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ABSTRACT. 

A large-scale procedure was used to screen for deletions 

affecting growth of Saccharomyces cerevisiae when combined to ALG6, 

ALG8, ALG10, CWH41, ROT2 or CNE1 deletions. 40 genes, grouped in 8 

functional categories, were found to interact with the 6 query genes. The 

resulting network of 61 synthetic interactions was composed of 3 

subnetworks, the N-glucosyltransferase (ALG6, ALG8, ALG10), the 

glucosidase (CWH41, ROT2) and CNE1 interaction sets, respectively. 

Deletion in 34 interacting genes conferred calcofluor white hypersensitivity, 

strengthening the relationship between N-glycan glucosylation/processing 

and cell wall physiology. In addition, a genetic interaction was found 

between ALG6 and SEC53, the yeast homologues of human ALG6 and 

PMM2 genes involved in congenital disorders of glycosylation. The 

alg6sec53 double mutant shows a synthetic growth defect and a CPY 

underglycosylation. Since this synthetic interaction is conserved from 

yeast to mammals, this work proposes the use of SGA analysis as a tool 

to uncover digenic effects that may underlie complex human genetic 

disorders. 



RÉSUMÉ 

Grâce à une technique à grande échelle, le criblage des 

délétions qui affectent la croissance de la levure Saccharomyces 

cerevisiae lorsqu'elles sont combinées à une délétion de ALG6, ALGB, 

ALG10, CWH41, ROT2 ou CNE1 a été effectué. Au total, 40 gènes, 

regroupés en 8 catégories fonctionnelles, ont montré une interaction avec 

l'un des 6 gènes de départ. Un réseau de 61 interactions synthétiques a 

été obtenu. Il est subdivisé en 3 sous-réseaux composés des interactions 

avec les N-glucosyltrensferases (ALG6, ALGB, ALG10), les glucosidases 

(CWH41, ROT2), et CNE1. Le fait que la délétion de 34 gènes du réseau 

confère une hypersensibilité au calcofluor white, renforce le lien établi 

entre la glucosylation/maturation des chaînes de N-glycosylations et la 

synthèse de la paroi cellulaire. De plus, une interaction a été trouvée entre 

ALG6 et SEC53, les homologues de levure des gènes humains ALG6 et 

PMM2, impliqués dans des désordres de glycosylation congénitaux. Le 

double mutant alg6sec53 montre une croissance réduite ainsi qu'une 

hypoglycosylation de CPY. Puisque cette interaction est conservée de la 

levure jusqu'à l'homme, la méthode utilisée ici pourrait s'avérer un outil 

précieux pour l'étude des effets digénique à la base de maladies 

humaines génétiques et complexes. 

Translated by Guillaume Lesage. 
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IV 

PREFACE 

This thesis is presented in accordance with the regulation of the 

Faculty of Graduate Studies and Research as weil as the Department of 

Siology of McGili University. It includes an abstract and résumé, an 

introduction, material and methods section, results section and discussion. 

ln this thesis, 1 present a contribution to the knowledge, namely the 

analysis of N-glycan glucosylation using a synthetic lethal approach. 

Ali work presented in this thesis was conducted by myself, except 

for the automated SGA screens which were conducted by myself, Anne­

Marie Sdicu, Shamiza Hussein and Patrice Ménard. This work is part of a 

collaborative effort involving the Howard Sussey and Charlie Soone 

laboratories (University of Toronto). The data presented here are also 

used to form part of a separate article (Tong et al. 2003). 
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1. INTRODUCTION 

N-glycosylation is the process by which oligosaccharide chains are co­

transitionally transferred to suitable protein asparagine residues in the lumen of 

the endoplasmic reticulum (ER). The ordered assembly and the processing of the 

oligosaccharide chains in the endoplasmic reticulum has been remarkably 

conserved from yeast to mammals. This process was first described using 

experiments performed with mammalian cells (Kornfeld and Kornfeld 1985, 

Hirschberg and Snider 1987, Verbert et al. 1987, Cummings et al. 1992, 

Hemming 1995). Subsequent work on the yeast Saccharomyces cerevisiae 

revealed that the basic components of the N-glycosylation pathway are 

conserved among eukaryotes (Kukuruzinska and Bergh 1987, Tanner and Lehle 

1987, Abeijon and Hirschberg 1992, Herscovics and Orlean 1993, reviewed by 

Burda and Aebi 1999). 

The pathway of N-linked protein glycosylation can be divided into two parts: first, 

the lipid-linked oligosaccharide precursor is assembled at the cytoplasmic side of 

the ER membrane then translocated to the luminal side of the ER membrane for 

further maturation. Second, the oligosaccharide moiety is transferred en bloc to 

asparagine residues of proteins and then processed by ER enzymes (Fig.1). 



1.1 Assembly of the Iipid-linked oligosaccharide at the ER membrane of 

the yeast Saccharomyces cerevisiae. 

1.1 .1. Cytoplasmic side of ER. 

2 

A series of reactions catalyzed at the cytoplasmic side of the ER lead to 

synthesis of a dolichol linked GlcNAc2Man5-precursor (Fig.1). Dolichyl 

pyrophosphate (Dol-PP) acts as the carrier in the synthesis of the core 

oligosaccharide. UDP-N-acetylglucosamine (UDP-GlcNAc) and GDP-mannose 

(GDP-Man) serve as sugar donors for the synthesis of the Dol-PP anchored 

GlcNAc2Man50ligosaccharide. The first step is the addition of a GlcNAc residue 

from UDP-GlcNAc to Dol-PP. This is catalyzed by the UDP-N-acetyl­

glucosamine-1-P transferase encoded by the essential gene ALG7 (Rine et al. 

1983, Winzeler et al. 1999). The enzyme catalyzing the addition of the second 

GlcNAc residue to generate Dol-PP-GlcNAc2 is still uncharacterized. Then a first 

mannose is added onto Dol-PP-GlcNAc2 by the ~-1,4- mannosyltransferase 

encoded by the essential gene ALG1 (Albright and Robbins 1990). The enzyme 

which adds the second mannose residue is unknown. Mutation in the ALG2 gene 

causes an accumulation of Dol-PP-GlcNAc2Man2 suggesting that AIg2p is the 

mannosyltransferase adding the third u-1,6-linked mannose (Jackson et al. 

1993). 
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Figure1: N-linked glycosylation in S. cerevisiae. Biosynthesis of the lipid-linked 
precursor oligosaccharide, its transfer to protein and processing. Adapted from Orlean 
(1997), Dean (1999) and Aebi and Hennet (2001). 
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Addition of a fourth a, 1 ,2-linked mannose residue is catalyzed by a yet unknown 

enzyme. AIg11 p, the a,-1,2-mannosyltransferase responsible for adding the fifth 

mannose residue has 23% identity to AIg2p (Cipollo et al. 2001). Even though 

deletion in ALG11 shows a growth defect, alg11 L1 mutants are viable at room 

temperature. The viability of strains lacking AIg11 p indicates that Doi-PP­

GlcNAc2Man4 and not Dol-PP-GlcNAc2Man5 represents the minimal structure for 

survival of yeast strains. The alg11 L1 mutant is able to translocate Doi-PP­

GlcNAc2Man3 and Dol-PP-GlcNAc2Man4 structures into the ER lumen to be 

further elaborated and transferred onto proteins (Cipollo et al. 2001). 

1.1.2. Lumenal side of the ER. 

Translocation of the Dol-PP-GlcNAc2Man5 precursor from the cytoplasmic 

side of the endoplasmic reticulum membrane to the lumen for further elongation 

has been proposed to be catalyzed by the flippase Rft1 p (Helenius et al. 2002). 

Completion of the lipid-linked core oligosaccharide synthesis requires four 

mannosyltransferases and three glucosyltransferases. The mannasyltransferases 

AIg3p (Huffaker and Rabbins 1983, Aebi et al. 1996), AIg9p (Burda et al. 1996) 

and Aig 12p (Burda et al.1999) act successively to generate Doi-PP­

GlcNAc2Mang.This aligosaccharide is then specifically glucosylated by three 

glucasyltransferases: AIg6p (Reiss et al. 1996) and AIg8p (Stagljar et al. 1994), 

bath u-1,3-glucasyltransferase and AIg10p (Burda and Aebi 1998) an u-1,2-
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glucosyltransferase. The structure of the fully assembled oligosaccharide is 001-

PP-GlcNAc2MangGlc3 (Fig.1). 

1.2.Transfer of the oligosaccharidic chain to nascent polypeptide chains 

and its processing. 

