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Function and compeosition of the cell wall

The cell wall of Saccharomyces cerevisiae constitutes approximately 15-25% of the
dry weight of the cell. A considerable amount of energy is invested in the formation
and the maintenance of the cell wall, which implies an important function for this
structure. This is illustrated by the fact that a yeast cell lacking a cell wall wil] lyse in
a hypotonic environment. Furthermore, the cell wall is an essential component in the
sexual cycle of yeast and is required for the yeast to survive periods of drought.

The cell wall consists of three components: glucan, mannoproteins and chitin
{Cabib et al., 1982; Kolldr et al., 1995). The first two, which are present in approxi-
mately equal amounts in the cell wall, represent the main components. The glucan
fraction gives the cell wall a rigid structure that protects the cell from mechanical stress
and determines the cell shape. The mannoproteins determine the porosity of the cell
walt and thereby regulate the transport of proteins from the periplasmic space and the
entrance of macromolecules from the environment (for review see Klis, 1994a; Cider
al., 1995). Chitin is a major component of the primary septum and is involved in the
separation of mother and daughter cells, which makes it an essential component for
cell division (Shaw er al., 1991).

Electron microscopic analysis of the cell wall of Saccharomyces cerevisiae re-
vealed a two-layered structure: an electron-dense, dark-staining, outer layer and a
non-staining inner layer (Figure 1). Zlotnik ef al. (1984) showed that incubation of S,
cerevisiae cells with Z-protease, a protease found in Zymolyase preparation, resulted
in aloss of the electron-dense outer layer of the cell wall. Furthermore, lysis of the cell
wall of Saccharomyces cerevisiae with Z-glucanase requires a previous incubation
with this Z-protease. These results imply that the inner layer of the cell wall is the
glucan layer and that the electron-dense outer layer is the mannoprotein layer.

Two subclasses of -glucans are present. The more abundant B-glucan contains
approximately 1500 residues per molecule and is a linear $-1,3-linked polymer of
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Figure 1. Electron micrograph of Saccharonivees cerevisiae ceils. The outer, electron-dense layer
consisting of proteins (P) and the inner-layer, consisting of glucan {G), are indicated. Photograph supplied
by Dr M. Veenhuis.

glucose residues containing 3% [-1,6-linkages at branch points (Manners ef .,
1973a). The minor P-glucan is highly branched and contains approximately 140
residues per molecule. This is a B-1,6-linked polymer of glucose with a small portion
of B-1,3-linked residues (Manners er al., 1973b; Boone et al., 1990). Chitin, which is
a B-1,4-linked polymer of N-acetylglucosamine, i$ present in the glucan layer, close
to the plasma membrane and becomes bound to the non-reducing end of B-1,3-glucan
(Kolldr e al., 1995). This process converts the B-1,3-glucan from an alkali-solubie to
an alkali-insoluble form. Thus the alkali-soluble §-1,3-glucan form acts as a precursor
for the alkali-insoluble form (Hartland er /., 1994). Both §-1,3-glucan and chitin are
synthesized by plasma membrane-bound enzyme complexes (Cabib et al., 1982),
whereas B8-1,6-glucan synthesis is proposed to start in the endoplasmatic reticulum, to
elongate in the Golgi and to have a final extracellular processing step (Bussey er af.,
1991).

The mannoprotein fraction of the cell wall can be divided into two populations. One
population is extractable with a detergent such as SDS and the remaining proteins are
released after incubation of cell walls withaf3-glucanase (Valentinef al., 1984}). Pastor
et al. (1984} detected a population of 30 different mannoproteins after an SDS-
extraction of cell walls; however, it has become clear that at least part of this
population is composed of plasma membrane proteins (Van der Vaart et al. 1996a;
Molloy et al., 1989). The glucanase-extractable mannoproteins are released after an
incubation with af3-1,3- orB-1,6-glucanase which indicates that they are tightly bound
to the glucan layer of the cell wall (Fleet and Manners,1977; Pastor et al., 1984,
Valentin er al., 1984 Frevert and Ballou, 1985). Furthermore, it has been shown that
the glucanase-extractable cell wall proteins carry a carbohydrate side chain containing
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B-1.6-linked glucose residues (Van Rinsumn ef al., 1991; Montijn ef al., 1994) and,
recemtly, it was shown that this chain links the mannoprotein tof§-1,3-glucan (Kapteyn
et al. 1996).

B-Glucosylated cell wall proteins are not restricted to Saccharonmyces cerevisiae.
Cell wall proteins containing this type of modification are also found in Candida
albicans (Kapteynet al. 1994), Exophiala (Wangiella) dermatitidis (Montijn, 1996a),
Hansenula polymorpha (Idavan der Klei, pers. comm.), Aspergilus niger, Paecilomyces
variotii and Penicillivm rogueforti (Brul et al., submitted) This indicates that anchor-
ing of cell wall proteins to the cell wall by means of a }-1,6-glucan chain is a general
mechanism for cell wall anchorage in Ascomycetes.

Glucanase-extractable mannoproeteins

The glucanase-extractable mannoproteins so far identified have three characteristics
in common: they contain a secretion signal at their N-termini, they are rich in serine
and/or threonine and they all contain a putative glycosylphosphatidylinositol (GPI)-
attachment signal at their C-termini (Table 1). Van Rinsum et . (1991} isolated a
carbohydrate chain consisting of glucosamine, mannose and B-glycosydically linked
glucose from glucanase-extracted cell wall proteins in a molar ratio of 1:17:18. This
B-1.6-glucan chain is involved in cell wall anchorage (Kapteynet al., 1996). Immuno-
logical detection of this glucose-containing side chain became possible after the
raising of an antiserum directed against a B-1,6-glucan oligomer. This antiserum
recognized four protein bands in a glucanase extract of isolated cell walls (Montijn er
al., 1994).

N-terminal sequencing of these protein bands led to the identification of two ORFs
as the products were identified by systematic sequencing (Van der Vaarter al., 1993).
One is the YKL096w gene product, which was sequenced by Pallieres al. (1993), and
was named Cwplp (Cell Wall Protein 1). The other was identified as the TIP{ gene
product, which had already been identified by Kondo and Inouye (1991) as a
temperature-inducible protein. A third ORF that was identified in this study, CWF2,
encodes a cell wall protein which was not recognized by the anti B-1,6-glucan

Table 1. Glucanase-extractable ccll wall proteins in Saccharomyces cerevisiae,

Gene Protein B-1.6-  Ser/Thr N-glyco-  GPI- Comments
glucan® (%)" sylation® anchor?

