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ABSTRACT

ln eukaryotes, the endoplasmic rcticulum is the site where folding of secretory proteins and

the assembly of mulumeric ccII surface reccptor, take place. These processes are mediated

hy molecular chaperones that include the ER membrane bound chaperone calnexin and the

sequence related calreticulin. Using a PCR strategy, a homologce for the mammalian

calnexin/calreticulin family, CNE], was isolated in S.cerevi.l'iae. The CNE] gene product,

Cne 1p, is an integral membrane glycoprotein of the ER. Disruption of the CNE] gene did

not lead to inviable cells or to gross effects on the levels of secreted wild type proteins.

I-Iowever, in CNE] disrupted cells, there was an inerease in the ccli-surface expression of a

normally intracellularly rctained temperature sensitive mutant of the a-pheromone receptor,

Ste2-3p. In addition, an inerease in the secretion of heterologously expressed mammalian

cq-antitrypsin was also observed in CNE] disrupted eells. In order to study calnexin

function in another genetically manipulable organism, a Sclzizo'\"acclzaromyce.l' pombe

calnexin homologue was sought. Using a similar PCR strategy, a S.pombe calnexin

homologue, CIlX]+. was identified. The CIlX]+ gene product, Cnxlp, was shown to be a

calcium binding type 1 integral membrane glycoprotein. Unlike the sequence related

S.cerevisiae CNE] gene, the CIlX] + gene was essential for ccli viability. Fulllength Cnxlp

was able to complement the CIlX]+ gene disruption but fulllength mammalian calnexin

could not. The ER lumenal domain of Cnx 1p, which was secreted from cells, was capable

ofcomplementing the cllx]::lIra4+ lethal phenotype. Both wild type PI Ml (Val 213) al­

antitrypsin and the ER retained PI Z variant were expressed in S.pombe cells. As in

manunalian cells, wild type a)-antitrypsin was normally secreted whereas the PI Z variant

was retained intracellularly. Rescue of the secretion defective phenotype of the PI Z variant

occurred in S.flombe strains which did not express the Cnx 1p eytosolic tail. S.pombe cells

expressing both full length and truneated mutants of Cnx 1p did not secrete the PI Z variant,

demonstrating that the presence of full length Cnx 1p will maintain the integrity of the ER

quality controlmaehinery. Therefore, like mammalian calnexin, Cnelp and Cnxlp appear

to function as cOl;~tituents of the yeast ER protein quality control apparatus.



•

•

RESUME

Le repliement des protéines sécrétées ainsi que l'assemblage des réeepteurs multimériques

s'effectue dans le réticulum endoplasmique. Ces processus sont assistés par les chaperons

moléculaires, tel que la calner.ine et la calreticuline. L'homologue de la calnexine et

calreticuline, CNE!, chez Saccl/lllllolllYces cercl'isiac a été idcntifié par la mélhmle d'

amplification en chaine, 'PCR'. Le produit du gene CNEI, Cne II'. est une glycoprotéine

transmembranaire du réticulum endoplasmique. La délétion du gène CNE! n'affecte ni la

croissance des cellules, ni la sécrétion de protéines sauvages. Cependanl. il y a une

augmentation des niveaux sécrétés de la protéine mutante Ste2-3p el de la protéine

hétérologue cq-antitrypsine. Alïn d'étudier la fonction de la protéine calnexine dans une

seconde espèee manipulable génétiquement. l'homologue chez Schi:osacc/lllI"llIllYCt'.\·

pO/l/be a été recherché. En utilisant la même technique de 'PCR', nous avons pu cloner le

gène cI/x! +. Le produit du gène CI/X! +, Cnx 1l', est une glycoprotéine de type 1

transmembranairc liant le calcium. Contrairement au gène CNE! de S.cerc\'i.liae. le gène

CIlX!+ est essentiel pour la viabilité de S.polllbe. La forme complète ainsi que le domaine

lumenal de Cnxlp complémentent la délétion du gène CI/x!+, contrairement il la calnexine

de mammifère. Les formes sauvages (PI MI (Val 213» el mutanles (PI Z) de l' (X[­

antitrypsine ont été exprimées ehez S.pombe. Chez les mammifères et S.polllbc. la forme

PI MI (Val 213) est sécrétée normalement, alors que la forme PI Z est relenue dans la

eellule. Dans une souehe de S.pombe qui n'exprime pas le domaine eytoplusmique de

Cnx 1p, la secrétion de lu forme PI Z u lieu. Une souche de S.polllbe qui exprime lu liJl'lne

complète et la forme tronquée de Cnxlp ne reslore pus lu sécrétion de lu lill'lne PI Z de l'ul­

antitrypsine. Ce qui démontre que l'expression de lu forme complète de Cnx 1p muinlienl

l'intégrité de l'appareil de contrôle de quulité du réliculum endoplasmique. Finulcmenl, lu

calnexine chez S.pambe et S.cerevisiae, t;omme chez les mUlnmilères, est un conslituunl de

l'appareil de contrôle de qualité du réticulum endoplasmique.
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PREFACE

This thesis has been assembled in accordance with the regulations of the Faculty of

Graduate Studies and Researeh of McGill University. This thesis includes an Abstract

(Résl/mé), an Introduction (Chapter 1), a Resuhs section (Chapters 2, 3,4), a Conclusion

section (Chapter 5) and a Reference section. Sections of this thesis have been published or

sublllitted for publication, therefore Chapters 2, 3 and 4 contain their respective Abstract,

Introduction, Materials & Methods, Results and Discussion sections.

In this work 1 present my original contribution to the identification and

characterization of the calnexin homologue CNEJ in Saccharomyces cerevisiae and CIlXJ+

in SchizosacchartJlII)'ces fJOIllbe. Furthermore, evidence for a role in ER protein quality

control for yeast calnexin is presented. This study provides new insight into the role of

calnexin as a Illelllber of an ER protein quality control apparatus.

The work presented here is largely my own, with the following exceptions: i)

Michel Dominguez performed the analytical and differelltial subcellular centrifugation, as

weil as the calcium overlay blot in Chapter 2, ii) David Y. Thomas performed the screening

of a S.fJolllbe Iibrary to obtain the full length CIlXJ+ genomic clone, iii) Daniel Dignard

sequenced the cIlXJ+ genomic clone.

Chapter 2 has been published as a paper by F. Parlati, M. Dominguez, J. J. M.

Bergeron and D. Y. Thomas in the Jal/mal of Biological Chelllislry, 270: 244-253 in

1995, and is used by permission of the American Society for Biochemistry and Molecular

Biology. Chapter 3 has beefl published as a paper by F. Parlati, D. Dignard, 1. J. M.

Bergeron and D. Y. Thomas in the EMBO JOl/mal. 14: 3064-3072 in 1995, and is used

by permission of Oxford University Press. Chapter 4 has been suomitted to the Jal/mal of

Biological Chelllislry as a paper by F. Parlati, R. Sifers, J. J. M. Bergeron and D. Y.

Thomas in June, 1996. The text of these papers are an integral part of this thesis, and they

arc presented in a logical manner.
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Introduction

In cukaryotic cells, secretory proteins and proteins targeted to various organelles

within the sccretory pathway are first translocated into the endoplasmic reticulum (ER).

ÜpuII translocation into the ER, sorne proteins reccive post-translational modifications sllch

as signal peptide cleavage, N- and 0- linked glycosylation, disulfide bond formation,

peptidyl proline L'is-tralls isomerization and GPI anchor addition. Once proteins are

properly folded, they are permitted to exit the ER and continue to receive other post­

translational modifications as they travel through the Golgi cisternae. From the Trans

Golgi Network, proteins are subsequently transported to lysosomes (or vacuoles), storage

vesicles or the plasma membrane (for reviews, see Palade, 1975; Huttner and Tooze, 1989;

Rabouille and Nilsson, 1995).

1.1 Protein folding

Within the cytosol and intracellular organelles, newly sy••thesized proteins are

permitted to fold in order to achieve a mature conformation. For a simple monomeric

protein, the information required for proper folding is present within its primary sequence,

also known as a protein's primary structure. Segments within the primary structure form

a-helices, ~-sheets or multiple turns which define the secondary structure of a polypeptide.

Specific interactions between the secondary structures define the tertiary structure. For

many proteins, several polypeptides must interact in order to form a biologically active

cornplex, known as the quaternary structure of a protein (for reviews see Hartl and Martin,

1995; Gething and Sambrook, (992).

In a classical experiment, Anfinsen showed that ill vitro, ribonllclease couId be

denatured into a random structure and refolded into an active structure (Anfinsen, 1973).

/11 vitro refolding has also been observed for other small monomeric proteins (Gething and

Sambrook, 1992). However, ill vitro refolding is generally slow and inefficient, requiring

protein concentrations and physical conditions normally not present in cells. Moreover, ill

vitro refolding for many proteins follows less productive pathways which often leads to

incompletely folded protein aggregates. Therefore, il! vitro protein folding may not

accurately mimic protein folding il! vivo.

15
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1.1.1 Protein folding in the cell

Although the information required for a polypeptide lo fold into a mature st'lle is

present in its primary sequence (Anfinsen, 1973), i1l vi\'(), prolcins exist in a concentrated

solution and are prone to form aggregates whi' ~ hydrophobie segments arc exposed

(Gething and Sambrook, 1992). Several classes of cellular proteins assist prote in folding,

thereby preventing newly synthesized proteins from aggregating. These proteins arc

collectively known as chaperones and arc present in thc cylosol and several organelles.

The most eneompassing delinition of a molecular chaperone has been given hy Hendrick

and Hartl and it states: '(a molecular chapcrone is) a protein tha~ I)inds to and stahilizes an

otherwise unstable conformer of another protein, and hy conlrolled binding and l'clcase of

the substrate, facilitates its correct fate i1l vivo be it folding, oligomerie assembly, tnmsport

to a l'articulaI' compartment, or controlled switching between active/inactive conformation.'

Two major families of chaperones, the HSP 60 and HSP 70 families as weil as their

comembers, have been identilied (Hendrick and Hartl, 1993; Hartl and Martin, 1995).

1.1.2 Molecular chaperones: HSP 60 and HSP 70 families

Many molecular ehaperones were initially identified as stress induced or heaHihock

nroteins (HSP). However, ehaperones are involved in cellular processes under normal and

stress conditions. In eukaryotes, HSP 60 is present within mitochondria and chloroplasts

and is termed chaperonin 6G (cpn60). In bacteria, the HSP 60 homologue is cytosolically

located and is termed GroEL. GroEL consists of 14 identical subunits, forming two back­

to-back cavities with a seven fold symmetry. Eaeh cavity can accommodate an entire

protein of less than 50 kDa or a segment of a polypeptide chain in order to facilitate its

folding. GroEL has no obvious protein specificity. Once occupied, the cis-ring then binds

the 7-mer GroES (HSP 10 or cpnlO in eukaryotes). A cycle of GroES binding and ATP

hydrolysis on the cis-ring and subsequent ATP hydrolysis on the trans-ring is required for

productive binding and release of substrate by GroEL. In the eukaryotic cytosol, the

distantly related TRiC (lCPI Ring Complex) has also been aseribcd a ehapcronin function.

TRiCs ehapcronin aetivity is also ATP depcndent and its function appcars to bc spccialized

for the folding of cytoskeletal proteins, sueh as tubulin and actin. Since TRiC is specifie

for cytoskeletal proteins, il is not c1ear if eytosolic proteins require different cytosolic

chaperonins for folding (Hendriek and Hartl, 1993; Sailbil, 1996; Clark, 1(96).
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The second chaperone family, HSP 70 (DnaK in bacteria), binds polypeptides as

they emerge from the ribosomes in order to prevent prote;n aggregation (see Hendrick and

Hartl, 1993; Brodsky, IQ96). HSP 70 exists as a monomer, and likely binds to

hydrophobie stretches of amino acids (Flynn et al., 1991). Substrates for cytosolic HSP

70 include dcnatured cytosolic proteins and mitochondrial proteins. Proteins that are post­

lranslationally translocated into the ER are maintained in a denatured state by cytosoliG HSP

70 prior to import (Clark, 1996; Brodsky, 1996). Vpon translocation, ATP hydrolysis

dependent polypeptide release from HSP 70 is mediated by a cofactor, HSP 40 (DNAJ in

bacteria, Sis 1p and Ydj 1P in the yeast cytosol) (Rassow et al., 1995; Schlenstedt et al.,

1995; Brodsky, 1996).

Other members of the HSP 70 family have been found in the lumen of the

mitochondria (mt-HSP 70), chloroplasts (cl-HSP 70) and the ER (BiP or binding

immunoglobulin protein) (Brodsky, 1996). Lumenal HSP 70 is required to drive

translocation of nascent polypeptides (Sanders et al., 1992; Brodsky et al., 1993; Brodsky,

1996). Lumenal DNAJ homologues have also been implicated in the translocation of

polypeptides, which include the soluble Isp45p in the yeast mitochondrial lumen and

membrane bound Sec63p in the yeast ER. (Brodsky, 1996). Lumenal HSP 70 also

mediates the folding of newly translocated proteins and is discussed below.

1.2 Protein modification and folding in the ER

Proteins traversing the secretory pathway are translocated into the ER in an

unfolded state where they undergo protein modification, folding and quality control. The

ER contains a concentrated pool of factors which are involved in these processes.

1.2.1 Modifications to the primary structure

Proteins undergo modifications to their 'primary structure' upon translocation into

the ER. First, signal peptidase removes the N-terminal hydrophobie ER targeting

sequence. Second, asparagines present within the consensus Asp-X-Serrrhr motif are

generally covalently modilied by the addition of a G1cNAc2Man9G1c3 sugar moiety. This

moiety is then modified within the ER and Golgi (Figure 1). Third, O-glyeosylation is

initiated in the ER with the addition of 2 to 5 mannose residues on sorne serine and/or

threonine residues. The presence of large amounts of serine or threonine residues is the

only conserved feature in O-glycosylated proteins (Herseovies and Orlean, 1993). Fourth,
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addition of a glycosylphosphatidylinositol (GPI) anchor ut the C-terlllinal dOlllain of sOllle

secretory proteins also occurs in the ER. Proteins suhjected to this Illodilïeation h.lve a

hydrophobic stretch of amino aeids at their C-terminus. The hydrophobie eharueter and not

the primary amino acid sequence of the C-terlllinus dietates whether proteins rceeive ihis

modification. Addition of the GPI anchor is fol!owed by removal of alllino adès at the C­

terminal side of the addition site resulting in a membrane anchored proteill (Nllolïer et a/.•

1993; Cross. 1990).

1.2.2 Folding catalysts and molecular chaperones in the ER

Modification by signal peptidase. glycosylation and GPI addition arc the Iïrst steps

in the folding of a protein in the ER. The protein folding process is aided by two classes of

resident ER proteins: folding catalysts and moleclliar chaperones. For many proteins. the

rate Iimiting step in folding is the formation of disllllïde bonds or peptidyl proline ci.,'-trll/lS

isomerization. In ellkaryotes, protein disulfide isomerase (POl), and closcly related ERp

72 will accelerate the rate of disulfide bond formation (Gething and Sambrook, 1992;

Freedman et a/., 1994; Freedman, 1995). Other ER homologues of POl that have heen

identified are ERp 60 and P5 in mammals and Pdi 1p, Eug 1p. Mrp 1P and Mrp2p in yeast

(Bardwell and Beekwith, 1993; Tachikawa et a/.• 1995). For other proteins, isomerization

of peptidyl-proline bonds is a Iimiting step in their folding. Peptidyl proline cis-trtlllS

isomerases (PPIs) are responsible for isomerizing certain proline-peptidyl bonds into the

ci.\' or trall.\' conformation. Cyclophilins and FK binding proteins (FKBP) earry out this

funetion in the cel!. PPIs are ubiquitous and have been identified in the eytosol,

mitoehondria and ER (Frigerio and Pelham. 1993; Schmid, 1993; Freedman, (995),

ln addition to its role in protein translocation, BiP has been implicated in protein

folding in the ER. /11 vitro studies have shown that BiP binds a variety of hydrophobie

peptides, with a preference for heptapeptides (Flynn et a/., 1991). Il was first shown that

BiP associated with unassembled IgG subunits (Hendershot et al., 1987; Hendershot,

1990; Knittler and Haas, 1992) and has subsequently been shown to bind other proteins

such as thyroglobulill. HA, viral VSV G protein. aeety1eholine receptor and MHC 1 heavy

chain (Hurtley et a/., 1989; Forsayeth et al.. 1992; Kim et a/., 1992; Knittler and Haas,

1992; Kahn-Perles et a/.• 1994, Pind et al., 1994; Hammond and Helenius, 1994b;

Hammond and He1enius, 1995; Nobner and Parham, 1995; Williams and Watts, (995). In

yeast, BiP transcription levels are induced in response to environmental stresses which lead

to protein misfolding (Mori et al., 1992; Kohno et a/., 1993). Under these conditions, BiP
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has been shown to form complexes with the aggregation-prone proteins (Marquardt and

Helenius, 1992; Simons el al., 1995). BiP"s role in translocation, prote in folding and

quality control suggests thatthese events arc tightly coupled in the ER.

GRP 94 is an ER resident protein which also acts as a chapcrone and is involved in

immunoglobulin and MHC 1 assembly (Melnick el al., 1992; Li and Srivastava, 1993;

Melnick el al., 1994).

Members of the calnexin/calreticulin family have also been implicated in protein

folding and quality control in the ER. Many studies have shown that in mammals, calnexin

and calreticulin arc present in a transienl complex with newly synthesized bul nol yel folded

wild lype proteins or not y~t assembled subunits of protein complexes (Bergeron et al.,

1994; Hammond and Helenius, 1995). Calnexin is also found in stable complexes with

mutant misfolded protcin ann unassembled protein complex subunits (Bergeron et al.,

1994; HammC'nd and HeJ'~nius, 1995; Williams and Watts, 1995). Thus, based on these

observations a chaperone funetion has been proposed for calnexin and sequence related

calrelieulin.