1.2.1. Transfer to nascent polypeptide chains. 

The fully assembled oligosaccharide is subsequently transferred by the 

oligosaccharyl-transferase complex (OST) to selected asparagine residues of 

nascent polypeptide chains during their translocation across the ER membrane 

(Knauer and Lehle 1999). The OST complex consists of at least nine ER 

membrane proteins: Wbp1 p, Swp1 p, Ost1 p, Ost2p and Stt3p which are essential 

for viability and Ost3p, Ost4p, Ost5p, Ost6p which are required for optimal 

oligosaccharide transfer in vitro and in vivo (Knauer and Lehle 1999). The 

specific role of the individual subunits has yet to be determined. 

The recognition signal for N-glycosylation is the tripeptide sequon Asn-X-SerlThr, 

where X can be any amino acid except proline. Not ail potential Asn-X-Ser/Thr 

sequons in a protein become N-glycosylated in vivo. Proximal amine acid 

residues and local peptide conformation are proposed to be factors that influence 

the substrate preference of OST (Bause and Lehle 1979, Reddy et al. 1988). 

Even though shorter oligosaccharides including Ool-PP-GlcNAc2Man2 can serve 

as substrates for the OST complex, the fully assembled Ool-PP-
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GlcNAc2MangGlc3 precursor is the preferred oligosaccharide substrate for the 

OST complex (Sharma et al. 1981). 

Mutations in the late ALG genes do not result in obvious growth defects, but lead 

to protein underglycosylation due to decreased affinity of the OST towards 

truncated oligosaccharides. The incomplete oligosaccharides are still transferred 

to protein, but with reduced efficiency (Huffaker et al. 1983). 

It is unclear how the fully assembled donor is preferentially transferred. In a 

recent study using proteoliposome, Karaoglu et al. (2001) provided evidence for 

two oligosaccharide binding sites in the OST complex. A model was proposed in 

which optimal binding is achieved through allosteric communication between two 

binding sites and high affinity towards Dol-PP-GlcNAc2MangGlc3. For example 

the enzyme will display a 10-fold preference for the fully assembled Doi-PP­

GlcNAc2MangGlc3 relative to an assembly intermediate, Dol-PP-GlcNAc2Mang. 

This would ensure that the majority of proteins will receive a fully assembled 

oligosaccharide. 

1.2.2. Processing of oligosaccharide by glycosidases in the lumen of ER 

Processing of the N-linked oligosaccharide begins immediately following the 

transfer of the GlcNAc2MangGlc3 oligosaccharide precursor from its dolichol­

bound form to nascent proteins. The terminal cx, 1 ,2-linked glucose is first 

removed by cx,-glucosidase 1 (GI, Cwh41p/Gls1p) (Romero et al. 1997, Simons et 

al. 1998) and then the two cx,-1,3-linked glucose residues are cleaved by cx,-
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glucosidase Il (GII, Rot2p) (Trombetta et al. 1996). In mammalian cells, removal 

of the first ex 1,3 glucose residue by Rot2p creates a transient monoglucosylated 

oligosaccharide which appears to provide a recognition signal for lectin-Iike 

chaperones (calnexin and calreticulin) and improves the efficiency of protein 

folding (reviewed in Helenius et al. 1997, Ellgaard and Helenius 2001). Jakob et 

al.(1998b), proposed the existence of a related system in S. cerevisiae. ex­

glucosidases play an additional role in maintaining a normal level of ~1 ,6-glucan 

of yeast cell wall, however this role is poorly understood (Abeijon and Chen 

1998). The middle branch ex-1,2-mannose residue is removed by ex-1,2-

mannosidase 1 (Mns1 p) creating N-glycoproteins with GlcNAc2Mana 

oligosaccharides (Camirand et al. 1991). 

Trimming of the glucose residues is identical in Saccharomyces cerevisiae and in 

mammalian cells, but the number of mannose residues that are subsequently 

cleaved differs from one organism to another. Mannose removal is not required 

for outer chain synthesis and mns1.,1 mutants lack obvious growth defects, but 

Knop et al. (1996) observed reduced degradation of misfolded carboxypeptidase 

y in mns1.,1 cells. Slow mannose removal by Mns1p has been proposed to serve 

as a signal in the ER associated degradation (ERAD) pathway for misfolded 

glycoproteins (Helenius and Aebi 2001). Jakob et al. (2001) and Nakatsukasa et 

al. (2001) reported the identification of a mannosidase-Iike protein, Mnl1p/Htm1p 

required for efficient degradation of misfolded N-glycoproteins. They proposed 

that this protein may function as a lectin recognizing and retaining malfolded 

proteins with GlcNAc2Mana oligosaccharides in the ER. 
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Following processing of their oligosaccharide residues, glycoproteins are further 

modified in the Golgi. 

1.3. ER quality control 

ln both mammalian and yeast cells, proteins entering the secretory 

pathway acquire their proper tertiary and in some cases quaternary structures in 

the ER. Proteins that fail to fold properly are not transported to the Golgi. They 

are first retained in the ER and eventually transported to the cytosol where they 

are degraded by the proteasome in a process called Endoplasmic Reticulum 

Associated Degradation or ERAD (Hiller et al. 1996, McCracken and Brodsky 

1996, Werner et al. 1996). 

ln mammalian cells, glycoproteins exhibiting GlcNAc2MangGlc1 are substrates for 

an ER chaperone system called the calnexin-calreticulin cycle or ER quality 

control (Helenius et al. 1997, Zapun et al. 1999, Parodi 2000). Calnexin and 

calreticulin are related membrane and soluble ER lectins respectively, that bind 

transiently to newly synthesized glycoproteins (Ou et al. 1993, Parodi 2000). 

Interaction with calnexin and calreticulin exposes the folding glycoprotein to the 

associated co-chaperone, Erp57, a thiol oxidoreductase of the protein disulfide 

isomerase (POl) family (Olivier et al. 1997). The opposing actions of two soluble 

ER enzymes, GII and UDP-Glc: glycoprotein glycosyltransferase (GT), regulate 

the association and dissociation of glycoproteins with complexes of ER lectins 

(Helenius et al. 1997, Olivier et al. 1997, Zapun et al. 1999). While GII rem oves a 

glucose residue from GlcNAc2MangGlc1 oligosaccharide, GT reglucosylates 
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glucose-free GlcNAc2Man9 oligosaccharides (Trombetta et al. 1996). Substrate 

recognition by GT is thought to be based on general biophysical properties of the 

protein shared by incompletely folded proteins. These include mobile loops and 

lack of compactness (Sousa et al. 1992, Cannon and Helenius 1999, Parodi 

2000). 

Overall ER quality control of glycoprotein requires three basic components: GII, 

GT and calnexin/calreticulin. These enzymes cooperate together to increase the 

folding efficiency and prevent the export of misfolded glycoproteins from the ER. 

The situation in S. cerevisiae, however, may differ from that in other organisms. 

First, the disruption of GII gene in S.cerevisiae does not lead to accumulation of 

misfolded glycoproteins in ER. Second, the yeast S.cerevisiae is the only 

organism known so far that appears to be devoid of GT activity. Though the 

KRE5 gene product shows a limited but significant degree of similarity with GT 

sequences from other organisms (Fernandez et al. 1994, Parker et al. 1995, 

Fernandez et al. 1996, Jakob et al. 1998a,Tessier et al. 2000), it seems to be 

devoid of classical GT activity (Levinson et al. 2002). Third, S. cerevisiae Cne1 p 

(calnexin homolog) shows only 23% similarity to mammalian counterpart, lacks 

any Ca2
+ -binding motifs, has no cytoplasmic tail, and is not essential for viability 

though it is essential in S. pombe (Jannatipour and Rokeach 1995, Parlati et al. 

1995). 
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1.4. Genes involved in oligosaccharide precursor glucosylation: late ALG 

genes. 

• ALG6 (YOR002W, chromosome XV): 

ALG6 (Asparagine-Linked Glycosylation 6) encodes a 544 aa (63 KDa) ER 

transmembrane protein (with 12 predicted transmembrane domains) that is 

required for glucosylation in the N-linked glycosylation pathway (Runge et al. 

1984, Aebi et al. 1996). AIg6 P adds the first a-1,3 glucose residue on the lipid­

linked oligosaccharide. AIg6p preferentially glucosylates the completely 

mannosylated oligosaccharide even though Dol-PP-GlcNAc2Man7 is also a 

substrate. Mutations in this locus do not affect growth. However, the null alg6 

mutant accumulates Dol-PP-GlcNAc2Man9 (Huffacker and Robbins 1983), shows 

a number of cell wall phenotypes such as resistance to K1 killer toxin and 

hypersensitivity to calcofluor white and SDS (Pagé et al. 2003). 

