem.
263, 865-870.

Notario, V., Villa, T.G., Villanueva, J.R., 1979. Cell wall-associated
1,4-B-d-xylanase in Cryptococcus albidus var. aerius: in situ char-
acterization of the activity. J. Gen. Microbiol. 114, 415-422.

Notario, V., 1982. B-Glucanases from Candida albicans: purification,
characterization and the nature of their attachment to cell wall
components. J. Gen. Microbiol. 128, 747-759.

Nurminen, T., Oura, E., Suomalainen, H., 1970. The enzymatic com-
position of the isolated cell wall and plasma membrane of baker’s
yeast. Biochem. J. 116, 61-69.

Orlow, S.J., 1995. Melanosomes are specialized members of the lyso-
somal lineage of organelles. J. Invest. Dermatol. 105, 3-7.

Orlow, S.J., Zhou, B.-K., Chakraborty, A.K., Drucker, M., Pifko-

Hirst, S., Pawelek, J.M., 1994. High-molecular weight forms of tyr-
osinase and the tyrosinase-related proteins: evidence for a melano-
genic complex. J. Invest. Dermatol. 103, 196-201.

Peberdy, J.F., 1994. Protein secretion in filamentous fungi trying to
understand a highly productive black box. Tibtech 12, 50-57.

Pedraza-Reyes, M., Lopez-Romero, E.L., 1989. Purification and some
properties of two forms of chitinase from mycelial cells of Mucor
rouxii. J. Gen. Microbiol. 135, 211-218.

Perlin, D.S., Spanswick, R.M., 1981. Characterization of ATPase
activity associated with corn leaf plasma membranes. Plant Physiol.
68, 521-526.

Pfyffer, G.E., Pfyffer, B.U., Rast, D.M., 1986. The polyol pattern,
chemotaxonomy and phylogeny of the fungi. Sydowia 39, 160-201.

Pfyffer, G.E., Hiibscher, U., Rast, D.M., 1989. Antibodies against the
fungal enzyme mannitol dehydrogenase. Exp. Mycol. 13, 321-331.

Pierce, J.A., Rast, D.M., 1995. A comparison of native and synthetic
mushroom melanins by Fourier-transform infrared spectroscopy.
Phytochemistry 39, 49-55.

Pitson, S.M., Seviour, R.J., McDougall, B.M., 1999. Intracellular and
cell wall associated B-glucanases and B-glucosidases of Acremonium
persicinum. Mycol. Res. 103, 1217-1224.

Popolo, L., Gualtieri, T., Ragni, E., 2001. The yeast cell-wall salvage
pathway. Med Mycol. 39 (S I), 111-121.

Prota, G., 1992. Melanins and Melanogenesis. Academic Press, San
Diego.

Ram, S., Romana, L., Shepherd, M.G., Sullivan, P.A., 1984. Exo-
(1—3)-B-glucanase, autolysin and trehalase activities during yeast
growth and germ tube formation in Candida albicans. J. Gen.
Microbiol. 130, 1227-1236.

Rast, D.M., Hollenstein, G.O., 1977. Architecture of the Agaricus
bisporus cell wall. Can. J. Bot. 55, 2251-2262.

Rast, D.M., Pfyffer, G.E., 1989. Acyclic polyols and higher taxa of
fungi. Bot. J. Linn. Soc. 99, 39-57.

Rast, D., Stauble, E.J., Zobrist, P., 1976. The Krebs cycle and control
of dormancy in the Agaricus bisporus spore. New Phytol. 76, 469—
4717.

Rast, D., Stiissi, H., Zobrist, P., 1979. Self-inhibition of the Agaricus
bisporus spore by CO, and/or y-glutaminyl-4-hydroxybenzene and
v-glutaminyl-3,4-benzoquinone: a biochemical analysis. Physiol.
Plant 46, 227-234.

Rast, D.M., Stiissi, H., Hegnauer, H., Nyhlén, L.E., 1981. Melanins.
In: Turian, G., Hohl, H.R. (Eds.), The Fungal Spore. Morphoge-
netic Controls. Academic Press, New York, pp. 507-531.