1.2.3 ER quality control

The presence of misfolded proteins due to mutations or environmental stresses is

likely to he delrimental for a cell. Cells have mechanisms which ensure that proteins are

properly folded and active. Chaperones not only mediate the proper folding of cellular

proteins (Gething and Sambrook, 1992), but chaperones also have the ability to recognize

misfolded proteins and target them for degradation. This proccss has been terrned 'protein

quality control' (Hammond and Helenius, 1995). For secretory proteins, this process is

hest exemplified in the ER, where seeretory proteins are modified and folded prior to

export to the Golgi. Misfolded proteins arc retained in the ER and subsequently degraded.

The site of their degradation is the subject of intense investigation.

Diseases due to ER protein retention of secretory proteins arc colleetively known as

'protein trafficking diseases' (Amara et al., 1992). The following is a brief description of

mutations in three different proteins which lead to 'protein trafficking diseases' (reviewed

in Amara et al., 1992; Thomas el al., 1995; Hammond and Helenius, 1995):
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Cystic fibrosis is caused by the accumulation of mucus in the lung. most probahly

due to a de l'cet in the chloride channel encoded hy the cystic fibrosis transmcmbrane

regulator (CFTR) (Cheng et al.• 1990). The most frequent alIeie. !l.F508. leads 10 the ER

retention of the CFTR protein and its subsequent degradalion. This defect leads to

diminished amounts of CFTR at the apical memlmme. causing decreased chlOl'ide

conductance.

Alpha,-antitrypsin is a serine antiprotease and its predominant physiüiogical role is

to protect lung alveoli l'rom proteolytic damage by the protease elastase. Thus reduced

serum levels of uj-antitrypsin lead 10 pulmonary emphysema in humans. In the human

population, several mutations in ui-antitrypsin are found which lead to low secreted levels

of uJ-antitrypsin because of its ER retention and degradalion (Cox. 1989). The PI Z

variant is a common u,-antitrypsin mutant which is largely retained in the ER bUI can slill

function as a protease inhibitor. Patients homozygous for the PI Z alIele develop

emphysema. In sorne cases, ER accumulation of this va~iant leads to hepatic cirrhosis

(Brant1y, 1969). Thus, ER retention of this otherwise functional prote in is the cause of

two known diseases in humans.

Familial hypercholesterolemia (FH) is another example of a quality control disease.

The low density Iipoprotein (LDL) receptor regulates serum cholesterollevels, by binding

and internalizing LDL. LDL is eventualIy intracellularly degraded and the LDL receptor

recycles to the plasma membrane. Class 2 mutations found in the LDL receptor me

responsible for impaired trafficking of the LDL receptor. In this case, LDL rcceptors arc

retained in the ER and subsequently degraded, eausing elevated serum cholesterol Icvels.

These mutations are found in 50% of naturally occurring FH-associated mutations.

Moleeular chaperones, including members of the calnexin/calreticulin family and

BiP have been found to associate with defective proteins. Calnexin, calreticulin and BiP

are likely to be responsible for the ER retention and the eventual degradation of defcctive

proteins.
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1.3 Calnexin mode of action

ln general, calnexin interacts with proteins that are N-glyeosylated. Ou and

colleagues first demonstrated in HepG2 cells that glycoproteins ct) -antitrypsin, transferrin,

u-fetoprotein and apolipoprotein B-lOO were found to transiently associate with calnexin.

Nonglycosylated serum albumin was not found to be associated with calnexin (Ou et al.,

1993). ln cells treated with the glycosylation inhibitor tunicamycin, ul-antitrypsin,

transferrin, u-fetoprotein and apolipoprotein B-I00 failed to associate with calnexin. These

observations suggested that calnexin had an affinity for N-linked glycoproteins (Ou et al.,

1993).

1.3.1 Evidence for calnexin binding to N·linked GlcNAc2Man9Glct

intermediate

Following the addition of the oligosaccharide intermediate GIeNAC2Man9G1c3 to

asparagine, the terminal glucose is removed by glucosidase I. The next two glucose

residues are then removed by glucosidase II (Chen, et al., 1995; see Figure 1). The

removal of a single mannose by an ER-mannosidase is the final modification of

oligosaccharides which takes place in the ER. Il is possible that calnexin can recognize one

or more of these oligosaccharide intermediates.

Subsequent experiments have shown that ealnexin reeognizes and binds proteins

with the GlcNAc2Man9G1c 1 oligosaccharide intermediate. When ceUs were treated with the

glucosidase inhibitors castanospermine (CST) or l-deoxynojirimycin (DJM), calnexin

association with substrate protl'ins, including hemagglutinin (HA) and VSV G ts045 was

abo!ished. In ceUs treated with the u-mannosidase inhibitor deoxymannojirimycin (DMM),

calnexin association with HA and VSV G ts045 was not abrogated. Therefore, calnexin

must recognize the GlcNAc2Man9Gleo, the GlcNAc2Man9Glei or the GlcNAe2Man9G1c2

intermediates (Hammond et al., 1994 ).

Further evidence for the binding of calnexin to the GleNAc2Man9Glet intermediate

was obtained using an in vitro translation system. Prior to HA translation, microsomes

werc treated with CST, which prevents formation of the Glc2 or Giel interrnediate or pH 9

buffer, which selectively removes glucosidase II. preventing Giel formation. No calnexin

binding was obscrved in either case. These observations are consistent with a model

whereby calnexh. fCeognizcs and binds to proteins with the GlcNAc2Man9Glcl
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intermediate. However, these experiments do not rule out calnexin association wilh the

GlcNAc2Man9Gleo intermediate. Using isolated calnexin-HA immune complexes, the

amount of HA complexed to calnexin increased when dissociation of the complex was

prevented by the inhibition of glucosidase II. This result was Iikely duc to the

reglucosylation of the HA-G1cNAc2Man9Gleo intermediate by UDP-glueose: glycoprotcin

glueosyltransferase (UGGT). These experimenls lend support to the hypolhesis thal

calnexin binds N-linked G1eNAc2Man9Gle, (Hebert el al., 1995).

Direct support for binding to the GleNAc2Man9Gle, oligosaccharide and not to the

GleNAc2Man9Glco oligosaccharide came from testing the association of calnexin with

isolated oligosaccharides in vilro. A purified recombinant lumenal calnexin domain bound

the G1cNAc2Man9Gle, oligosaecharide but not the G1eNAc2Man9G1co, G1cNAc2Man9G1c2

or G1cNAc2Man9G1c3 oligosaccharides (Warc el a/., 1995). Calnexin bound poorly 10 the

oligosaccharides GleN AC2M ans_7G le" suggesting that the GlcNAc2M angG le,

oligosaceharide is likely to be the endogenous substmte for calnexin.

Glucose trimming is also essential for calreticulin binding to nascent glycoproteins.

Preincubation wilh castanospermine abrogates ealrctieulin association with gp160, HA and

transferrin (Peterson el al., 1995; Wada t'I a/., 1995; OUeken and Moss, 1996). It is likely

that calreticulin also recognizes and binds proteins with the N-linked G1cNAc2MangGicl

intermediate. Reeently, Spiro el a/., have shown that calreticulin can bind sugar

oligosaccharides G1cNAc2Mans_9Glc"but not oligosaecharides which laek the terminal

glucose residue (Spiro el al., 1996). Therefore, it is possible that calreticulin and calnexin

have similar substrate spccificity.

1.3.2 Role of UDP-glucose:glycoprotein glucosyltransferase

The ER enzyme UGGT reglucosylates N-Iinked high mannose sugars [Le.

GleNAe2Man7' G1eNAc2Mans, G1cNAc2Mang](Sousa el al., 1992). It has been known

for sorne time that UGGT recognizes unfolded proteins and reglucosylates them, but

completely folded glycoproteins are not substrates for UGGT (Sousa and Parodi, 1995;

Hebert el al., 1995; see Fig. 1). Therefore, incomplelely folded proteins that have been

deglucosylated by glucosidase 11 can be reglucosylated and again bind calnexin or

calreticulin (Sousa and Parodi, 1995). UGGT activity is present in almost ail eukaryoles

including mammals, Drosophila, Trypanosomes and the yeast S.pombe (TrombcUa el al.,

1989; Sousa el al., 1992; Fernandez el al., 1994; Labriola el al., 1995; Fernandez el al.,
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1996). Remarkably, S.cerevisiae ccll Iysates have no UGGT activity (Fernandez et a/.,

1994). Inspection of the complete S.cerevisiae genome has shown that the closest match to

UGGT is the ER lumenal protein Kre5p, thought to be involved in cell wall synthesis

(Meaden et a/., 1990). In S.p0!llbe, the UGGT transcript levels are induced by heat shock

and other factors which induce protein misfolding (Fernandez et al., 1996). Therefore,

UGGT acts as a sensor for unfolded proteins and increases the pool of unfolded proteins

capable of binding calnexin or calrcticulin.

1.3.3 Requirement for calcium

Both calnexin and calreticulin have been shown ill vitro to be calcium binding

proteins (Wada et a/., 1991; Baksh and Michalak, 1991; Michalak et a/., 1992; Tjoelker et

al., 1994). Both contain a lumenal high affinity,low capacity calcium binding site and a C­

terminallow affinity, high capacity calcium binding site (which is present in the C-terminal

cytosolic tai! of calnexin). In the presence of calcium, calnexin is more resistant to protease

K digestion (Ou et al., 1995) On the other hand, in the presence of the calcium chelator

EGTA, calnexin no longer associates with nascent proteins in immunoprecipitates from

HepG2 cells (Ou et a/., 1993) or ut-antitrypsin transfected into hepatoma cells (Le et al.,

1994). Thus, calcium appears to be important in preserving calnexin's structure which

may affect calnexin-oligosaccharide interactions.

1.3.4 Requirement for ATP

Depletion of cellular ATP also disrupts calnexin interactions with nascent proteins

(Ou et al., 1993; Wada et a/., 1994). Calnexin and calreticulin are ATP binding proteins,

although lIeither shows any intrinsic ATPase activity (Ou et al., 1995; Nigam et a/., 1994).

The exact role for ATP binding has not yet been found in calnexin and calrcticulin mediated

glycoprotein folding. In comparison to other chaperones (HSP 60 and HSP 70), it is

probable that ATP is used for a cyclical process preventing inappropriate protein folding

(Hendrick and Hartl, 1993). Therefore, hydrolysis of ATP by a cofactor may effect

calnexin-oligosaccharide association and/or dissociation.
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Figure 1: Interaction between calnexin/calreticulin and N-linked
oligosaccharide intermediates in the ER.

Following the transfer of GlcNAc2Man9Glc3 l'rom the dolichol precursor to an asparagine

residue on a secretory protein, two glucose residues are removed by the consecutive action

of glueosidase 1 and glucosidase II. Proteins containing Asn-GlcNAc2Man9Glc 1can bind

to calnexin or calreticulin. Incompletely folded proteins which possess an Asn­

GlcNAc2Man7-9 oligosaccharide are substrates for the enzyme UDP-glucose:glycoprotein

glucosyltransfcrase (UGGT). This enzyme adds a single glucose residue to regenerate the

Asn-GieNAc2Man7_9Glcl intermediate which can then reassociate with calnexin or

calretieulin. Presumably, protein folding takes place while proteins remain bound 10

calnexin and calreticulin. Whether calnexin (or calreticulin) itself or other factors Mediate

folding remains to be tested.
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1.3.5 Exceptions to the calnexin-oligosaccharide binding model

Some reports have suggested that calnexin can bind 10 unglycosylated proleins,

leading to the hypothesis that calnexin may also recognize protein motifs. For example,

removal of the single glyeosylation site in MHC 1 heavy chain did not affect its association

with calnexin (Margolese el al., 1993; Carreno el al., 1995). In addition, removal of

oligosaccharide by Endo-H treatment of glycosylated MHC 1heavy chain molecules bound

to calnexin does not interrupt their association with calnexin (Ware el al.. 1995). The

nonglycosylated T-cell receptor (TCR) subunit, CD3E, has also been shown to bind

calnexin (Rajagopalan el al.• 1994). A similar observation has been made for calnexin

binding with nonglycosylated fragments of P-glycoprotein (Loo and Clarke, 1995) and

nonglycosylated thyroglobulin (Kim and Arvan. 1995). Recently. Helenius and co­

workers have proposed that nonglycosylated proteins associale with calnexin by li

mechanism that is different than the mechanism used by glycoproteins (Cannon el al.•

1996). They have proposed that removal of the N-Iinked sugars on normally glycosylaled

proteins leads to the formation of protein aggregates whieh trap calnexin. Il remains to bc

determined if this association is specifie.

1.4 Evidence for calnexin's and calreticulin's role as molecular
chaperones

ln mammals, ea!nexin and calreticulin have becn assigned the roles of ER moleeular

ehaperones (reviewed in Bergeron el al., 1994; Hammond and Helenius. 1995; Williams

and Watts, 1995). Various experiments by severa! groups have demonstmted the binding

of calnexin/calreticulin to incompletely folded proteins and IG incompletely assembled

protein complexes. Once these proteins are folded and/or assembled, they no longer

associate with calnexin or calreticulin (Ou el al., 1993; David el al., 1993; Nauseef el al.•

1995). Moreover, mutant proteins or unassembled protein complexes which l'ail to cxitthc

ER are found in stable complexes with calnexin (Hammond and Hclenius, 1995). As

discussed below, this points to a chaperone function for calnexin, that is, transient

association with folding proteins and assembling complexes as wcll as stable association

with misfolded proteins and unassembled protein subunits in thc ER. However, there is no

proof that calnexin direcUy 'senses' the folding state of a protein, a~ do other chaperones in

the HSP 60 and HSP 70 family.
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1.4.1 Calnexin association with monomeric wild type proteins

Upon protcin translocation into the ER, several post-translational protein

modifications take place. The time taken to perform these tasks is a good indication of the

ER residency time of a non-ER protein. Calnexin is found associated with incompletely

folded glycoproteins in the ER. Ou and colleagues demonstrated that in hepatocytes,

incompletely folded cq-antitrypsin (see also Le el al., 1994), apolipoprotein B-loo, C3 and

transferrin are found in association with calnexin with a half life of 5 min., 25 min., 30

min. and 40 min. respectively. Alpha,-antitrypsin spends the least time in the ER followed

by apolipoprotein B-100, C3 and transferrin (Ou el al., 1993). Although, calnexin

association did not account for the total ER residency time for these proteins, association

with calnexin may be the rate limiting step in export from the ER. Calnexin is also

associated with other monomeric molecules including HA, VSV G protein, HIV gp 160,

MDCK gpSO, CFTR, P-glycoprotein and thyroglobulin (Hammond el al., 1994;

Hammond and Helenius, 1994a; Otteken and Moss, 1996; Wada el al., 1994; Pind el al.,

1994; Loo and Clarke, 1995; Kim and Arvan, 1995)

1.4.2 Calreticulin association with monomeric wild type proteins

Calreticulin has been proposed to have a number of functions in various cellular

locations, including the nucleus, cytoplasm and the ER (Michalak, 1996). In addition, a

secreted form of calreticulin has been found in various animal species (Jaworski el al.,

1995; Michalak, 1996). However, only the role of caireticulin as an ER molecular

chaperone will be discussed here.

Calreticulin has been reported to associate with secretory proteins includ:ng

myeloperoxidase, HA and HIV gp 160 in a transient fashion (Oueken and Moss, 1996;

Peterson el al., 1995; Nauseef el al., 1995). Like calnexin, caireticulin recognizes

incompletely folded but not mature proteins. In the ER, calreticulin is found associated

with the immature apopro-myeloperoxidase but not with the heme-containing pro­

myeloperoxidase (Nauseef el al., 1995). Caireticulin and calnexin associate with the

incompletely disulfide bonded forms of HA rather than the mature forms (Peterson el al.,

1995). Thus far, proteins which bind only to calreticulin have not been reported.

Il is not clear whether cainexin and caireticulin have different substrate specificities

or whether they function in a cooperative fashion in folding glycoprotein. For example,
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calnexin and calreticulin have been shown 10 bind different pools of HIV gp 120 indicaling

sorne differences in specificity (Otteken and Moss, 1996). Moreover, calnexin appears 10

have a higher affinity than calreticulin for unfolded glycoproteins (e.g. HA, VSV G, lXl­

antitrypsin, lX-feloprotein and HIV gp 160), even though calreticulin is more abundant than

calnexin (Pelerson et al., 1995; Wada et al., 1995; Otteken and Moss, 1996). In ail cases,

the overall association time of glycoproteins with calnexin or calreticulin is very similar.

Topological differences between calreticulin and calnexin may also rellect different

roles for these two chaperones. Most molecular chaperones in the ER are lumenal proteins

and there may he a role for calreticulin as opposed to calnexin in ensuring that glycoproteins

encounter these other chaperones. Furthermore, the ER lumenal calreticulin may have a role

in retrieving incompletely folded glycoproteins which escape the ER. In either model,

calreticulin wouId be important for presenting proteins to other chaperones (BiP, calnexin).

ln order to disassociate from calreticulin and bind to calnexin or BiP, glycoproteins would

have a higher affinity for these chaperones as compared with calreticulin.

1.4.3 Calnexin association with assembllng protein complexes

ln addition to binding incompletely folded glycoproteins, calnexin has also been

shown to bind protein complexes assembling in the ER. TCR, mlg, MHC 1 and MHC II

(Hochstenbach et al., 1992; Williams and Watt, 1995), acetylcholine receptor (Gelman et

al., 1995) and integrin (Lenter and Vestweber, 1994) are heteroligomers which undergo

caln~xin-mediatedassembly in the ER.