• ALG8 (YOR067C, chromosome XV): 

ALG8 encodes a 577 aa (67 KDa) transmembrane ER protein which catalyzes 

the addition of the second a -1,3 glucose residue on the lipid-linked 

oligosaccharide residue. AIg8p has 12 predicted transmembrane domains and 

27% identity to Alg6p. This is not unexpected since both proteins encode putative 

glucosyltransferases that catalyze the addition of an a-1,3 glucose from Dol-P-

Glc to the Iipid-linked oligosaccharide. Nevertheless, the two activities are highly 

specific because overexpression of AIg6p does not suppress the 
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hypoglycosylation phenotype in an algB mutant. An algB mutant accumulates 

Dol-PP-GlcNAc2MangGlc1 (Runge and Robbins 1986, Staglajar et al. 1994), 

displays cell wall phenotypes such as resistance to K1 killer toxin and 

hypersensitivity to calcofluor white and SOS (Pagé et al. 2003). 

• ALG10 (YGR227W, chromosome VII): 

ALG10 (DIE2) encodes a 525aa (62 kDa) transmembrane protein (with 9 

predicted transmembrane domains) which catalyzes the addition of the terminal 

a-1,2 glucose yielding the fully assembled core oligosaccharide (Burda and Aebi 

1998). The enzymatic activity of Aig 1 Op has been established and stringent 

acceptor substrate specificity was observed. Dol-PP-GlcNAc2MangGlc1 is not a 

substrate for the Aig 1 Op either in vivo or in vitro. 

The alg10 null mutants show reduced N-linked glycosylation. This observation 

demonstrates the importance of the terminal a-1,2-linked glucose as a key 

element in oligosaccharide recognition by the OST complex. Overexpression of 

ALG10 enhances expression of ITR1, the inositol-transport system 1 (Nikawa and 

Hosaka 1995) and IN01 encoding inositol-1-P-synthase (Dean-Johnson and 

Henry 1989). The regulatory effect of AIg1 Op on IN01 and ITR1 expression has 

not been analyzed in detail. 

The stepwise, highly ordered assembly of the lipid-linked oligosaccharide 

culminating in the addition of the a-1,2-linked glucose residue ensures that it is 

almost exclusively the fully assembled oligosaccharide which is transferred to 
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protein. Individual sugar residues of the protein-bound core oligosaccharide fulfill 

specific functions in the processing of glycoproteins in the endoplasmic reticulum 

(Helenius et al. 1997). 

The importance of the ER glucosyltransferases is revealed in this work describing 

genetic interactions and phenotypes of mutants. 

1.5. Genes encoding for ER glucosidases and calnexin. 

• CWH41/GLSI (YGL027C, chromosome VII): 

CWH41 gene was cloned by functional complementation and shown to encode 

an ER type Il transmembrane protein of 833aa (96 kDa) that cleaves the terminal 

alpha 1,2-linked glucose residue (Romero et al. 1997). The cwh41 mutant was 

isolated as part of a screen for çalcofluor white hypersensitivity (Ram et al. 1994). 

This mutant is partially resistant to K1 killer toxin and shows a 50% reduction in 

cell wall B-1 ,6-glucan content (Jiang et al.1996). The cwh41 mutant exhibits wild 

type growth, sporulation and mating efficiency. The cwh41 mutation is 

synthetically lethal in combination with big 1 , kre 1, kre5 and kre6 null mutants 

(Jiang et al. 1996, Azuma et al. 2002). 

The yeast a-glucosidase 1 is inhibited by 1-deoxynojirimicin and its derivatives, 

by kojibiose and by Tris (Herscovics et al. 1982, Bause et al. 1986, Herscovics et 

al. 1998). Unlike its mammalian counterpart, a-glucosidase 1 from S. cerevisiae 

is not inhibited by removal of mannose residues from the a-1,6-branch 0 f 

GlcNAc2MangGlc3 (Herscovics et al. 1982). 



13 

• ROT2/GLSII (YBR229C, chromosome 2): 

The yeast a-glucosidase Il gene (ROT2) was identified by similarity with its 

mammalian counterpart (Helenius et al. 1996). The yeast gene encodes a 

hydrophilic protein of 954aa (110 KDa) with a putative signal sequence, no 

apparent transmembrane domain or known ER retention/retrieval signal. The 

enzyme removes two a-1,3-linked glucose residues from GlcNAc2MangGlc2 

oligosaccharide structure (Herscovics 1999) and may play a role in glycoprotein 

quality control (Jakob et al. 1998a). Oisruption of ROT2 does not affect growth or 

viability but causes a decrease in cell wall ~-1 ,6-glucan levels similar to that 

observed in the cwh41 mutant. In contrast to the cwh41 mutant, however, levels 

of ~-1 ,3-glucan are increased « 25%) in rot2 null mutant (Helenius et al. 1998, 

Shahinian et al. 1998, Pagé et al. 2003). The null mutation confers resistance to 

K1 killer toxin, hypersensitivity to calcofluor white, hygromycin B, and SOS (Pagé 

et al. 2003), increased level and altered distribution of chitin (Bickle et al. 1998). 

Lack of a-glucosidase activity in mutants or in cells treated with a-glucosidase 

inhibitors (castanospermine, 1-deoxynojirimycin) interferes with folding, secretion 

and proper localization of some, but not necessarily ail, glycoproteins. The lack of 

glucose trimming can have important biological consequences. 

• CNE1 (YAL058W, chromosome1): 

Saccharomyces cerevisiae CNE1 encodes a 502aa (57KOa) endoplasmic 

reticulum (ER) membrane protein with sequence similarity to calnexin and 

calreticulin and functions as a constituent of the ER quality control apparatus 
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(Parlati et al. 1995). The cne1 null mutant has a 30% reduction of ~-1,6-glucan 

levels into the cell wall (Shahinian et al. 1998), displays resistance to K1 killer 

toxin, and hypersensitivity to calcofluor white, hygromycin B, and SDS (Pagé et 

al. 2003). Disruption of this gene affects the quality control of misfolded 

glycoproteins such as the heterologously expressed hen egg white lysozyme 

(McCracken and Brodsky 1996, Song et al. 2001). 

1.6 Synthetic lethality. 

Two genes show a "synthetic lethal" interaction if the combination of two 

mutations, neither by itself lethal, causes cell death. Synthetic lethality defines a 

relationship where the presence of one gene allows the organism to tolerate 

genetic variation in another gene that would be lethal in the absence of the first 

gene (Hartman et al. 2001). With the high buffering capacity of the yeast 

Saccharomyces cerevisiae, synthetic lethality uncovers redundant and related 

functions through genetic interactions. 

Synthetic lethal relationships may occur between genes acting at the same step 

of a certain biochemical pathway, at different steps of the sa me pathway (both 

intrinsic buffering), or even in completely different pathways (extrinsic buffering). 

Synthetic lethal interactions may be tedious to demonstrate (Hartman et al. 

2001). The use of Synthetic Genetic Array (SGA), a collection of 4700 null viable 

mutants, to create double mutants is an important advancement. Work presented 

here focuses on the identification of synthetic interactions with N-glycan 
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glucosylation and processing genes using the SGA analysis (Tong et al. 2001) to 

systematically construct double mutants with the following query genes: ALG6, 

ALGB, ALG10, CWH41, ROT2 and CNE1. 

1.7 Phenotype of N-glucosylation mutants (congenital disorder of 

glycosylation): case of human ALG6 and PMM2 genes. 

ln humans, mutant alleles of genes involved in N-glycan biosynthesis are 

linked to congenital disorders of glycosylation (COG), a group of autosomal 

recessive metabolic disorders (Aebi and Hennet 2001, Freeze 2001, Jaeken and 

Matthijs 2001). Most of the consequences of COG are thought to result from 

hypog Iycosylation. 

COGI disorders affect the biosynthesis of the dolichol-linked precursor 

oligosaccharide and its transfer to proteins. COGlc is caused by mutations in 

hALG6. Psychomotor retardation is the main clinical symptom of COlc disorder. 

Muscular hypotonia is a common symptom and nearly ail patients have recurrent 

seizures (Grunewald et al. 2000). Seven mutations in hALG6 gene are currently 

known to cause COG-Ic (Imbach et al. 1999, Freeze et al. 2000, Imbach et al. 

2000). COGlc patients make normal amounts of lipid-linked oligosaccharide but 

accumulate non-glucosylated precursors. Since the incomplete oligosaccharide is 

a poor substrate for the OST complex, the consequence is low transfer of the 

oligosaccharide to proteins and hypoglycosylation. COGlb results from a 

mutation in MPI1, a gene encoding a phosphomannomutase isomerase. Most of 

the other types of COGI are rare. COGld, COGle, COGlf and COGlg are caused 
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by mutations in hALG3, DPMI, MPDUI and hALG12 respectively (Marquardt and 

Oenecke 2003). The most common type, COGla, is caused by mutations in the 

PMM2 gene, a phosphomannomutase. Some of the symptoms seen in patients 

with COGla are axial hypotonia, p~ychomotor retardation, internai strabismus, 

impaired night vision and retinitis pigmentosa (Marquardt and Oenecke 2003). 