CWP] Cwplp + 44 + nd Deletion of GPI-signal leads to
secretion

CWP2 Cwplp + 48 - + Mature protein consists of 54 aa

Tipi Tiplp + 50 - nd Temperature-inducible

SEDI Sedlp + 41 + e Multicepy suppressor of erd2

TIRI Tirlp + 45 - + Anaerobically expressed

YCR89w + 47 + nd Hemolog of a-agglutinin
anchor protein

FLO! Floip + 48 + nd Involved in flocculation

AGu] o-agglutinin + 4 + + Involved in mating, deletion of
GPI-signal leads to secretion

AGAL a-agglutinin nd 52 - rd Inveolved in mating

anchoz-protein

*proteins are recognized by an anti B-1,6-glucan antiserum. Muumber of Ser-Thr res. 7 total number of res. 31 00% of C-
terminal half of protein. “presence of potential N-glycosylation sites. ‘biochemicai evidence for GPl-anchor. nd. no data.
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antiserumn. This lack of recognition was caused by a blotting artefact of the mature
Cwp? protein. The Cwp2 protein is only immunologically detectable if the fatty acids
are present on the GPI-moiety of this protein (Van der Vaarter al., 1996b}. By analogy
with this property of Cwp2p, more B-glacosylated cell wall proteins might exist in
Saccharomyces cerevisiae. One example of such a cell wall protein is the TIR! (SRPI,
Margueter al., 1988) gene product. Mature Tirlpis not detectable by Western analysis
but a3-1,6-glucosylated cell wall bound form of this protein does exist (Van der Vaart,
1997).

Furthermore, the creation of fusion constructs consisting of the coding region of the
reporter enzyme C-galactosidase and C-terminal parts of several proteins with the
characteristics of cell wall proteins confirmed the cell wall focalization and B-1,6-
glucosylation of several potential cell wall proteins (Zable 2). The C-terminal regions
of Sedlp (Hardwicket al., 1992), Flol p, which was already identified as a cell surface
protein (Teunissen et «l., 1993; Bidard et al.,, 1995) and YCR8%w, an a-agglutinin
homologue, are all capable of immobilizing o-galactosidase on the cell wall and these
fusion proteins all contain af3-1,6-glacan chain in their cell wall bound forms {Van der
Vaart er al., 1996a, 1997).

Both o-agglutinin (Lipke et al., 1989) and a-agghttinin (Roy ef al., 1991) are cell
surface proteins which are involved in mating. Foro-agglutinin it was also shown that
it is B-1,6-glucosylated in the cell wall bound form (Lu er al., 1995).

Several mutants depleted for a cell wall protein were created (Van der Vaart ef al.,
1995). Phenotypical analysis of yeast cells depleted for Cwp2p revealed an increased
sensitivity for the cell wall disturbing compounds Congo Red and Calcofluor White,
and for Zymolyase (a J-glucanase-containing preparation). These resuits indicate that
Cwp2p is an important constituent of the cell wall and plays an important role in
stabilizing the cell wall. Depletion of Cwplp, Tiplp, Tirlp or YCR89w also caused
increased sensitivities to Congo Red and Calcofluor White but the effects were less
pronounced than for the cwp2 deletion mutant.

Medifications of cell wall proteins in the secretory pathway and at the cell
surface

Secretion and post-translational modifications of proteins are determined by the
presence of specific amino acid sequences. Proteins can enter the secretory route when
they possess a secretion signal. After entrance into the ER, cell wall proteins can be N-
glycosylated, O-glycosylated and anchored to the membrane by means of a GPI-anchor,
An asparagine in an N-X-5/T sequence is a potential site for N-glycosylation. This
type of glycosylation consists of a core structure of Man,GlcNAc,, formed in the ER,
and is extended with mannose residues in the Golgi. Serine and threonine residues are
potential sites for O-glycosylation, which consists of a linear glycan of up 10 five
mannose residues. The first residue of this glycan is added in the ER and the following
four are presumably added in the Golgi. A hydrophobic C-terminal strech of amino
acids is part of the signal required for glycosylphosphatidyl inositol (GPI)-anchor
addition. After removal of the carboxyl-terminal hydrophobic region, a preformed
GPl-anchor is attached to the newly exposed terminus. The core structure of such an
anchor consists of: ethanolamine-P-6Man-ot1,2-Man-ct|,6-Man-o.1,4-GlcN-ot1,6-in-
ositol (forreview see Englund, 1993; McConville and Ferguson, 1993). Subsequently,



391

. cerevisiae

Cell wall proteins of S

“maoxd sovpns snaia g snnedsy 3o sy .

L66] V1v 12 eangy

BLGE] TBORE] VD 1B uBR A 10D UBA
B/GG] UJP 7 LIBRA 13D UBA

BLGGI 1D 17 1IREA ISP URA

TLOGL ‘BO6GT TP 13 WUTA JIp UBA
BLAGT TP I IIURA 19D UBA

BLA6] TBOAGT I I LITBA JOP UTA
BLE6Y 7P I3 LITBA IOP UBA

BLO6T CIP I3 MRRA AP UBA CAGT TP 12 JAPNANYSS

9661 " 32 13pRanyeg

0661 V1 1@ 1apnayog
9661 I is JapnANOg
$661 V7 i3 JapTaIgag

paensuowap ANanoe swAzus

PAIBNSUOWAR ANALOT SWIAZUD

uononpord uimond mo|

PRZI[IQOWRLT 51 uIA0ad VOISR JO 9505
agensgns of1e[ pue [ews surede aanse
PARNSUOWSP ANATIOE SWAZUD

awensqns afIe] pue [ews suede sanoe 1sou:
pazijIgounl st uloxd u0Isty 30 950¢
srensqns odre] pue [ews surede sanoe

2opipaiunsy wo) uewsey Apognue

2]QL39219P 10U 110 DAT[O 1uILde
AllAnoR *ensqns |[EWs surese a0y

Ananoe opewAzue ou sAeydsip ursoad uoisng
2010 Y] d5uU0dsaI sunuIL ON

uruin(33e-0
diogg
MERYDA
dpag,

dipeg
didry
dzdmpy
didamy
urunnjg8e-n

wunn88e-n

uiunn)38e-0
utugng3fe-o
unn|33e-0

asejAumeoan]d
sEPISOI08[e5-0
asepisoees-o
asepisooe[es-n
asepisoloe[ed-n
2$EPI150108|Rd-0D
asepisoyoe|ed-n
asepisoron(ed-n
asepIso1ae[ed-n
wowdey
C'A) wreys-s[3urg

2sBUTIND
asedy]
(SiuwBel) sgi

SOOURI)Y

SHEHL g

1ed [Rutme-)

wed jeuas)-N

m3eld uorsng

9DUBISIIONI-OUNWIWT AQ UMOLS St SU12101d UOISNY AYf] JO UDHEZIRIO] {[em [[37) "ADISIARLED Sadfwoiny2ong 1) suio1d uoisng Jo UOHRZIIGOWILI DDBLINS 1] *2 J[QEL



392 J.M. VAN DER VAART AND C.T. VERRIPS

at the cell surface, proteins destined for the cell wall receive the B-1,6-glucan chain
described above.

