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SUMMARY

Although production of yeast autolysates is of
considerable commercial importance, to date little has
appeared in the published literature on the autolysis
process. Yeast autolysates are widely used in the food
industry because of their flavouring and taste-enhancing
potential and for their nutritional benefit. Compounds
arising from breakdown of proteins and nucleic acids and
their derivitive nucleotides and amino acids, and 1lipid
degradation are of primary importance as flavourings. In
developing countries vitamins, and proteins, are of
significance in enhancing nutritional value of foodstuffs.
However, the dissolution of the yeast cell wall is central

to the properties of the final autolysate and, to date,

little information on this process has been reported.

In this study the changes in the yeast cell wall that
take place during autolysis were examined. A model for
industrial autolysis of yeast, simulating a thermal
induction that is in widespread commercial usage, was
studied in detail using chemical and enzymic analyses and
fluorescence light microscopy. Analysis of yeast cells at
different stages of autolysis was carried out using scanning
and transmission electron microscopy. It was found that
general erosion of the cell wall took place during autolysis
with the chitinous bud scars becoming increasingly prominent

as the process proceeded. Microscopic study of ruptured

cells indicated that there were no preferred points of cell
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wall fracture. Compositional analysis showed that glucan and

mannan components of the cell wall were depleted as
autolysis progressed whereas depletion of chitin was not

significant.

Analysis of the enzymes in autolysing yeast cells showed
that thermal induction of protease, glucanase, mannanase and
chitinase took place in the model process. Two major classes
of glucanases could be identified: -1,3 glucanases had the
highest specific activity of enzymes in autolysing cells.
Study of the glucanases using iso-electric focusing followed
by overlaying of gels with yeast glucan showed that multiple
individual enzyme species were induced during autolysis.

It was concluded that during the commercial yeast
autolysis process, general erosion of the cell wall takes
place with depletion of glucan and mannan that can be
observed in microscopic studies as a reduction in intensity
of staining. Rupture appeared to take place non-specifically
at points where erosion had weakened the integrity of the
cell wall. It was noted that intact chitin-rich bud scars

were prominent in fragmented cell walls.
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1. INTRODUCTION

1.1 History

Although man has been subject to the ravages of
pathogenic microorganisms throughout his evolution, Yyeast

appears to be the first microbe to be employed to his

benefit. Yeasts can, with justification, be viewed as one of
many tools developed by early man since the first records of
their usage relate to production of a type of acid beer
called "boozah" in Egypt in 6000 B.C., depicted in wall
paintings of the period. This beer appears to have been
produced by fermentation of an infusion prepared from
crushed, germinated barley.

The processes for production of beer and wine and for

preparation of leavened bread probably developed in parallel

over the next five thousand years. In Egypt by 1200 B.C.,
the distinction between leavened and unleavened bread was
well established and the use of a portion of the previous
day’s fermentation to inoculate each bakery dough or batch
of grape must for wine productions was well established.
From Egypt, the technology of brewing and baking passed to
successively Greece and Rome and subsequently was spread
throughout the Roman Empire (Berry, 1982).

There is a shortage of records on brewing in the period
following the fall of the Roman Empire. It 1s clear,
however, that by the thirteenth and fourteenth centuries,

brewing was long established in the monasteries of northern

Europe. Between 400 and 500 monasteries are known to have



been active in producing beer in Germany during this period.

As early as 1188, Henry II levied the first recorded tax on
beer in Britain (Berry, 1982).

The origins of distilled beverages are, however, lost
in the mists of time. There are reports of distilled
beverages in China in 1000 B.C. and it is clear that whiskey
distillation was well established in Ireland by 1200 A.D..
It is currently believed that the process of distillation
came to Europe from the Middle East and this view 1is
supported by the fact that the word "alcohol" is derived
from Arabic. The production of distilled beverages appears
also to have been associated with the religious
establishments and one of the earliest references to whisky
in Scotland refers to its production by a Friar John Cor 1in

1494 (Berry, 1982).
1.1.1 Early Scientific knowledge of yeast

The elucidation of yeast structure was dependent upon
the discovery and development of the light microscope and

thus the first description of yeast cells is attributed to
the Dutch microscopist Antonie van Leeuwenhoek in 1680. At
this time, however, there was no suggestion that the
structures described as yeast were living organisms. It is
difficult to identify the first scientists to suggest that
veasts, which caused the alcoholic fermentations observed in
wines and beer, could grow and multiply. Vitalistic theories
proposed in the late eighteenth century suggested that
fermentations were spontaneous events and it was only in

1818 that Erxleben suggested that yeasts were responsible



for alcoholic fermentations. However, it is generally agreed
that it was the work of Pasteur, published in his "Etudes
sur Vin" in 1866, that established beyond doubt the role of
yeasts in the fermentation of sugars to alcohol. This work
thus represents a milestone in the development of the
science of microbiology. Another important event was the
establishment of pure cultures of yeasts from single cell
isolates, achieved by Hansen in Denmark in 1881. The use of
such monocultures has been fundamental to the development of
the taxonomy and physiology of yeasts and other

microorganisms. In 1897, Buchner obtained the first cell-
free extracts by grinding yeasts capable of fermenting

sugars to alcohol, and by doing so assisted in the
establishment of modern biochemistry. Subsequent similar
work in this area made a significant contribution to the
elucidation of fhe Embden-Meyerhof-Parnas (EMP) pathway.
Since this time yeast has been a favoured organism for a
wide range of physiological and biochemical studies (Berry,
1982).

Early developments in the field of microbial genetics
also arose out of studies on yeast. The alternation of
haploid and diploid phases in the life cycle of yeast was
established by Winge (1935) who subsequently went to
demonstrate the Mendelian segregation of genes during sexual
reproduction in yeast. These studies opened the way for
extensive research into yeast genetics which have made a
major contribution to our understanding of the nature of the

genetic material and the mechanism of inheritance in



eukaryotic microorganisms.

1.2 Development of classification

Although the characteristic budding form of yeast has
been known since the published report by Antonie van
Leeuwenhoek in 1680, more precise descriptions and taxonomic
classification of yeasts has always presented a problem.
Since the vegetative forms of most yeasts do not have
distinctive morphological characteristics, they are not
readily identifiable by direct gross features. Initially,
the name Saccharomyces was given to all yeasts isolated from
alcoholic beverages and three species were recognized by

Meyen (1837) on the basis of the beverage from which they
had been isolated: S. vini from wine, S. gerevisiae from

beer and S, pomorum from cider. Yeast sexual spores were

recognized by Schwann in 1837 but only in 1870 was the genus

Saccharomyces restricted to those yeasts that produce

spores.
1.2.1 Classification of yeasts

Yeasts, defined as unicellular fungi reproducing by
budding or fission, are taxonomically diverse and include
both ascomycetes and basidiomycetes. Lodder et al., (1985)
have reviewed in detail the different systems of
classification. The most recent classification, reviewed by

Kreger van Rij (1984) is given below.