MHC 1 is composed of a heavy chain, the invariant chain P2 microglobulin (P2m)

and a peptide antigen. Calnexin remains associated with MHC 1 heavy chain until a

heterodimer is formed with P2m. The heterodimer then binds intimately with the

transporter associated with antigen processing (TAP). TAP delivers peptides from the

cytosol to the ER. Vpon peptide binding, the heavy chain-P2m-peptide trimer dissociates

from TAP, exits the ER and subsequently traverses the secretory pathway at a normal rale

(Degen and Williams 1991; Degen et al., 1992; Jackson et al., 1994; Ortmann et al., 1994;

Suh et al., 1994).

MHC Il heteroligomers consist of variant lX and Pchains, and invariant Ii chain.

Three pairs of lXP dimers are first assembled and sequentially added to the li trimer to form

the ER-export-competent MHC II complex. Calnexin is found associated with lX, P and Ii
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monomers, as weil as with (l~ dimers and partiaily assembled (l~Ii complexes. Calnexin

dissociates when the final (l~ dimer is added to form the ER-export-competent MHC II

complex (Anderson and Cresswell, 1994; Schreiberet al., 1994).

The T-Cell Receptor is a heteroheptamer and consists of a TCR (l~ dimer in

association with y, li and E and the ç-ç or Ç-ll dimer. Addition of the ç-ç or Ç-ll dimer is the

last step in TCR assembly. Calnexin remains associated with various subunits and the

partially assembled TCR. TCR complexes containing ç subunits are no longer found in

association with calnexin (Hochstenbach et al., 1992).

The B-cell receptor (mlg), consists of two heavy chains (Il) which are covalently

linked with two Iight chains (K or Â.). Only unassembled heavy chains and incompletely

assembled heavy-light chain complexes arc found associated with calnexin (Hochstenbach

et al., 1992).

Integrins are (l~ heteromers and calnexin is found associated with the (l6 or ~1

monomers, but not with the assembled lX6~1 heterodimers (Lenter and Vestweber, 1994).

The role of calnexin in assembly of complexes is not clear. If calnexin functions as

a lectin, it may serve to retain the unassembled subunits until they assemble and

presumably allain a conformation which is recognized by VGGT as folded . Thus, before

prolein subunits are assembled into a mature protein complex, calnexin may be important in

preventing the aggregation of unassembled subunits. Once protein subunits are assembled,

calnexin binding is no longer required for protein stabilization.

1.4.4 The action of BiP and calnexin in the folding of wild type proteins

The division of labor between calnexin and BiP is poorly understood. Both BiP

and calnexin associate with folding intermediates of VSV G (Hammond et al., 1994; De

Silva et al., 1990; Hammond and Helenius, 1994b) and unassembled human MHC 1heavy

chains (Nobner and Parham, 1995). On the other hand, only calnexin was found in

association with unassembled mouse MHC 1heavy chain (Nobner and Parham, 1995) and

folding intermediates of (ll-antitrypsin (Gl"dham et al., 1990, Le et al., 1994). In the case

of thyroglobulin, calnexin and BiP are thought to act sequentially. Calnexin binds to newly

synthesized thyroglobulin before BiP binding occurs (Kim and Arvan, 1995). Possibly,
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sorne proteins expose hydrophobie domains during 'calnexin mediated folding' and thus

aUow BiP association with these regions.

1.5 Stable calnexin association with rnisfolded proteins

Improper protein trafficking due to retention of misfolded protein in the ER is

responsible for several human diseases (Thomas et al.• 1995). Calnexin has been

implicated in the ER retention of sorne of these proteins. including mutants of a 1­

antitrypsin and CFrR. Calnexin has also been found in stable complexes with other ER

retained misfolded monomeric proteins or unassembled subunits of muhimeric proteins.

thus supporting a molecular chaperone role for calnexin (Thomas et al.• 1995; Hammond

and Helenius, 1995; Williams and Watts. 1995).

1.5.1 Stable calnexin association with misfolded monomerlc proteins

Ml!tanl ml~folded proteins. such as the PI Z anô Hong Kong a,-antitrypsin

variants. CFfR ôF508 mutant, mutants of P-glycoprotein and VSV G ts045 arc retained in

the ER and subsequently degraded (Wu et al., 1994; Le et al.• 1994; Pind et al.• 1994; Loo

and Clarke, 1994; Hammond et al.• 1994). Calnexin can be found in stable association

with these mutant proteins prior to their degradation. Both calnexin and calreticulin arc

found in association with an ER retained form of HA that is unable to obtain a mature

conformation (Peterson et al.• 1995).

1.5.2 Calnexln association wlth the subunlts of unassembled proteln

complexes

Calnexin is also found in association with various unassembled subunits of protein

complexes. Sorne exarnples arc discussed below.

The TCR complex is assembled in the ER. Partial complexes thatlack any subunit

are retained in the ER and arc subsequently degraded (Bonifacino and Lippincott-Schwartz.

1991). Human CD3E was retained in the ER whcn cocxprcsscd with human calnexin in

COS ceUs (Rajagopalan et al., 1994). When C-terrninaltruncated human calnexin mutants

were coexpressed with CD3E, CD3E was found to he mislocalized with human calncxin in

COS ceUs. SimilaJ:ly. in a ceU line which Jacks the TCR a subunit. calnexin remained

associated with the TCR psubunit for a prolonged time.
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ln mammalian cells which did not express P2m, the MHC 1 heavy chain was ER

retained and remained in association with calnexin (Degen et al., 1992; Rajagopalan and

Brenner, 1994). Further evidence for calnexin association and ER retention of

unassembled MHC 1 heavy chain was demonstrated using a heterologous Drosop1zila

system. Transfection of mammalian MHC 1heavy chain into Drosop1zila cells resulted in

the expression of this normally ER retained protein at the cell surface. Cocxprcssion of the

heavy chain and P2m resulted in peptide free heavy chain/P2m dimers and heavy chain

monomers exiting the ER. This aberrant cell surface expression of unassembled MHC 1

was due to lack of endogenous Drosop1zila calnexin-MHC 1complexes. When mammalian

calnexin was expressed in these Drosop1zila cells, it was found to be associated with heavy

chain monomers and partially assembled heavy chain/p2m dimers. Subsequent transport of

heavy chain monomers and partially assembled heavy chain/p2m dimers to the cell surface

was retarded in this case (Jackson et al., 1994). This experiment strong1y supports the

hypothesis that calnexin is able to rctain unassembled protein subunits in the ER.

Integrin p-subunits that do not assemble with a subunits to form the mature ap

heterodimeric integrin complex are also found in stable complexes with calnexin in the ER

(Lenter and Vestwebcr, 1994).

Unassembled protein subunits are probably retained in the ER for the same reasons

that mutant monomeric proteins are retained. In both cases, proteins expose hydrophobie

segments and are thus considered to bc misfolded by the ER quality control apparatus.
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1.5.3 The association of BiP and calnexin with misfolded proteins and

unassembled protein subunits

Both BiP and calnexin are found in complexes with misfolded proteins. including

CFTR llF5D8. VSV G ts045 and HA (Hurtley et al.• 1989; Hammond and Helenius.

1994b; Hammond et al.• 1994; Pind et al.• 1994). For other misfolded proteins, there

seems to be a c1ear preference for association with either calnexin or with BiP. Only BiP is

expected to be found in association with unglycosylated proteins. This association is

observed when cells were treated with the glycosylation inhibitor tunicamycin (Domer et

al.. 1987). However, exceptions to this rule have been found (see section 1.3.5). BiP

also associates with glycoproteins and is found associated with ER retained MHC Il

subunits (Bonnerot et al., 1994; Nijenhuis and Neefjes, 1994). However. ER retained PI

Z and Hong Kong al-antitrypsin variants remain associated with ca1nexin and not BiP (Le

et al.• 1994. Wu et al.. 1994 ).

The reasons for this specificity are unc1ear. Reglucosylation of misfoldcd proteins

by UGGT (thus maintaining N-linked oligosaccharides in a G1cNAc2Man9G1cI state), may

explain the stable association of misfolded and unassembled proteins with calncxin. MHC

II subunits are glycosylated and transiently associate with calnexin. Howcver, whcn

unassembled MHC II subunits are retained in the ER. they arc not found in stable

complexes with calnexin (Anderson and Cresswell. 1994; Nijenhuis and Neefjes, 1994;

Bonnerot et al.• 1994). BiP has an affinity for hydrophobic peptides and probably binds to

exposed hydrophobic domains in incompletely folded polypeptides (Flynn et al., 1991).

Thus BiP binding to MHC Il subunits may abrogate calnexin binding.

1.5.4 Protein retention in the ER and the roie of calnexin in protein

degradation

Misfolded protein mutants or unassembled subunits of protein complexes are

retained in the ER. In sorne cases, these mutant proteins are subsequently degraded in a

pre-Golgi compartment (Bonifacino and Lippincott-Schwartz, 1993). As descri!led above,

calnexin plays a role in the ER rctention of mutant or unassembled proteins. Whether

calnexin plays a direct role in mutant protein degradation is not weil understood.

For sorne proteins, calnexin has bcen implicated in their ER retcntion and

stabilization. Expression of MHC 1 heavy chain was found to he degraded rapidly in
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Drosoplzi/a cells, whereas MHC 1heavy chain coexpressed with mammalian calnexin was

protected from degradation (Jackson et al., 1994). Furthermore, castanospermine, which

abolishes glycoprotein calnexin interactions, enhanced the degradation of the newly

synthesized calnexin substrate proteins TCR u (Kearse et al., 1994) and MHC 1 heavy

chain (Vassilakos et al., 1996) Similarly, nonglycosylated MHC II invariant chain

molecules (Romagnoli and Germain, 1995) no longer associated with calnexin and were

rapidly degraded.

However, other misfolded proteins which associate with calnexin for prolonged

times, such as VSV G ts045, ul-antitrypsin PI Z variant and CFTR tl.F508 are eventually

ER degraded. Calnexin and BiP associate with VSV G ts045 mutant and retain this mutant

protein in the ER. Furthermore, BiP selectively retrieves any VSV G ts045 which escapes

to the cis-Goigi network (Hammond and Helenius, 1994b). This mutant protein is

evclllually degraded with a half life of four hours (Hammond and Helenius, 1994b). The

folding defect of the ul-antitrypsin PI Z variant leads to an accumulation of an intermediate

which is prone to aggregation and is retained and degraded in the ER (Le et al., 1992;

Sifers, 1995). The u)-antitrypsin PI Z variant forms stable complexes with calnexin in the

ER and is degraded within 30-45 minutes after synthesis (Le et al., 1990). One hundred

percent of CFTR tl.F508 mutant is retained and degraded in the ER. Prolonged association

of the CFTR tl.F508 mutant with calnexin is observed. One pathway which is responsible

for CFTR tl.F508 degradation includes the cytosolic proteosome since proteosomal

inhibitors prevent the degradation of CFTR tl.F508 (Ward et al.• 1995; Jensen et al., 1995).

It is not clear if calnexin promotes or inhibits ER degradation of mutant or

unassembled proteins. In the short-term, calnexin may protect proteins which are

incompletely folded or incompletely assembled. In the case of protein complexes, calnexin

may indirectly stabilize protein subunits by promoting their association into a mature

complex (Jackson et al.• 1994). However, mutant proteins that can not be properly folded

are evcntually targeted for proteolytic degradation, as is the case for the PI Z variant and

VSV G ts045 (Le et al., 1990; Hammond and Helenius, 1994b) Likewise, protein

subunits that do not assemble into mature complexes are eventually degraded, regardless of

whether they bind calnexin (Degen et al.• 1992). Hence, long-term association of proteins

with calnexin may he responsible for their proteolytic degradation. Whether calnexin plays

a direct role in 'presenting' proteins to the degradation pathway remains to he tested.
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1.6 The calnexin/calreticulin family: an ER cha perone
superfamily

1.6.1 Calnexin

Calnexin and calreticulin are remarkably conscrvcd in eukaryoles. In mmnmals,

calnexin and calreticulin clearly play a role in protein folding and quality control.

However, calnexin/calreticulin homologues have also been found in a variety of animal,

plant and yeast species. In non-mammalian species, the role of calnexin/calreticulin

homologues remains to be tested. There are several fealures conserved in calnexin and

calreticulin homologues and are likely important for the slructure-function of calnexin and

calreticulin. These features have been dubbed calnexin (calreticulin) signature sequences.

Calnexin homologues in animal species

Calnexin was serendipitously identified by John Bergeron and colleagues as part of

an ER membrane protein complex isolated from canine pancreas (Wada el al., 1991). Ali

calnexins have the overall topology of a type 1 inlegral membranc protein. In mammals,

calnexin is ubiquitous and its amine acid sequence reveals a 571-573 amino acid protein, in

addition 10 a 20 amine acid cleavable N-terminal signal sequence (Table 2). Callis

fallliliaris [canine], MilS IIllIsellllls [mousel, Rat/liS rat/lis [rat] and HOlllo sapiells [human]

calnexins share 90% amine acid identily and have a 94% similarily overall. The exception

is a mouse testis-specific calnexin homologue (calnexin-t) which shares 54% amino acid

identity with mouse calnexin (Ohsako el al., 1994).

Calnexin homologues have also been cloncd from two worm spccics, thc nematodc

CaellorlUlbdilis elegalls (Sulston el al., 1992) and thc lrcmatode Sehisto.wlIla IIlllll.WJ/li

(Hawn et al., 1993). The two worm calnexins share 37% amino acid idcntity. C.e/elialls

calnexin and S.IIlIlIlSOlli calnexin share 39% and 49% amino acid idcntity respcctivcly wilh

the mammalian calnexins (Table 1).
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Calnexin homologues in plant species

In plants, calnexin homologues have been c10ned from Arabidopsis Illalialla (Huang

el al., 1993; Boyce el al., 1994) as weil as Glycille max [soybean) (Goode el al., 1995)

and Heliallllllls llI/JeroslIs [Jerusalem artichoke). Plant calnexins are shorter than their

animal counterparts and have a smaller cytoplasmic tail (46-55 amino acids) (Table 2).

Two A.IIlalialla calnexin homologues have been identified and share the highest degree of

identity (81 %). OveraIl, plant calnexins share 68% to 73% amino acid identity. Plant and

animal calnexins share 30-39% amino acid identity (Table 1).

Calnexin homologues in rungi

ln yeast, two calnexin homologues have been c1oned, one from

Scllizosaccllaromyces pOli/be (Jannatipour el al., 1995; Parlati el al., 1995a) and the other

from Saccllaromyces cerevisiae (De Virgilio el al., 1993; Parlati el al., 1995b). Mature

S.pombe calnexin is 538 amino acids long, and has a shorter cytosolic tail than animal

calnexins (48 amino acids). S.pombe calnexin shares between 31 % -to 38% amino acid

identity with plant and animal calnexins (Table 1). On the other hand, S.cerevisiae calnexin

is only 485 amino acids long and lacks a cytosolic rail. It shares 20% to 28% amino acid

identity with other c10ned calnexins (Table 1). From the sequence of the complete yeast

genome, it is possible to unequivocally state the Cne 1p is the only calnexinlcalreticulin

homologue in S.cerevisiae.

Table 1: Percent identity amongst animal, plant and rungi calnexins

Mammalian C.e/egalls S.maIlSOIl; Plant S.pombe S.cerevisiae

Mammalian 39% 49% 37-38% 34% 24%

C.e/egalls 37% 30-35% 33% 20%

S.Itum.'WnÎ 35-39% 31% n.d.

Piani 36-38% 25-28%

S.pombc 22%

S.cerevisiae

Percent identities are calculated using the GeneWorks program. For mammalian and plant

calnexins, the percent identities are Iisted as a range and cover ail known mammalian or

plant homologues.
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1.6.2 Calnexin signature sequences

There are several amino acid motifs present in calnexin homologues and they arc

summarized below.

Putative ER lumenal calcium binding repeats

Ali calnexins encode three copies of the conserved sequence KPEDWDE and one

copy of the c10sely related sequence KPEGWLDD (or slight variations thereot). for a

total of four repeats [in sorne cases. glutamates (~) arc exchanged for aspartates (D) 1.
These repeat sequences are mueh less eonserved in S.cerevisiae ealnexin. Cne 1p. Upon

closer inspection. it is observed that the spacing betwe, the repeats is also eonserved. The

first and second repeat are separated by 10 amino acids. the second and third repeat arc

separated by 12 amino aeids, and the third and fourth repeat are separated by Il amino

acids. Il has been postulated that these repeat motifs form a high affinity low capacily

calcium binding site (Baksh and Michalak, 1991; Michalak ela/.• 1992; Tjoelker, ela/.•

1994). The conserved spacing between the repeats suggests a conserved structure (Figure

2).

Conserved cysteine residues

Ali calnexins encode 4 conserved cysteine residues (Figure 2). In mammals, the

first and second cysteine are separatl:d by 33 amino acids, and the degree of separation

varies l'rom 30 to 34 amino acids in ail calnexins. The second and third cysteines are

separated by 165 amino acids in mammals. and this varies between 163 and 170 amino

acids for ail calnexins. Surprisingly. the third and fourth cysteines are always separated by

5 amino acids. except for mouse calnexin-t where there is only a three amino acid

separation. In ail calnexins cloned thus far amino acids flanking the cysteine residues are

weil conserved. Il has becn established that canine calnexin has at least one and possibly

two disulfide bonds (Ou ela/., 1995).

C-proximal aspartic/glutamic acid stretch

A third motif consists of several stretches of aeidic amino acids present in the

cytosolic tail of calnexin, which are often separated by basic amino acids. This region has

been identified in calreticulin as a high capacity, low affinity calcium binding sile (Michalak
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et al., 1992). This domain is clear1y present in mammalian calnexin and to a lesser extent

in mouse calnexin-t an . .:lther animal calnexins. The cytosolic tail encoded by plant

ca1nexins is more basic, and S.pombe calnexin does not contain stretches of acidic amino

acids in ils cytosolic tail region (Figure 3).