IMPORT INTO THE ENDOPLASMATIC RETICULUM

Secretion of proteins is dependent on the entrance of a protein into the secretory route.
A specialized signal, consisting of a positively charged sequence, a hydrophobic
region and a polar region is present on proteins destined for the secretory route and is
recognized by the Signal Recognition Particle (SRP) afier it has emerged from the
ribosome. This protein-ribosome-SRP complex subsequently docks on the SRP-
receptor on the ER membrane and the protein is translocated into the ER. Such a signal
is located at the N-terminus and is generally referred to as a signal sequence. After
partial translocation across the ER membrane this sequence is cleaved by a signal
peptidase in the polar region (for reviews see Rapoport, 1992; Larriba, 1993).

N-GLYCOSYLATION

Experimentally, it has been shown that V-glycosylation is an important modification
for cell wall proteins. The cell walls of mnn9 mutant strains, which lack outer-chain
glycosylation of the N-linked core structure, contain glucanase-extractable cell wall
mannoproteins of lower average molecular weight than the corresponding wild-type
cells (Frevert and Ballou, 1985). Furthermore, these mutant cells were shown to have
dramatically increased cell wall permeabilities and Zymolyase sensitivities (De
Nobel, 1991).

The core oligosaccharide is assembled on a dolichol phosphate carrier lipid partly
at the cytosolic and partly at the fumninal side of the ER-membrane. At the cytosolic
side the donors UDP-GlcNAc and GDP-Man contribute the sugars to form the
precursor oligosaccharide, Dol-PP-Man,GlcNAc,. This core structure is subsequently
transferred to the luminal side of the ER. Here the core oligosaccharide is completed.
The addition of mannose and glucose from Dol-P-Man and Daol-P-Gle, respectively,
results in the formation of Dol-PP-Gle, Man GlcNAc, (for review see Lehle and
Tanner, 1995; Herscovics and Orlean, 1993). Complementation of the temperature
sensitive sec’9 mutant (Heller ef af., 1992) and of several alg-mutants (asparagine
linked glycosylation) have identified gene products involved in the formation of the
core oligosaccharide (for review see Kukuruzinska et al., 1987).

The mature core oligosaccharide is subsequently transferred from the dolichol
phosphate carrier to the asparagine acceptor site of the nascent protein. An asparagine
restdue is only capable of acting as an acceptor if it is located within the primary
sequence N-X-T/S, In this sequence X can be any amino acid residue except proline.
Furthermore, it was shown that the N-X-T site is a much better substrate for N-
glycosylation than N-X-3 (for review see Silberstein and Gilmore, 1996). Transfer of
the core oligosaccharide from the dolichol phosphate cartier to the acceptor asparag-
ing is catalysed by the oligosaccharide transferase (OTase) complex. This OTase
activity was found to co-purify with a protein corplex of six major components
{Kelleher and Gilmore, 1994). Six compoenents of this complex, Wbplp, Swplp,
Ostlp, Ost2p, Ost3p and Ost5p, have been identified (Silberstein and Gilmore, 1996).
Depletion of Ostdp greatly diminishes OTase activity. This OST4 gene could encode
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for a subunit of the OTase complex, but it is also possible that it is a regulator of the
complex (Chiet al., 1996). Another protein important for OTase activity is St3p. This
protein is suggested to be required for the stability and/or the assembly of the OTase
complex but was not detected as a subunit of this complex (Zufferey er al., 1995).

After the core oligosaccharide is transferred to the protein, this oligosaccharide is
further modified in the ER and in the Golgi by specific glycosidases and
glycosyltransferases. First, two glucosidases remove the glucose residues from the
oligosaccharide (Gle,Man GlcNAc, — Man GlcNAc,) and secondly a mannose
residue is removed by a specific mannosidase, Mns1p, resulting in a Man GlcNAc,
structure. As the MNST gene product was shown to be located in the ER by immuno
electron microscopy (Burkeer al., 1996), the trimming of the oligosaccharyl structure
is performed in the ER.

Further maturation of the Man GlcNAc, structure occurs in the Golgi. Two forms
of maturation, core maturation and outer chain formation, can be distinguished.
Mannosyltranferases are responsible for the addition of the mannose residues in these
processes. Core maturation yields Man, | GlcNAc, and outer chain formation results
in the addition of up to 200 mannose residues arranged in a backbone of o-1,6-
mannose residues carrying side-chains consisting of o-1,2-mannose residues with
terminal ©-1,3-linked mannose residues (for review see Lehle and Tanner, 1995;
Herscovics and Orlean, 1993). Man (alterations in cell wall mannan} mutants have
been shown to affect the maturation process (Balou, 1990). MNN/ has been shown to
encode a mannosyltransferase (Graham ef al., 1992). Other MNN genes could also
encode mannosyltransferases, but possibly many of the proteins encoded by these
genes influence glycosylation indirectly. Deletion, of and over-expression, of MNN2
does not, for example, result in a change of the mannosyltransferase activity, indicat-
ing that this protein is involved in other aspects of outer-chain addition (Devlin and
Ballou, 199{). Genes that do encode mannosyltranferases involved inN-glycosylation
are: KRE2/MNT! (Hausleretal., 1992), YURI, KTRI and KTR2 (Lussieret al., 1996).
Based on their homology to KRE2/MNTI, both KTR3 and KTR4 (Mallet et al., 1994)
are potential mannosyltransferases involved in N-glycosylation. Recently, Montijn et
al. (1996b) found that both Kre6p and Sknlp are involved in elongation of N-linked
sugar chains. It is not known, however, whether these proteins are directly or indirectly
involved in this elongation process.

O-GLYCOSYLATION

Proteins containing serine or threonine residues are potential substrates for
O-glycosylation. All known cell wall proteins are rich in serine andfor threonine
(Table I). These residues are located primarily in the C-terminal part of the cell wall
proteins except for Cwp2p, which contains only 54 amino acids and is serine/
threonine-rich throughout the protein. These serine/threonine-rich regions are prob-
ably heavily O-glycosylated, which results in steric interactions between carbohydrate
and peptide in these regions. Such interactions will result in a stiff and extended
conformation (Jentoft, 1990). As already proposed for a-agglutinin (Wojciechowicz
et al., 1993}, these so-called ‘rod-like’ structures possibly have spacer functions in
exposing functional domains, if present, of cell wall proteins to the cell surface.
O-linked sugar chains consist of linear glycans composed of one to five o-linked
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mannose residues with the following structure: Man-¢l,3-Man-ol,3-Man-at1,2-
Man-otl,2-Mano-0-Ser/Thr. The addition of the first mannose residue takes place in
the ER and the following four are likely to be added in the Golgi, although the addition
of the second mannose residue in the ER cannot be ruled cut (Lehle and Tanner, 1995;
Klis, 1994hb). The donor of the first mannose residue is Dol-P-Man, which is encoded
for by DPMI. This Dol-P-Man donor is also required for N-glycosylation and GPI-
anchoring {Orlean, 1990). Pmtlp is a mannosy! transferase directly involved in the
addition of this first mannose residue to a serine or threonine residue (Strahl-Bolsinger
et al., 1993}. Depletion of Pmtlp resulted only in reduction and not elimination of -
glycosylation. Pmt2p was also shown to be a mannosyl transferase involved in the
addition of this first mannose residue, but even depletion of Pmt1p and Pmt2p did not
result in the complete abolition of (-glycosylation (Lussier er al., 1995). This
indicates the existence of additional mannosyl transferases. The proteins encoded by
the PMT3 and PMT4 genes are significantly homologous to Pmtlp and Pmt2p.
Furthermore, depletion of Pme4p and Pmt3p/Pmtdp resulted in a significant decrease
in molecular weight of chitinase due to underglycosylation of this enzyme (Immervoll
etal., 19935). Both products are potential mannosyl transferases. Kre2p/Mntlpisanc-
1,2-mannosyltransferase which is responsible for the addition of the third mannose
residue (Hiusler er ¢/, 1992) and Mnnlp is a o-1,3-mannosyltransferase which is
responsible for the addition of the fourth and possibly the fifth mannose residue
(Ballou, 1990; Yip et ai., 1994). The mannose donor for the second to the fifth
mannose residue is GDP-Man.