Rast, D.M., Horsch, M., Furter, R., Gooday, G.W., 1991. A complex
chitinolytic system in exponentially growing mycelium of Mucor
rouxii: properties and function. J. Gen. Microbiol 137, 2797-2810.

Rast, D.M., Merz, R.A., Jeanguenat, A., Mésinger, E., Rodewald, R.,
2000. Enzymes of chitin metabolism for the design of antifungals.
In: Peter, M., Domard, A., Muzzarelli, R.A.A. (Eds.), Advan.
Chitin Sci., vol. 4. University of Potsdam, pp. 479-505.

Rescigno, A., Sollai, F., Pisu, B., Rinaldi, A., Sanjust, E., 2002. Tyr-
osinase inhibition: general and applied aspects. J. Enz. Inhib.
Medic. Chem. 17, 207-218.

Reumann, S., Heupel, R., Heldt, HW., 1994. Compartmentation
studies on spinach leaf chloroplasts. II. Evidence for the transfer of
reductant from the cytosol to the peroxisomal compartment via a
malate shuttle. Planta 193, 167-173.

Rini, J.M., Sharon, N., 2000. Carbohydrates and glycoconjugates.
Glycosyltransferases, sugar nucleotide transporters and bacterial
surface lectins—at the cutting edge of glycobiology. Curr. Opin.
Struc. Biol. 10, 507-509.

Robb, D.A., 1984. Tyrosinase. In: Lontie, R. (Ed.), Copper Proteins
and Copper Enzymes, Vol. II. CRC Press, Boca Raton, pp. 207-241.

Robinson, S.P., Wiskich, J.T., 1975. The effects of digitonin on pho-
tochemical activities of isolated chloroplasts. Plant Physiol. 55, 163—
167.

Rodriguez-Medina, J.R., Cruz, J.A., Robbins, P.W., Bi, E., Pringle,



D.M. Rast et al. | Phytochemistry 64 (2003) 339-366 365

R., 1998. Elevated expression of chitinase 1 and chitin synthesis in
myosin II-deficient Saccharomyces cerevisiae. Cell. Molec. Biol. 44,
919-925.

Roncero, C., 2002. The genetic complexity of chitin synthesis in fungi.
Curr. Genet. 41, 367-378.

Ruffner, H.P., Rast, D., Tobler, H., Karesch, H., 1978. Purification
and properties of mannitol dehydrogenase from Agaricus bisporus
sporocarps. Phytochemistry 17, 865-868.

Ruiz-Herrera, J., 1992. Fungal Cell Wall: Structure, Synthesis, and
Assembly. CRC Press, Boca Raton.

Ruiz-Herrera, J., Sentandreu, R., 1989. Fungal cell wall synthesis and
assembly. In: McGinnis, R., Borchers, M. (Eds.), Current Topics in
Medical Mycology, Vol. I11. Springer-Verlag, New York, pp. 168—
217.

Ruiz-Herrera, J., Lopez-Romero, E., Bartnicki-Garcia, S., 1977.
Properties of chitin synthase in isolated chitosomes from yeast cells
of Mucor rouxii. J. Biol. Chem. 252, 3338-3343.

Ruiz-Herrera, J., Bartnicki-Garcia, S., Bracker, C.E., 1980. Dissocia-
tion of chitosomes by digitonin into 16 S subunits with chitin syn-
thetase activity. Biochim. Biophys. Acta 629, 201-216.

Ruiz-Herrera, J., Iranzo, M., Elorza, M.V., Sentandreu, R., Morme-
neo, S., 1995. Involvement of transglutaminase in the formation of
covalent cross-links in the cell wall of Candida albicans. Arch.
Microbiol. 164, 186-193.

Ruiz-Herrera, J., Leon, C.G., Carabez-Trejo, A., Reyes-Salinas, E.,
1996. Structure and chemical composition of the cell walls from the
haploid yeast and mycelial forms of Ustilago maydis. Fungal Genet.
Biol. 20, 133-142.