PMM2 gene encodes for the phosphomannomutase which converts mannose-6-

phosphate to mannose-1-phosphate (Matthijs et al. 1997). Mutation in this gene 

decreases the supply of intracellular GOP-Man and limits the am ou nt of lipid­

linked oligosaccharide precursor available for protein glycosylation (Rush et al. 

2000). This limitation leads to unoccupied glycosylation sites and thus to protein 

hypoglycosylation. Recently, it has been shown that a frequent mild mutation in 

the ALG6 gene may exacerbate the clinical seve rit y of patients with COG-Ia 

caused by deficiency in PMM2 activity (Westphal et al. 2002). 

Yeast SEC53 gene has 60% identity to human PMM2 and codes for a 29KOa 

cytoplasmic essential protein (Huffaker and Robbins 1983, Mondesert et al. 

1997). Temperature sensitive mutants of this gene show altered protein 

glycosylation (Mondesert et al. 1997) and secretion (Ruohola and Ferro-Novick 

1997). 

This thesis will analyze the phenotype of the alg6!1sec53-6 double mutant. 
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2. MATERIALS AND METHODS. 

2.1 Strains and culture conditions. 

Yeast strains used in this study are listed in Table 1. Deletant strains were 

from the Saccharomyces Genome Deletion Consortium (Giaver et al. 2002) and 

are available at Research Genetics (http://www.resgen.com/products/ 

YEASTD.php3). Single mutant knockout strains were made by PCR-based gene 

deletion using homologous recombination (Winzeler et al. 1999). Each gene was 

replaced by a dominant selectable kanamycin (G418) resistance marker 

(KanMX4 cassette). Crosses, sporulation of diploids and dissection of tetrads 

were conducted using standard genetic methods (Sherman et al. 1982). Yeast 

were grown on YPD or on SD supplemented with appropriate amine acids. 

Geneticin (G418, Invitrogen, Carlsbad, CA), nourceothricin (NAT, Werner 

Bioagent, Jena, Germany), canavanine (Can, Sigma, Ontario, Canada) calcofluor 

white (Fluorescent Brightner 28, Sigma) were used at 200mglliter, 100mg/liter, 

1 OOmg/liter and 25mg/liter respectively. 
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Table1: Yeast strains. 

Strain Genotype Source 

BY4741 MA Ta his3L11 leu2L10 met15L10 ura3L10 Brachmann et al. 1998 

BY4742 MA Ta his3L11 leu2L10 lys2L10 ura3L10 Brachmann et al. 1998 

YD11778 BY4742 alg6,1 ::kanMX4 Brachmann et al. 1998 

Haploid mutant MATa orf::kanMX4 as BY4741 Winzeler et al. 1999 

SBY1 MATa alg6::NatR mfa1L1:: MFa1-prLEU2 Bussey lab 
Gan1 ,1::MFA 1-prHIS3 his3L1leu2L1lys2L1 met15L1 
ura3L1 

SBY7 
MATacne1::NatR mfa1L1:: MFa1-prLEU2 
Gan1 L1::MFA 1-prHIS3 his3L1leu2L1lys2L1 met15L1 
ura3L1 

SBY9 
MATa cwh41::NatR mfa1L1:: MFa1-prLEU2 
can 1 L1:: MF A 1-prHI S3 his3L1leu2L1lys2L1 met15L1 
ura3L1 

SBY26 MATamnI1::NatR mfa1L1:: MFa1-prLEU2 
can1L1::MFA1-prHIS3 his3L1leu2L1lys2L1 met15,1 
ura3L1 

SBY27 MATamns1::NatR mfa1L1:: MFa1-prLEU2 
can1 L1::MFA 1-prHIS3 his3.1/eu2L1lys2L1 met15L1 
ura3L1 

MATa rot2::NatR mfa1L1:: MFa1-prLEU2 
SBY28 can 1 L1:: MF A 1-prH 1 S3 his3L1leu2L1lys2L1 met15L1 

ura3L1 

SBY34 
MATa ylr057w::NatR mfa1L1:: MFa1-prLEU2 
Gan1 L1::MFA 1-prHIS3 his3L1leu2L1lys2L1 met15,1 
ura3L1 

SBY71 MA Ta alg1 0:: NatR mfa1 L1:: MFa1-prLEU2 
can1.1::MFA 1-prHIS3 his3L1leu2L1lys2L1 met15L1 
ura3L1 

SBY80 MATa alg8:NatR mfa1L1:: MFa1-prLEU2 
Gan 1 L1:: MF A 1-prH IS3 his3L1leu2L1lys2L1 met15L1 
ura3L1 

HMSF331 MA Ta, sec53-6 Novick et al. 1984 
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2.2 Synthetic Genetic Array (SGA) Analysis 

Double mutant combinations were obtained by means of the synthetic genetic 

array (SGA) analysis (Tong et al. 2001, see Fig.2). Briefly, the goal of this 

procedure is to generate haploid double mutants bearing a deletion in a query 

gene (ALG6, ALGB, ALG10, CWH41, ROT2 or CNE1) and a deletion in one of 

the 4700 other non-essential single-gene deletions. In the SGA procedure, the 

query mutation is introduced in a MA Ta haploid starting strain containing both 

nourseothricin-resistance (natR) and MFA 1 pr-HIS3 markers, such that the HIS3 

gene is only expressed in a MA Ta background. The MA Ta queries were 

constructed using homologous recombination by replacing the KanMX4 cassette 

with the natR cassette at the deleted ORF locus, and by replacing the CAN1 

locus with the MFA 1 pr-HIS3 marker. The single mutant query strain is crossed to 

each of the 4700 single mutant strains. The resultant heterozygous double 

mutant diploids are sporulated to obtain haploid double mutants. The haploid 

double mutant progeny is then selected for growth on medium with G418 and 

NAT. Size of haploid double mutant colonies are scored visually as slow growth 

(SG) or no growth (synthetic lethal, SL). If a strain is scored SG or SL in two out 

of three replicate screens, the interaction is kept for further confirmation. 



Figure 2: SGA double selection procedure (Tong et al. 2001) 
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2.3. Confirmation procedure 

To filter out false positive interactions, ail double mutants scored more 

than once as SG or SL in the initial SGA screens are confirmed using the 

"spotting" method and tetrad dissection. 

2.3.1 The "spotting " method 

This method allows comparison of the double mutant growth to growth of 

the single mutants. It requires picking cells directly from the robot-pinned 

sporulation array plates, resuspending them in 200 J-li of liquid SD lacking 

histidine and arginine and supplemented with canavanine (SD-HIS-ARG+Can) in 

96-well plates, and incubating for 48 hours at 30°C. This incubation provides 

enough time for ail strains to grow to saturation in the 200 J-li weil, as weil as to 

be selected for MATa spores only. After 48 hours, ail strains are diluted serially 

and 3J-l1 of undiluted, 1:100, 1:10000 and 1:100000 dilutions is spotted on SD-

HIS-ARG+G418+Can (for array mutant selection), SD-HIS-ARG+NAT +Can (for 

query mutant selection), and SD-HIS-ARG+G418+NAT +Can (for double mutant 

selection). By comparing growth on different selection plates, it is ensured that 

double mutant growth defects are indeed due to synthetic interactions, and not 

simply to the slow growth of the parental single mutant. True interactions are 

scored as either 'SS' (synthetic sick) or SL (Fig.3) while NS was the score for non 

synthetic interactions. This spotting method was used to confirm ail ALG6, ALGB, 
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ALG10, CWH41, ROT2, and CNE1 interactions marked as SG or SL in the initial 

SGA screens. 
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Figure 3: Scoring Procedure for Random Sporulation Spotting 
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2.3.2 Tetrad analysis. 

Spores fram heterazygote diploid double mutants are taken fram sporulation 

plates. A small amount of cells is resuspended in a solution of 200J-l1 H20 + 7 J-li 

zymolyase (2.5 g/Iiter). After a 10-minute incubation, 1 OJ-l 1 of this solution is 

spotted on a dissection plate. Tetrads are picked from the plate and dissected 

using a Singer micramanipulator. For each strain, at least 10 tetrads are 

dissected, and incubated at 30°C for 3 days. The resultant spore colonies are 

then photographed and velvet-replica-plated onto YEPD+G418 and YEPD+NAT 

to assess the genotype of the spore progeny. Double mutant haploids are 

identified by their ability to graw on both YEPD+G418 and YEPD+NAT. Double 

mutant grawth is scored as SS or SL by referring back to the initial photograph. 