C·terminal ER retention!retrieval sequence

Lumenal ER proteins often have the tetra-peptide KDEL (HDEL, in plants and

yeast) at their C-terminus. ER membrane proteins often have the sequence KKXX or

variations thereof at their cytoplasmically oriented C-terminus (Nilsson and Warren, 1994).

These sequences function to maintain proteins in the ER. In mammalian calnexins, the

retrieval sequence has been identified as RKPRRE, present at the C-terminus (Rajagopalan

et al., 1994). Deletion of this sequence in human ealnexin and expression in COS ceIls

causes itto localize in the Golgi and vesicular compartments. This motif is almost identical

in ail mammalian calnexins with slight variations in mouse calnexin-t and other animal

calnexins (Table 2). In plants, a similar motif rich in basic residues is present at the C­

terminus of calnexin (Table 2). The S.pombe calnexin C-terminus codes for a different

sequence, PTAKNED. However, alignment of the five amino acids at the C-terminus of

ail calnexins (excluding S.cerevisiae calnexin) reveals the consensus sequence

(AI)(K/R)(XI)(D/E)(XO/l), where AI is an aliphatic amino acid. This is reminiscent of the

ER retrieval sequence KDEL, where both acidic, basic and aliphatic amino acids are

important for ER protein retrieval (Pelham, 1990).

Casein kinase II phosphorylation sites

Canine calnexin was originally identified as a phosphoprotein of the ER membrane

(Wada et al., 1991). Il was laller shown that ill vitro, casein kinase II could phosphorylate

calnexin (Ou et al., 1992). Using calnexin from dog sarcoplasmic reticulum, it was shown

that a single serine (either Ser535 or Ser545) was phosphorylated in the cytoplasmic domain

(Cala et al., 1993). Ali calnexins (with the exception of a.max and S.cerevisiae

calnexins), contain potential casein kinase II sites in their cytosolic domains. Thus,

phosphorylation May play a IOle in calnexin regulation.
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Other characteristics of calnexin

G1ycosylation sites are generally absent from mammalian calnexins. whereas

calnexins in plants. C.elegans and S.polllbe have a single glycosylation site in the lumenal

domain. S.cerevisiae calnexin. Cne 1p. has five N-Iinked glycosylation sites.

It has been observed that mammalian calnexins migrate on SOS-PAGE with

apparent molecular weights between 88-92 kDa. values which are higher than predicted (65

kOa). This retarded migration has been attributed to the low pl values for mammalian

calnexin. The calculated pl values for mammalian and C.elegans calnexins ranges from

4.17 to 4.2. whereas the calculated pl values for plant calnexins ranges between 4.4 and

4.6. S.polllbe calnexin has the lowest calculated pl value (4.08) wht:reas S.lIlan.wmi and

S.cerevisiae calnexin have the highest calculated pl values (4.82 and 4.84 respectively).

Similar to mammalian calnexin. mouse calnexin-t. A.lilaliana, S.polllbe and S.cerevisiae

calnexins have higher than predicted apparent molecular weights on SOS-PAGE (Huang el

al.. 1993; Ohsako el al.. 1994; Bergeron el al.. 1994; Parlati el al.. 1995a; Parlati el al.•

1995b).

•
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• Table 2: Selected features for animal, plant and fungi calnexins.

Species Mature Cytosolic C-tenninal Presence of an

Protein Length Sequence Acidic

Length Tai!

Animalia
Mammalia 571-573 89-121 N'KRK/RP'vRK/RE,O YES

H..mpiells 572 91 NRKPRRE YES

C.familiaris 573 91 NRKPRRE YES

R.raltus 571 89 NRKPRRE YES

M.musculus 571 89 NRKPRRE YES

M.musclIllIs-t 592 121 KRRVRKD YES

Nematoda

C.elegal/s 600 120 RTARRGD YES

Trematoda

S.mal/solli 563 98 KRRSRKE NO

Plantae 508-523 46-55 RR/QP/rRRE/oN/r/S NO

H.tllberoslIs 519 55 RRPRRDT NO

a.max 523 55 RRPRRET NO

A.thalialla 511 48 RQPRRDN NO

A.thalialla 508 46 RQTRRES NO

Fungi
S.pombe 538 48 PTAKNED NO

S.cerevisiae 485 1

The 'mature protein length' indicates the number of amine acids after signal peptide

cleavage. The 'cytosolic length' indicates the number of amine acids in the cytosolic tail.

The 'C-terminal sequence' is the sequence of the C-tenninal seven amino acids, which

encodes the putative ER retention sequence. M.musculus-t refers to mouse testis specific

calnexin or calnexin-l.
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Figure 2: Conserved calcium binding and cysteine signature
sequences in canine calnexin, mouse calreticulln and S.pombe
Cnx1p.
Conserved calcium binding repeats are designated 1 to 4,
conserved cysteines are designated A, B, C. The signal sequence
(.), a highly conserved central domain (~), the transmembrane
domain(~) and the C-proximal stretch of acidic (~) amino acids
are shown.
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Canine calnex!n 161 CGGAYVKLL 188 DfFGPDKCG 358 PKCESAPGCG

Kou.e calreticulin 105 CGGGYVKLF 130IMPGPDICG ----------
S.pemba CDxlp 132 CGGAYLKLL 156 IMFGPDKCG 32' PLCIEGAGCG

1 2 3 4

canine calnexin 2U KPEDWIlE 301 KPDDWNE 320 KPDGWLD 339 KPEDWIlE

Kou.e calreticulin 215 KPEDWIlE 232 KPEDWIlK 2'9 KPEDWIlE -------

S.pombe CDx1p 2'9 KPADWVD 266 KPDDWDE 285 KPEDWLE 30' KPEDWIlD



•

•

1.6.3 Calretieulin

Calreticulin is a major calcium binding ER resident lumenal protein (Smith .md

Koch, 1989; Michalak el al., 1992) and sharcs a high degrce of amino acid identity with

calnexin.

Calretieulin homologues in animal species

Ca1reticulin has been c10ned from a variety of mammals inc1uding H.sapiel/s

[human], OryclO/agus CUI/icu/us [rabbit], M.lIluscu/us [mouse] and R.ralllis [rat] (Michalak

el al., 1992). Mammalian calreticulins are highly conserved and share 90% amino acid

identity and a 94% overall amino acid similarity. No tissue specificity has been observed

for ea1reticulin other than for Bos laums [bovine], which encodes a brain specifie isoform

and shares a 70% amino acid identity (75% total similarity) with other ubiquitous

marnmalian calreticulins (Liu el al., 1993).

In addition, two Xel/opus /aevis brain variants have also been found, whieh share

over 93% amino acid identity (Treves el a/., 1992). X./aevis calrcticulins share 78%

identity with mammalian calreticulin but only 62% identity with the bovine brain variant.

Calreticulins from Drosophila lIle/al/ogasler [fruit f1y] (Smith, 1992a), AIIlb/yolllllla

americal/ulIl [tick] (Jaworski el a/., 1995), as well as from Ap/ysia ca/ifomica [ marine

snail] (Kennedy el a/., 1992) have been identified. Calreticulin has been also identified in

two nematodes, C.e/egal/s and Ol/chocerca volvulus (Unnaseh el a/., 1988; Smith, 1992b)

and a trematode, Schislosollla japolliculIl (Huggins el al.. 1995). The percent identities

between calreticulins from different species are summarized in Table 3. Except for

S.japolliculll they ail share 59% or greater amino acid identity, indicating that the

calreticulin family is highly conserved (Table 3).

Calretieulin homologues in plant speeies

In plants, ealreticulin homologues have been found in at 1east five angiosperm

species, inc1uding HordeulIl vu/gare [barley] (Chen el a/., 1994), Nicolialla tahaculIl

[tobacco] (Denecke el a/.• 1995), A.lhalialla (Benedetti and Turner, 1995), CapsiculIl

allllum [pepper] (Hugueney el a/., 1995) and Zea mays [maize] (Kwiatkowski el a/.,

1995). They share 75% or greater amino acid identity and show 45-50% idcntity with

animal calreticulins (Table 3).
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• TABLE 3: Percentage identity amongst animal and plant calreticulins.

Mammalian X.lact'i.\"

Mammalian 18%

X./aeviJ

lJ.mdantJ!:Qlltr

C.de;':llll.'i

D.l'tllvll/lI.\'

[J.ff1tlanoxaJter C.e/egatls O. llo/l'u/us Plant

64% 62% 59% 48-49%

62% 62% 59% 49-50%

58% 58% 48%

65% 48%

45-47%

•

Plant

Percent identities are calculated using the GeneWorks program. For mammalian and plant

calnexins. the percent identities Iisted eovers ail sequenced mammalian and plant

caireticulins.

1.6.4 Calreticulin signature sequences

Sorne amino acid motifs present in calnexins are also present in calreticulins and are

discussed below.

Calcium binding repeats

There arc two conserved KPEDWDE repeats as weil as a closely related

KPEDWDK (in animaIs) or KPEGYDD in plants (n. b.. sometimes E and D are

substituted). Hence. three repeated motifs are present in calreticulin. compared to four

round in calnexins. The amino acid spacing between these motifs is also conserved as is

the case for calnexin. In ail calreticulins. there are 10 amino acids between the first two

repeats and 10 amino acids between the second and third repeat (II amino acids in plant)

(Figure 2). As observed for calnexin. the conserved spacing between these motifs

suggests a conserved structure which may be possibly important for calcium binding

(Michalak et a/.. 1992).

Conserved cysteine residues

Two cysteine residues are conserved in ail calreticulins and correspond to the first

two conserved cysteine residues in calnexin (Figure 2). The amino acid spacing between
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these cysteine residues is also conserved (31 residues). Studies with puritied bovine

calreticulin have shown thatthey forrn a disultide bond (Matsuoka el a/.. 1994).

C-Proximal aspartie/glutamic acid stretch

Acidic stretches of amino acids are also found near the C-terlllinus of sOllle

calreticulins. Mammalian, X./ael'is, D.lllelclllogasler, A.alllericl/II/IIII, A.ca/ijiJl'llica.

C.e/egal/s, and plant calreticulins show signilicant stretches of acidic amino acids near the

C-terminus (Figure 3). On the other hand, S.japol/iCIIIII does not have an aspartic/giulalllic

acid rich domain and the C-terminal domain of a.vo/m/II.\' has stretches of basic mnino

acids (Unnasch el a/., 1988).

ER retrieval sequences

ER resident lumenal proteins encode the C-terminal KOEL sequence or slight

variations thereof. This motif acts as a signal to recycle ER proteins, via a receptor

mediated mechanism, which may escape the ER lumen (pelham, 1990). Ali calreliculins

have C-terminal ER retrieval sequences which are summarized in Table 4. The only

exception is a.vo/vlI/us calreticulin, which has the sequence KKKK at its C-terminus.

Other characteristics of calreticulin

Consensus sequences for N-linked glycosylation sites are present in ail known

plant calreticulins (except A.lhalial/a). One N-linked glycosylation consensus sequence is

present in mammalian and frog calreticulin. and glycosylated forms of calreticulin have

been reported in mammals (Van el a/.. 1989; Peter el a/.• 1989: Matsuoka el a/.• 1994).

Like calnexin. calreticulin migrates with a higher than expected molecular weight on

SOS-PAGE. The predicted molecular weight of mammalian calreticulin is approximately

46 kDa. whereas it mignltes with an apparent molecular weight of 55 kOa (Michalak el a/.•

1992). Here again. a low pl value is likely to be responsible for this aberrant SOS-PAGE

migration. The calculated pl values range from 4.0 to 4.07 in mammalian. A.ca/ijimlÎcl/

and D.me/al/ogasler calreticulin. The calculated pl values range from 4.21 to 4.32 for

A.americal/lIln. C.e/egans and S.japonicuIII calreticulins. For plant calreticulin. the pl

values range from 4.05 to 4.14. Surprisingly. the calculated pl value for a.volvulus

calreticulin is 6.16.
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• TABLE 4: Selected features for animal and plant calreticulins.

Specics Malure C-lenninal Presence of an

Prolein Sequence Acidic Tail

Lenglh

Animalia
Mammalia 399-403 KDEL YES
H.sapiens 400 KDEL YES
O.cuniculus 401 KDEL YES

R.rallus 399 KDEL YES

M.muscu/u.!' 399 KDEL YES

B.taurtls Brain 403 KDEL YES

Amphibia

X.laevis 399 KDEL YES

Arachnida

A.americanum INCOMPLETE HEEL YES

Insecta

D.melanogaster 387 HDEL YES
Gastropoda

A califomica 390 KDEL YES
Nematoda

C.elegalls 371 HDEL YES

O.volvulus 380 KKKK NO

Trematoda

S.japollicu/ll INCOMPLETE HDEL NO

PLANTAE
H.vulgare 394 HDEL YES

Z./Ilays 396 HDEL YES
N.tabacu/ll 388 HDEL YES

Athalialla 405 HDEL YES

C.ClI/lIlml 390 HDEL YES

The 'mature protein length' indicates number of amino acids aCter signal peptide cleavage.

• The 'C-terminal sequence' refers to the four C-tenninal amino acids, which encodes the

putative ER retrieval sequence.
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1.6.5 Calnexin and calreticulin compared

In humans, mouse, rat, C.elegllll.l' and A.r1za/illl/(/, complete cDNAs for calnexin

and calreticulin have been identified. Calnexin and calreticulin proteins from the saine

species show 28% amino acid identity, exccpt in C.eleglllls. where they sharc 24% alnino

acid identity. The overall amino acid identity, conserved motifs. in addition to ER

localization signaIs argues that calnexin and calreticulin form a superfamily of proteins with

possibly similar functions. Figure 3 depicts conserved domains amongst members of the

calnexin and calreticulin family.
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Figure 3: Comparison of the conserved regions in calnexin and
calreticulin homologues.
The signal sequence (.), a highly conserved central domain (~), the
transmembrane domain (~) and the C-proximal stretch of acidic (~) &

basic (~) amino acids are shown. The highly conserved central domain
encodes the putative calcium motifs and conserved cysteine residues.
The amino acid length of calnexin and calreticulin (including the signal
sequence) is noted. For calreticulin, the C-terminal amino acid sequence
is also noted.
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1.7 Aim of this work

The ER is the site of folding and modification of many organellar and secretory

proteins. In addition, there are mechanisms in the ER for the surveillance and retention of

misfolded proteins or unassembled complexes, known as the ER protein quality control

apparatus. The ER resident proteins BiP and calnexin have been implicated in the folding

and quality control of newly synthesized and translocated proteins. Calnexin has a role in

the folding of monomeric proteins, the assembly of protein complexes, as weil as the

retention of misfolded or unassembled proteins in the ER. Recognition of the N-linked

sugar intermediate GlcNAc2MangGlci is the principal mechanism by which calnexin and

calreticulin bind transiently to proteins. The implications of this binding are not completely

understood. Misfolded or unassembled proteins remain in stable association with calnexin

presumably because the N-linked sugar moiety GlcNAc2MangGlci is nottrimmed. The

long-term consequence of a stable association with calnexin is likely to be proteolytic

degradation.

Proteins that carry out basic cellular functions are often present in most, if not ail,

eukaryotic spccies. As described above, calnexin homologues are present in a wide variety

of eukaryotic species including yeasts. Yeasts are a useful experimental system for

determining the effects of deleting or overexpressing a gene. One can also assign

functional significance to various protein domains by characterizing the phenotype upon

expression of mutant forms of the protein.

The aim of this work was to identify and characterize the calnexin and/or calreticulin

homologue in the yeast species S.cerevisiae and S.pombe. Once identified, the

biochemical propcrties of the genes and gene products of the calnexinlcalreticulin yeast

homologues were characterized. These properties included calcium binding, the

glycosylation state, intracellular localization and membrane affinity of the gene products

and stress induciblity of the gene transcripl. The potential role of yeast calnexin and/or

calreticulin in ER quality control 'Nas assessed using gene disruption and the expression of

various calnexin/calreticulin domams.
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CHAPTER 2

Saccharomyces cerevisiûe CNEI encodes an 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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2.1 Abstract

We have used a PCR strategy to identify in the yeast Saccharomyces cerevisiae,

gcnes of the mammalian calnexinlcalreticulin family, and we have identified and isolated a

single gene, CNE]. The protein predicted from the CNE] DNA sequence shares sorne

motifs with calnexin and calreticulin, and it is 24% identical and 31 % similar at the amino

acid level with mammalian calnexin. On the basis of ils solubility in detergents and its lack of

extraction from membranes by 2.5 M urea, high salt and sodium carbonate at pH 11.5, we

have established that Cne 1p is an integral membrane protein. However unlike calnexins, the

predicted carboxy-terminal membrane-spanning domain of Cne 1p terminates directly.

Funhermore, based on its changed mobility from 76 kDa to 60 kDa after endoglycosidase H

digestion, Cnelp was shown to be N-glycosylated. Localization of the Cnelp protein by

differential and analytical sub-cellular fractionation as weil as by confocal

immunofluorescence microscopy showed that it was excJusively located in the ER, despite

the lack of known ER retention motifs. Although six Ca2+binding proteins were deteeted in

the ER fractions, they were ail soluble proteins and Ca2+ binding activity has not been

detec,~d for Cne 1p. Disruption of the CNE] gene did not lead to inviable cells or to gross

effects on the levels of secreted proteins sueh as a-pheromone or acid phosphatase.