1t is not known which mannosyl transferases are responsible for the attachment of
the second mannose residue. Kte3p and Ktrdp (Mallet ef al., 1994) are both potential
mannosyl transferases as they are homologous to Kre2p/Mnt1p. Either or both of these
proteins could be responsible for the addition of this mannose residue.

GPI-ANCHORING

Many proteins in yeast are anchored to membranes by means of a glycosylphosphatidyl
inositol (GPI) anchor (Conzelmann ef al., 1990). This type of anchorage is found in
many organisms and, except for the addition of side chains, the structure and
biosynthesis of this GPI-moiety is highly conserved (McConville and Ferguson,
1993). In yeast, GPl-anchorage is essential for growth (Leidich et ¢l., 1994). Further-
more, the prior addition of such an anchor onto the cell wall protein o-agglutinin has
proved to be necessary for the incorporation of this protein into the cell wall (Lu ez al.,
1995). The core structure of the highly conserved GPI anchor is: ethanolamine-P-
6Man-al,2-Man-ct1,6-Man-ol ,4-GleN-o ], 6-inositol-phospholipid (see Figure 2).
The biosynthesis of this structure (see Figure 3) begins with the addition of GlcNAc
from UDP-GlcNAc to an inositol-containing phospholipid (PI) vielding GleNAc-PI.
At Jeast three gene products, Gpil p, GpiZp and Gpi3p/Spt14p/Cwh6p, were shown to
be involved in this initial step (Leidich et al. 1994; Leidich er al. 1995; Vossen et al.,
1993). Subsequently, GlcNAc-PI is deacetylated resulting in GlcN-Pl followed by the
acylation of the inositol residue (Orlean, 1990). Acyl CoA acts as a donor in this
process {(Costelio and Orlean, 1992). 1t has been shown that the phosphatidylinositol-
specific phospholipase C (PI-PLC) enzyme is only capable of digesting a GPI-structure
when no fatty acid is attached to the inositol ring (Robertser al., 1988). As the majority
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Figure 2. Schematic representation of the structure of the GPI anchor from Saccharomyces cerevisiae.
The glycosylphosphatidylinositol anchor structure was adapted from Sipos ef al. (1995). P, phosphate;
Man, mannose: GleN, glucosamine; I, inositol. For simplicity, hydrogen atoms are not displayed.
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Figure 3. Biosynthesis of GPl-anchor. During the development of a GPI-anchor, the inositol ring is
acylated. This modification prevents digestion of the premature structure with PI-PL.C, During maturation,
but before the structure ‘flips’ to the luminal side of the ER-membrane, the acyl group is removed from the
inositol ring. UDP-GleNac, Acyl CoA, Dol-P-Man and PE are donors for GPI biosynthesis. Remoddeling
of fatty acids is not found insec/§ mutant cells (Conzelmanner al., 1992). Possibly, this reaction takes place
in the Golgi but anather post SECI8 compartment could also be involved,
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of the GPIl-anchored proteins are sensitive 1o PI-PLC (Conzelmann et al., 1990), the
acyl group has to be removed from the inositol residue during maturation of the GPI-
anchor, Subsequently, three mannose residues are added to the inositol residue.
Mutants blocked in steps leading to the synthesis of Dol-P-Man, sec53, sec39, and
dpmli, are disturbed in GPI anchoring (Orlean, 1990; Conzelmann ef af., 1990). This
indicates that Dol-P-Man 1s the donor of at least the first of these three mannose
residues of the GPI glucan core. The core structure is completed with the addition of
phosphoethanolamine (Menon and Stevens, 1992) to yield ethanolamine-P-Man -
GIcN-PL PI-PLC, added to the cytoplasmic phase, was capable of cleaving GlcNAc-PI
and GlcN-PI on microsomes. Therefore, the synthesis of this structure is probably
performed at the cytosolic side of the ER membrane. Furthermore, the mannose-
specific lectin Concanavalin A bound to the GPI precursor bearing the three mannose
residues and to the GPI core structure that includes phosphoethanolamine during
incubation with sealed microsomes (Takeda and Kinoshita, 1995). After the synthesis
of the GPI core structure, the complete structure is ‘flipped” into the ER-lumen where
it can be attached to an acceptor protein (McConville and Ferguson, 1993; Englund,
1993). Hydrophobic carboxyl-terminal regions on these proteins are required for this
addition (Caras er al., 1987; Caras et al., 1989), but no specific sequence is required
{Caras and Weddell, 1989). The cleavage/attachment site (@) for GPI-anchorage has
been investigated and the residues Asn, Ser, Gly, Ala, Asp and Cys were shown to be
most effective (Nuoffer er al., 1993; Micanovic et al., 1990). The two adjacent
resicdues on the carboxyl side, w+1 and ®+2, are also important. They should have
relatively short side chains with @+2 being more important than w+1 (Nuoffer et al.,
1993; Kodukula et al., 1993; Gerber et al., 1992). Replacement of the carboxyl
terminal sequence by the GPI-moiety probably occurs by transamidation (Gerber et
al., 1992). Gaalp (GPlanchorattachment) is possibly part of the putative GPE:protein
transamidase, as in a goo ! mutant yeast the GPl-precursor is still synthesized but not
transferred to the protein (Hamburger er ol., 1995). Recently, Benghezal er ¢f, (1995)
identified six mutants, gpid to gpi9, involved in the biosynthesis of GPI-anchors.
These mutants accumulate GPI glycolipids with either zero, two or four mannose
residues or in one case, gpi8, a complete GPI anchor that &s not transferred on to a
protein. Gpi8p is therefore also a potential candidate to be part of the putative
GPLprotein transamidase (Benghezal ef ¢f., 1996). Interestingly, GPIE shows signifi-
cant homology to a family of vacuolar plant endopeptidases.