2.4. Analysis of CPY glycosylation by immmunoblotting. 

Total cell Iysates were prepared fram log-phase yeast cells grown in YPD at 

27°C. Cells were harvested and broken with glass beads in ice-cold Iysis buffer 

(50mM Tris-HCI pH 7.5, Complete Protease Inhibitor Cocktail [Boehringer 

Mannheim, Germany]). Cell wall material and unbroken cells were removed by 

centrifugation at 4°C (3,000 rpm,1 0 minutes). For analysis of CPY glycosylation, 

EndoglycosydaseHf (New England Biolabs) treated, according to supplier's 

instructions, and untreated whole cells extracts were analyzed by SDS-PAGE 

using 8% polyacrylamide gel then transferred to Hybond-C nitrocellulose 
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membrane (Amersham, Oakville,ON, Canada). Immunoblotting was performed 

using 2/-lg/ml rabbit anti-CPY (Research Diagnostics, Flanders, NJ) as primary 

antibody and a 1: 2000 dilution of horseradish peroxidase-conjugated goat anti­

rabbit secondary antibody (Amersham). Bands were detected using the 

chemiluminescence detection kit (Amersham). 

2.5. Growth phenotype. 

The "spotting" method was used to analyze the growth of yeast cells on YPD at 

27°C. For the growth curve, yeast cells were grown over night at 27°C, diluted to 

an OD600 of 0.1 then incubated at 27°C. Samples were taken at 3, 6, 12, 24, 48 

and 54 hours, and their optical density measured. 

2.6. Calcofluor White Sensitivity. 

Calcofluor white sensitivity was checked by using a modified version of the 

method described by Ram et al. (1994). Strains were grown over night at 30°C in 

10ml YEPD. An OD600 is taken the next day and each strain is diluted to an 

OD600 value of 0.5. 

3 III of the pure or 1: 10, 1: 1 00 and 1: 1 000 dilutions of this suspension is spotted 

on SD plates containing 25 mg/liter calcofluor white and control plates. As a 

control, the wild type BY4741 strain is spotted on each plate. Plates are 
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incubated at 30°C for 48 hours, photographed, th en checked again after 72 

hours. Strains growing more slowly than the wild type are scored as sensitive. 

Figure 4: Example of a calcofluor white sensitive strain 

no drug calcofluor white (25mgl1iter) 

Wild-type 

cwh41/l 
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3. RESULTS. 

3.1 SGA analysis of N-glucosylation related genes. 

With the goal of identifying factors that are functionally related to the N-glycan 

glucosylation and processing enzymes, 1 took advantage of a recently developed 

method to create and analyze yeast double mutants, the SGA analysis (Tong et 

al. 2001). Eight query genes involved in N-glycan glucosylation and processing 

and one gene of unknown function were tested: ALG6, ALG8, ALG10, CWH41, 

ROT2, MNS1, MNL 1, CNE1, YLR057W (has a product with 46% similarity to 

Mns1p). The query mutations were deletion alleles ofthese non-essential genes. 

After crossing mutant strains carrying these query genes to an array of strains 

containing mutations in about 4700 genes, double mutants showing a growth 

defect were identified. These defined candidate genetic backgrounds in which 

the N-glycan glucosylation or processing enzymes are required for growth or 

viability. 

Overall 9 SGA screens made of a total of 42,000 crosses in triplicates (each of 

the 9 mutant query strains was crossed to an array of 4700 mutant strains). 

Primary results from the 9 screens gave 1792 putative interactions. To create a 

high quality data set each SGA screen was done three times then ail the 1792 

hits were confirmed by random spore analysis and/or tetrad dissection. This 

confirmation gave a total of 61 interactions between 6 query genes and 41 array 

genes which define a network of synthetic interactions (Fig.5). Three genes 

(MNS1, MNL 1, and YLR057W) did not show any genetic interactions. ALG6, 
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ALG8, ALG10, CWH41, ROT2 and CNE1 showed 12, 11, 5, 14, 13 and 6 

interactions respectively. 
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Figure 5: Global interaction network for N-glycan glucosylation and processing 

enzymes. Functional categories are identified by different colors. 
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Ali the query genes and their interacting genes were grouped in 8 functional 

categories according to their cellular function (Table 2). 

1. Protein glycosylation (9 genes): 

ln addition to the query genes ALG6, ALG8, ALG10, CWH41, ROT2, 3 other 

genes are assigned to this category. Two of them, OST3 and OST5, are 

components of the oligosaccharyltransferase complex that transfers core 

oligosaccharide from dolichol carrier to Asn-X-Ser/Thr motifs within acceptor 

proteins. OST3 is the gamma subunit while OST5 is the zeta subunit of this 

complex. Mutants of OST3 show significant underglycosylation of soluble and 

membrane-bound glycoproteins in vivo (Karaoglu et al. 1995). The two other 

genes PMT1 and PMT2 are mannosyltransferases. Both PMT1 and PMT2 initiate 

O-glycosylation. PMT1 and PMT2 form a heterodimer which accounts for the 

majority of protein O-glycosylation activity in yeast cells (Gentzsch et al. 1995). 

Mutants in these genes have improperly processed O-mannoproteins, and thus 

have cell wall defects. 

2. Protein trafficking (6 genes): 

Emp24p is a component of COPII-coated vesicles involved in cargo sorting of 

GPI-containing proteins such as Gas1 p (Muniz et al. 2000) from ER to Golgi. 

Gga2p is involved in trafficking of proteins between the trans-Golgi network and 

the vacuole (Zhdankina et al. 2001). Vps5p is a member of the sorting nexin 

family involved in Golgi retention and recycling from the vacuolar/late endosomal 

compartment to the late Golgi apparatus (Nothwerh and Hindes 1997). She4p is 
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required for receptor mediated as weil as membrane lipid endocytosis and 

expression of a number of mother-cell specifie genes. GYP1 encodes a GTPase 

activating protein for Ypt1 p and Sec4p, two proteins involved in vesicular 

transport. Gyp1 p is also involved in protein trafficking to the Golgi (Bonangelino 

et al. 2002). GUP1, a gene involved in active glycerol uptake, is also involved in 

protein trafficking to the vacuole (Bonangelino et al. 2002). 

3. Protein guality control (5 genes): 

One of the query genes, CNE1, falls in this category. The mitochondrial protein 

Ydj1p is involved in protein import into mitochondria and the ER. This chaperone 

is essential for the ubiquitin-dependent degradation of short-lived and abnormal 

proteins (Lee et al. 1996). Scj1 P is a co-chaperone for Kar2p (a heat shock 

protein of the ER lumen) in normal protein folding reactions in the lumen of the 

rough ER (Silberstein et al. 1998). Pre9p is one of the 14 subunits of the core 

complex of the proteasome important for degradation of ubiquitinated proteins. 

PEX1 encodes a peroxisomal biogenesis protein (peroxin), a member of the AAA 

family of ATPases associated with diverse aspects of protein folding. 
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Table 2: Functional categories of genes. 

FUNCTIONAL CATEGORIES 

1. Protein glycosylation 

GENES 

ALG6, ALG8, ALG10, CWH41, OST3, 

OSTS, PMT1, PMT2, ROT2 

2. Protein trafficking EMP24, GGA2, GUP1, GYP1, SHE4, VPSS 

3. Protein quality control CNE1, PEX1, PRE9, SCJ1, YOJ1 

4. Cell wall organization, stress BCK1, CH02, CSF1, GAS1, KRE1, PER1, PTC1, 
response, signal transduction 

5. Mitochondrial genes 

6. RNA polymerase, 
Transcription factor 

7. Unknowns 

8.0thers 

SL T2, SNF4, TPS2 

MOM12, MST1, POB1, PET54, RP041, YGL020C, 

YNR036C 

LEA1, SIN3 

YOR068C, YBR23SW, YOL096C, YGR064W, 

YLR3S8C, YNL 171C 

DIA2 
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Table 3: Overlapping interactions between subnetworks. 

Query genes # of shared interactions with # ofshared #shared 

the N-glucosyltransferase interactions with the interactions 

subnetwork glucosidase with CNE1 

subnetwork 

ALG6 6 3 0 

ALG8 5 5 0 

ALG10 4 1 0 

CWH41 4 6 1 

ROT2 5 6 1 

CNE1 0 1 
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4. Cell wall organization. stress response and signal transduction (10 genes) 

• Cell wall organization: GAS1, BCK1, SL T2, KRE1 and CH02 ail fall in this 

category. GAS1 codes for a ~ -1,3 glucanosyltransferase involved in 

crosslinking of ~-1,3 glucan chains in the cell wall (Popolo et al. 1997, 

Mouyna et al. 2000). Absence of Gas1p leads to increased chitin synthesis 

(Popolo et al. 1997, Ram et al. 1998, Valdivielo et al. 2000). BCK1 and SL T2 

both encode serine/threonine protein kinases: a MAPKK kinase and a MAP 

kinase respectively that act in maintaining cell wall integrity (Ammerer 1994). 