Classification of yeasts: Eumycota

Ascomycotina
Hemiascomycetes Sphermopthoracee
Endomycetales Saccaharomycetaceae
Basidiomycotina Fillobasidiaceae
Ustilaginales Telio-spore formimg yeasts
Tremallales Sirobasidiaceae
Tremallaceae
Deuteromycotina Crytococcaceae
Blastomycetes Sporobolomycetaceae

Classification of yeasts: Ascosporogenous yeasts

Spermopthoraceae Coccidiascus
Metschnikowia
Nematospora
Saccharomycetaceae

Schizosaccharomycetoideae Schizosaccharomyces

Nadsonioideae Hanseniospora
Nadsonia
Saccharomycodes
Wickerhamia
Lipomycetoideae Lipomyces
Saccharomycetoideae Ambrosiozyme
Pachysolen
Arthroascus Zygosaccharomyces
: Pachytiochospora
Citeromyces Pichia
Clavispora Saccharomyces
Cyniclomyces Saccharomycossis
Debaryomyces Schwaniomyces
Dekkera
Sporopachydermia
Guilliermondella Stephanoascus
Hanseula Torulaspora
Issatchenkia Wickerhamilla
Kluveromyces Wingea
Lodderomyces



1.3 Characteristics of the genus Saccharomyces
The yeasts in this genus multiply asexually by budding
and have multilateral budding sites. Occassionally they form

pseudomycelia. Asci are unconjugated, ascospores spherical
or oval, smooth, seldom warty and are not liberated
spontaneously from asci. No pellicle is formed during growth
in liquid media. These yeasts ferment sugars vigorously but
are unable to assimilate nitrate (Kreger van Rij, 1984).
Strains of S, cerevisige are the industrial yeasts used by
most food, feed and beverage companies and by bakers,
brewers, and distillers. The vegetative cells of

S.cerevisiae may be either haploid or diploid with both

phases being equally common. The cells of both genotypes

reproduce asexually by budding (Dube, 1983).

1.4 The life cycle of Saccharomyces cerevigiae
S. cerevisie exhibits a haplo-diplobiontic life cycle

(Guilliermond, 1970) in which both haploid and diploid
phases are equally extensive and important. During growth,
cells alternate between genotypes, although the stimulus or
trigger for this transformation is not known in detail.
Haploid cells differ in mating types and cells of opposite
mating types are required for fusions (plasmogamy and
karyogamy) that will yield diploid cells. At the end of
diploid phases, nuclei undergo meiosis, each forming four
haploid nuclei around which ascospores develop. In the
laboratory, diploid cells can be induced into formation of
ascospores by addition of 0.5% sodium acetate to growth

media. Following lysis of the ascus wall, ascospores develop



into vegetative cells, establishing a new haploid growth
phase.

Sexual compatibility in S, cerevisiae is controlled by
a single, 2-allele (a and ¢) gene that segregates during
meiosis. Conjugation may take place either between
vegetative cells or between ascospores immediately after
their release. Agglutination (sexual aggregation) takes
place under favourable conditions which greatly increases
the chances of zygote formation.
1.5 The architecture of yeast cell
1.5.1 Gross morpholoqy

The cells of S, cerevisiae are round, ovoid or

ellipsoidal in shape and vary between 2.5 and 10 pm in width
and 4.5 and 21 pm in length. Unstained cells exhibit little
detail under the phase-contrast light microscope and it is
difficult to differentiate between cytoplasmic vacuoles,
granules and nuclei. Although more information can be
obtained by using specific stains, it is only since the
advent of the electron microscope that cell morphology has
been elucidated. Characteristic features of a typical yeast
cell (Fig. 1.1) are the thick cell wall within which are
such structures as the plasmalemma, nucleus, mitochondria,
endoplasmic reticulum, vacuoles, vesicles and granules
(Webster, 1980). The distinguishing feature of multiplying
veast cells is the presence of the buds of asexual cell
division. In such vegetative growth, daughter cells are
initiated as small buds, which enlarge throughout a cell

cycle until they reach the same size as the mother cell,
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when separation takes place. Such fission takes place after
mitosis, although, often new rounds of mitosis take place
before cell fission has occurred, so that clusters of
daughter cells are produced. The site of cell separation can
be discerned on mother cells as a structure referred to as a
bud scar and on the daughter cell as the birth scar (Matile
et al,, 1969). Such structures can be seen using
fluorescence microscopy w.i.th such stains as calcofluor.
Being anionic calcofluor is precipitated on the cationic
surface of N-acetylglucosamine and is strongly fluorescent
when excited by ultraviolet radiation (Paton and Jones,
1971). Bud and birth scars are also very distinct in
scanning electron micrographs. In S.cerevisiae, each bud
produces a new scar in the mother cell wall. Thus by
counting the number of bud scars, it is possible to
establish the number of progeny produced by an individual
cell, which can be used as a measure of its age. In any
veast population, 50% of cells were produced by the last
generation of cell divisions so possess a birth but no bud
scar. Of the remaining 50%, 25% will have one bud scar,
12.5% two bud scars and 12.5% more than two bud scars (Al-
Shahwani et al., 1978). In flocculent Yeasts, cells growing
in liquid culture adhere to form clumps that settle to the
bottom of the growth vessel. This phenomenon is of
considerable importance in the brewind industry, since it
promotes beverage clarification following the fermentation.

1.5.2 The cell wall

The yeast cell wall is a Tigid structure,



approximately 25 nm thick, that constitutes apiaroximately
25% of cell dry weight. Chemical analysis of cell walls
indicates that the major components are the polysaccharides
glucan and mannan; chitin and protein being important minor
constituents. Glucan is an amorphous polymer of glucose
units linked by 8-1,3-glycosidic bonds with B-1,6 branch
points. This carbohydrate, located in the layer adjacent to
the plasmalemma, appears to be the major structural
component since its removal results in total disruption of
the cell wall. Mannan, an amorphous polymer of mannose
linked by &-1,2-bonds, occurs mainly in the outer layers of
the cell wall (Lampen, 1968). Since it is possible to remove
the mannan without altering the shape of cells, it appears
that this polvmer is not essential for the integrity of the
cell wall. The third most abundant carbohydrate component,
chitin, is a linear polymer of N-acetylglucosamine that

forms less than 1% of the wall composition (Table 1.1).

Table 1.1 Chemical composition of isolated cell walls of
Aspergillus nidulans and S, cerevisiae

Component A. nidulans S. cerevisiae
(3 wall dry wt.) (% wall dry wt.)

Glucose 39.0 35.2
Mannose 4.0 20.0
Galactose 9.5 -

Galactosamine 2.3 -

Glucosamine 13.5 2.1
Protein 3.5 15.6
Lipid 10.2 2.7
Unspecified residue* 18.0 24.4

a. A, nidulans (Bainbridge et al., 1979)

b. S. cerevisiae (Farkas, 1985)
* Residual &% not specified by authors.

10



This polymer is only found in association with bud scars in
S.cerevisise cell walls. In isolated bud scars, produced by
treating the cell wall with appropriate lytic enzymes,
chitin is found in a ring around the periphery. Protein
constitutes 10% of the dry weight of cell walls: at least
some of these proteins being wall-bound enzymes. Enzymic
activities described as associated with yeast cell walls
include glucanase and mannanase probably involved in the
softening of the cell wall to initiate bud formation.
Invertase 1is associated with both plasmalemma cell walls,
whereas alkaline phosphatase and lipases are primarily
associated with the cell membrane: all of these are
mannoproteins. Invertases, for example, can contain up to
50% mannan by weight in polypeptide surface glycosylations.

Much of the remaining cell wall protein is also associated

with mannan, and it is possible that these proteins and
mannan form a structural association. The detailed
organization of the yeast cell wall is not yet fully
understood, but current theories favour a three-layered
structure in which an inner glucan layer is separated from
an outer mannan coating by a mannan-protein matrix (Fig.
1.2).
1.5.3 The cell membrane or plasmalemma

Cell membranes (the plasmalemma) can be seen in
transmission electron micrographs as three-layered
structures closely associated with the inner surface of the
cell wall. Whilst normally having a smooth appearance, at

certain stages of cell growth, invaginations can be

11
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distinguished. Determination of the chemical composition of

plasmalemma requires isolation techniques eliminating other
cellular components, including membranes. One standard
technique involves removal of the cell ‘wall by treatment
with suitable lytic enzymes, such as those obtained from the
gut of the snail Helix pomata. Such protoplasts remain
intact in an isotonic solution of sugars but disintegrate in
hypotonic suspension media. Fractions enriched for
individual organelles, including the plasmalemma, can be
obtained by differential centrifugations of 1lysed
protoplasts. An alternative technique is to mechanically
disrupt cells and wash cytoplasmic materials from the
insoluble wall preparation. The plasmalemma may be either
attached to or associated to cell wall material and

liberated on enzymic dissolution of walls.