However, in CNE] disrupted cells, there was an increase of ccII-surface expression of an ER

retained temperature sensitive mutant of the a-pheromone receptor, Ste2-3p, and also an

increase in the secretion of heterologously expressed mammalian al-antitrypsin. Hence,

Cncl p appears to function as a constituent of the S.cerevisiae ER protein quality control

apparatus.
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2.2 Introduction

Calnexin is an integral membrane calcium binding phosphoprotein found in the ER of

mammalian cells (Wada el al., 1991; Bergeron el ai., 1994). Closely relmed DNA sequences

have been found in plants and nematodes (Sulston el al., 1992; Huang el al.. 1993). A

function for calnexin as a molecular chaperone has been identified (Bergeron el al., 1994). It

associates transiently with several membrane glycoproteins during their maturation in the

endoplasmic reticulum including MHC 1heavy chain (Degen el al., 1991; Ahluwalia el al.,

1992; Degen el al., 1992; Galvin el al., 1992), MHC Il (Anderson el al., 1994), the T ccli

receptor, membrane Ig (Hochstenbach el al., 1992), the viral membrane glycoproteins

influenza HA and the "G" protem of vesicular stomatitis virus (Hammond el al., 1994) as

well as the cystic fibrosis transmembrane conductance regulator, CFfR (Pind el al., 1994)

and integrin (Lenter and Vestweber, 1994). In addition, calnexin associates transiently with

the normal folding intermediates of soluble monomeric glycoproteins including transferrin,

a,-antitrypsin, complement C3, apoB-lOO (Ou el al., 1993; Le el al., 1994), as well as the

major secreted glycoprotein of MDCK cells, gpSO (Wada el al., 1994).

A second related function has been proposed for mammalian calnexin as a constituent

of a protein quality control apparatus in the ER recognizing and retaining sorne mutant

proteins and components of unassembled complexes. For example, when soluble secretory

glycoproteins are synthesized in the presence of the proline analog azetidine 2-carboxylic

acid, they are retained in the ER and remain associated with calnexin for a prolonged period

(Ou el al., 1993). Similarly, mutant proteins such as VSV G ts 045 glycoprotein are retained

in the ER by their association with calnexin (Hammond el al., 1994). Components of

unassembled complexes are also retained in the ER in association with calnexin. for example,

the MHC class 1heavy chain synthesized in the absence of 1l2-microglobulin (Degen el al.•

1991; Ahluwalia el al., 1992, Degen el al., 1992; Jackson el al., 1994) and the T cell

receptor synthesized in the absence of the a-chain (David el al., 1993; Rajagopalan el al.,

1994). Thus calnexin has the properties expected of a component of such a quality control

mechanism.

Recently, the sequence of a gene in S.cerevisiae with similarity to mammalian

calnexin has been reported (De Virgilio el al., 1993). The isolation of a calnexin homologue

l'rom yeast will help elucidate the molecular mechanisms whereby calnexin carries out its

roles as a molecular chaperone and the retention of proteins in the ER membrane. We have

identified by a PCR strategy, a candidate calnexin gene in S.cerevi.l'iae CNEJ. We have
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characlerized and localized lhe Cne1p prolein and have delerrnined by gene disruption sorne

of ilS funclions .
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2.3 Materials and Methods

Strains lmd media

The S.cerel'isiae diploid strain W303D (MAT a/a. ade2-/lade2-/ Cl/Il/·/()()/call/-/()()

IIm3-/llIra3-/ leIl2-3,1121IeIl2-3.1l2 Irp/-lllrpl·l his3-l J./51his 3-/ J./5), W303-1 a (MAT

a ade2-1 call1-lOO IIm3-1IeIl2-3,l /2 Irpl-l his3-/1, 15), W303-lb (MAT a. (/(/e2-/ c(ml·

100 IIm3-1 le1l2-3,1l2 Irpl·l his3-l1,I5) , DC 17a. (MAT a. his/) and M200-6C (MATa

sstl sst2) strains were grown at 300C in YPD medium containing 1% ycasl extmct (Difco),

2% Bacto-peptone (Difco), and 2% dextrose (BDH) or synthetic media (SC) with the

appropriate amino acid supplements and either 2% glucose or 2% sucrose. The E.coli slmin

MC W61 was used (Maniatis et al., 1982). Yeast synthelic media was previously describcd

(Sherman et al., 1979).

PCR amplification

To identify and isolate genes similar to calnexin l'rom S.cerel'isiae genomic DNA,

degenerate oligonucleotides for the sequences KPEDWDE and YKGK/EWKP with ail

possible codons at each position were synthesized using a BioSearch series 8000 DNA

synthesizer (see Fig 4B). Amplification was performed using a Perkin-Elmer Cetus

Thermocycler (Hann et al., 1989). Samples were then electrophoresed on a 2% agarose gel

and visuaiized by ethidium bromide staining. The band migrating at approximately 300 bp

was purified by electroelution and cloned into the Sma 1 sile 01' plasmid pTZ 19R and

sequenced by the dideoxy protocol using TI DNA Polyrne..a~e (Pharmacia).

Cloning of calnexin in S.cerevisiae

In order to clone the entire sequence of gene we identified, YEp24 genomic

S.cerevisiae DNA libraries were screened using the isolated calnexin PCR fragment as a

probe labeled hy nick translation (Maniatis et al., 1982). Two independent clones were

iso1ated and mapped using restriction enzyme analysis. By Southem analysis, a 3.8 kb Sph

1 fragment was found to hybridize to the PCR probe and was subcloned into the Sph 1 site

of pTZ19R (Pharmacia) to generate plasmid pFPIO.1. Based on sequence information

provided by the PCR fragment, oligonucleotides were synthesized and used to sequence the

gene as previous1y described (Maniatis et al., 1982). The entire CNEI gene wa~ sequenced

and the CNEI sequence was released to GenBank (accession numbcr: LI 1012).
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Antibody production

Polyclonal antibodies recognizing calnexin were obtained by immunizing rabbits with

GST::Cne 1p fusion proteins expressed in E.co/i. The fusion was made by inserting a Balll

H I-Sph 1 fragment (CNE1) into pGex-2T (Smith and Johnson, 1988). GST-calnexin was

expressed by IPTG induction and purified (Smith and Johnson, 1988).

Membrane extraction and Endo·H digestion

Extracts of post-nuclear supematants were mixed with 1 volume of 1 M NaCI, 0.2 M

sodium carbonate pH 11.5, 2.5 M urea, 2% Triton X-100, 0.2% Triton X-100, 2%

deoxycholate or 0.2% SOS and were subsequently analyzed as previously described

(Feldheim el al., 1992). Cne 1p antiserum was used at 1:2000 dilution. Endo-H digestions

were perforrned by incubating 50 Ilg of ML fraction proteins in 100 mM sodium acetate pH

4.9, 150 mM NaCI, 10 mM OTT. 1% Triton X-lOO + inhibitors (1 mM PMSF, 1 I!g/ml

pepstatin, II!g/mlleupeptin and 1 I!g/ml aprotinin) and incubating with 2 I!g of Endo-H for

16 hours at 37°C.

.Yeast fractionation

S.cerevisiae strain W303-la was grown at 300C in YPO medium to a density 2-4 OOc.oJml,

cells were harvested by centrifugation and washed in water. Spheroplasts (100 OOc.oJml)

were generated by a 60 minute incubation at 30°C in 0.7 M sorbitol, 1.5% peptone, 0.75%

yeast extract, 0.5% glucose, 10 mM Tris, 1 mM OTT and Zymolyase TlOO 1 mg/g wet

weight yeast, and homogenized with a Potter-Elvejhem homogenizer in 0.1 M sorbitol, 20

mM Hepes, 50 mM potassium acetate pH 7.4, 1 mM PMSF, 5 I!g/ml aprotinin. The

homogenate was then subjected to differential centrifugation at 4°C. Three different

fractions: Le. nuclear (N), large granule (ML) and microsoma1 (P) and a final supematant (S)

were separated by successive centrifugation at a square angle velocity of 8.2 x lOS, 1.8 x 109

and 1.2 x 10" rad2s·'. For isopycnic sucrose gradient centrifugation, the large granule

(ML) fraction was loaded on a sucrose density gradient (0.5 to 2.3 M sucrose, 20 mM

Hepes, pH 7.4) and centrifuged for 8h at 7.6 x 1010 rad2s· l • (SW40 Beckman Instruments),

fractions were collected and ana1yzed for activity of the marker enzymes, ATPase (Bowman

el ar., 1979), NAOPH cytochrome c reductase (Kubota el ar., 1977), GOPase (Abeijon et

ar., 1989) and monoamine oxidase (Bandlow, 1972). Kar2p and Cne 1p were detected by
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immunoblot and subsequently quantitated by densitometry. Anti-Kar2p and anti-Cnclp

antisera were used at 1:2000 and 1: 1000 dilution respectively.

45Ca overlay

Samples \Vere electrophoresed by SDS-PAGE and evaluated for ·Ta overlay exactly

as previously described (Wada et al., 1991). Yeast ER fractions were recovered from

analytical isopycnic gradients of ML fractions at densities greater than 1.151g/ml (p> 1.151

g/ml). Membrane and soluble proteins were separated by Triton X-114 extraction as

described by Bordier (Bordier, (981). Control experiments were carried out with dog

pancreatic ER membranes also extracted with Triton X-114 exactly as previously described

(V/ada et al., 1991).

Immunofluorescence

Staining of S.cerevisiae was performed essentially as previously described (Pringle et

al., 1991) with the following incubations: 1) anti-Cnelp antisera (1:1000) for 60 min., 2)

rhodamine conjugated Fab (1:50 Jackson Immunochemicals) for 45 min., 3) anti-Kar2p

antisera (1 :2000) for 60 min., 4) FITC conjugated IgG (1 :50, Jackson Immunochemicals)

and DAPI (2 mg/ml, Sigma) for 45 min.. CeUs were viewed using epifluorescence

(Aristoplan, Leitz) and by confocal microscopy (Molecular Dynamics).

Disruption of the yeast CNEl gene

Plasmid pFP10.1 was digested with Sph 1 and religated to clone the insert in the

opposite orientation, creating plasmid pFP 10.11. A 1 kb Eco RI fragment was removed

from pFP-IO.11. This effectively removes the multiple cloning site to create the plasmid

pFP-IO.12. A 750 bp Bam HI-Pst 1 internalto CNEl was replaced with a 2 kb Bam HI­

Pst 1 fragment containing the LEU2 gene from pJJ2S0 (Jones and Prakash, 1990). The

resulting plasmid, pFPIO.l3, was cut with Sca 1 and Sph 1 to linearize the plasmid and

transformed into the leu2- diploid yeast strain W303D (lto et al., 1983). Transformants were

selected on SC glucose minus leucine plates. Disruption of the CNEl gene wa~ confirmed

by Southern blots. For further genetic analysis, diploids were sporulated and tetrad

dissection was performed by standard procedures and the presence of the disruption in parent

cells and spores confirmed by Southern blot analysis.

53



•

•

Acid phosphatase assay

Plasmid pRS306-CNEI was constructed by inserting the Sca 1- Hpa 1 fragment

containing the open reading frame of CNEI into the Sam HI site (3' to the Gal promoter) of

vector pRS306 Gal (Sikorski and Hieter, 1989) and transformed into strain W303-1 b

tJ.cl/el::LEU2. This strain was subsequently grown at3QoC in SC sucrose-uracil (Sherman

el al., 1979) to OO"x,of I. Cultures were then divided in three and glucose, galactose (2%

w/v final concentration) or sucrose (4% w/v final concentration) added. Cell surface acid

phosphatase activity was determined as described (Tohe-e el al., 1973).

Heterologous expression of llt ••antitrypsin

The cONAs for wild type and the PI Z llt I-antitrypsin variant were cloned into the

PV/I Il site ofpVT-lOIU (Vernet etai., 1987). Plasmids pVT-AIPi (wild type) and pVT­

AIPz (mutant) were transformed into W303-lb and W303-lb tJ.cl/el::LEU2, these were

grown overnight in SC glucose -uracil at 30°C. Equal numbers of cells were spolled onto

SC glucose-uracil plates and overlaid with a nitrocellulose filter (BA85 Schleicher and

::lchuell). Plates were incubated at 30°C overnight and nitrocellulose was subsequently

washed to remove yeast cells and immunoblolled with al-antiuypsin antiserum at 1: 1000

dilution (Calbiochem). For detection, either a secondary antibody Iinked to alkaline

phosphatase or Protein A Iinked to J251was used.

Halo assay for aopheromone production

20 ml cultures of wild type strain (W303-1 b PVT), calnexin deleted strain (W303-1b

tJ.cllel::LEU2 pVT) or calnexin overproducing strain (W303-lb tJ.clleJ::LEU2 pVT-CNEJ)

were grown in SC glucose -uracil to 00600 of 1 and centrifuged at 1000 x g for 5 minutes.

Cells were resuspended in 250 !II of water, and 5 !II was spolled onto a lawn of M200-6C

cells on YPO agar. Agar plates were incubated at 3QoC for 48 hours.

Quantitative mating assay

Assays were performed as described (Sprague, 1991). A 3.0 kb Eco R I-Sph 1

fragment containing calnexin was cloned into the Eco RI site of pAO13, a low copy number

plasmid (Costigan et al., 1992). Mating' jciency for strains DJ 283-7-la (Mat a ste2-3ts

callIts barJ-1 ade2"c his4"lIIlys2oc le t trpl"lII /lra3 cryJ SUP4-3"mts âCllel::LEU2)
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transformed with pADI3 or pAO 13-CNEI were measured at 23"C and 37"C using tester

strain DCI7a. Strains were grown to an OD6lXl of 1 at cither 23"C or 37'{: and then mixed

with confluent OC 17a for three hours at 23"C of 37"C. Mating efticiency is ddïned as the

number of diploids formed per input haploid. Relative maling efliciency was standardized

for each experiment. The maling efficiency of DJ 283-7-1a pADI3. \Vith OC 17" al 23"C

was set at 100.
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2.4 ResuUs

We used a specifie PCR approach to clone genes with sequence similarity to

lT.ammalian calnexin and calreticulin from S.cerevisiae. Degenerate oligonucleotide primers

were designed which corresponded to the amino acid sequence motifs shared between

mammalian calnexin and calreticulin (Fig. 4A. 48). Using S.cerevisiae DNA as a template.

an amplified DNA fragment of approximately 300 bp was identified. cloned and sequenced.

The sequence corresponded most closely to that of mammalian calnexin (nucleotides 1073­

1424) (38%) and of mammalian calreticulin (24%). This DNA fragment was then used to

probe a S.cerevisiae genomic library in the yeast vector YEp24. Two independent clones

with an overlapping common region were isolated from 4 x 1()4 colonies screened. The yeast

DNA insert was subcloned on the basis of ils hybridization with the DNA probe and its

nucleotide sequence was determined. The DNA sequence predicts a protein of 502 amino

acids and was found to be identical to a previously reported gene sequence, CNE] (De

Virgilio el al.• 1993). The overall sequence identity to canine calnexin was 24% and mouse

calreticulin was 21 % (Fig. 5). The predicted protein (Fig. 6) contains a signal sequence, N­

linked glycosylation sites and a carboxy terminal transmembrane domain (Kyte and Doolittle,

1982; von Heijne, 1986; Argos el al., 1982). Unlike calnexin. the predicted Cnelp sequence

did not contain a carboxy terminal cytosolic domain. and unlike calreticulin it did not have a

carboxy terminal ER retention motif (HDEL in yeast) (Pelham, 1990). Thus, on the basis of

overall predicted structure, the sequence we identified did not closely resemble either known

calreticulin or known calnexin seq:Jences.
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Figure 4: The CNE] PCR c10ning strategy.

Panel A, the central domains of calnexin and calreliculin arc uligned bctween amino acids 254

to 389 und 185 to 281 respeetively. Amino acid sequences used to design sense und

antisense oligonucleotides are indicated in bold type. Panel B, amino acid sequences and

corresponding nucleotide sequences (PCR S, sense; PCR A, antisensel used us primers for

PCR umplification of yeast (Y= C or T; R= A or G; N= A, C, G, Tl.
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Figure 5: Amino acid alignments of S.cerevisiae CNEI, canine culnexin und

mouse calreticulin.

Amino acids conserved in at [east two sequences are shadcd. The alignment was performed

using the GeneWorks program.
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Figure 6: Hydrophobicity plot and topology of Cnelp.
Hydrophobicity plot (A) and predicted topology (B) of Cne 1p showing the 5 predictcd sites

of N-linked glycosylation and the single transmembrane domain atthe extrcme carboxyl

terminus. The predicted signal sequence c1eavage is at residue threoninc 20 (T20).
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Identification of Cnelp as an integral membrane protein

Antibodies were raised to Cne 1p which was expressed in E.mU as a fusion protein

with GST and purified by affinity chromatography on glutathione beads. This antiserum

recognized a protein in yeast of 76 kOa which was present in a paniculate cell fraction. To

determine if Cne 1pis an integral membrane protein, membrane preparations were solubilized

in SOS, sodium deoxycholate or Triton X-IOO. No significant extraction of calnexin wns

observed with eilher sodium carbonate at pH 11.5,0.5 M NaCI or 2.5 M uren (Fig. 7A). By

Ihese criterin, the propenies Cne 1p correspond to those expected of nn integral membrane

protein.

The identification of Cne1p as a doublet at a molecular mass of approximately 76 kOa

on SOS-PAGE is higher than lhat expected l'rom the predicted sequence. In order 10

determine if the protein was N-glycosylated, solubilized membranes were digl~sted with

Endo-H and analyzed by SOS-PAGE. This treatment resulted in an increased mobility of the

protein with an apparent molecular mass of 60 kOa (Fig. 7B). This change corresponds to

that predicted if ail 5 potential sites of glycosylation were modilïed by the addition of core

sugars (ca. 3 kOa for each site). However. the predicted molecular mass of the

nonglycosylated protein is 56 kOa.

Subcellular localization of Cne1p

We determined the subcellular location of Cne 1p by differential and analytical sub­

cellular fractionation as wellns by fluorescence microscopy. Differentiai cen'rifugation

identified most of Cne 1p in the large granule (ML) fraction of S.cerevisiae homogenates.