KRE1 is a cell wall protein needed for cell wall ~-1,6 glucan assembly. Ch02p 

is a phosphatidylethanolamine N-methyltransferase. 

• Stress response, signal transduction: P TC 1 encodes a protein 

serine/threonine phosphatase involved in the dephosphorylation of multiple 

MAP kinases including SIt2p (Huang and Symington 1995, Warmka et al. 

2001). Ptc1 p also acts as a down regulator of the HOG pathway. Csf1 p is 

required for normal growth rate and resistance to NaCI and H202. Snf4p is 

involved in the derepression of glucose-repressed genes. It acts with Snf1 p, a 

serine/threonine protein kinase. TPS2 encodes a component of the trehalose-

6-phosphatase synthase/phosphatase complex involved in response to 

osmotic and heat stress (Winderickx et al. 1996, Causton et al. 2001). Per1p 

is a suppressor of cdc1-1 temperature-sensitive growth defect, involved in 

Mn2
+ homeostasis (Paidhungat and Garrett 1998). 
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5. Mitochondrial genes (7genes): 

MOM12 codes for a protein implicated in maintaining mitochondrial DNA (Berger 

and Yaffe 2000). The PET54 gene product is a specifie translational activator for 

mitochondrial COX3 mRNA and a splicing factor for mitochondrial COX1 pre­

mRNA (Costanzo et al. 1986, Valencik et al. 1989). The product of MST1 gene is 

a mitochondrial threonyl-tRNA synthetase. Rp041 p is an RNA polymerase while 

the product of YNR036C open-reading frame is a putative mitochondrial 

ribosomal protein of the small subunit. POB1 encodes the E-1 beta subunit of the 

pyruvate dehydrogenase complex. 

6. RNA polymerase, Transcription factor (2 genes): 

Lea1 p is a component of the U2snRNP complex similar to the human U2A' 

protein. It is involved in the initial steps of pre-mRNA splicing (Caspary and 

Seraphin 1998). SIN3 encodes a component of the histone deacetylase ~ which 

functions in transcriptional regulation of gene expression and silencing (Loewith 

et al. 2001). 

7. Poorly characterized and genes of unknown function (6 ORFs): 

Except for YBR235W which is known to be a member of the cation: chloride 

cotransporter family of membrane transporters (Andre and Scherens 1995), not 

much is known on the other ORFS. VAM10 (YOR068C) encodes for a highly 

hydrophobie protein with one predicted transmembrane segment (Valens et al. 

1997) which interact with the vacuolar iron transporter Fth1 p in a high throughput 
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two hybrid assay (Ito et a/.2001). Null mutation in YOR06BC is sensitive to tert­

but yi hydroxyperoxide (Begley et al. 2002). 

8. Others (1 gene): 

DIA 1 encodes a protein involved in invasive and pseudohyphal growth (Palecek 

et al. 2000). 

To better analyze the importance of shared interactions as compared to specifie 

interactions in the N-glucosylation network, the N-glycan subnetwork was divided 

into 3 subnetwork : the N-glucosyltransferase subnetwork (ALG6, ALGB, ALG10), 

the N-glucosidase subnetwork (CWH41, ROT2) and CNE1 which forms a 

separate subnetwork (Table 3). Overall the number of overlapping interactions 

between a query gene and the other genes in the same subnetwork is higher 

than between a query gene and another subnetwork. As an example, the number 

of overlapping interactions between ALG6 and the N-glucosyltransferase 

subnetwork is 6, while between ALG6 and the glucosidase subnetwork it is 3 

(Table 3). 

3.2 Calcofluor white sensitivity testing. 

A link between the query genes and cell wall has previously been found 

(Shahihian et al 1998, Pagé et al. 2003). To further explore the basis of this 

complex phenotype, the growth of mutants in the interacting genes was also 

assayed under conditions that affect cell wall integrity using a Calcofluor white 
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test. Calcofluor white is a negatively charged fluorescent dye that binds to 

nascent chains of chitin and, to a lesser extent, glucan through hydrogen bonding 

and dipole interactions and, by preventing microfibril assembly, interferes directly 

with the supramolecular organization of the cell wall (Elorza et al. 1983). A 

disturbed or weakened cell wall is not able to withstand a drug concentration that 

does not affect normal wild-type cells. Mutants in ail the 6 query genes and the 

39 interacting genes were tested for calcofluor white sensitivity. A wild type strain 

was added on each plate as a control. 

Mutants in 6 query genes and 28/41 array genes showed a hypersensitive 

phenotype to 25 mg/liter calcofluor white concentration. Mutants in the remaining 

genes showed a wild type sensitivity at 25 mgJ1iter and 50 mgJ1iter. Thus these 

mutants did not show any altered sensitivity to calcofluor white (Fig. 6, Table 4). 
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Figure 6: calcofluor white test. 

Mutant strains were grown at 30 degrees for 48h, in the absence or 

presence of 25mg/liter calcofluor white. 

1. wt 25. wt 49. wt 
2. pdb1i1 26. a/g6i1 50. pmt1i1 
3. rot2i1 27. yor235w 51. dot1i1 
4. pmt2i1 28. yn/171 ci1 52. rpo41i1 
5. ybr235wi1 29. dia2i1 53. ydj1i1 
6 snf11i1 30.ost3i1 54.bck1i1 
7.cne1i1 31. kre1i1 55. van1i1 
8. emp24i1 32. a/g8i1 56. yme1i1 
9.gup1i1 33. yor068ci1 57.nup133i1 
10. sac7i1 34. vps5i1 58. tps2i1 
11. yg/020i1 35.gyp1i1 59. yorOO8c-at1 
12.cwh41i1 36.gas1i1 60. y/r358ci1 
13. spf1i1 37. yn/198ci1 61. ubp3i1 
14.gga2i1 38.she4i1 62. per1i1 
15. s/t2i1 39. s/g1i1 63.ynr020ct1 
16. cho2i1 40. tir4i1 
17. pre9i1 41. mdm2i1 
18. ost5i1 42. sin3i1 
19. csf1i1 43. bem4i1 
20. sic1i1 44. /ea1i1 
21. mnn11i1 45. ptc1i1 
22. ubi4i1 46. pet54i1 
23. vps24i1 47. yd/096ci1 
24. sec22i1 48. snf4i1 
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Table 4: List of genes whose deletion confers calcofluor white 

hypersensitivity. 

ORF GENE interaction with guery gene 
YAL023C PMT2 ALG6 
YAL058W CNE1 
YBR229C ROT2 
YCR044C PER1 ALG8, CWH41, ALG6 
YDLOO6W PTC1 CWH41 
YDL095W PMT1 ALG6 
YDR074W TPS2 ALG8, ALG6 
YFL036W RP041 ALG6, ALG8, ALG10, ROT2 
YGL020C CWH41 
YGL027C CWH41 
YGL084C GUP1 CWH41, ROT2, CNE1 
YGL115W SNF4 CWH41 
YGL200C EMP24 CWH41 
YGL226C-A OST5 ALG6, ALG8, ALG10 
YGR227W ALG10 
YHR030C SLT2 ALG8, ROT2, CWH41 
YHR108W GGA2 ROT2 
YJL095W BCK1 ALG8, CWH41, ROT2 
YLR087C CSF1 ROT2, CWH41, ALG8 
YLR358C ALG8 
YMR307W GAS1 CWH41, ROT2 
YNL 171C CNE1 
YNL322C KRE1 CWH41, ROT2 
YOLOO4W SIN3 ALG6 
YOLOO9C MDM12 ALG6,ALG10 
YOROO2W ALG6 
YOR035C SHE4 ALG8 
YOR067C ALG8 
YOR068C VAM10 ROT2 
YOR069W VPS5 ROT2 
YOR070C GYP1 ROT2 
YOR080W DIA2 ALG8 
YOR085W OST3 ALG6, ALG8, ALG10 
YPL213W LEA1 CWH41 
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3.3 Synthetic interaction between ALG6 and SEC53. 

The results obtained by SGA analysis uncover the cellular functions required 

when N-glucosylation defects are present in S. cerevisiae. In the case of the 

ALG6, ALGB and ALG10 genes, glucosylation is compromised but no growth 

defect is associated with mutants individually deleted for these genes. 