The plasmalemma is composed of lipids and proteins in
approximately equal amounts, with a minor proportion of
carbohydrate. The major lipid class are the neutral,
principally, mono-, di- and triglycerides, and sterols such
as ergosterol and zymosterol with phospholipids representing

a minor portion of the total (Berry, 1982). The actual
proportions of lipids will vary as a response to growth
conditions. Weete (1980) has quoted S.cerevisiae plasmalemma
lipid composition as 93.5% neutral lipid, of which
ergosterol represents 26.2%, and 6.4% phospholipid,
dominated by phosphatidylcholine (34%), phosphatidyl-
ethanolamine (20%), phosphatidylserine and phosphatidyl-
inositol (together 28%), and phosphatidic acid (15%).

13



The nature of proteins in the plasmalemma is less well

understood but these probably include enzymes involved in
the uptake of sugars and amino acids. Phospholipids are
anphipathic and are believed to be arranged in such a manner
that hydrophilic parts of the molecule lie on the aqueous
interfaces of the membrane and hydrophobic portions
internal to the membrane. Protein molecules may be arranged
either on the membrane surface or may transverse it.

The plasmalemma is a major organelle, acting as a
permeability barrier encircling the cytoplasm controls
transport of solutes into and out of the cell, Strong
evidence has also been presented that the plasmalemma is
involved in the control of cell wall biosynthesis in yeast.

Saccharomyces cerevisise is unusual amongst yeasts in
that it is unable to synthesize certain unsaturated fatty
acids and sterols when grown under strictly anaerobic
conditions (Berry, 1982). Such essential lipid components
must be supplied in media if biomass production is required.
Since these lipids are incorporated into cell membranes, it
is possible to influence the composition of the plasmalemma.
Using such techniques, it has been shown that changes in
membrane lipid composition affects, osmotic properties,

temperature sensitivity, alcohol tolerance, and solute

uptake characteristics of the cell.

14



1.5.4 The nucleus

The nucleus can be distinguished in phase contrast
microscopy and is usually situated between the vacuole and
site of daughter buds. Chromatic bodies can be
differentiated in the nucleus using specific stains such as
acid fuchsin or giemsa. However, until recently limited data
was available on yeast chromosomes since they are relatively
small, similar in size to the E.coli genome. Moreover, they
are not recognizable as discrete structures either by light
or electron microscopy. The nuclear membrane, which remains
intact throughout the cell cycle, is visible in electron
micrographs as a double membrane, perforated at intervals
with nuclear pores. Associated with this nuclear membrane is
a structure referred to as a plaque. This appears to
function in a similar manner to the centrioles of animal
cells and appear characteristically as a multilayered disc
from which microtubules extend into both nucleus and
cytoplasm. Such plaques are considered to form a part of the
spindle apparatus of the yeast cytoplasm and they have been
shown to play a role in different stages of nuclear
division.

1.5.5 Mitochondria

Mitochondria are readily recognizable 1in electron
micrographs of aerobically-grown yeast as spherical or rod-
shaped structures surrounded by double membranes. These
important organelles consist largely of cristae, structures
formed by the folding of the inner membrane with association

of mitochondrial-specific enzymes and electron-transport

15



systems, that play a key role in oxidative metabolism.
Considerable research has taken place into the

structure of the mitochondrion and distribution of the large

number of mitochondrial enzymes. The enzymes of the

tricarboxylic acid cycle are predominantly present in the

matrix of the mitochondrion, whereas enzymes involved in
electron transport and oxidative phosphorylation are largely
associated with the inner membrane, including the cristae.
Until recently, it was considered that mitochondria
were absent from anaerobically grown or catabolite repressed
yeast since they could not be seen in electron micrographs
and because such cells lacked many of the enzymes associated
with mitochondria. The development of freeze-etching
techniques for preparation of yeasts for microscopy has led
to the discovery that the apparent absence of mitochondria
was due to inadequate fixation in earlier protocols. Cells
grown anaerobically in the absence of exogenous lipids in
growth media appear to have very simple mitochondria,
consisting of an outer double membrane which appears as
lacking cristae. The addition of lipids such as oleic acid
and ergosterol, to media results in the formation of
mitochondrial cristae. The development of these structures
is reported to be influenced by concentrations of oxygen,
lipids and glucose in media. Thus de BOVO generation of
mitochondria does not take place with shifts from anaerobic

to aerobic metabolism.
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1.5.6 Other cytoplasmic structures

As with other eukaryotic microorganisms, yeast
cytoplasms contain membrane structures known collectively as
the endoplasmic reticulum (E.R.). Some of these membranes
are associated with ribosomes, the so-called rough E.R., and
appear to be the site of translation of mRNA into
polypeptides that will either pass into the cytoplasm or the
lumen of the E.R. for translocation to other cell
compartments. However, the endoplasmic reticulum appears to
be involved in many other cellular activities and the
relationship between this and other membranous organelles is
not clear. It is clear that there is a continuity between
the E.R., the outer membrane of the mitochondrion and the
plasmalemma. The E.R. is also involved in the formation of
vesicles which are present in the cell and in this 1t
behaves in a manner akin to the Golgi apparatus of other
organisms. Consequently it is not clear whether a true Golgi
apparatus is present in yeast; membranous discs have been
observed but appear to be few in number and are not clearly
recognizable as a Golgi apparatus. Similarly cytoplasmic
lipid granules also appear to be derived from the E.R..

Mature yeast cells contain a single large vacuole that
appears to fragment at the point in the cell cycle when bud
formation is initiated into smaller vacuoles which become
distributed between mother cell and bud. Later on in the
cell cycle, these small vacuoles reform a single vacuole in

both mother and daughter cells. The function of this

organelle vacuole is not clearly established but it has been
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reported to contain hydrolytic enzymes, polyphosphates,
lipids, low-molecular weight intermediates, and metal ions
(Berry, 1982). It may act as a storage reservoir both for
nutrients and for hydrolytic enzymes.

Since the technical problems of isolating and
characterizing the different membrane components of yeast
are considerable, it is perhaps not surprising that our
understanding of the functional relationships between
several of these structures is limited. Vesicles, vacuoles
and other organelles are fragile and easily disrupted and
fragments of membrane from individual classes of organelles

are almost impossible to separate.
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1.6 Yeast cell wall components
1.6.1 Cell wall structure