The ML fraction was enriched in NAOPH cytochrome c reductase activity as determined by

de Ouve plots which reveal the quantitative distribution of this marker enzyme for the ER

(Fig. 8). Analytical centrifugation was [lien carried out with the ML frac'ion. Oensity

grarlient centrifugation revealed a sir'1ilar distribution of the ER lumenal protein Kar2p and

Cne 1p (Fig. 9). This distribution corresponded to median densities of 1.195 g/cc for both

proteins (Fig. 10) which was dlso lhat of NAOPH cytochrome c reductase (1.195 g/cc).

However, these distributions weré clearly different than those of the Golgi marker enzyme

GOPase (median density I.l38 g/cc), the plasma membrane marker ATPase (median density

1.156 g/cc) and the mitochondrial marker monoamine oxidase (median density 1.177 g/cc).

Cne 1p is not localized to the vacuole sin ~e the antibodies for carboxypeptidase Y revealed it

to bc principally in the N fraction, with very !ittle in the ML or P fractions (data not shown).
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Figure 7: Cnelp is an integral membrane glycoprotein.

Panel A, spheroplasts were prepared and extracted with SDS (0.1 %), sodium deoxycholate

or DOC (1%), 0.1 M sodium carbonate, pH ILS, Triton X-loo, 0.5 M NaCI (high salt). 2.5

M urea or Tris buffered saline pH 7.5 (mock) followed by centrifugation (30 min. at 100,000

x g to give a pellet (P) and supcmatant (S) fraction. Molecular mass markers are indicated on

the left. Panel B, a total particulate fraction of homogenized spheroplasts was digcsted with

Endo-H giving ;. change in mobility of calnexin from a doublet at ca. 76 kDa to 60 kDa.

Molecular mass marker~ are indicated on the righl.
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Figure 8: Comparison of the distribution of the ER marker enzyme NADPH

cytochrome c reductase and Cnelp.

Panel A: Differentiai centrifugation of S.cerevisiae homogenates into nuclear (N), large

granule (ML). microsomal (P) and cytosolic (S) fractions with the distribution of NADPH

cytochrome c reductase expressed as a de Ouve plot (de Ouve, 1975). Panel B: The

distribution of S.cerevisiae Cne 1p in the same fractions (30 J.Ig protein was applied to each

lane except for P, to which 60 J.Ig of protein was applied and detected by immunoblotting

with anti-Cne 1p antiserum). The ML fraction contains the highest specific activity of

NADPH cytochrome c reductase (Panel A) as weil as Cnelp (Panel B).
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I<'igure 9: Isopycnic sucrose density gradient centrifugation analysis of the

distribution of Kar2p and Cnelp in the parent ML fraction.

ML fractions were centrifuged on linear sucrase gradients as described in Materials and

Method- and equal volumes of each fraction were examined for their content of Kar2p and

Cne 1p determined by immunoblotting with their respective antibodies. The median density

of the Kar2p containing compartment was 1.1951 g/cc and that for calnexin was 1.1955 glcc.
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Figure 10: Sucrose density gradient analysis.

The distribution of marker enzymes for the Golgi marker enzyme GDPase, the plasma

membrane marker ATPase, the mitochondrial marker monoamine oxidase, the ER markers

NADPH cytochrome c reductase, the ER lumenal protein Kar2p and the membrane protein

Cne 1pas determined by analysis of sucrose density gradient. The quantitative distribution of

enzyme activities was evaluated as described in Materials and Methods and that of Kar2p and

calnexin by densitometric evaluation of the data of Fig. 9. The medi"n densities for the

distribution of the respective constituents are indicated.
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Hencc, the distribution of Cne 1p corresponded most closely to that of the ER lumenal protein

Kar2p.

Further examination was carried out by epifluorescence (Fig. II A-C) and confocal

immunofluorescencc microscopy (Fig. II D). Cne 1p (Fig. Il C) was colocalized to a

compartment identical to that for the ER lumenal protein Kar2p (Fig. II B); Le. perinudc ar

and in fïlamentous structures extending into the cytosul. DA?I staining of the nuclei is

shawn in Fig. II A. Cells were analyzed by confocal microscopy (Fig. Il D) with a strong

perinuclear staining pattern observed for Cne 1p. In Fig. II A to II C a sandwich protocn!

was used (Schulze and Kirschner, 1986) whereby rhodamine fluorescence is specifie for

Cne 1p, likewise FITC fluorescence is specifie for Kar2p distribution.

Cnelp is not a prominent 45(;a binding protein of S.cerevisiae ER

We have previously deIl10nstrated that mammalian calnexin and associated SSRa are

the major inlegral membrane proteins of the ER which bind 45Ca in an overlay assay. As

shawn in Figure 12, two integral membrane proteins of dog pancreatic ER corresponding to

canine calnexin (90 kDa) and SSRa (35 kDa) bound 45Ca. An F~ fraction from S.cerev;s;ae

was isolated as pooled fractions 9-18 from Figure 9. Separation into peripheral and integral

membrane proteins by the method of Bordier (Bordier, 1981) revealeù that the 6 major 45Ca

binding proleins of the yeast ER fractionated into the aqueous phase. These proteins most

likely correspond to !umenal ER proteins. As mitochondrial membrane contamination is

notoriously associated with 'pure ER' fractions in yeast, the calcium binding proteins

encountered in this analysis may weil derive from mitochondria. 45Ca binding to an integral

membrane protein of the expected mobility oi Cne 1p was not detecled. This conclusion was

supported by further experiments using a GST::Cnel p fusion protein, expressed and purified

in E.co/i. This protein did not reveal detectable 45Ca binding by the 45Ca overlay protocol,

although control proteins (parvalbumin, calmodulin) were reactive (data not shown). This is

the tirst report identifying Ca2+ binding proteins in S.cerev;s;ae ER although Cne 1p is not

one of them.
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Figure Il: Double immunofluorescence of Cnelp and Kar2p in S.cerel'isiae

by epifluorescence and confocal microscopy.

Field showing nuclear l>taining with DAPI (panel A). Same Iïeld showing Kar2p distrihution

(Panel B) and Cnelp distribution (Panel Cl by epifluoresccncc microscopy. ER localization

of Cne 1p by confocal immunofluoresccnce microscopy (Panel D). The har reprcscnts :l ~IIl.
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Figure 12: Identification of 4SCa binding proteins in S.cerevi.~iae ER.

Integral membrane proteins (100 J.Ig) l'rom dog ER (lane 1) and l'rom S.cercl'isiac ER (50 ~Ig

protein) (lane 2) as well as l'rom detergent (lane 3) and aqueous (Iane 4) phases of Trilon X­

114 extracted S.cercvisiac ER (100 J.Ig protein) were electrophoresed on SDS-PAGE and

transferred to nitrocellulose membrane. In the aqueous phase. six polypeptides of moieclilar

masses 26, 35. 50, 59, 66, 72 kDa were identitied as 4lCa binding proteins of S.cercl'isiac

ER. Integral membrane proteins of 90 kDa and 35 kDa corrcsponding 10 IlHlmmalian

calnexin and SSRu were identified in the Trilon X-114 phase of dog panereatie ER.

Moleclilar mass markers as indicated on thc left .
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Deletion of the CNE] gene

To determine the phenotype of CNE!, the CNE! gene was deleted by inserting the

LEU2 gene into an internai deletion of CNE! creating plasrnid pFP 10.13 (Fig. \3). The

plasmid was Iinearized, transformed into strain W303D and LEU+ diploids were selected.

The transformed diploid was then sporulated and 7 asci were .:Iissected. For every tetrad, ull

four spores were viable showing that the gene is not essential for viability. CNE! RNA was

not detected in the lell2- spore (Fig. 13A) and neither was Cne 1p us determined by

immunoblots of particulate and soluble fractions isoluted from the CNE! deleted strain (Fig.

138). The 30 kDa band as compared to wild type protein found in lane 1 represents a

fragment of Cne 1p which was sometimes observed (Fig. 13 B, lane 1). The protein was not

detected by double immune epifluorescence or confocal immunot1uorescencc examination of

S.cerevisiae CNE] deleted strains with Cne 1p specific antisera (not shown).

Cnelp and secretion

To test if Cnelp is a molecular chaperone for glycoproteins (Bergeron ,'1 al., 1994)

the secretion of the glycoproteins acid phosphatase (Fig. 14) and a-pheromone (Fig. 15) was

determined in CNE] deleted strain. The levels of secreted a-pheromone in wild type, deleted

or overexpressing CNE! strains are identical, as determined by halo assay. Likewise when

CNE] expression is induced or repressed, levels of cell surface acid phosphatase remain

constant.
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Figure 13: Gene disruption of S.cerevisiae CNEl and evaluation by Northern

blot and Western blot.

Schematic representation of plasmid pFPlO.12 containing the entire CNEl gene and

pFPIO.13 containing AL'nel::LEU2. The CNEl open reading frame is shaded in black.

Restriction sites referred to in the text are shown. Panel A, total RNA from ceIls containing

wild type copy and AL'nel::LEU2 was prepared (Wise, 1991) and probed with labeled DNA

containing the entire CNEl gene. 20 Ilg of total RNA was loaded per lane and transferred to

nylon membrane. Lane 1 (-), AL'ne1::LEU2 spore disruptant and lane 2 (+) wBd type spore

for CNEl. CNEl RNA is not detected in AL'nel::LEU2 disrupted cells. Panel B,

Immunoblot detection of S.cerel·.siae Cne 1p. Total particulate (P) and cytosolic (S) fractions

from yeast celllysates from wild type CVEl (lanes 1,2) or AL'nel::LEU2 strains (lanes 3, 4)

were analyzed by immunoblolling with anli-Cne 1p antisera. 20 J.lg protein were applied to

each lane. Molecular mass markerô are indicated on the left.
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Figure 14: Acid phosphatase secretion.

Acid phosphatase content w~.s evaluated in CNE] deleted strains transfonned with a calnexin

GAL promoter construct. Cells were grown in sucrose trJ an OD600 of 0.1 and then induccd

2% with galactose, or repressed with 2% glucose. Sucrose was supplemented to 4% final

concentration. Aliquots were taken at the indicated times for acid phosphatase as described in

Materials and Methods.
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Figure 15: Halo assay for a-pheromone production.

Pane! A, Wild typc strain (W303-lb pVT), Pancl B, CNE] dclctcd strain (W303-lb

t;cllef::LEU2 pVT) or Pancl C, CNE] ovcrcxprcssing strain (W303-1b t;clle]::LEU2 pVT­

CNE/) were spoltcd on a lawn of a-mating typc cclls (strain M200-6C, as describcd in

Materials und Methods). Agar plutcs werc incubatcd at30"C for two days to allow haloes to

dcvelop.
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The soluble glycoprotein <XI-antitrypsin is a substrate for mammalian calnexin (Ou et

lIl., IlJlJ3; Le et al., 1994) and PI Z <XI-antitrypsin variant has been shown to be retained by

calnexin prior to its degradation or accumulation in the ER (Le et lIl., 1994). When

heterologously expressed in yeast, both wild type and the PI Z variant <XI-antitrypsin are

retained in the ER with the mutant form being degraded therein (Mc~racken and Kruse,

1993). Hence, we were interested to determine the raie of Cne 1p ir. the retention of wild

type and PI Z variant of mammalian <XI-antitrypsin. The amount of secreted <XI-antitrypsin

was testcd in wild type and CNE] disrupted strains by growing the appropriate strain on agar

plates overlaid wilh nitrocellulose and immunoblotting with antiserum to <x,-antitrypsin.

80th wild type (pYT-AIPi) and the PI Z-mutant (pYT· AIPz) of <XI-antitrypsin were secreted

to a higher extent in CNE] disrupted eells than in wild type cells (Fig. 16). Quantitation of

the blots showed a 2 to 2.6 fold increase in secretion from calnexin disrupted cells (Table 5).

The evaluation (lf a possible retention function for CNE] was extended to an

endogenous yeasl seven transmembrane glycoprotein, the <x-pheromone receptor, Ste2p.

This prolein is normally present and functional in the plasma membrane of S.cerevisiae, but

the Ste2-3ts mutant protein has been shown to be intracellularly retained (D. Jeness, pers.

comm.) at restrictive temperature (37oC), resulting in a 100 fold dccrease in mating

frequency. To determine if Cne 1p plays a role in the intraccllular retention of Ste2-3ts

protein, we evaluated its function at the ccli surface with a quantitative mating assay. At the

non-permissive temperature, the relative mating efficiency was 5 fold greater in CNE]

deleted strains indieating increased transport and/or function of Ste2-3ts prolein at the plasma

membrane (Table 6).
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Figure 16: Effect of Cnelp on the secretion of ul"antitrypsin.

Wild type ui-antitrypsin (pYT-AIPi), PI Z variant ui-antitrypsin (pYT-AIPz) or veclor alone

(pYT) were transformed into W303-1a (CNE/) or W303-1a I1clle/::LEU2 (l1cllel::LEU2)

cells. Equal numbers of cells were spotted onto agar plates, overlaiù with nitrocellulose

membrane and incubated overnight at 30"C. The nitrocellulose membrane was washeù,

immunoblotted with anti-u,-antitrypsin antisera and rcvcaleù by the alkaline phosphalase

method (see Materials and Methods).
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• TABLE 5: Effect of CNE7 on the secretion of al-antitrypsin in S.cerevisiae

Plasmid

pVT-AIPi

pVT-AIPz

Relat;"e Amount Secreteda

Iicne7 ::LEUZICNE7

2.0± 0.3

2.6 ± 0.6

aDensitometric evaluation of secr,~ted a,-antitrypsin. Table lists the mean ±
standard deviation values of 7 experiments for pVT-AIPi and 3 experiments for
pVT-AIPz.

TABLE 6: Effect of CNE7 on the secretion of Ste2-3ts !Jrotein.

Plasmid Relative Mating Frequencya

230 C 370 C

pAD'3-CNE7

pAD13

92 ± 6.5

100

1., ± 0.2

SA ± 0.6

•

Relative mating frequency was tested for strain DJ-283-7-'a transformed with
pAD13 or pAD13-CNE7. pAD13 is deficient for CNE7 and pAD13-CNE7 is wild type
for CNE7.

aThe frequency of mating was calculated as the ratio of the number of dipoids
formed on selective media to the number of input ceUs. The reported values are the
mean ± standard deviation values of three experiments. The mating frequency for

pAD13 at 230 C is normalized to '00.
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2.5 Discussion

Inmammalian cells. calnexin has hcen shn\\'nln have a ccntrall"\llc inthc relL'lltion of

incompletcly folded glycoprolcins in the ER and in the assemhly of multisuhunit cl'il surface

receplOrs (Bergeron <'( a/.. 1994). Thc prcsence nI' a calnexin hnmologue \\'ould hl' of

consiùerable inlerest as its funclion coulù be slllliied using the range of toois availahlc inthis

organism. An important queslion is \\'hclher OVI:'/ is thc calncxin or calrcliculin 11lln1l1logul'

in yeasl. Wc have addresseù this question in tluee ways: by a comparison of the sl'qucnl·l·s.

by an analysis of the protein and by the phenotype of CNI,., dl'ieled cells.

The PCR slrategy that wc employeù was expecled to generate yeast DNA sequences

which corresponùeù ta calreticulin as weIl as calnexin. Although Il separaldy c10ned 25()­

350 bp proùucts of the PCR reaction were sequenced. only Ihe yeasl CNI,., scquence was

ùetecled as an open reaùing fmme (5 out of II clones). Ali other c10ncs sequenced did nol

have an open reaùing frame anù did not contain internai similarities 10 calnexin or calreliculin.

This PCR generateù sequence was used as a probe 10 clone the complete CNI,I gene l'rom a

yeast plasmid library. Of lhe two different plasmids recovereù. both contained Ihe same

CNEI gene. Using the complele CNEI sequence as a probe. wc further delermined if Ihere

were rclaled sequences in the yeast genome using the Imnbda clone grid fillers. lIsing

hybridization al low slringency on these filters and on .t Southern hlot of DNA l'rom a CN!:'I

disrupted strain. wc were unable ta delect any rclateù sequenccs. Thus hy hyhridization

crileria there do not appear ta be genes in yeast which arc dosely rdaled to CN!:'I. The

CNEI gene wc mappeù by this lechnique is located onlhe left ann of chromosome 1. dislal to

genes CDC24 and CDCI9 and to other knownllmppcd genes (Riles el al.• 1993).

Mammalian calnexin and calreticulin have the molifs of KPEDWDE repeateù three or

four times. Only one related motif was founù in S.cerel'isiae CNI,., al residues 255 10 261

eonsisting of KPHDWDD. ManllnaIian calnexin also reveals 3 repeats of GXW. Only 2

were found in CNEI. In the pianI A.lilalial/a, a calnexin gene has heen iùentifieù wilh

greater sequence similarity ta manllnalian ealnexin than that of S.œrel'i.l'iac (Huang cl al.•

1993). Ali four KPEDWDE motifs arc retaineù as weIl as lhe 3 GXW motifs and a eylosolie

tai! albeit without sequence identity ta that of mammalian ealnexins. In aùdition. Ihe overall

organizalion of Cne 1p terminales in a hydrophobic sequence and lacks the earhoxy terminal

cytosolie domain found in other ealnexins (Fig. 3). We also eonfirmed Ihat Ihere is not a

motif for an RNA splice site present which could account for an alternalive CNEI sequence.
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Thc scqucncc of thc prcdictcd S.c('/"Cl'isicIC Cnc 1p protcin prcdicts an N-tcrminal

hydrophohie signal scqucnce. N-linkcd glycosylation Silcs. and a carhoxy tcrminal

hydrophohic potcntially mcmhranc spanning scqucncc. Wc conlïrmcd thc localization of

Cnc 1p in thc ycast ER hy dilïàcntial and analytieal suhccllular fractionation and hy

cpilluorcsccl1l and confocal immunolluorcscence microscopy which showcd a colocalization

of Cnc 1p and thc ER lumcnal protcin Kar2p. Wc conlïrmcd that Cnc 1p is an il1lcgral

mcmhranc protcin as it could not hc cxtractcd frommcmhrancs hy trcatment with 2.5 M urca.

high salt and sodium carbonatc at pH Il.5. This is a propcrty that Cnc 1p sharcs with

mammalian calncxin which is also ail il1lcgral mcmbranc protcin. whcrcas calrcticulin is a

soluhle ER lumcnal protcin. Wc also conlïrmcd that Cne 1p has N-linked glycosylation as

predicted from the sequence. After Endo-H treatment. lh,~ rclativcly tight mobility of Cne 1p

in SOS-PAGE was altered hy about Hl kDa. indicaling thal ail potel1lial N-glycosylation sites

arc utilized (Ilerscovics and Orlean. 1993).