Ruiz-Herrera, J., Martinez, A.I., Sentandreu, R., 2002. Determination
of the stability of protein pools from the cell wall of fungi. Res.
Microbiol. 153, 373-378.

San-Blas, G., San-Blas, F., 1982. Effect of detergents on membrane-
associated glucan synthetase from Paracoccidioides brasiliensis. J.
Bact. 152, 563-566.

Sassoon, J., Mooibroek, H., 2001. A system of categorizing enzyme—
cell wall associations in Agaricus bisporus, using operational criteria.
Appl. Microbiol. Biotechnol. 56, 613-622.

Satiat-Jeunemaitre, B., Hawes, C., 1993. Insights into the secretoy
pathway and vesicular transport in plant cells. Biol. Cell 79, 7-15.
Satiat-Jeunemaitre, B., Steele, C., Hawes, C., 1996. Maintenance of
the exocytotic and endocytotic apparatus involved in protein tar-

geting in plant cells. Plant Physiol. Biochem. 34, 183-195.

Sentandreu, R., Mormeneo, S., Ruiz-Herrera, J., 1994. Biogenesis of
the fungal cell wall. In: Wessels, J.G.H., Meinhardt, F. (Eds.), The
Mycota, Vol. 1. Springer-Verlag, Berlin, pp. 111-124.

Serrano, R., 1985. Plasma Membrane ATPase of Plants and Fungi.
CRC Press, Boca Raton, pp. 81-101, 133-141.

Shinigawa, E., Ameyama, M., 1982. D-Sorbitol dehydrogenase from
Gluconobacter suboxydans, membrane-bound. In: Wood, W.A.
(Ed.), Methods in Enzymology, Carbohydrate Metabolism Part D,
Vol. 89. Academic Press, New York, pp. 141-145.

Sietsma, J.H., Wessels, J.G.H., 1977. Chemical analysis of the hyphal
wall of Schizophyllum commune. Biochim. Biophys. Acta 496, 225-
239.

Sietsma, J.H., Rast, D., Wessels, J.G.H., 1977. The effect of carbon
dioxide on fruiting and on the degradation of a cell-wall glucan in
Schizophyllum commune. J. Gen. Microbiol 101, 385-389.

Simons, K., Ikonen, E., 1997. Functional rafts in cell membranes.
Nature 387, 569-572.

Sinnott, M.L., 1987. Glycosyl group transfer. In: Page, M. (Ed.),
Enzyme Mechanisms. Royal Society for Chemistry, Letchworth, pp.
259-297.

Sinnott, M.L., 1990. Catalytic mechanisms of enzymic glycosyl trans-
fer. Chem. Rev. 90, 1171-1202.

Stoop, J.M.H., Mooibroek, H., 1999. Advances in genetic analysis and
biotechnology of the cultivated mushroom, Agaricus bisporus. Appl.
Microbiol. Biotechnol. 52, 474-483.

Stiissi, H., 1979. Vorkommen, Biogenese und Bedeutung von y-Glu-
tamylderivaten in Agaricus bisporus. PhD Thesis, University of
Zirich. ISBN 3 260 04608 9.

Stiissi, H., Rast, D.M., 1981. The biosynthesis and possible function
of y-glutaminyl-4-hydroxybenzene in Agaricus bisporus. Phy-
tochemistry 20, 2347-2352.

Suresh, K., Subramanyam, C., 1997. A putative role for calmodulin in
the activation of Neurospora crassa chitin synthase. FEMS Micro-
biol. Lett. 150, 95-100.

Suzuki, H., Kumagai, H., Tochikura, T., 1986. vy-Glutamyl-
transpeptidase from Escherichia coli K-12: formation and localiza-
tion. J. Bact. 168, 1332-1335.

Tate, S.S., Meister, A., 1981. y-Glutamyl transpeptidase: catalytic,
structural and functional aspects. Molec. Cell. Biochem. 39, 357-
368.

Taylor, I.LE.P., Cameron, D.S., 1973. Preparation and quantitative
analysis of fungal cell walls: strategies and tactics. Annu. Rev.
Microbiol. 27, 243-259.