Structure and biosynthesis of the components of the S.
cerevigiae cell wall have recently been reviewed in some
depth (Farkas, 1979; Wessels and Siestma, 1981; Cabib et
al,, 1982 and Sentandreu et al,, 1984). Briefly, yeast cell
wall glucan is predominantly linked by (1,3)-B-D-
glycosidic bonds, although minor amounts of (1,6)-8-D-glucan
are also present. This glucan forms a partially fibrillar
core in the internal layers of the wall. This network is
embedded in an amorphous matrix of mannoproteins that
extends to the more external layvers. These external

mannoproteins may protect the glucan skeleton from the lytic

action of exogenous glucanases. The third component, chitin,

a true crystalline polymer, is mainly restricted in location
to the bud scar. This polymer has been the subject of
structural studies since the 1920s, and is thought to exist

as fibres similar to cellulose. It is known that a range of

polymorphic forms exists but that ordered arrays of chitin
fibrils can be laid down rapidly, often in association with
proteins, as during formation of the insect cuticle
(Blackwell, 1988). Synthesis of yeast wall mannoproteins 1is
known to take place at the rough endoplasmic reticulum with
molecules being subsequently translocated to the cell wall.
The secretory route to the extracellular location has been

determined using a combination of genetic and physiological
approaches, using thermosensitive sec mutants (Novick et

al., 1980; Novick and Schekman, 1983) . Glycosylation of
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polypeptides is carried out by transferases present at the
inner surface of the rough E.R. (Ruiz-Herrera and
Sentandreu, 1975) and probably also in secretory vesicles
(Welten-Verstegen et al., , 1980; Santos and Sentandreu,
1981). In contrast, the polysaccharides glucan and chitin
appear to be polymerized by synthases localized in the
plasma membrane (Duran et al., 1975; Shematek et al.,
1980). Chitin synthetase, according to the proposals of
Cabib et al, (1982), is secreted as an enzyme precursor that
is activated by proteases present at the plasmalemma.
However, this enzyme may alternatively be transported in
specific organelles, chitosomes, from site of synthesis to
its final location at the bud scar (Bracker et al., 1976).

Several enzyme activities have been shown to be
associated with the yeast cell surface. However, most, if
not all, seem to be located in the periplasm. It is
uncertain precisely which enzymes are restricted to this
compartment since experimentally periplasmic proteins are
defined as those released into media when cell walls
aredigested under osmotically-stabilized conditions. 1In
addition, such enzymes do not co-sediment with cell wall
fractions obtained by mechanical breakage. Herrero et al.
(1984) reported release of small number of supposedly,
together with a larger number of true periplasmic proteins
during protoplasting of S, cerevisiae cells.

Mannoproteins have been extracted and solubilized from
S.cerevisiae using either SDS or urea and subsequently

analysed by SDS polyacrylamide gel electrophoresis (Herrero

20



et al., 1984). About forty different polypeptide species
could be distinguished and glycosylation of polypeptides was
confirmed by showing that they were retained as binding to
Concanavalin A-Sepharose beads. However, such solubilization
treatments did not release high molecular weight mannans
studied previously by Ballou et al. (1973), Raschke et al,
(1975) and Nakajima and Ballou (1974, 1975) after disruption
of yeast cell walls following extensive autoclaving.

A heterogenous population of mannoproteins was also

shown to be liberated by boiling isolated Candida albicans
cell walls in SDS. No qualitative differences could be
observed between yeast and mycelial forms (Chaffin and
Stocco, 1983), suggesting that factors other than

differences in mannoprotein composition may be central to

determination of the cell wall morphogenetic character.

Subtle interactions of mannoproteins with other wall
components may be involved in these structural changes.

No enzymic role has been assigned to mannoprotein
molecules localized in the wall network. High-molecular
weight mannan complexes are thought to be located in the
external wall layers, since these are responsible for the
immunogenic properties of yeast cells (Baliou, 1976). This

does not preclude other roles besides the purely structural

one for these proteins. In Saccharomyces kluyveri,
carbohydrate-protein complexes have been released by
zymolyase digestion of walls of differing mating types and
characterized as sexual agglutinition factors (Pierce and

Ballou, 1983). However, similar results have not been
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reported for S.cerevigiae. In any case, it seems clear that
the wide diversity of mannoprotein components in the wall
must reflect a complexity of roles in a structure that has
otherwise been considered as almost inert.

1.7 Glucans

l.7.1 Yeast Glucan

The generic term "glucan®” covers a large group of
homopolymers of D-glucose differing both in type and
relative proportions of glycosidic bonds. Yeasts cell wall
contain predominantly B-linked glucans, in which the
glycosyl units are interlinked by B-(1,3) and 8-(1,6)
glucosidic bonds (Farkas, 1985). Different classes of
glucans can be distinguished on the basis of their
solubility in various solvents and these polymers can be

separated by virtue of the relative proportions of

individual glucosidic linkages (Phaff, 1977: Fleet and

Phaff, 1981; Bacon, 1981; Duffus et al., 1982). Some yeasts,

such as certain species of Schizosaccharomyces, also
contain @(¢{-glucans, linked exclusively by e-(1-3)

glucosidic bonds, in cell walls (Bacon et al., 1968; Phaff,

1977; Bush et al., 1974; Manners and Meyer, 1977).

In yeasts, but also in other fungi, insoluble
B-(1,3);B8-(1,6) glucans form a microfibrillar network at the
inner layer of the wall (Kopecka et al., 1974). The
insolubility and crystalline nature of this glucan 1is
thought to be caused by hydrogen bonding between linear
portions of B-(1,3) glucan chains. Increases in the number

of B-(1,6) branch points would diminish the interactions
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between individual molecules increasing the solubility of
glucans in alkali (Phaff, 1977). However, another possible
reason for the insolubility of, at least a portion of, wall
glucan may be its covalent attachment to chitin (Sietsma and
Wessels, 1981; Wessels and Sietsma, 1981).

Formation of microfibrillar B-(1,3) glucan can be
readily visualised in regenerating yeast protoplasts (Necas,
1971; Kreger and Kopecka, 1973, 1976 a,b and 1978). Until
relatively recently, however, attempts at synthesis in a
cell free system were unsuccessful. Sentandreu et al. (1975)
reported the incorporation of radiolabelled glucose, as
exogenous UDP-[U-1%C] glucose, into toluene-permeabilized

yeast cells, about 60% of the insoluble product formed being

B-(1,3) glucan. Balint et al, (1976) isolated & membrane

fraction from disrupted yeast that catalysed the transfer of

minute amounts of radioisotopically-labelled glucose from
UDP-[U-14C] glucose and GDP-[U-14C] glucose int© & product
insoluble in 66% ethanol containing both 8-(1,3) and f-(1,6)

glucosidic linkages.

Optimization of reaction conditions enabled Lopez-

Romero and Ruiz-Herrera (1977, 1978) to jmprove the

efficiency of glucosyl transfer and to show that UDP-glucose

is the principal glucosyl donor in the biosynthesls‘of Yeast

Om : »
glucan. Glucono-s-lactone was a potent non-c°"Petitijive

. 3 sy : iz-~H
inhibitor of the reaction (Lopez-Romero and RV Srrera,
mi*€? Membrane

ked lucqgyl

1978). Interestingly, glucan synthesized by &
fraction contained only 0.6% B8-(1,6) lin

- s €11 ya11
residues, whereas material synthesised by a
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fraction contained 2.5% glucosyl units linked by 8-(1,6)
glucosidic bonds (Lopez-Romero and Ruiz-Herrera, 1977).
These findings indicate that probably two distinct glucan
synthases exist, preferentially catalysing the formation of
different glucosidic bonds. Alternatively, a " branching
enzyme®, possibly associated with cell walls, may hydrolyse
B-(1,3) bonds and attach the displaced glucosyl units or
laminaridextrins by B-(1,6) glucosidic bonds to other sites
on the B-(1,3) glucan chains, thus creating branches
(Parodi, 198la; Kreger and Kopecka, 1976a).

A dramatic improvement in the efficiency of conversion
of UDP-glucose into B-(1,3) glucan in vitro was achieved by
Shematek et al, (1980). Purified yeast plasma membrane (in
the presence of UDP-[U—14C] glucose, glycerol, bovine serum
albumin and GTP or ATP) transferred within 20 min at 30°C,
208-50% of the glucosyl moiety from the nucleotide into
linear 8-(1,3) glucan chains with an average length of 60 -
80 glucosyl units. The active site of the enzyme was shown
to be at the cytoplasmic side of the plasmalemma. Reduction
of product glucan with sodium borohydride, followed by acid
hydrolysis, led to liberation of l14c_1abelled sorbitol,

indicating that at least a part of the B-(1,3) linked

polymer was formed de novo.