An ER membrane protein such as Cne 1p (depicted in Fig. 6A) is unusual because

only one amino acid is predietcd to he cytosolically exposed. Sincc wc have demonstrated

localizalion of Cne 1p in the yeast ER. there is a question of how it is retained. Wc have

conlïrmed that S.cern·;sÏtw Cne 1p was nOI GPllinked since no incorporation of )H-inositol

was detected nor was the prote in susccptible to digestion by PI spceilïc phospholipase C. In

mammalian ealnexin. the cytosolically oriented sequence RKPRRE has been shown to aet as

retention and/or rctricval sequences. maintaining this type 1integralmcmbrane protein in the

ER (David el al.. 1993). The laek of a eytosolic tail for S.cerel'ÎSiae Cnelp but its

localization 10 the ye:lst ER implics that retenlion is effeeted by association with an unknown

resident membrane or lumenal protein and not by the cytosolic proteins interacting with a

retention motif (Jackson cIal.. 1994).

Mammalian calnexin has bcen shown to bc one of two major calcium binding integral

membrane proteins of the ER (Wada el al.• 1991). Similar experiments with yeast ER

membranes showed that there do not appear to be any abundant calcium binding proteins

present in the ER membrune (Fig. 12). although we did deteet yeast ER lumenal calcium

binding proteins. Indeed this is the lïrst demonstration of calcium binding proteins in the ER

of S.c('/"n'isiae. Conlïrmation of the inability of yeast Cne 1p to bind calcium in vilro was

obtained with isolated E.coli produeed GST::Cne 1p fusion protein (not shown). Calcium

has been demonstrated to bc essential for the binding of mammalian ealnexin with ils prolein

substrates (Wada el al.. 1991; Ou el al., 1993). Although Cnelp has sequence similarily

with ,",allunalian ealnexin. il is atypical in Ihal it is N-glyeosylaled, il is an inlegral ER
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membrane pnli~in hut does nol haw a rccognil.ahle rcll'nli"n nlccha!1isnl. and unlikc

mal11l11~i1iaJl <.:;~'ncxin il is 1l0l a strong t:alciulll hinding prllt~lll.

Calnexin gencs l'rom differenl organisms show a co.isiderahle consl'rvation in th,'ir

sequenœ suggesling that the funelion of the prolein is similar and that the prl'sl'!"v:llioll of tl:~

sequcncc is imporlant for Ihat fllnction. Mammalian calncxin has hccn idcntilled as a

molccular chapcronc for nl'wly synthcsil.cd soluhle and mcmhranc houllli glYl'l,protl'ins of

Ihc sccrctory apparatus (Bcrgcron "11/1.. 199-/). iVlammalian calncxin has also h,','n ide:i1ilïcd

as responsihle for the ER retention of soluhlc and memhranc hound proleins prim to Ihcir cxil

l'rom the ER. These funclions suggesleù th:1I there would he an esscnlial phcnotypc for ycasl

œlls \Vhich jack calnexin. Ho\Vever, yeast strains carrying a dcletil'n of the eNI,ï gcne werc

viable. gre\V al normal raies anù we \Vere unable to iùenlify any clTect on Ihe secrelion of thc

glycoproleins a-pheromone or aciù phosphatase. From the results with some mammalian

secretory proteins. there is eviùenœ that they hypass the participation of calilexin in Iheir

folding (Ou el 1/1.. 1993). This observation has heen attrihuted to alternative. or hack up,

mechanisms for protein folding in the manll11alian ER (Bergeronl'I 1/1.. l')l)-/).

We did observe an clTeet on il the ,etention of heterologously expressed "1­

antitrypsin in S.cerel'isil/e. as weil as ii) Ihe function of a temperature sensitive mutant sll'2­

31s of the a-pheromone receptor in CNE! disrupteù œlls. Thc clTecl on "1(-2-31.\' could he

duc 10 an effect of Cne 1p on Ste2-3p intraœllular lraflïcking or on Ste2-3p funclion at the

plasma membrane. The latter explanation is less likely sinœ Cne 1pis c1early localil.ed inlhe

ER. Although these effeets are small. lhey suggest thal Cne 1p is a constituenl of lhe yeasl

qualily control apparatus participating in lhe retcntion of helerologously expressed or

incorrectly folded proteins.

There remains the question of \Vhether the CNE! gene \Ve have identilïed and its gene

product. Cne 1p, \Ve have characterized represents the yeast calnexin homologue.

Altematively. there may be a doser relative of mammalian calnexin or calreticulin in Ihe yeasl

genome. We obviously cannot lotally exdude this possihilily. huI the genelic methods

currently available in Ihis organism provide an opportunity to identify genes whose funelion

are synergistic with CNE! .
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CHAPTER 3

The calnexin homologue Cllx}+ in
Scllizosaccllaromyces pombe, is an essential gene

which can be ccmplemented by its soluble ER
domain.
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3.1 Abstract

Secretory proteins hecome Idded hy thl' action of a :lllmher of moiccular chapc'roncs

soon alkr they l'nIer the endoplasmic retil'ulum (ER), III mammalian cc'Iis. thc' ER

memhrane protein calnexin has heen sho\Vn to he a Illolecular chapcrone invnl\'ed in lhc

folding of sccretory proll'ins and in lhe asselllhly of l'l'II surfacc reccplnr complexcs. Wc'

have used a PCR slrategy to identify the S('hi~o.I'tI('('hClroIllY('<'S I,olllh<, calnexin hn1l1ologuc'.

('//.1' 1+. The ('//.1' 1+ encoded prnlein. Cnx 1p. \Vas sho\Vn to he a caleium hillding type 1

illlegraimemhrane glycoprotein. At ils 5' end. lhe ('//.1'/+ genc has consensus llL'at Shllck

transcriptional l'ontrol e1ements and \Vas inducihle hy hcat shock and hy tllL' cakiulll

ionophore 1\23187. Unlike the sequence relaled S.<'<'I't'I·isiCl<' eNI:'1 gcne. thc .\'.l'olllh.,

Cl/xl+ gene WOlS essenlial for ce Il viahility. Fuillenglh Cnx 1p IVas ahle to complcmelllthe

<'//.1'/+ gelle disruplion hUI the fuillenglh mammalian calnexin COU Id no!. TIll' ER lumenal

domain of Cnx 1p. which IVas secreted l'rom cells, \Vas capahle of complelllcnling thc

c//xl ::lIra.J + !elhal phenolype. The equivalenl region of mall1malian calnexin has hcen

shown to possess molccular dwpernne aClivity. Il is possihle thal the IClhal phenotype is

caused by the ahsence ofthis e1mperone aClivity in the S.I,,////IIl' CI/xl + genc disruplion.
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3.2 Introduction

ln cukaryotcs. thc ER is the site of the fnlding of sene tory proteins and the

assemhly of fIlultimeric ccII surface rcccptors. Tbese prnccsses arc mediated hy molecular

chaperones (reviewed in Bergeron l't a/.. 1<)9.+). Some of these molecular d;aperones have

hccn identilied and appear to he present in a 'l'ide variety of eukaryotic species. One such

molccular chaperone. the ER memhrane protein calnexin. interacts with secretory

glycoproteins soon alkr they enter the ER (Ou et al.. 19<)3). Newly synthesized

glycoproteins spccilically associate with calnexin 'l'hile they arc monomeric. incompletely

folded allt] their oligosaccharide modilication is the GIcNAc2Man~Glcl intermediate (Ou el

al.. 19<)3: Wada l'lai.. 1994: Le l'lai.. 199'+: Hammond el lIl.. 1994). Recently. it has heen

demonstrated that the GIcNAc2Man~GIcI oiigosaccharide interacts directly with calnexin

(Ware l'lai.. 1<)<)5). In addition. tunicamycin (Ou et al.. 1993) and the glucosidases 1and II

inhihilors deo:<ynojirimycin and castanospermine (Hammond et al.. 1994) inhihit the

association of incomplelely folded glycoproteins \Vith calnexin. supporting the observation

that the GIcNAc2Man~GIc 1intermediale is important for calnexin recogniiion.

C:llnexin is associated \Vith proteins 'l'hile they arc being folded by the action of

olher ER molecular chaperones and chaperonins. The lime of association of a secretory

pl'Otein \Vith calnexin rellects lhe lime required for its folding (Ou l'lai.. 1993). Secretory

pl'Oleins thal arc Bol assembled correctly inlo complexes or do not fold eorrectly due to

mut.llions or incorporation of amino acid analogues. are retained by ealnexin in the ER

(revie\Ved in Bergeron l'lai.. 1994). Thus calnexin also has a funetion as a constituent of an

ER quality control apparalus.

ln common \Vith other molecular chaperones, ealnexin genes have been identified in

a 'l'ide variety of eukaryotes including mammals, nematodes and plants (Wada l'lai.. 1991;

Sulston l'lai.. 1992: Huang l'lai.. 1993). They share sequence motifs \Vith the ER lumenal

pl'Otein calreticulin, \Vhich has similarly been found in a number of eukaryotes. Together

they appear to form a gene family \Vith a possible similarity in funetion (Wada el al.. 1991:

Smith and Koch, 1989). Ho\V these proteins perform their funetion is a topie of

considerable interest.

Wc have recently c10ned the CNEI gene l'rom S.cerevisiae which shares sequence

similarity \Vith mammalian calnexin and caireticulin. The CNEI gene codes for an integral

membrane ER glycoprotein, Cnelp. Unlike mammalian calnexin, Cnelp does not bind
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calcillll1 in an in l';r/",, assay, and il dll<:S nlll ha\'<: a <:ylllsllli\"ally lhr\"<:I<:d dllll1ain al Ih\"

carhoxy I<:rtllinlls IParlali ,'r a/.. Il)l):ii'l. \\'<: d<:'llllnslral<:d Ihat eNF/ dll<:S ha\'<: an df<:<:1

on th,~ r<:l<:ntion ofl11ulant pl'llldns in Ih<: ER IParl:ui ,'ra/" Il)'):ih) hUI il is n..t l'ss<:nti:11 fllr

Ih<: \'iahility of S,<,<,/"('\';,I';(/(', Thus, nlll alillf ils prllp<:nic's \"lllT<:sp"nd with thllSl' l'Xpl'\"Il'd

nf :.l hOI1" ./iclc S. ('crcrisiat' cal n~x in hllllllllllg.~h:. Illl\\'~\'~r. lIw S./)(l11lhe on, ..- g.1: Ile whi\".'h

w<: dw.a<:l<:riz<:d has s<:\'<:ral prop<:nks in <:l'l11l11on with l11all1l11alian <:aln<:xin and is ll1llsl

liJ..dy th<: Sp"l1/h,' caln<:xin hOlllologu<:,
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3.3 Matcrials and Mcthods

Strain~ and media

.),1)(/1111,,' slrains Q35X (/,-1,,/(1-32 /(ra'/-f)18 ac/"ô-M2IOl and Q359\h+ 1,,/(1-32 /(ra./-/)18

ac/er)·M216 ,1 \Vcrc uscd. Thc strains \Vcrc gro\Vn at 30"C in YPD mcdium or EMM mcdia

supplcmcntcd \Vith nutricnl rcquircmcnts as prc\iously dcscribcd (Morcno "l,li.. 1991).

I:.mli strain MCI061(Mani:,[i,s ,,/ al.. 19X2) \Vas uscd.

Cloning of S.polI/he Cl/xI+

Tll ampliry thc c.t1ncxin/calrcticulin gcnc cquivalcnl l'rom S.polllh". thc dcgcncratc

lliigonuclclltidcs. PCR primcr S (S' AARCCNGARGAYTGGGAYGA 3') and PCR primer A (3'

ATRTTYCCNYTYACCTTYCiCi S') \Verc uscd to ampliry gcnomie DNA. Amplilïcation

rcactions \Vcrc pcrronncd as previously dcscribed (Parlati el al.. 1995b). Thc products of

Ihc PCR rcaction \Vcre clectrophorcscd on a 2'.1 agarosc gel and stained \Vith cthidium

bromidc. A band al approximately 350 bp \Vas purilïcd and c10ncd inlo the SlIIa 1 sitc of

pTZ-19R (Pharmacia). Thc rragmenl \Vas scquenccd and was round to cncodc a pcptidc

\Vith high amino add scquence similarily \Vith canine calnexin. The PCR rragment \Vas thcn

"P radiolabclcd using thc QuickPrimc mcthod (Pharmacia) and subscqucn[ly uscd as a

probc to clonc rull Icngth calncxin l'rom a S.polllhe genomic Iibrary in plasmid pWH5

(Wright el al.. 19X6). This gcne \Vas sequcnccd by standard procedures and the sequcncc

or CI/xl + \Vas relcascd to GcnBank (acccssion numbcr: M98799) on Deccmbcr 31. 1993.

RNA extraction and transcript analysis

A 1(JO ml culturc of strain Q3liO \'Jas grown ovcrnight al D"C 10 an OD(llXl of 1and a 25 ml

aliquot \Vas transferred 10 a 39"C bath for 15 or 30 minutes. Cells \Vere then rapidly

collcctcd by ccntrifugation and frozcn immcdiately in a dry ice-methanol bath, Overnight

cultures (25 ml) grown to an OD!l(xl of 1 were also treated with either 1 ).Ig/mltunicamycin

(Sigma). 10 ~IM A23187 (Sigma) or 10 mM 2-deoxyglucose (Sigma) for three hours at

J(J'oC. Cells were then harvested and quickly frozen in dry ice/methanol bath. RNA

extraction \Vas performed by the hot phenol method (Wise. 1991) and Northern analysis

was performed as previously described (Maniatis el al.. 1982). using a lOP-probe eontaining

the entire open reading frame of cllxI+. Densitometric analyses used an LKB Ultrascan

Laser Dcnsitometer.
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Antibody production

Polydonal anlihodies recognizing Cnx 1l' \Vere ohtained hy inlllluni/ing rahh:ls \Vith

GST::Cnx 1l' fusion proleins cxpressed in L,'o/i, This fusion pl'lliein \Vas madl' hy

inserling a l'CR fragment encoding ami no acid 2.1 10 .jlJ2 illlo pGex-2T (Smilh and

Johnson. IlJSS),

Membrane extraction :md Endo-H digestion

S,polllhe memhrancs (ML fraction) \Vere prepared and treated esselllially as des':ril1l'd

(Parlali el al, IlJlJ5h), Memhranes werc mixed with 1 volume of either 1 M NaCI. lU M

sodium carbonate pH 11.5. 5 M urea. 2',:;, Trilon X-IOO. or 0.2',; SDS and \Vcre

subsequently analyzed as described (Feldh~im ,'1 al., l'IlJ21. The Cnxlp anliserum was

used al a 1:4000 dilution. Endo-H digestions were perfonl1ed hy incuhating 20 ~lg of MI.

fraction proteins in 1()() mM sodium acelate pH 4.'1. 150 mM NaCi. 10 mM D'n, l';; Trilon

X-100. 0.1'1< SDS + inhibitors (1 mM pMSF. 1 ~lg/ml pcpslatin, 1 ~lg/mllcupeptin and

~g/ml aprolinin) and incubaling with 2 ~g of Endo-H for 16 hours at .H"C.

~5Ca overlay

The S,pollliJe GST::Cnx 1l' fusion (residues 23 to 4n) was expressed in [';,mli and puri lied

(Smith and Johnson. IlJ88). Samples were c1ectrophoresed hy SDS-PAGE and prepared

for 45Ca overlay exactly as previously described (Wada el al" 1lJlJ 1). Control experimenls

were carried out wilh canine pancreatic ER membranes obtained by extraction Wilh Tritnn

X-114 (Wada el al.. IlJlJ 1), and Cne 1l' as previously descrihed (Parlati .'1 al.. IlJlJ5h).

Gene disruption

A 4.3 kb PSI 1 DNA fragment containing the complete Cl/xl+ gene was dnned into pTZlt)R

creating plasmid pFpp3. A l'CR fragmenl containing nucleotides -4lJO tn -1 (5' tn the

coding sequence) was amplilïed, eut with SpI' 1 and c10ned inlo the '~/)e I/SlIIa 1 sile nI'

pBluescript KS+ creating plasmid pFpp3.1. The Nsi I/Eco RV fragment (3' tn the coding

sequence) l'rom pFpp3 was cut. puritïed and inserted intn the Eco RV S'le of pFPP3.1

creming plasmid pFpp3.2. A 1.8 kb Hilld III fragmenl containing the ura4+ gene (Grimm

el al., 1988) was blunt ended and inserled into the similarly treated Eco RI site of pFpp3.2
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creating plasmid pFPP4 essentially disrupting the C/lX / + gene. Plaslllid pFPP4 was digested

witn Xha I.lIi/ld III (whieh cleave on either side of the insert) and XIIl/l1 (whieh cuts in the

veetor) and approximatcly 5 J.lg of the linear fragment containing the disrupted gene was

isolaled and puritïed by the GeneClean method. This fragment was used tv disrupt the

diploid strain Iz- lell/-32 llra4-f) /8 ad',6-M2/0 /Iz+ lell/-32 llra4-f) /8 ade6-M2/6 and uracil

protntropns were selected. Colonies wer!' grouped into pools of 10 and ehromosoma1 DNA

was prepared (Moreno el al., 1991), PCR was used to sereen for homologous

recombinants using a sense oligonucleotide coding for nucleotides -510 to -495 (5' to the

C/lX / + ORF) and an anlisense 20 bp oligonucleotide from within the llra4+ gene, Among 20

pools sereened. 15 were positive for the expected 550 bp PCR protluct. Four pools were

ehosen and the PCR r~aetion was ~epeated for each constituent colony. Wc found 4

colonies that were positive and chromosomal DNA was prepared from each. Southern blots

were performed by digesting these DNAs with either Eco RI or Eco RV. followed by

electrophoresis on 1% agarose gels and transfer to nylon membranes. The 32P-Iabeled

probes used were: i) the entire IIm4+ gene hybridized to genomic Eco RI and Eco RV

digests: ii) PCR fragment from -490 to -1 hybridized to a genomic Eco RI digest: iii) Nsi

VEco RV fragment of c/lx/+ hybridized to a genomic Eco RV digest.