Thurston, C.F., 1994. The structure and function of fungal laccases.
Microbiology 140, 19-26.

Tibbett, M., Sanders, F.E., Cairney, J.W.G., 1998. The effect of
temperature and inorganic phosphorus supply on growth and acid
phosphatase production in arctic and temperate strains of ectomy-
corrhizal Hebeloma ssp. in axenic culture. Mycol. Res. 102, 129—
135.

Torralba, S., Pedregosa, A.M., De Lucas, J.R., Diaz, M.S., Monistrol,
LF., Laborda, F., 1996. Effect of the microtubule inhibitor methyl
benzimidazol-2-yl carbamate (MBC) on production and secretion of
enzymes in Aspergillus nidulans. Mycol. Res. 100, 1375-1382.

Trifonov, L.S., Hilpert, H., Floersheim, P., Dreiding, A.S., Rast,
D.M., Skrivanova, R., Hoesch, L., 1986. Bisvertinols: a new group
of dimeric vertinoids from Verticillium intertextum. Tetrahedron 42,
3157-3179.

Tulloch, A.P., Spencer, J.F.T., 1964. Extracellular glycolipids of Rho-
dotorula species. The isolation and synthesis of 3-D-hydroxy-palmi-
tic and 3-D-hydroxy-stearic acids. Can. J. Chem. 42, 830-835.

Vainstein, M.H., Peberdy, J.F., 1990. Solubilisation of cell wall bound
invertase in Aspergillus nidulans. FEMS Microbiol. Lett. 71, 265—
270.

Valk van der, P., Marchant, R., Wessels, J.G.H., 1977. Ultrastructural
localization of polysaccharides in the wall and septum of the basi-
diomycete Schizophyllum commune. Exp. Mycol. 1, 69-82.

Van Der Vaart, J.M., te Biesebeke, R., Chapman, J.W., Klis, F.M.,
Verrips, C.T., 1996. The B-1,6-glucan containing side-chain of cell
wall proteins of Saccharomyces cerevisiae is bound to the glycan
core of the GPI moiety. FEMS Microbiol. Lett. 145, 401-407.

Van Gelder, C.W.G., Flurkey, W.H., Wichers, H.J., 1997. Sequence
and structural features of plant and fungal tyrosinases. Phytochem-
istry 45, 1309-1323.

Volc, J., Sedmera, P., Halada, P., Prikrylova, V., Daniel, G., 1998. C-2
and C-3 oxidation of D-Glc, and C-2 oxidation of D-Gal by pyranose
dehydrogenase from Agaricus bisporus. Carbohydr. Res. 310, 151-156.

Wannet, W.J.B., Op den Camp, H.J.M., Wisselink, H-W., van der
Drift, C., Van Griensven, J.L.D., Vogels, G.D., 1998. Purification
and characterization of trehalose phosphorylase from the commer-
cial mushroom Agaricus bisporus. Biochim. Biophys. Acta 1425,
177-188.

Weber, R.W.S., Pitt, D., 1997. Purification, characterization and exit
routes of two acid phosphatases secreted by Botrytis cinerea. Mycol.
Res. 101, 1431-1439.

Wessels, J.G.H., 1999. Fungi in their own right. Fungal Genet. Biol.
27, 134-145.

Wheeler, M.H., Bell, A.A., 1988. Melanins and their importance in
pathogenic fungi. In: McGinnis, M.R. (Ed.), Current Topics in
Medical Mycology, Vol. 2. Springer-Verlag, New York, pp. 338-
387.

White, P., Luo, G., Chen, J., 2002. Decreased actin solubility observed



366 D.M. Rast et al. | Phytochemistry 64 (2003) 339-366

during ATP-depletion is mimicked by severing agents but not
depolymerizing agents in isolated and cultured proximal tubular
cells. Clin. Physiol. Funct. Imag. 22, 312-319.