Particulate preparations of B-(1,3) glucan synthase
(UDP-glucose: (1,3)-B-D-glucosyltransferase, EC 2.4.1.34)
have also been prepared from C,albicans (Orlean, 1982; Gopal
et al,, 1982) and from the yeast form of the pathogenic

fungus Paracoccidoides brasiliensis (San-Blas, 1379; San-
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Blas and San-Blas, 1982). Although P, brasiliensis yeast
cells walls contain mainly e&(1,3) glucan, only B-(1,3)
glucan synthesis was observed in yitro using preparations
from both yeast and mycelial cells (San-Blas, 1979). Partial

solubilization of yeast B-(1,3) glucan synthase could be

achieved when the cells were disrupted in the presence of 1M
sucrose. This enzyme, located in the 54000 x g supernatant,
catalysed the formation of B-(1,3) glucan microfibrils, each
fibril consisting of about 80 polysaccharide chains, each
containing about 700 glucosyl units (Larriba et al., 1981).
1.7.2 Glucans of filamentous fungi

Certain filamentous fungi also produce glucans as
extracellular products often loosely associated with the
cell wall and as cytoplasmic reserve materials. Glucans have

been reported in many fungal species and it is now

recognised that the presence and structure of these glucans
may vary with conditions of growth, stage of fungal_life
cycle and species (Bartnicki-Garcia, 1973).
1.8 Types of glucans

A review of the historical development of our knowledge
of yeast cell walls has been given by Phaff (Phaff, 1963;
1971). Most data has come from S.cerevisiae cell walls,
although more recently other species have been studied. The
polysaccarides glucan and mannan together account for
approximately 80% to 90% of the dry weight of cell walls.
However, the glucan component has been shown to vary greatly

in relation to culture conditions (McMurrough and Rose,

1967; Ramsey and Douglas, 1979), protocol for cell wall
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preparation, and extraction and fractionation procedure
(Bacon et al., 1969; Fleet and Manners, 1976).
The wall glucan of S.cerevigsiae can be fractioned into

at least three classes: (i) an alkali-soluble glucan mainly
(1,3)-B-linked with a small number of B-1,6-linked branches
(Fleet and Manners, 1976); (ii) an alkali-insoluble but
acetic acid soluble 8-1,6 glucan; (iii) both alkali and
acetic acid insoluble 8-1,3 glucan (Misaki et al, 1968 and
Manners et al, 1973b). These glucans are responsible for the
tensile strength, rigidity and shape of the cell. Manners
and Patterson (1966) amongst others, demonstrated that yeast
glucan has a branched structure, based upon a B-(1,3) glucan
backbone with {8-(1,6) branch points. This (1,3)-B-glucan is
thought to form an insoluble capsule, responsible for the
rigidity of the cell wall. Alkali-extraction disrupts the
amorphous matrix of B-(1-3) glucan that supports the
insoluble outer mannan layer, and also inner rigid,
fibrillar (1,3)-8-glucan (Bacon et al., 1969; Kopecka eti
al., 1974; Fleet and Manners, 1976, 1977)
1.8.1 B-linked glucan
l.8.1.1 B-1,4-glucan

Cellulose is a crystalline polysaccharide composed of
B-(1,4)-glucans chains of lengths up to 400 residues,
interlinked in parallel or antiparallel by hydrogen bonding
(Aronson, 1965). X-ray diffraction, solubility in aqueous
cupric-ammonium hydroxide (Schweizer reagent) and
susceptibility to hydrolysis by cellulase have been used to

identify cellulose as a cell wall component 1in numerous
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fungi including Phytophthora, Pythium, wﬂmr
Sapromyces and Dictyostelium (Aronson, 1965; Bartnicki-
Garcia, 1968; and Gorin and Spencer, 1968), but not in

veasts such as S, cerevisiae. More recently, methylation
studies have confirmed the presence of (l1,4)-B-linked
glucose residues in the walls of Basidiomycete QM 806 (Bush
and Horisberger, 1973) and pPhythium acanthium (Sietsma et
al., 1975).
1.8.1.2 B-1,3-glucan

The chemistry of B-(1,3) linked glucans has been
reviewed (Clarke and Stone, 1960; Bull and Chesters, 1966
and Barras et al., 1969). Although the (1,3)-B-glucosidic
linkage occurs widely in fungi, it is seldom present 1in
linear homopolymer glucans and molecules are generally

branched by (1,6)-8-glucosidic bonds.

Porio-cocos, a tree-rot fungus, has sclerotia composed
of pachyman, an alkali-soluble and water insoluble (1,3)-8-
glucan, an approximately 250-700 glucose units in chain
length and with three to six branch points per molecule
(Saito et al., 1968). Cytoplasmic reserves of a water-
soluble (1,3)-B-linked glucan, mycolaminarin, found in

Phytophthora cinnamoni and P, palmiroro, contain only 30

to 40 glucose residues with one or two branch points per
molecule (Wang and Bartnicki-Garcia, 1974). Another type of

(1,3)-B-glucan is found in growth media of Sclerotium

rolfigii (Johnson et al,, 1963), Pullulvinia pullulans
(Bouveng et al., 1963), Claviceps fusiformis (Buck et al.,
1968), Schizophylum commune (Wessels et al.,1973) and
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Monilinia fructigena (Santamaria et al., 1978). In each case
the glucan consisted of a main (1,3)-B-linked chain to which

single glucose residues were attached by (1,6)-B-bonds.
Depending upon fungal species and stage of life cycle, side
groups are attached reqularly to either every second, third
or fourth glucose residue and glucans can range from DP 10
to 400.. In species of Claviceps, Schizophyllum and
Monilinia, glucan production decreases with culture age and
it has been suggested that such glucans may serve as an
extracellular reserve, being remetabolised upon depletion of
other nutrients in growth media.
l1.8.1.3 B-1,6-glucan

Predominantly (1,6)-8-linked glucans, such as those in
yeast cell walls (Manners et al,, 1973) have not been
described in higher fungi. However, no systematic studies on
the presence of these glucans have been reported in the

literature. Lutein acid and islandic acid, water-soluble,
extracellular polysaccharides secreted by Penicillium luteum
and P, islandicum respectively, are linear molecules
consisting of 80 to B-(1,6) linked glucose residues.
Pustulan, a linear water-soluble (1,6)-8-D-glucan (DP 120),
can be extracted from the lichen Umbilicaria pustulata and
related species (Hellergvist et al., 1968).
l1.8.1.4 Mixed (1,3)-8- and (1,6)-B-linked glucans

Glucans containing blocks of unsubstituted (1,3)-8- and
(1,6)-B-1linked glucose residues with interspersed branch
points, either 8-(1,3) or B-(1,6), are found in the cell

walls of numerous fungi (Bartnicki-Garcia, 1968; Gorin and
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Spencer, 1968). Both alkali-insoluble and alkali-soluble
(1,3;1,6)-B-g1ucana have been isoclated and in a few cases

structural features have been determined. The alkali-

insoluble glucan of Phytophthora cinnamomi is predominantly
(1,3)-8-1linked, but is highly branched at carbon 6

(Zevenhuizen and Bartnicki-Garcia, 1969). The alkali-
insoluble glucan (termed R-glucan) from Schizophyllum
commune forms about 55% to 60% of the cell wall and is
closely associated with chitin. This glucan is also highly
branched containing approximately equal proportions of
(1,3)-8- and (1,6)-B-linked residues (Wessels et al., 1972;
Sietsma and Wessels, 1977).
1.8.2{-linked glucans
l1.8.2.1 Starch and glycogen

Starch and glycogen are both of-linked glucan..of
considerable commercial importance. Iodine staining suggests

that glycogen is found in all fungi, including yeasts, and

starch in certain higher fungi, acting as energy reserves.