Stagljar et al. (1994) showed that the consequences of ALG6 mutations 

(complete absence of glucosylation) in yeast cells depend on the presence of 

other mutations (e.g. WBP1) in the glycosylation pathway. This effect of an ALG6 

mutant allele on mutations in other genes has been demonstrated in humans 

where research done by Westphal et al. (2002) revealed that the effect of the 

ALG6 mutant allele is only evident when the glycosylation system must perform 

at high efficiency. They showed that a frequent mild mutation that changes a 

phenylalanine to a serine at position 304 in the ALG6 gene may exacerbate the 

clinical seve rit y of patients with COG-Ia caused by PMM2 deficiency. There is a 

significant greater frequency of F304S among the severely affected patients, 

which points to ALG6 as a genetic modifier of the PMM2 mutant phenotype. 

To test whether this synthetic interaction may be conserved in yeast, we asked if 

an analogous interaction may exist between ALG6, the yeast homologue of 

hALG6 and SEC53 (YFL045C),the yeast homologue of PMM2. Since SEC53 is 

an essential gene, a thermosensitive allele, sec53-6 was used. This mutant 

grows normally at a temperature between 20-250C and fails to grow above 30°C. 

By crossing strains Y011778 and HMSF331 (Table1) an heterozygous double 

mutant diploid was obtained. After sporulation and tetrad analysis, 3 double 
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mutant alg6L1sec53-6 strains were isolated (G418 resistant and thermosensitive). 

Growth of the double mutants was compared to that of the wild-type or the two 

parental mutants by a spotting assay. At a temperature where both parental 

mutants and the wild-type strain grew normally (27°C), the double mutant 

alg6L1sec53-6 showed a significant growth defect (Fig.7A). This phenotype was 

confirmed by growth curve analysis using 3 independent growth curve assays at 

27°C. One representative double mutant is shown on Fig.7B. Thus, ALG6 and 

SEC 53 show a synthetic interaction. 



Figure 7: 

A. Spotting assay. 

Cells were pre-grown at 27°C to log-phase, diluted down to an 00600 of 0.5, 

seriai diluted 10-fold three times, 5 J-li was th en spotted on YPO and 

incubated at 27°C for 36 hours. 

B. Growth curve. 

Cells were pre-grown at 27°C to log-phase, diluted to an 00600 of 0.1 th en 

incubated at 27°C. Aliquots were taken at indicated times and 00600 

measured. The doubling time of each strain is shown at the bottom of the 

plot. 
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3.4. Phenotypic analysis of the alg6~ sec53-6 double mutant. 

The alg6 mutant is deficient in glucosylation of lipid-linked core oligosaccharide. 

Deletion of ALG6 gene results in an accumulation of lipid-linked GlcNAc2Man9 

which is a suboptimal substrate for the oligosaccharyltransferase. A sec53 

mutant is defective in protein glycosylation due to reduced levels of GDP­

mannose (Mondesert et al. 1997). The temperature sensitive sec53-6 allele 

accumulates Dol-PP-GlcNAc2Man(1-8) at the restrictive temperature. 

Underglycosylation is observed in both alg6 and sec53 mutants but no growth 

defect is associated with these mutations (at the permissive temperature for the 

sec53 mutant). Combining the two mutations might lead to an enhanced 

underglycosylation of secreted glycoproteins explaining the slow growth 

phenotype of the double mutant strain. 

Carboxypeptidase y (CPY) is a 61 KDa N-glycosylated vacuolar protease. This 

protein is widely used as N-glycosylation reporter and a defect in CPY 

glycosylation has been observed in sec53-6 mutant strains at restrictive 

temperatures (Ferro-Novick et al. 1984) as weil as in alg6 mutants (Stagljar et al. 

1994, Westphal et al. 2002). 

To further explore the phenotype of the alg6L1sec53-6 mutant, CPY glycosylation 

was analyzed by immunoblot and compared to that of the wild-type and the 

single mutants. The cells were also treated with EndoHf , a glycosidase which 

cleaves the oligosaccharide chains of glycoproteins between the two GlcNAc 

residues leaving a monoglycosylated protein. 
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EndoHf treatment leaves ail 4 N-glycosylation sites of CPY attached to one 

GlcNAc residue. As seen in Fig.8, the wild-type strain expresses only the mature 

form of CPY (Iane1). At 27°C, the intermediate temperature, sec53-6 mutant 

produces mainly the mature form and a substential amount of the unglycosylated 

CPY (Iane3). In contrast, the CPY glycosylation pattern is dramatically modified 

in the alg6L1 mutant which shows a lower expression of the mature form of CPY 

compared to the wild type strain. It also expresses CPY glycoforms lacking one 

or two oligosaccharide chains (Iane 5). CPY underglycosylation in the double 

mutant strain alg6L1sec53-6 is more pronounced. The mature CPY form is almost 

absent and the CPY glycoform lacking 2 oligosaccharide chains is mainly 

produced. CPY glycoform lacking 3 oligosaccharide chains as weil as the 

monoglycosylated CPY are also observed (Iane 7). The difference in CPY 

maturation resides only in glycosylation since EndoHf treatment of both the wild­

type, the single mutants as weil as the double mutant leads to the same sized 

band (Iane 2, 4, 6, 8). This work allows me to conclude that the double mutant 

strain has a more severe glycosylation defect than either of the single mutants. 
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Figure 8: Analysis of CPY glycosylation. 

Whole cells extracts from wild-type, sec53-6, alg6L1 and alg6~se53-6 double 

strains were analyzed by SOS-PAGE and Western blot analysis using 

an anti (X-CPY antibody (Iane 1,3,5,7). The extracts were also treated with 

endoglycosidase F (Iane 2, 4, 6, 8) then blotted with anti (X-CPY antibody. 

ln agreement with Stagljar et al. 1994 and Wesphal et al. 2002 : 

m : Mature form of CPY (61 KOa, has 4 oligosaccharide chains). 

-1 : CPY glycoform lacking 1 oligosaccharide chain 

-2 : CPY glycoform lacking 2 oligosaccharide chains. 

-3 : CPY glycoform lacking 3 oligosaccharide chains. 

-4 : CPY glycoform lacking 4 oligosaccharide chains. 

EndoHt treatment leaves a CPY protein with 4 monoglycosyl chains. 

+: EndoHt treatment. 

- : no EndoHt treatment. 
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4. DISCUSSION. 

4.1 Genetic interaction network analysis. 

This work uses a genome wide approach which allowed me to unravel a network 

of interactions with genes involved in N-glycan glucosylation and processing. 1 

identify 12 interactions with ALG6, 11 with ALGB, 5 with ALG10, 14 with CWH41, 

13 with ROT2 and 6 with CNE1 (Fig.5). Considering that overlaps may reflect a 

common requirement for mutants, the global interaction network (Fig.5) can be 

divided in three subnetworks (Table3). In the glucosyltransferase subnework, 

ALG6 shows the highest number of interactions. This indicates that many genes 

are required to allow optimal growth of the alg6 mutant. In contrast, less genes 

are required for optimal growth of alg10 null mutant. 

Deletion of the ALG6, ALGB or ALG10 creates progressively more incompletely 

glucosylated oligosaccharide. Even though glucosylation is not essential for 

yeast cell viability, it is known that a combination of defects in N-glycan 

glucosyltransferase and in OST activity leads to reduced growth (Stagljar et al. 

1994, Zufferey et al. 1995). The present work identified genetic interactions 

between ALG6, ALGB, ALG10 and OST3 and OST5 encoding subunits of the 

OST complex. The absence of glucose residues reduces the efficiency of OST 

activity. This may be caused by an unfavorable conformation of the 

oligosaccharide lacking glucose residues (Alvarado et al.1991) and by an affect 

on the apparent binding affinity for the acceptor substrate (Sharma et al. 1981, 
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Breuer and Bause 1995). RP041 gene encoding a mitochondrial RNA 

polymerase is required for optimal growth in ail 3 alg null mutants. This could be 

an interesting genetic interaction to study. Some mitochondrial functions could 

compensate for the consequences of low glucosylation in yeast cells. This work 

also identified a synthetic interaction between ALG6 and two genes encoding for 

mannosyltransferases (PMT1 and PMT2). This shows that decreased efficiency 

of N-glycosylation, due to N-glucosylation defects, combined with reduced 0-

mannosylation is lethal to the cells. Thus, protein glycosylation (N-glycosylation 

and O-mannosylation) is an essential process. 