Additional sugars are added to the o-1,2-linked mannose of the glucan part of the
core GPI structure {see Figure 2). The side chains Man-o.l,2-, Man-ot,2-Man-o,2-
and Man-0t1,3-Man-ct],2- were found. The single «1,2-linked mannose residue is
found in every GPl-anchor of Saccharomyces cerevisiae, but the addition of a second
residue is found in only a proportion of the GPI anchors (Frankhauser ef ¢l., 1993).
Experiments with sec?, sec!2 and sec/8 mutants have revealed that the single ot1,2-
linked mannose residue is added in the ER. Furthermore, it was found that proteins
entrapped in the cis-Golgl contained only mannose residues that were al,3-linked to
the first ol ,2-linked residue, whereas proteins that were able to traverse beyond this
cis-Golgi compartmeni contained also of,2-linked mannose residues on the second
position. It is not known which mannosyltransferases are involved in the addition of
the mannose residues. Depletion of several 0-1,2- and 0-1,3-mannosyl transferases or
gene products involved in their activity (Table 3) did not result in impaired GPI-
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Table 3. Mannosyl transferases (01,2 and 0-1.3) and regulators,

Protein Comments Glycosylation®
Mntlp/Kre2p o-1,2-Mannosyl transferase N O
Manlp o-1,3-Mannosyl transferase N O
Kirlp. Ktr2p. Yurlp Mannosyl transferases N
Ktr3p. Ktrdp Mntlp-homologues

Mnn2p, Mnn3p, Mnn3p Controf addition of o 1,2-linked marnoses N
Mnn9p, Anplp, Vanip Invelved in maturation of N-glucans N
Kreb6p, Sknlp Invelved in maturation of N-giucans N

“Type of glycoesylation in which this protein is involved.

anchor synthesis (Sipos et al., 1995). Other potential candidates which could be
involved in side chain addition are the gene products of KRES and SKN/ (Montijn et
al., 1996b}. The lipid moiety of the majority of GPI-anchors is remodelled when it
traverses the secretion-route. During the remodelling reaction diacylglycerol is re-
placed by a ceramide. In a sec/8 mutant, which is impaired in ER to Golgi transport,
this reaction is not detected, indicating that it takes place after the GPI-moiety has left
the ER compartment (Conzelmann ef al., 1992). This is consistent with the finding of
Siposet al. (1995), who found that the remodelling reaction takes place after the GPI-
precursor is added to the protein.

B-£.6-GLUCOSYLATION

The B-1,6-linked polymer of glucose, which was identified as a structurat component
of the cell wall (Mannerser al., 1973b), was only recently recognized as a glycosylated
form of cell wall proteins (Van Rinsum er af., 1991). This carbohydrate side chain,
isolated from proteins released from cell wails by laminarinase, is composed of equal
amounts of B-1,6-glucan and o-1,6-mannan (Montijn ef al., 1994). Gene products
involved in 3-1,6-glucan synthesis have been identified in several ways. Most were
identified by making use of Ki killer toxin. This toxin is capable of killing sensitive
yeast strains by the formation of lethal cation channels in the plasma membrane
{Martinacer al., 1990), after binding to}-1,6-glucan (Bussey et al., 1979: Kasaharaer
al., 1994). Mutants of K killer toxin-sensitive strains that have impaired3-1,6-glucan
synthesis are capable of growing in the presence of this toxin. By making use of the K1
Killer toxin REsistance strategy, several KRE gene products involved in B-1,6-glucan
synthesis were identified (Brown et al., 1994). Additional gene products, involved in
B-1,6-glucan synthesis, were identified by multicopy suppressor screens of kre-
mutanis and by complementation of a Calcofluor White hypersensitive mutant (Ram
etal., 1994). The identified gene products were localized in the ER, in the Golgi, in the
cytosol and on the cell surface. This is consistent with the idea that B-1.6-glucan
synthests is mitiated in the secretory route or that secretoty proteins are involved in B-
1,6-ghucan synthesis. However, in contrast to the core structures of N-chains, O-chains
and GPI-anchors, which are linked to a protein moiety in the ER, the B-1,6-glucan
chain is coupled to a cell wall protein extracellularly. This is supported by the finding
that c-agglutinin (Lu et al., 1995), Cwp2p, Tiplp, Sedip, Flolp, Tirlp and YCRE9p
(Van der Vaart, unpublished results) were only recognized by an antiserum directed
against 3-1,6-glucan in their cell wall bound forms and not in their precursor forms.
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Furthermore, it was found that the sizes of the precursor forms of ot-agglutinin were
not affected in mutants defective in B-1,6-glucan synthesis (Lu er af., 1995).

Kre5p is a component involved very early in the B-1,6-glucan synthesis pathway,
which has extensive sequence homology with an ER glucosyltransferase in Dro-
sophila (Parker ef al., 1995). As Kre53p contains an N-terminal signal sequence and a
carboxyl terminal ER retention consensus sequence (HDEL) this protein is believed to
be a soluble ER protein. Depletion of this protein resulted in resistance towards the K1
killer toxin and the lack of a detectable amount of B-1,6-glucan in the cell wall,
indicating that this protein is essential for B-1,6-glucan synthesis (Meadener al., 1990,
Boone et al., 1990). Ancther ER protein involved in B-1,6-glucan synthesis is
Cwh41p. This protein is an integral membrane protein and disruption of the CWH<41
gene results in resistance towards the K1 killer toxin and a 50% reduction of 3-1,6-
glucan level in the cell wall. Disruption of both KRES and CWH4/ resulted in a mutant
strain with the same phenotype as the kre5 single mutant, indicating that KRES is
epistatic to CWH4!. Furthermore, as overexpression of either gene cannot compen-
sate for the defecis caused by deletion of the other, the functions of these proteins are
not interchangeable (Ram et ai., 1994; Jiang et al., 1996).

Kre6p and Sknlp are functional homologues and are both transmembrane proteins,
likely to be localized within the Golgi. Distuption of KRES caused slower growth,
resistance towards the K1 killer toxin and a reduction of B-1,6-glucan level in the cell
wall, whereas depletion of Sknlp gave no detectable phenotype. On the other hand,
overexpression of SAN/ could suppress the kre6 mutant phenotype. A kreG-sknl
double mutant displayed a more severe phenotype than the kre6 single mutant and in
contrast to the single mutant, the double mutant had f3-1,6-glucan chains of smaller
size and with altered structure. It has been postulated that Kre6p and Sknlp function
independently, in parallel, in 3-1,6-glucan biosynthesis (Roemer and Bussey, 1991;
Roemer ef al., 1993; Roemer er al., 1994).