Gorin and Spencer (1970) have summarised early observations

on starches in Aspergillus and Penicillum species.

l1.8.2.2 Pullulan and Elsinan
During growth on certain carbon sources Aureobasidium

pullulans, a single-celled fungus, produces an abundance of
a viscous, water-soluble extracellular polysaccharide,
pullulan. This homopolysaccharide is composed of maltotriose
(X-1,4) units linked by B-(1,6)-bonds. A similar glucan,
elsinan, has been isolated from culture brothes of Elsinoe
leucosplia, a pathogenic fungi of tea plants. This polymer
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is water-soluble with an essentially linear structure
consisting of blocks of maltotriose units connected by
(1,3)-&-bonds.

1.8.2.3 Mycodextran (or Nigeran) and Pseudonigeran

This is linear glucan has alternating (1,3)-& and
(1,4)-6{~1linked D-glucopyranosyl residues. Mycodextran
production has been associated with a number of Aspergillus
and Penicillium species.

Pseudonigeran is water- and alkali-soluble glucan
consisting of a linear arrangement of (1,3)-&linked glucose
units (Zonneveld, 1971).
l1.9 Yeast mannans
1.9.1 Nature and Distribution.

Mannan is a generic name for a number of different
polysaccharides, containing a high proportion of mannose
residues. Unlike glucan or chitin, mannans are readily
soluble in water once extracted from cells and do not appear
to contribute to the shape of the organisms. They are
usually covalently bound to protein, and apparently their
role in yeasts is to bond together different components of
the yeast cell wall. These polymers polymers can be divided
into three groups on the basis of function: (i) integral
components of the cell walls; (ii) surface antigens and

agglutinins and (iii) enzymes located in both intra- and
extra-cellular compartments.

The structure of yeast mannan appears to be well
established and this understanding of polymer structure

greatly facilitated studies aimed at elucidating the

30



molecular mechanism of its biosynthesis. Phaff (1963) showed
that yeast cell walls contain 40% mannan, 40% glucan and
varying amounts of lipids and protein. Ballou (1976)
suggested, as a working hypothesis, that cell wall mannan is
differentiated in structure by its specific location.

Mannan is also bound to the surface of enzymes such as

invertase and acid phosphatase (Ballou, 1976). Lampen (1968)
found that mannan is always associated with protein in the

cell wall, occurring mainly near the exterior. Mannan was

found to be located on the outer surface of S.cerevisiae,
Candida mycoderma and Sporoblomyces roseus but seems to be

overlayed by other components in certain other yeasts.

Yeast mannoproteins have covalently-linked carbohydrate
of up to 150 mannosyl monomers, linked via N,N’'-
diacetylchitobiose bridges: to asparagine as N-
glycosylations. Carbohydrate can be removed polypeptides by
treatment with endo-N-acetyl-B-D-glucosaminidase H (Endo H)
which cleaves glycosidic bonds between the two N-acetyl-D-
glucosamine residues, or hydrazinolysis, destruction of N-
glycosidic bonds to protein.

The "inner core" of N-glycosylations, previously
thought to consist of 12 to 17 mannosyl units (Nakajima and
Ballou, 1975), was subsequently shown to contain, on
average, only 11 mannose residues. The structure of the
veast mannan inner core resembles those of "high-mannose”
animal glycoproteins (Kornfeld and Kornfeld, 1976). A
second carbohydrate moiety of yeast mannan, typically short

manno-oligosaccharides, is linked glycosidically to gserine
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and/or threonine residues in polypeptides. These O-
glycosylations can be removed from peptides by B-elimination
in weak alkali (Sentandreu and Northcote, 1969; Nakajima and
Ballou, 1974). In certain yeasts -(1,6)-linked mannoses can
be interspersed with &-(1,3) and & -(1,2) bonds, or
alternate monosaccharides can be present in side chains

(Ballou, 1976).

1.10 Yeast chitin

1.10.1 Nature and distribution of chitin

Chitin is an important microfibrillar component of
fungal cell walls although relatively little (in S.
cerevisiae «<1% by weight) is present in yeasts and its

structural significance is less evident: it is reportedly

absent from Schizosaccharomyces. In crustacean shells,
chitin £ibrils, linked to protein are embedded in a matrix

of calcium carbonate, and phosphate (Muzzarelli, 1970).

The polymer was first identified in S. cerevisiae cell

walls by its characteristics X-ray diffraction pattern
(Houwink and Kreger, 1953) and Bacon et al. (1969) reported

it was restricted to in and around the bud scars in S.

cerevisiae. In higher fungi, chitin is the major component

of cell walls and septa and quantifications of this and
other polysaccharides, has been an key character in fungal
taxonomy (Bartnicki-Garcia, 1968). Chitin fibrils vary in
length depending on species and cellular location (Gow and
Gooday, 1983; Hunsley and Burnett, 1970). However, in 3.

cerevigiae, chitin is exclusively located in the primary

septum forming between mother and daughter cells (Cabib et
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al., 1979). Thus because primary septum formation has been
extensively studied as a model for morphogenesis (Cabib,
1981; Cabib et apl,, 1974, 1982 ; Cabib and Shematek, 1981).
Chitin and cell wall B- glucan are intimately associated by
covalent linkage (Sietsma and Wessels, 1979; Molano et al.,
1980) but in M, rouxii, a part of the chitin is reported to

be deacetylated, yielding chitosan (Bartnicki-Garcia, 1968).

B. Repeating unit of chitin
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C. Structure of yeast mannan
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l.11 Enzymes involved in the degradation of yeast cell wall

components
l.11.1 Yeast B-glucanases

Synthesis of yeast B-glucanases is thought to be
coupled to the morphogenetic events in which these enzymes
are involved (Farkas et al,, 1973). Glucanases have been
studied extensively in both bacteria and fungi (Tanaka and
Phaff, 1965; Bull and Chester, 1966) but their occurrence

and function in yeast has received relatively little

attention. In yeasts, the presence of an enzyme system
capable of hydrolysing the f8-1,3-glucosidic linkage was
inferred from the observation that certain yeast species
were able to grow on laminarin (Arnold, 1981b). Brock (1965)
first reported the presence of an intracellular B-glucanase

in baker’s yeast and subsequently a number of B-glucanases

have been isolated from a range of yeast species.
1.11.1.1 Degradation of glucan

Yeast wall glucans are currently thought to undergo
little turnover during vegetative growth (Budd, 1974; Kratky
et al., 1975; villa et al,, 1980). Limited site-specific
hydrolysis of rigid skeletal wall B-glucans, carried out by
endogenous B-glucanases, probably takes place during such
morphogenetic processes as budding, wall growth, conjugation
and ascus formation. Indirect evidence fOr participation of
B-glucanases in wall growth was reported by Notario et al.
(1982a) who observed that there is @ good correlation
between B-glucanase activity and raté of [14C] glucose

incorporation into B-glucan in C,albicapf Cell walls.
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Andaluz et al, (1986) have proposed a model for f-
glucan biosynthesis in which glucan molecules are
synthesized on a non-glucan primer, presumably a protein.
Thus, wall-associated B-glucanases would carry out release
of newly-formed glucan chains from their primers, enabling
polysaccharides to be incorporated into the wall. The action
of cell wall hydrolases must be finely attuned to the rate
of synthesis and incorporation of new polymers into the wall
(Johnson, 1968; Bartnicki-Garcia, 1973). During autolysis,
the equilibrium will be shifted so that the action of lytic
enzymes prevails, resulting in the breakdown of walls and
lysis of cells (Arnold, 1981b),