Whiteford, J.R., Thurston, C.F., 2000. The molecular genetics of cul-
tivated mushrooms. In: Poole, R.K. (Ed.), Adv. Microb. Physiol.,
Vol. 12. Academic Press, London, pp. 1-23.

Williams, A.M., Maclean, D.J., Scott, K.J., 1984. Cellular location
and properties of invertase in mycelium of Puccinia graminis. New
Phytol. 98, 451-463.

Zhu, X., Gibbons, J., Garcia-Rivera, J., Casadevall, A., Wil-
liamson, P.R., 2001. Laccase of Cryptococcus neoformans is a
cell-wall associated virulence factor. Infect. Immun. 69, 5589—
5596.

Ziman, M., Chuang, J.S., Tsung, M., Hamamoto, S., Schekman, R.,
1998. Chs6p-dependent anterograde transport of Chs3p from the
chitosome to the plasma membrane in Saccharomyces cerevisiae.
Molec. Biol. Cell 9, 1565-1576.

Doris M. Rast obtained her PhD in
Plant Physiology from the University of
Ziirich and postdoctoral training with
Arthur C. Neish at the National
Research Council of Canada. Since 1965
she has been working in the Department
of Plant Biology of the University of
Ziirich, as a Full Professor since 1981
and as Emerita since 1997. Sabbatical
leaves were spent with Salomon Bart-
nicki-Garcia, University of California at
Riverside (1978), Graham W. Gooday,
University of Aberdeen (1984), and Sir
John Burnett, University of Oxford
(1990). Professor Rast’s research interests centre on the structure and
metabolism of carbohydrates and phenolics, particularly polymers, as
related to the cell wall. Her first paper in Phytochemistry was in 1964.



	Cell wall-associated enzymes in fungi
	Introduction
	Current views of wall-associated enzymes (WAEs)
	Purpose of this article

	Identity of wall-associated enzymes (WAEs)
	Bona fide WAEs
	Cytosolic enzymes as putative WAEs
	The pursuit of new WAEs

	Fractionation of wall-associated enzymes (WAEs) in situ
	The crude cell wall experimental system
	A facile and rapid fractionation scheme for WAEs
	Choice of experimental organisms, test enzymes and extractants
	Experimental organisms
	Test enzymes
	Extractants

	The protocol (including experimental data)
	gamma-Glutamyltransferase (GT) and agaritine gamma-—glutamyltransferase (AGT), [⁄⁄⁄(i)-(ii)⁄⁄⁄]
	NAD+-Malate dehydrogenase (MalDH), NADP+-Mannitol dehydrogenase (MtDH) and tyro—sinase, [⁄⁄⁄(i)-(iii)⁄⁄⁄]
	ATPase, beta-glucan synthase (BGs) and beta-glucanase (BG‘ase), [⁄⁄⁄(i)-(iii)⁄⁄⁄]
	Chitin synthase (Chs), chitinase, and beta-N-acetylhexosaminidase (HexNAc‘ase), [⁄⁄⁄(i)-(iii)⁄⁄⁄]


	Evaluation and refinement of the basic protocol

	Significance of some wall-associated enzymes (WAEs)
	WAEs of chitin metabolism
	WAEs oxidising phenols

	Outlook
	Experimental
	Fungus material
	Isolation and fractionation of cell walls
	Enzyme assays
	gamma-Glutamyltransferase (EC 2.3.2.2; GT)
	Agaritine gamma-glutamyltransferase (EC 2.3.2.9; AGT)
	Malate dehydrogenase (EC 1.1.1.37; MalDH)
	Mannitol dehydrogenase (EC 1.1.1.138; MtDH)
	Tyrosinase (=polyphenol oxidase; EC 1.10.3.1)
	ATPase
	beta-(1-3)-Glucan synthase (EC 2.4.1.34)
	(1-3)-beta-Glucanase (presumably EC 3.2.1.39)/beta-glucosidase (EC 3.2.1.21)
	Chitin synthase (EC 2.4.1.16)
	Chitinase
	beta-N-Acetylhexosaminidase (HexNAc‘ase)


	Acknowledgements
	References