A number of proteins involved in [-1,6-glucan chain synthesis are localized
extracellularly. Epitope tagging of Krelp, which has a C-terminal GPI-attachment
signal, has revealed that this protein is localized at the cell surface (Roemer and
Bussey, 1995). Gene disruption of KRET leads to K1 killer toxin resistance and a 40%
reduction of the §-1,6-glucan level in the cell wall. This reduction is caused by a
decrease of the average polymer size of the B-1,6-glucan chains (Boone et al., 1990).
This indicates that Krelp plays a role in extending [3-1,6-glucan chains at the cell
surface and that this chain is assembled in a sequential fashion. Kre9p is also involved
in f§-1,6-glucan synthesis and, as overexpression of KREY leads to the detection of the
corresponding gene product in the extracelluar medium, this is probably a soluble
secretory-pathway protein. Depletion of Kre9p leads to a similar, but more severe,
phenotype as depletion of Krelp. In & kre9 deletion mutant the §-1,6-glucan level in
the cell wall is reduced by 80% and there is also a decrease in the average polymer size
of B-1,6-glucan chains. The growth defect of this mutant was most severe if celis were
grown on glucose and less severe if galactose was added to the growth-medium
{Brown er al., 1993; Brown and Bussey, 1993a; Brown ef al., 1994). Knhlp (KRE?
nine homolog) was identified based on its similarity to Kre9p and both were shown to
be functional homologues. Depletion of Knhklp gave no detectable defects, but
overexpression of KNH/ could suppress the kre9 mutant phenotype. The kre9-knhl
double mutant is non-viable. Both Kre9p and Knhlp seem to have specialized
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functions in B-1,6-glucan synthesis and as expression of KNH/ is carbon source
dependent (increased expression on galactose medium) these products possibly
function in parallel in [3-1.6-glucan biosynthesis, under different environmentat
conditions (Dijkgraaf er al., 1996).

Krellp was also identified as being involved in B-1,6-glucan synthesis and is a
putative cytosolic protein. Depletion of Krel Ip leads to a 50% reduction of the B-1,6-
glucan level in the cell wall. Analysis of the B-1,6-glucan chains from cell walls of
krel I mutants revealed that the size of the polymer was smaller than those of wild-type
strains but contained similar proportions of B-1,6- and B-1,3-linkages. Since a kre6-
krel [ deletion mutant is lethal, Kre11p is possibly involved in the regulation of Kre6p.

'The anchorage of cell wall proteins to the cell wall has been investigated in several
mutants with impaired 3-f,6-glucan synthesis. First, Lu ef al. (1995) found that more
than 80% of ¢-agglutinin, produced in a kre5 mutant, is secreted into the growth
medium, whereas in the parent strain this was only 7%. Secondly, Montijn er al.
(1996a) found areduction of incorporation of Cwp1pin the cell wall and a correspond-
ing increase in the amount of this protein in the growth medium in akre6-ski/ double
mutant. Thirdly, secretion of Cwplp was alse found in a mutant strain containing
deletions in KRE] and CWH4I (Fang ef al., 1996). These results emphasize the
importance of B-1,6-glucan chains in the process of cefl wall anchorage of cell wall
proteins in yeast.

The incorporation of proteins in the cell wall

The identifted cell wall proteins of yeast share several characteristic features. They are
f3-1,6-glucosylated in their cell wall-bound forms, they contain a (putative) N-
terminal signal sequence, are rich in serine and/or threonine and contain a (putative)
C-terminal GPl-attachment signal. Van Berkel ef al. (1994) showed that a fusion
protein consisting of the invertase signal sequence, the guar o-galactosidase coding
sequence, and the C-terminal thirty amino acids of o-agglutinin, which includes the
GPl-attachment signal, is incorporated into the cell wall and becomes B-1,6-
glucosylated. This result indicates that, while the serine/threonine-rich region of this
protein is not involved in cell wall anchorage, GPl-anchoring is required. A similar
result was also obtained if the 30 C-terminal amino acids of Tirlp were used as an
anchor (Van der Vaart, 1997b). The addition of only 16 C-terminal amino acids of this
protein, containing only part of the GPl-attachment signal, was not enough for cell
wall incorporation. Further proof for the involvement of GPl-anchorage in cell wall
incorporation of cell wall proteins was presented by Vossen et al. (1995). They
showed that a temperature-sensitive mutant of CWHG (GPI3, SPT14), a gene involved
in GPlI-synthesis, displays a large decrease of the amount of mannan in the cell wall,
which indicates a lower amount of incorporated cell wall proteins in this mutant.
Furthermore, Lu et al. (1995) found that the prior addition of such a GPI anchor to the
cell wall protein a-agglutinin was necessary for the incorporation of this protein into
the cell wall and for (-glucosylation of this protein. Wojciechowicz et al. (1993)
showed that removal of the C-terminal hydrophobic sequence of w-agglutinin resnlted
in secretion of active o-agglutinin into the medium. Similar results were also obtained
for Cwplp (Shimoi ef al., 1995). Chimeric proteins consisting of the reporter enzyme
o-galactosidase fused to the C-terminal part of several cell wall proteins were secreted
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into the growth mediam in a pmt! deletion strain, indicating the importance of GPI-
anchoring in cell wall incorporation (Van der Vaart., 1997). Recently, the cleavage/
attachment residue for GPI-anchorage of Cwp2p, asparagine was replaced with a
serine residue. This replacement resulted in a dramatic decrease of GPl-anchorage of
Cwp2p and secretion of this protein into the growth medium (Van der Vaart,
unpublished results).

Not all GPi-anchored proteins become incorporated into the cell wall. Gaslp
(Nuoffer er al., 1993; Popolo er al., 1993) and Yap3p (Ash er al., 1995) are GPI-
anchored proteins and have the plasma membrane as their final destination. The
mechanism by which a cell discriminates between plasma membrane and cell wall
localization is unknown. A dibasic motif, N-terminal of the GPl-attachment site, is
found in plasma membrane proteins but not in cell wall proteins (Vossen et al., 1997).
This motif could act as a plasma membrane residence signal or could facilitate
cleavage of plasma membrane proteins resulting in the complete loss of their GPI-
moieties. Such cleavage reactions may therefore cause the loss of the acceptor sites of
these proteins for the [B-1,6-glucan chain, preventing cell wall incorporation. This
would imply rapid turnover of plasma membrane proteins as loss of the GPI-anchor
would free them from the plasma membrane. It is also possible that plasma membrane
proteins are cleaved after mistargeting to the cell wall. The insertion of a dibasic motif
at position ®-3 and -4 of Cwp2p did not convert this cell wall protein into a resident
plasma membrane protein (Van der Vaart, unpublished results). This modified form of
Cwp2p was correctly GPl-anchored intracellularly and-glucosylated extraceliularly,
which indicates that the dibasic motif is not acting as a retention signal for plasma
membrane localization. The mechanism of cleavage of plasma membrane proteins to
prevent cell wall incorporation cannot be excluded. The peptide sequences surround-
ing the dibasic motif inserted in Cwp2p could have negative influence on the cleavage
efficiency of the responsible protease. It is not known which enzymes are involved in
the release of cell wall proteins from the plasma membrane and in the subsequent f3-
1,6-glucosylation of these proteins. Potential enzymes and possible mechanisms will
be discussed below.