A characteristic property of yeast B-glucanases is that
they are primarily located external to the plasmalemma in
association with their substrates. Cortat et al. (1972)
reported that approximately 80% of B-(1,3) glucanase
activity is released when yeast cells are converted into
protoplasts, indicating that enzymes must be located in the
periplasm or associated with the wall. Barras (1972)
estimated that 80% of total cell endo-B-(1,3) glucanase was
associated with the wall in Schiz. pombe. When isolated cell

walls were incubated in buffer for prolonged periods,
glucose, laminarioligosaccharides and high molecular-weight
soluble wall polymers were released. During this hydrolysis
previously wall-bound endo-8-(1,3) glucanase was also

liberated. Similar results were obtained by Fleet and Phaff

(1973, 1974) with Schiz, versatilis var.Jjaponicus and a

number of other yeasts. The same authors reported the

35



isolation of an endo-8-(1,3) glucanase and an exo-03-

glucanase from supernatants of autolysed walls of Schiz.

vergatilis. This exoglucanase split both B-(1,3) and 8-(1,6)
glucosidic bonds but was found to be unable to hydrolyse

isolated cell walls (Fleet and Phaff, 1975).

The nature of the association between f3-glucanases and
cell walls is not entirely clear. various solubilizing
agents, such as salts, organic solvents, thiol reagents,
proteases and detergents were all ineffective in
dissociation of B-glucanases from purified cell walls
(Arnold, 1972; Fleet and Phaff, 1974: Reichelt and Fleet,
1981; Notario, 1982). Similarly sonication did not enhance
soluble glucanase activity. Release of B-glucanases during
autolysis of cell walls could, however, be suppressed by the

proteinase inhibitor phenylmethylsulphonyl fluoride,

indicating that B-glucanases may be covalently bonded
attached to walls so that polypeptide hydrolysis is required

to generate free enzyme (Reichelt and Fleet, 1981).

Some B-glucanase activity has been shown to be secreted

into culture media during yeast growth (Abd-El-Al and Phaff,
1968; Biely et al., 1972; Villa et al., 1975). Vegetative
cells and protoplasts of S, gcerevigiae secrete at least

three different B-glucanases (Farkas et al., 1973; Sanchez

et al.,, 1982a): an endo-8-(1,3)-glucanase and at least one

exo-B-glucanase hydrolysing yeast glucan and pustulan ( B-
(1,3) and B-(1,6) glucosidic bonds). Similarly, Villa et al.
(1975) observed the secretion of three different B-

glucanases by intact cells and protoplasts of Richla
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polymorpha. One enzyme was shown to be an endo-8-~(1l,3)
glucanase, a second a non-specific exo—B-(l,B);B-(1,6)
glucanase and the third a specific exo-(1-3) glucanase. Four
endo- and two exo-f3-(1-3) glucanases were identified in cell
extracts and wall autolysates from S, cerevisiae by Hien and
Fleet (1983).

l1.11.1.2 Exo-8-glucanases

As discussed previously, it is clear that differing
isoenzymes of B-1,3-glucanases are present in cell extracts,
cell walls and culture fluids of various yeasts. Abd-el-al
and Phaff (1968) first demonstrated the presence of exo-8-
glucanases in culture fluids and cell extracts of Fabospora
fragilis, Hansenula anomala and S, cerevisiae. These
authors also showed that the catalytic properties of
glucanases varied between yeast species and yeast exo-83-
glucanases were distinctly different from those of the fungi
studied.
l1.11.1.3 Endo-B8-glucanases

The presence of endo-B-glucanase activity was reported

first by Abd-el-al and Phaff (1969) in studies of bipolarly

uvarum. Later Fleet and Phaff(1974) characterized an endo-
glucanase from Schizosaccharomyces and reported the

occurrence of similar enzymes in cell walls of

Saccharomyces, Kluyveromyces, Hansenula and Richia species.

Endo-B-1,3-glucanases have, in particular, been studied in
S, cerevigiae (Arnold, 1972) and Villa et al. (1978)
isolated B-glucanases from Pichia, Candida and
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Kluyveromyces. In certain yeasts 8-1,6 and &«-1,3 glucanases
have been reported (Arnold, 1972) but very little is known
about these enzymes. Interestingly, g&1,3-glucanases have

not only been found in yeasts where

6¢-1,3-glucan is a
component of the cell wall (e.g.Cryptococcus albicang) but
also in yeasts where this glucan is absent from cell walls.
l1.11.1.4 Function and requlation of B-glucanase activities
Since endogenous glucanases have the potential to
hydrolyse the rigid component of yeast cell walls and are
thought to be autolysins (enzymes responsible for autolysis
of yeast cell walls), much speculation has been given to the
function and control of these enzymes. Possible functions
include cell wall expansion during budding, cell separation
(bud abscission), formation of conjugating tubes and
cellular fission during mating (Crandall et al., 1977), and
release of ascospores from asci (Phaff, 1977). Brock (1965)

reported that the level of f-1,3-glucanase in cell extracts

of conjugating cells of Hansenula wingii was much higher

than in extracts of vegetatively growing cells. These
authors proposed that this glucanase may be responsible for
softening and degradation of cell walls during conjugation

and fission. Similarly, sharp increases in the S-1-3-

glucanase activity of Schiz. versatalis during early stages
of cell agglutination were reported by Fleet and Phaff

where spores are rapidly liberated from asci on spore

maturation, exhibit higher levels of endogenous 8-1,3
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glucanases than speclies where spores are liberated more
slowly by swelling processes, implying the enzymes are
involved in spore release (Fleet and Phaff, 1975).

In budding yeasts such as S. cerevisiae, cell division
involves early modification of properties of the wall at the
location of the new bud. Rapid extrusion of buds seems to
depend on local softening of the existing cell wall.
Cytological studies have shown that budding is initiated by
localized vesiculation in the endoplasmic reticulum. Small
vesicles fuse with the cell wall at the site of the nascent
cell; it has been reported that B-1,3 glucanase activity is
associated with such vesicles (Cortat et al., 1972).
Endogenous glucanase activity in multiplying budding cells
is significantly higher than that in static non-budding

cells, supporting the concept that glucanases are involved

in plasticizing and degradation of cell walls during the
budding (Maddox and Hough, 1971).

Yeast autolysis is effected with cell walls undergoing

self degradation or autolysis during incubation in buffer

(Kroning and Egel, 1974). In a Kluyveromyces species, which

had two exo- and two endo-B-glucanases, it was found that
both endo-glucanases exhibited lytic attack on yeast cell
walls. In addition, a typical exo-glucanase, with activity
against periodate-oxidized laminarin, also degraded wall
material. It has been concluded that these three enzymes act

synergistically on the cell wall (Kroning and Egel, 1974)
Vesiculation, as described by Cortat et al. (1972), is

one means of compartmentalizing and localizing endogenous
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glucanase activity during transport to the presumptive bud
site. Final glucanase activity is external to the
cytoplasmic membrane and is located in the periplasmic space
and further may be tightly associated with its cell wall
substrates (Villa et al., 1975). It has been reported that
low-molecular weight carbohydrates like laminaribiose may
influence glucanase activity by feedback inhibition (Fleet
and Phaff, 1974). It has also been suggested that endogenous
glucanases may be secreted in inactive or zymogen forms,
requiring controlled activation by protease action as for
chitin synthetase (Cabib et al,, 1974).