Defects in N-glycan glucosylation and processing have an effect on the 

biosynthesis of the S. cerevisiae cell wall (Shahinian et al. 1998). Mutant yeast 

cells defective in this pathway display phenotypes characteristic of cell wall 

defects (Pagé et al. 2003) although the molecular basis for these effects is 

unclear. Results presented here show that effects of mutation in CWH41 and 

ROT2 are compensated for by genes involved in cell wall biosynthesis. This is 

also observed to a lower extend in the case of ALG8. Indeed, genes encoding 

cell wall components (KRE1, GAS1) or regulating cell wall assembly upon stress 

(BCK1, GUP1, SL T2) show an interaction with CWH41and ROT2 or ALG8. The 

link between N-glycosylation and cell wall assembly has been shown by Abeijon 

et al. (1998). They showed that in the cwh41 mutant, Kre6p, a putative Golgi 

glucanase, was unstable. 

Other interesting interactions are identified by the SGA analysis. C WH41 

interacts with SCJ1 encoding an ER co-chaperone. This finding shows the 

importance of the chaperone activity in the case of deficient N-glycan processing. 
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A link between N-glycan processing and membrane lipid synthesis and trafficking 

is uncovered by the interaction between ROT2 and CH02 , VPS5, GGA2 and 

GYP1. 

CNE1 forms a separate subnetwork (Table1). Genetic interaction between CNE1 

and genes implicated in protein folding (YDJ1, PEX1) or in mitochondrial 

physiology (MST1) was found. The interaction between CNE1 and MST1 could 

be explored further in order to gain insight in the requirement of mitochondrial 

functions in mutants with defects in ER genes. 

The calcofluor white test identified that 72.5% of genes belonging to the 

interaction network (6 query genes and 28/41 array genes) lead to calcofluor 

white hypersensitivity when deleted (Table 4). This percentage is high 

considering that two genomewide searches for cell wall mutants using different 

methods by and Ram et al. (1994) and Lussier et al. (1997) identified 

hypersensitive mutants in 63 and 67 genes respectively. The enrichment of the 

N-glycan network for genes with cell wall defects reveals the importance of N­

glycan glucosylation and processing for yeast cell wall biosynthesis. 

ln conditions used here, the major effect of ALG and glucosidase mutants seems 

to be on the cell wall. The new interactions found through the SGA analysis and 

the results from the calcofluor white test may be a starting point to gain beUer 

insight into this complex phenotype. A plausible explanation is that the N­

glucosylation and processing gene products have a regulatory effect on the 

genes involved in cell wall biosynthesis. Shahinian et al. (1998) suggested that ~-

1,6 glucan, a component of the yeast cell wall, is attached to N-chains of wall 
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mannoproteins. Defects in N-glycan processing would cause steric hindrance 

(due to presence of glucose residues of N-glycans) to this attachment. 

To date, however, the glucose residues addition/removal cycle has been studied 

mainly with respect to ER quality control (Parodi 2000, Helenius et al. 2001, 

Roth 2002) suggesting that its major role is played in this process. This work is 

done in an "unbiased" way since it systematically looked at ail possible 

interactions with the query genes. Only a very small number of genes found in 

the interaction network are involved in ER quality control. Genes implicated in ER 

quality control may not be required in the conditions used here. This possibility is 

strengthened by the fact that MNS1, MNL 1 and CNE1 did not show any 

interaction with genes important in ER quality control. The calcofluor white test 

identified a new phenotype for genes of unknown function found in the interaction 

network. This cell wall phenotype can be further explored to gain more 

knowledge on the possible function of these genes. 

4.2 Conservation of a genetic interaction from humans to yeast. 

Deficiencies in N-glycan glucosylation and processing are associated with a 

number of inherited human diseases called congenital disorders of glycosylation 

(CDGs) (Aebi and Hennet 2001). CDGla is caused by mutation in the 

phosphomanomutase gene PMM2. Severely affected patients have a 

significantly greater frequency of mutation in ALG6 suggesting that ALG6 is a 

genetic modifier for PMM2 mutation (Westphal et al. 2002). Work presented here 
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indicates a genetic interaction between the S. cerevisiae homologues of hALG6 

and PMM2 (namely ALG6 and SEC 53 respectively). At a semi-permissive 

temperature, the growth of an alg6sec53 double mutant was slower than that of 

the wild type, alg6 or sec53 mutants (Fig.7 A). The doubling time of the double 

mutant is almost twice that of the wild type or the single mutants (Fig.7 B). Thus 

the proposed human genetic interaction is also found in yeast, and is conserved. 

Here, 1 show that an alg6se53-6 mutant has a reduced CPY glycosylation 

compared to the wild-type and single mutant strains (Fig.8). It is thus likely that, 

as previously shown for an alg6wbp1mutant (Stagljar et al.1994), the growth 

defect of the mutant alg6sec53 resulted from severe underglycosylation of 

secreted proteins. 

The concept of genetic modifiers illustrated in the case of the interaction between 

ALG6 and PMM2/SEC53 (Westphal et al. 2002) in humans can be extended to 

other genes interacting with ALG6. Patients with defects in ALG6 present a 

spectrum of phenotypes of CDGlc (Imbach et al. 2000). We could hypothesize 

that the yeast genes found to interact with ALG6 from the SGA results in yeast 

are candidates for conserved modifier genes in human CDGlc disease. Human 

homologues of some of the genes interacting with ALG6 are implicated in human 

disease. For example a mutation in POMT1, a gene related to yeast ALG6 

interacting genes PMT1 and PMT2 (Fig.5) causes the Walker-Warburg 

syndrome, an autosomal recessive developmental disorder characterized by 

brain and eye abnormalities and congenital muscular dystrophy (Beltran-Valero 

de 8ernabe et al. 2002). 
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4.3 SGA analysis in S.cerevisiae as a model for predicted human disease. 

ln the view of the results obtained here with respect to the ALG6-SEC53 

interaction, one can ask if the knowledge of conserved yeast synthetic 

interactions can be informative about the basis for inherited complex human 

disease. Advances in human diseases research has revealed that the traditional 

classification of genetic disorders into "simple mendelian" or "complex" diseases 

is an oversimplification (Badano and Katsanis 2002). The preferred view is that 

the phenotype of the so-called Il single gene disorder" is not only caused byone 

primary gene but is also influenced by one or more independently inherited 

genes. An example is cystic fibrosis where a primary single gene defect in the 

CFTR gene is modified by several other genes, many enhancing the severity of 

the pulmonary phenotype (Orumm 2001). In the case of complex diseases, the 

phenotype results from the interaction of two or more independently inherited 

pairs of alleles, most likely influenced by additional modifier genes (review by 

Oipple and Mc Cabe 2000). 

The simplest case of complex inherited diseases are "digenic" where the 

individual mutant genes have no phenotype but the combination of mutant alleles 

in two genes leads to the disease. As an example, single mutations in two genes 

ROM1 (encoding the retinal outer segment membrane protein1) and ROS (retinal 

degeneration slow) are asymptomatic, but when combined they cause retinis 

pigmentosa (Hariharan and Haber 2003).Congenital disorders of glycosylation 

(COG) are among the reported digenic diseases (Westphal et al. 2002). 
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SGA screens allow the uncovering of synthetic or digenic interactions between 

one query gene pairwise with several other genes. For complex diseases, it is a 

great task to map a specific disease to the large possible number of contributing 

genes. Because elements of the yeast genetic network are likely to be 

conserved, SGA analysis may be a useful tool in predicting genetic interactions 

that are implicated in human genetic disorders (Tong et al. 2003 in press). For 

example SGA analysis could be used to study the disease related genes PEX1, 

SNF4 or YBR235W. In the case of PEX1, small peroxisomal membrane-bound 

structures observed in the null mutant bear a resemblance to structures observed 

in cells of human patients with peroxisomal defects (Hettema et al. 2000). 

Mutations in the human PEX1 gene are associated with the Zellweger spectrum 

disorders including Zellweger syndrome, neonatal adrenoleukodystrophy, and 

infantile Refsum disease, which are characterized by neural, hepatic, and renal 

abnormalities with shortened life span (Gould and Valle 2000). Mutations in the 

SNF4 human homolog (human PRKAG2) lead to heart disorders such as 

myocardial metabolic storage disease, Wolff-Parkinson-White syndrome, and 

hypertrophic cardiomyopathy (Arad et al. 2002). YBR235W has similarity to 

human SLC12A 1, mutations in which cause Bartter's syndrome (Foury et al. 

1997). 

This work identifies CNE 1/PEX1 , CWH41/SNF4 and CWH41/YBR235W genetic 

interactions. CNE1 could be a genetic modifier for PEX1 and CWH41 could be a 

genetic modifier of SNF4 or YBR235W. The use of SGA analysis could be a 

useful tool to identify other candidate modifier of PEX1, SNF4 or YBR235W. 
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