The attachment site of the 3-1,6-glucan chain to cell wall proteins

Cell wall proteins are B-glucosylated in their cell wall bound forms. Recently, it was
shown that the B-1,6-glucan chain links cell wall mannoproteins to3-1,3-glucan in the
cell wall (Kapteyn et al. 1996). The exact attachment site of this chain on to a cell wall
protein is not known. Potential attachment sites are: amino acid residues, N-linked
carbohydrate side chains, O-linked carbohydrate side chains, or the GPI-moiety, Two
amino acid residues, asparagine and glutamine, could potentially act as attachment site
for the B-1,6-glucan chain. In analogy to the existence of a B-linkage between glucose
and asparagine in the mammalian protein laminin (Schreiner e al., 1994}, the o
asparagine residues of cell wall proteins are potential attachment sites for the B-1,6-
glucan chain. To test whether an asparagine residue is responsible for this linkage, the
@ asparagine residue of Cwp2p was replaced by a serine residue. Although GPI-
anchorage of CwpZp was dramatically reduced by this replacement, a B-glucosylated
ceil wall bound form of Cwp2p was detectable. This shows that the removal of this
asparagine residue in Cwp2p does not impair -1,6-glucan chain attachment. It has
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Figure 4. Schematic representation of the cell wall of Saccharomyces cerevisiae, The movement of a
£lucanasc-extractable cell wall protein from the plasma membrane form 10 the cell wall bound form is
displayed. The exact mechanism by which this movement takes place is unknown but the presented
attachment of the B-1,6-glucan ¢hain to the remnant of the GPl-moiety is essential for cell wall anchorage.

been proposed for Candida albicans that a transglutaminase is involved in the
formation of covalent cross-links in the cell wall (Ruiz-Herrera er al., 1995). This
enzyme is capable of forming interpeptidic links in which a glutamine residue is
involved. In the §. cerevisiae cell wall proteins: Cwplp, Cwp2p, Tiplp, Tirlp, Tir2p,
Agalp, Agalp and Flolp, glutamine residues are present N-terminally of the GPI-
attachment site. To test whether glutamine residues are involved in the covalent
attachment of ceil wall proteins to the cell wall, the two glutamine residues present on
position®-3 and -4 in Cwp2p were replaced by a serine and a threonine residue (Van
der Vaart, unpublished results). This replacement did not affect B-glucosylation and
cell wall localization of the modified Cwp2p, showing that a transglutaminase
reaction is not responsible for cell wall anchorage of cell wall proteins inS. cerevisiae.

N-glycosylation as attachment site for such a chain is very unlikely. First, N-chain-
digesting enzymes, such as endo-H and PNGase-F, cannot remove the B-1,6-giucan
chain from cell wall proteins (Van Rinsum er al,, 1991; Montijn et al., 1994).
Secondly, o-agghutinin is efficiently anchored to the cell wall in the presence of
tunicamycin, which is an inhibitor of N-glycosylation (Hasegawa and Yanagishima,
[984). Thirdly, the cell wall proteins Cwp2p, Tiplp and Tirlp are B-glucosylated in
their cell wall bound forms while these proteins do not contain any potential N-
glycosylation sites,

Recent findings provided evidence for the existence of a phosphodiester-linkage in
O-chains (Dr Y. Jigami, pers. com.). The results obtained by Kapteyn et al. (1996),
who showed that the 3-1,6-glucan chain could be removed from the cell wall proteins
c-agglutinin and Cwplp by phosphodiesterases or aqueous hydrofluoric acid, could
not exclude O-linked carbohydrate side chains from being the attachment site for the
B-1,6-glucan chain. Cleavage of an IgA protease recognition site introduced immedi-
atety N-terminal to the @ site in Cwp2p resulted in the loss of the B-1,6-glucan chain
from the remaining protein (Van der Vaart ef al., 1996b). As no serine or threonine
residues were lost from the protein by this cleavage reaction, O-glycosylation cannot
be an attachment site for the -1,6-glucan chain.

The above described results of Kapteyner al. (1996), combined with the fact that O-
glycosylation is not an attachment site for the B-1,6-glucan chain, indicate that the



402 J.M. VAN DER VAART AND C.T. VERRIPS

GPI-moiety is the attachment site of the §-1,6-glucan chain. The finding that the B-,6-
glucan chain of several cell wall proteins can be removed by phosphodiesterases
indicates that a phosphate group is present between the protein and the B-1,6-glucan
chain. This is consistent with the analysis of cell wall bound Tiplp. Fujii e af. (1996)
showed the presence of ethanolamine and the loss of glucosamine from the GPI-
moiety of the cell wall bound form of Tipip. These resuits indicate that the GPI-anchor
of the plasma membrane bound form of a cell wall protein is processed in such a way
that the B-1,6-glucan chain becomes bound to the glycan-core of the GPl-anchor
(Figure 4).

Potential anchoring mechanisins of cell wall proteins

The precise cell wall anchoring mechanism of cell wall proteins in Saccharomyces
cerevisiage is not known. As discussed above, GPI-anchorage of cell wall proteins is
necessary for the subsequent incorporation of these proteins into the cell wall. For a
subset of cell wall proteins, processing of the GPI-moiety of the plasma membrane
bound form of a cell wall protein by a PE-PLC is probably the initial step in the release
of a cell wall protein from the plasma membrane. Miiller er al. (1996) found that the
GPI-anchored cAMP-binding ectoprotein, Geelp, was processed twice before cell
wall incorporation. First, the GPI-moiety of this protein was cleaved by PI-PLC and
secondly in such a way that the complete GPI-moiety was lost from this protein. This
is in contrast to the above described results which indicate that only part of the GPI-
moiety 1s lost before cell wall incorporation. It is possible that more cell wall proteins
are initially processed by PI-PLC. Western analysis of cell wall extracts with an anti
CRD antiserum, which recognizes PI-PLC-cleaved proteins, has revealed the exist-
ence of low amounts of several PI-PLC processed proteins (Brul er al., 1997).
However, Western analysis of transformants expressing one of the described fusion
proteins, consisting of ¢-galactosidase and the carboxyl terminal part of Cwplp,
Cwp2p, Tiplp, Tirlp, Sedlp, Flolp or YCRE89w did not result in the detection of the
expressed fusion protein with an anti CRD antiserum in the corresponding cell wall
fraction (.M. Van der Vaart, unpublished observations). These results suggest that
these cell wall proteins are not initially processed by PI-PLC. Alternatively, it is also
possible that the concentrations of these intermediate fusion proteins were below the
detection level of the Western analysis. According to these results, two mechanisms
for cell wall protein anchorage seem {0 exist: one mechanism by which the complete
GPI-moiety is lost from the incorporated cell wall protein and one by which anly part
of the GPI-moiety is lost. The mechanism of cell wall protein anchoring by means of
the attachment of a B-1,6-glucan chain to the remnants of the GPl-anchor will be
discussed in more detail (Figure 5).