However, Reichelt and Fleet (1981) reported that
protease treatment activated wall-associated endo-B-1,3

glucanase in Schizosaccharomyces pombe. Molina et al, (1987)

found that protoplast lysates or extracts from cells treated
with acid (0.1M HCl) were devoid of glucanase activity, only
regaining traces of activity following prolonged
incubations. Furthermore, glucanase activity in supernatants
of cell free extracts following high speed centrifugation
was reported to be very low when assayed immediately after
their preparation. However, increased enzyme activities were
obtained by maintaining such preparationes at 0°C for several
days suggesting active exo-1,3-8-glucanases are generated
from inactive precursors by proteolysis after secretion.

A number of recent studiesﬁhave shown that certain
yeasts may contain a number of exo- and endo-B-glucanase
isozymes with functions in different pPha&ses of the cell

cycle. Although total glucanase activitY is known to vary
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during the cell cycle, the contributions of individual
isozymes may differ with control of activity operating at

either transcription or translation (Rey et al., 1979).

Purified endo-1,3-B-glucanases from Schizosaccharomyces
vergsatilis are very active on isolated cell walls of yeast,

suggesting an in vivpo wall degradative function (Fleet and
Phaff, 1974), whereas the non-specific exo-1,3-B-glucanase
from this yeast shows negligible hydrolytic activity. This
isoenzyme may only act on the products of endo-glucanase

depolymerisation of glucan (Fleet and Phaff, 1975).
Santos et al. (1979a) S. cerevisiae mutants defective

in secretion of the non-specific exo-B-glucanase, which grew
normally implying that suggests that this enzyme is not
essential for cell wall modification during morphogenesis
and growth. The fact that no exo-S-glucanase activity could
be detected in Schiz. pombe supports this hypothesis
(Reichelt and Fleet, 1981). This yeast, however, secretes
two endo-B-glucanase isozymes, only one of which was found
to be lytic against isolated cell walls. A role for 0-

glucanases in dimorphism, transition from yeast to mycelial

form, has been proposed for Paracoccidioides brasiliensis by
Flores-Carreon et al. (1979). These authors demonstrated

that transition from yeast to mycelium was accompanied by an
increase in B-1,3-glucanase activity. However, the
generality of this hypothesis was not supported by similar

studies on C. albicans, reported by Molina et al. (1987),

since in this organism glucanase activities decreased

substantially with the transition.
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Hien and Fleet (1983) demonstrated the presence of six
B-glucanases in wall autolysates and cell extracts of S.
cerevisiae, although it cannot be concluded that these are
encoded by as many genes. Two isozymes were exo-acting and
four were endo-glucanases. Each protein species differed in
molecular weight, kinetic properties and activities against
cell walls. Glucanases were designated as I, II, IIIA, 1IIB,
IV and V with II and IIIA being exo-glucanases and isozymes

I, IIIB, IV and V endo-glucanases. Individual glucanases

varied in the extent of hydrolysis of isolated cell walls;
since these are composed of at least three different
populations of glucans, a complex of glucanases will be
required for significant degradation or modification.

Molina et al., (1987) reported the presence of single
exo- and endo-acting hydrolases in S, cerevigiae. Cell-free
extracts of a exbl mutant (diploids containing two differing
defective alleles of the EXB1l gene) were totally deficient
in exo-glucanase activity whereas endo-glucanase activity
appeared as multiple heterogenous forms, probably due to
incomplete glycosylation of polypeptides. However,
protoplast lysates of wild type and exbl strains appeared
identical in their complement of glucanases, each consisting
of two enzymes clearly distinguishable from periplasmic
glucanases. These authors further showed that both wild type
and exbl protoplasts secreted small amounts of glucanases
when cultured in osmotically-stabilised regeneration medium.
However, wild types also secreted periplasmic exo-[-

glucanase absent from the mutant strain. It was concluded
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that these results confirmed that the classical glucanases
of S. cerevisiae, located in the periplasmic space must be
activated following secretion as inactive precursors.
Although it is known that there are two B-glucanases in
S. cerevisiae, several reports have made it difficult to

maintain the simple concept and role of two glucanases in
the vegetative cells. Since defective exo-f3-glucanases
mutants grow, mate and sporulate normally, Santos gL al.,
(1982) suggested that the exo-B-glucanases are non-essential
or their function can be complemented by other enzymes
although these although reported the presence of a second
glucanase, serologically related.

To summarise, it is clear that a number of glucanase

isozymes may be present in each yeast species and different

enzymes may function at different stages of the yeast cell
cycle. The regulation of the B-glucanase system of 5.
cerevisiae seems to be very complex with individual enzymic
activities varying independently through out the life cycle.

such variations are possibly due to de novo synthesis or

enzyme activation or both. Neither is the precise function
of each enzyme known. Direct association of individual
glucanase activities with particular morphogenetic events
will require detailed knowledge of all of the glucanases in
an individual strain of yéast with estimation of activities

of each enzyme at different stages during the cell cycle.

It can be concluded that our knowledge of the role of
glucanases in yeast physiology is at best fragmentary, often

conflicting and would merit further investigation.
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1.11.2 Proteolytic enzymes

A considerable amount of data on yeast proteases has
been built up through the work of Vines (1901, 1904 and
1909); Dernby (1918 a,b); Hecht and Civin (1936); Johnson
and Berger (1940) and Johnson (1941,1948). It was also known
that proteinases and peptidases were present in yeast
autolysate. Johnson (1941), in particular, studied the
characteristics of yeast exopeptidases in great detail.

Lenney (1956) reported the presence of proteases A and
B in chloroform autolysate of S. cerevisiae. These proteases
were found to differ in properties. Isozyme A was found to
have a pH optima of 3.7 with acid-denatured haemoglobin as a
substrate and was found to be extremely labile in urea

solutions; protease B showed a neutral pH optima of 6.2 on

urea-denatured proteins and was stable in urea solution but
was inhibited by sulphydryl reagents.
Hata et al. (1967) reported the presence of three

proteases in yeast, designated as proteases A B and C.

Later, Hayashi et al., (1968) provided evidence of the

presence of inactive precursors of proteases B and C 1in
baker’s yeast, suggesting their existence in vivo
predominantly as inactive precursors whereas protease A was
present only as the active enzyme.

Maddox and Hough (1969) characterized four proteolytic

enzymes, designated as A,B,C and D, and found that isozyme A

was the most abundant protease in the strain of 5.
cerevisiae studied. Protease A appeared to be less

thermostable at temperatures higher than 30°C and to have a
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more alkaline pH optimum activity than other isoenzymes.
The products of protease A activity were found to be either
amino acids or low-molecular weight peptides whereas
proteases B,C and D gave products with molecular weights
»S00 Daltons. All four isozymes were characterlised as
glycoproteins containing both glucose and mannose residues
in varying proportions.
1.11.2.1 Proteolysis during autolysis process

Vosti and Joslyn (1954) studied conditions that
influence autolysis in S, cerevisiae. They showed that in
aerobic growth autolysis of cells is relatively frequent,
whilst in the absence of aeration, autolysis was less
frequent. The optimum pH for autolysis in aerobic growth was
5.0 as compared with 4.6 for anaerobic cultures. Further
experiments showed that yeast grown under favourable
conditions autolyses less rapidly than that grown under less
favourable conditions. Proteolytic activity was induced when
protein was used as sole nitrogen source for growth whereas
the activity was absent when either amino acids or ammonium
salts and calcium and magnesium ions enhances activity.

Calleja et al. (1977) observed that approximately 15%
of conjugating cells of a Schizosaccharomyces sp. lysed
during the process, with cell disruption occurring at the
site of union. It has been suggested that such conjugation-
induced lysis is either due to faulty fusion or badly-

controlled glucanase activity (hyperactivity) during cross-

wall removal.
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