In analogy with Geelp, the identified cell wall proteins could be transferred from
the plasma membrane form to the cell wall form by means of two processing steps, but
it is also possible that these proteins are only processed once. As described above, it is
unlikely that, if two processing steps exist, the initial processing step is performed by
PI-PLC. The involvement of a phospholipase D in this initial step is also not likely as
cell wall incorporation of Cwp2p was not impaired in the presence of 1,10-0-
phenantroline, a PLD inhibitor. Perhaps a yet unidentified phospholipase is present
extracelluarly and mediates this initial processing step. After this potential first
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Figure5. Potential cell wali anchoring mechanism for cell wall proteins inSaccharomyces cerevisiae. In
this model the plasma membrane bound form of a cell wall protein is first cleaved by a phospholipase (1,
optional) and secondly by a mannanase (2). The resulting terminal manaose residue of the GPT-moiety will
subsequently act as an acceptor of the B-1,6-glucan chain (3), which will be bound to the cell wall glucan
tayer (4). Step 2 and 3 might be carried out by the same transglycosydase.

processing step, the remnant of the GPI-moiety has to be cleaved in such a way that
glucosamine is lost from this structure, but the ethanolamine is still present. A
cleavage between one of the mannose residues of the GPI-glycan core by a specific
endo-mannanase seems most likely. The two identified mannosidases in Saccharony-
ces cerevisiae are probably not involved in this processing step. The first, Mnsip, is
a o-1,2-mannosidase which is localized in the ER (Burke et al., 1996) and is involved
in N-glycosylation (Camirand ef al.,, 1991). The second, Amslp, is located in the
vacuole (Yoshihisa and Anraku, 1989). After the cleavage of the glycan core of the
GPFI anchor, the resulting terminal mannose residue would then be available as a
substrate for the B-1,6-glucan chain addition by a transglycosylation reaction as
proposed by De Nobel and Lipke (1994). Both, the cleavage of the glycan core and the
attachment of the3- 1,6-glucan chain might be carried out by the same transglycosylase,
Subsequently, this B-1,6-glucan chain is probably linked to a3-1,3-glucan polymer in
the cell wall.

Immobilization of proteins ox the cell surface of Saccharomyces cerevisiae

Enzymic conversions are very important for the production of chemicals, detergents,
personal care and food preducts. Such conversions based on free enzymes are
expensive as much of the enzyme will be lost in the process, or eXpensive equipment,
like ultramembrane systems or chemically immobilized enzymes, are required to
entrap the enzyme. Enzymes immobilized on the surface of yeast cells provide a way
to develop a new generation of enzyme reactors. Such an enzymic catalyst can be
simply removed from the reaction medium by filtration or cemrifugation and, if
necessary, regencrated easily.
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Proteins can be immobilized on the cell surface of yeast cells by the expression of
a fusion of the protein with the carboxyl terminal part of a cell wall protein. This was
first tested with a construct consisting of the invertase signal sequence, the coding
sequence of the «-galactosidase enzyme and the DNA sequence encoding the 320
carboxyl terminal amino acids of the cell wall protein a-agglutinin (Schreuder er al.,
1993). Immuno-fluorescence of cells expressing this fusion construct showed that the
fusion protein was localized on the cell surface and extractions of isolated cell walls
showed that it was covalently linked to the cell wall.

Many applications can be thought of in which immobilized enzymes are of interest.
For example, the use of immobilized lipases for the quality upgrade of natural raw
materials used in food processes. Lipase fromHumicola lanuginesa and cutinase from
Fusarium solani sp. pisi, are two of those lipases. Both were immobilized by the
anchoring domain ofce-agglutinin and proved to be immunologicaily detectable on the
surface of intact cells. However, the immobilized lipase from Humicola lanuginosa
displayed a very low enzymatic activity towards the smail substrate p-nitro-phenyi
butyrate and no enzymatic activity activity towards an emulsion of olive oil. The
immobilized cutinase from Fusariwm solani sp. pisi displayed a good enzymatic
activity towards the small p-nitro-pheny! butyrate substrate but, like the immobilized
lipase from Himicola lanuginosa, no enzymatic activity activity towards an emulsion
of olive oil. The lack of enzymatic activity of the immobilized lipase from Humicola
lanuginosa is probably caused by hinderance of the lipid-binding ability by the C-
terminal extension and the lack of activity of cutinase from Fusarium solani sp. pisi
towards the large olive ofl substrate can be explained by the low specific activity of
cutinase on this substrate (Schreuder et al., 1996).

Recently, Murai et af {1997} improved the metabolic ability of yeast cells by the
immobilization of glucoamylase on their cell surfaces. o-Agglutinin was used as a cell
wall anchoring domain and the correct localization of the fusion protein was con-
firmed by cell fractionation, immunofluorescence microscopy and immuno electron
microscopy. The observation that a transformant expressing the glucoamylase-ot-
agglutinin fusion protein was capable of growing on media with starch as the sole
carbon source shows that the immobilized glucoamylase was active.

Interesting applications in the field of purification and detection of chemical and
biclogical compounds are possible if proteins with specific binding properties are
immobilized on the yeast cell surface. In this respect, the immobilization of variable
domains of Camelidae antibodies by means of the C-terminal part of o-agglutinin
has been reported (Schreuder et al., 1996). These immobilized antibody fragments
were delectable by immunofluorescence and were tightly linked to the cell wall
glucan.

Another potential type of application tested is the creation of a live oral vaccine by
the cell surface immobilization of parts of a Hepatitis B virus surface protein. Again,
the carboxyl terminal half of o-agglutinin was used as a cell wall anchoring domain,
and expression of this fusion protein resulted in the detection of the immobilized
antigen at the cell surface by immuno-fluorescence (Schreuder, 1994). Bowever, a
specific immune response against the imnmobilized antigen in mice was very low. This
could be the result of a low amount of immobilized molecules in the yeast cell wall or
of the lack of extracellular exposure of these molecules. Pethaps the use of the
anchoring domain of c-agglutinin results in immobilized proteins which are embed-
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ded in the glycoprotein outer-layer, only accessible to smalfler substrates which are
capable of penetrating the ceil wall.

The accessibility of ai-galactosidase, immobilized by several anchorin g domains, to
the large guar-gum substrate from Cyamopsis tetragonoloba has been described {(Van
der Vaart ef al., 1997a). The o-galactosidase enzyme is capable of removing the side
chain (1-6)-o-linked D-galactosyl residue from the {1-43-B-» mannan backbone
(Meier and Reid, 1982) which is an important conversion in food industry. The o-
galactosidase enzyme, immobilized by a-agglutinin, was capable of hydrolysing
guar-gum, but the efficiency was relatively low. Immobilization of this enzyme with
the carboxy! terminal 67 amino acids of Cwp2p resulted in a much higher efficiency
towards guar gum, but the efficiency of guar-gum hydrolysis of the free a-galactosi-
dase enzyme was always higher. It is possible that a fraction of the immobilized
o~galactosidase is not exposed on the outside of the cell wall, but located at the inner
part of the protein layer. The enzyme activity of this fraction of the fusion protein is
presumably not available for the large guar-gum substrate.

Although the anchoring-part of Cwp2p is only 67 amino acids long (including the
GPl-attachment signal), the o-galactosidase immobilized with this anchor is best
accessible to the large substrate guar-gum. A spacer region between the anchoring part
and the enzyme does therefore not seem necessary to make the enzyme extracellularly
available. An alternative explanation might therefore be that the small u-Gal-Cwp2p
fusion protein is capable of penetrating the glucan layer of the cell wall more easily,
whereas the larger fusion proteins may be entrapped in the internal part of the ghucan
layer.
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