Complementation of the CIIX/+ gene disruption

Sequences encoding full length c/lx/+ and c/lx/+ terminated at amino acids 524. 484 and

474 were mnplified using PCR (see conditions above). Oligonucleotides were designed in

order to introduee a stop codon at amino acid 525. 485 and 475 respectively. These

amplitïed sequences as weil as full length canine calnexin (Wada el al.• 1991) were sub­

c10ned into the Sil/a 1 site of S.polI/be veetor pREP 1. und~r the regulation of the /lll/I/ +

promoter (Maundrell. 1993). The constructs were subsequently transformed in the dipoid

strain heterozygous for the c/lx/+ deletion. and leu+ transformants were se1ected. Random

spore analysis of the leu+ strains was done as previously deseribed (Moreno el CIl.. 1991).

Spores were plated onto phloxine B agar plates supplemented with adenine, in order to

detect easily haploids that were both leu+ (expressing the recombinant protein) and ura+

(disrupled for c/lx/ +). These haploids were subsequently tested for the presence of Cnx 1p

recombinant protein intracellul..r1y and extraeellularly by immunoblolling.
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3.4 ResuIts

Cloning of a S.polI/he member lIf Ihr calnexinll:llireticulin ramil)'. CI/X /+

We have previously used sequence motifs lhat ,Ire shared oelll'een mammalian

calnexin and lhe ER lumenal protein calreticulin 10 idemify a calnexin rclatcd gene in

S.cerel'isiae. CNE! (Parlali el al.. 19950). We used a similar strategy for cloning of a

S.poII/be member of the calnexin/calreliculin family. Degenerate oilgonucleolides coding

for the regions of amino acid similarity conservcd helween nHimmalian calnexin ami

calreticulin. YKGK/EWKP and lhe repeat motif KPEDWDE (Fig. 4) were used ',0 prime a

PCR reaction !Ising S.poII/be genoll1ic DNA as a template (Fig.•~). Froll11he organizalion

of these motifs in calnexin and calreticulin. ,111 amplilïed fragmenlof 350 op was expected

(Figure 4A) and double stranded DNA producls of about this size were cloned into the

plasmid pTZI9R. The DNA sequence of one of these clones and ils derived aminll add

sequence revealed thal this PCR product shared high ami no add sequencc sill1ilarily with

both mammalian calnexin and calreliculin. Using this fragment as a prohe. lhe enlire gene

was c10ned and sequenced (Figure 17. see Malerials and Melhods). The nlXl+ genoll1ic

sequence identilïed has consensus heat shock clements at its 5' end (Figure 17). The coding

sequence does not contain introns and predicts a lype 1 integral memhr,lI1e protein of 560

amino acids lhal has a .,imilar overall arrangement to manunalian calnexin. There is a

predicted N-terminal cieavable signal sequence. an N-glycosylation motif at residue 41 X.

and a membrane spanning domain proximal to a cytoplasll1ic domain (Argos el al.. 19H2:

Ky te and Doolittle. 1982: von Heijne, 1986) (Figure 1H). S,poli/he CI/XJ+ encodes four

repeats related 10 Ihe motif :(PEDWDE, whieh in calnexin have been shown expcrimentally

to he high aftinity. 1011' capacity calcium binding sites (Tj;)elker el al., 1994). These all1ino

acid repeats arc also present in A.lilafilllla, in mammalian calnexins and in ':lutllll1alian

calreticulins. Overall, S.poII/be CI/X J+ is 38% ide,ticd to A.liI,:iùllla calnexin an': 34%

identicalto canine calnexin :md 25% identicalto mousc calreticulin, hut only 22% idenllcalto

S.cerevisia( CNE/, Thus, the S.pombe cI/x/+ gene is tllost likely to he a calnexin

homologue ~'ince it has higher amino acid identity with calnexin lhan calreticulin.

Additionally, il encodes aC-terminal domain after a prcdicted transmemhrane domain th..! is

present only in calnexin genes. We have looked for other calnexin and calreticulin

homologues in S.pambe. Hybridization atlow stringency of a cI/x/+ probe with the entir-::

genome. presented in the form of bacteriophage Pl clones, did not identify any other related

sequl::nces. Wc delermined that the CI/X / + gene maps to a region on chromosome l,

between probes 57b 12 and 2ail 4 and ils location is PI phage clone
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l'il(urc 17: DNA sC1lucncc and dcduccd aminl' acid sC1lucncc 01' th~ CIIX/+

gcnc

S.lltNIlI,,' t'IlX 1+ gene eoues l'or a 560 amino adu protcin. The predicled prolein contains a

signal sequence al the :1I11ino terminus (ilalie.I·). a single N-glycosylation site at N4 i 8

(CHO), a Iranslllelllbrane uomain (bold typc) and a 48 amino acid predicted cylosolically

oriented sequence. Putative heal shock clements arc indicateu (underlined). Nucleotides

IItatehing the heal shock elell1e!ll (HSE) consensus sequences are marked by :lslerîsks.

Sequences encoding partial HSE-elements arc also denoled by asterisks. bUI are nol

ul1derlined. A pUlal:ve TATA box is shaded. The sequene.: is available as GenBank

#iv!lJ87lJlJ .
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Fi~ure 18: Hydrophobicity plot and topology of Cnxlp

Panel A, hydrophobicity plot and Panel B. predieted topology of Cnx 1p showing the single

prcdictcd N-linked glycosylalion site. the single transmembrane domain proximal 10 the

carboxyltcrminus and the cytoplasmic tail. The predicted signal sequence cleavage is at

rcsidue aspartate 23 (D 23).
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JG/Op (dala nol shown) (Hoheisel el al.• 1993). Wc tentatively conclude that c/lx/+ is the

only S.pomhe calnexin gene.

The C/lXJ+ transcript is inducihle hy heat shock and a calcium ionophore

ln eukaryotes. the consensus sequence for the heat shoek clement is eharaeterized by

three or more repeats of the sequence nGAAn in an alternating orientation (Pelham and

Bienz. 1982; Amin ell/l.• 1988). Inspection of the upstream sequences of c/lx/+ identified

two heat shock clements (sec Figure 17), which arc in the correct position to act as clements

controlling transcription of C/lx/+. '1'0 test this, exponentially growing S.pomhe cells were

subjected to a transienl heat shock at 390 C and the RNA transcripts were analyzed by

Northern blots. The C/lxJ+ transcript was found to be induced approximately 1.6 fold by a

transient heat shock (Figure 19A, B). If the heat shock treatment was carried out for an

extended time, the level of transcription diminished to the basallevel (Figure 19A, B).

Other agents that arc known to cause stress were also tested for their effect on C/lXJ+

transcription. Treatment with the glycosylation inhibitor tunicamycin (Figure 19C, D) or

with 2-deoxyglueose (data not shown) had no effeet, but treatment with the calcium

ionophore A23187 gave a marked inerease in c/lx/+ transcription (Figure 19C, D).

The CIIX J+ gene produet, Cnxlp, is a calcium hinding protein

Calnexin in mammalian eells was originally described as one of the two major

calcium binding proteins of the ER membrane (Wada el al., 1991). Ali calnexins and

calreticulins tested thus far bind calcium, except for S.cerevisiae Cnelp (Parlati el al.•

1995b). In order to deterrnine if Cnx 1p is a calcium binding protein, wc used a GST fusion

of Cnx 1p cxpressed in E.co/i. This fusion comprised amino acids 23 ta 492 of Cnx 1p, that

is, it excludes the predicted signal sequence and the C-terminal transmembrane and

cytoplasmic domains ofCnxlp. Tested in a calcium overlay assay, the GST::Cnxlp fusion

protein bound calcium (Figure 20, lane 2) but as expected, GST alone, phosphorylase B

and GST::Cnelp (S.cerevisiae ) (Figure 20, lanes 1,6 and 7 respectively) did not bind

calcium. The positive contrais, calmodulin (Figure 20, lane 4), parvalbumin (Figure 20,

lane 5) and two bands corresponding to mammalian calnexin and pgp 35 (Figure 20, lane 3)

obtained l'rom Triton X-114 extracted canine pancreatic stripped rough microsomes, bound

calcium. Thus, Iike mammalian calnexin :md calreticulin, S.pomhe Cnxlp is a calcium

binding protein.
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Figure 19: Induction of cnx J+ by he~t shock and calcium ionophore A23187

Northem blot analysis of total S.polllbe RNA using a probe l'rom the complete ORF of the

cllxJ+ gene S.polllbe strain Q 360 was grown at 23"C and shiftcd to 39"C for 0 min.

(Panels A, B, lane 1), 15 min. (Panels A, B, lane 2) and 30 min. (Panels A, B, lane 3) or

grown at 30"C (Panels C, D, lane 1) or treated wilh tunicamycin (Panels C, D, lane 2) or the

calcium ionophore, A23187 (Panels C, D, lane 3). The results of 3 independenl

experirnents evaluated by densitornelry arc iIlustrated in Panels A and C (± S.D.). Equal

amounts of RNA were applied to each lane and gels were stained with ethidiul11 brornide in

order to verify the quantities of 28S and 18S RNA.
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Figure 20: Identification of S.pombe Cnxlp as a calcium binding protein

Lane 1 - GST alone (20 ~g prolein), lane 2 - GST::Cnxlp(S.l'ol/lbe) fusion (ZO llg

protein), lane 3 - Triton X-114 extracted canine pancreas ER (100 llg protein) showing Iwo

polypeptides of 90 kOa (calnexin) and 35 kOa (pgp 35) known to bind Ca2+(Wada et al.,

1991), lane 4 - calmodulin (2 llg protein), lane 5 - parvalbul11in (10 llg protein), lane 6 ­

phosphory1ase B (10 llg protein) and lane 7 - GST::Cne 1p (S.cerevisiae) fusion prolein (20

llg protein) were electrophoresed on a 10% SOS-PAGE, lransferred to nitrocellulose

membrane and 45Ca binding performed as described previously (Wada et al.. 1'N 1).

Mo1ecular mass markers are indicated on the left .
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Cnxlp is a integral membrane gl)'coprotein

Polyclonal antibadics were raised ta the t:.<'lIli expressed GST::Cnx 1p fusion

protein. These antibodies recognize a protein in S.l'IIII/be ofl}1 kDa thal is associaled \Vith a

membrane fraction. Ta determine if Cnx 1p is an inlegral membrane protein. S.I'"/IIb..

membrane preparations were Ireated with a regimen of sodium carbonate al pli 11.5 <li' 0.5

M NaCI or 2.5 M urea whieh did not relcase it frol1l the membranes. and wilh 0.1';;' SDS

and 1% Triton X-IOO lhatled ta solubiliz.uion of the 91 kDa prolein (Figure 21 A). Thus.

lhe properties of S.po/llbe Cnx 1p correspond la those expecled of an integral membrane

protcin. Mcmbrane association is expected for a calnexin homologue bUI nol a calreliculin

homologue which is a soluble ER lumenal protcin.

Thc apparent molecular mass of 91 kDa for S.pII/IIbe Cnx 1p is higher than predicled

from the Cnx 1p scquence. '1'0 conlïrmthat thc predicted site of N-glycosylation at residue

418 is used (sec Figure 18), S.polI/be membrane preparations \Vere digested \Vith

endoglycosidase H (Endo-H). lmmunoblolling \Vith antibodies to Cnx 1p revealed an

increase in mobilityon SDS-PAGE 10 approximatcly 88 kDa (Figure 2IB). This mobility

change corresponds to that expeeted if a single potential site of glyeosylation (ca. :1 kDa lill'

each site) is 11l0di!1ed by the addition of core sugar residues (Herseovics and Orlean. 1l}9:1).

From the primary sequence, the predicted 11l0leeular mass of the nonglyeosylated protein is

63 kDa (Figure 17). This anomalous migration on SDS-PAGE is also ohserved for the

nonglycosylated canine calnexin Ihat has a predicted molecular l1lass of 67 kDa but a

mobility on SDS-PAGE corresponding to 90 kDa (Wada el al. 1l}91). As \Vith l1lal1lnmlian

ca1nexin, the low pl of Cnx 1p (calculated as pl 4.13 ) is likcly to be responsible for this

discrepancy.
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liil:ure 21: l:nx 1p is an intel:ral membrane glycoprotein

Panel A. mcmbrancs wcrc prcparcd and cxtractcd with o. l 'k SDS. l';, Triton X-IOO. o. 1 M

sodium carbonatc. pl'I 11.5.0.5 M NaCI (high salt). 2.5 M urea or Tris-buffered saline pH

7.5 (mock). followcd by centrifugation (30 min. at 100.000 x g) ta givc pellet (P) and

supcrnatant (S) fractions that wcre analyzcd by immuno~lotting with anti-Cnx 1p antisera.

Molccular 11lass nwrkcrs arc indicated on thc Icft. Panel D, a total particul'1te fraction of

hlllllogcnized spheroplasts \Vas digested with Endo-H. Analysis by immunoblotting

rcvcalcd a change in mobility for Cnx 1p fro;n 91 kDa la 88 kDa. After Endo-H treatment. a

minOt' band of 74 kDa is fOlllld, most likely originating l'rom the light 78 kDa band in lane 1.

The significancc of this l'land is unknown, although wc speculate that it may represent a

minor Cnx 1p degradation produet. Molecular mass markers arc indicated on the right.
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The CI/X J+ ~ene is essential

Gene disruption was performed in order to determine if CIIXJ+ is an essential gene in

S./){}II/hc. Approximately SO'k of the coding sequence was replaeed with the S.polllhe

IIrt14+ gene. The sequences tlanking CIIXJ+. that is. 500 bp on the S' of the üRF and 1.0 kb

on the 3' side were retained in order to promote a good frequency of homologous

recombination (Figure 22A). A diploid S.polI/he strain (sec Materials and Methods) was

transformed with this linear construct and uracil prototrophs were selected. The DNA of

some transformants was analyzed by PCR and Southern blots to conlïrm that the

recombination had occurred at the CI/xJ+ locus (sec below). Diploid transformants

heterozygous for the CIIXJ+ gene disruption grew normally. were sporulated and 17tetraJs

were dissected. Each tetrad gave the same segregation of 2 viable spores that grew to form

visible colonies and 2 apparently inviuble spores (Figure 22C). Ali the spores Ihat grew

were uracil uuxotrophs. Thus the cnr/+ gene in S.polI/he is essential for viability.

Southern blot analysis of the DNA l'rom the parental diploid strain, the IIra4+

heterozygous diploid. und um- spores were probed with the following probes: i) the entire

I/rtl4+ gene; ii) a probe corresponding to nucleotides -490 to -l, S' to the cnd + üRF; and

iii) the Nsi l!Eco RV fragment of CI/xJ+ (see Figure 22A). These probes were used to

distinguish between the wild type and the recombinant allele. DNA from the purental

diploid strain (Figure 228 lanes 1. 5. 9. 13). un IIra4+ diploid transformant (Figure 228

lanes 2. 6. 10. 14). und ura- spores (Figure 228 lanes 3, 4. 7. 8, Il, 12, 15, 16) were

digested with Eco RI (Figure 228 lanes 1-4,9-12) or Eco RV (Figure 228 lanes 5-8, 13­

16). Hybridization with the probe of the entire IIra4+ gene resulted in a 47 kb band when

restricted with Eco RI (Iane 2) and two bands of 2.3 kb and 6.0 kb when restricted with Eco

RV (lane 6) in the hetcrozygous diploid. These bands were not present in the parental or

uru- spores. Hybridization with the probe derived from a PCR fragment S' to the CI/xJ+

gene (nucleotides -490 to -1) revealed a 2.9 kb band for the wild type ailele and 4.7 kb band

present only in the heterozygous diploid (lane 10). Hybridization with the probe

encompassing the Nsi I1Eco RV fmgment of CI/xJ+ resulted in a 1.7 kb band corresponding

to the wild type allele and a 2.3 kb band only present in the heterozygous diploid (lane 14)

corrcsponding to CI/xJ+ disrupted alle/e. Thus we have conlïrmed thatthe CI/xJ+ gene is

disrupted by homologous recombination to yield a cntl+/CluJ:: IIra4+ heterozygous diploid.

The spores that grew were ail ura4- and eontained the wild type cnrJ+ allele. We condude

that the CI/X J + gene is essential for viability. Vpon microscopic examination of the

apparently nonviable spores we observed that they did germinate and divided to produce

microcolonies of 20 to 50 cells. Therefore, ClLtl+ is not essential for spore germination but
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the results suggest that after several ccli divisions. Cnx 1p becomes dilutcd and cclls

eventually stop C;;viding.

Complementlltion 01' the elix/ ::lIra-l+ gene disruption in h.\ploid ceIls

Since the cllx/::lIrtl4 + gene disruption is lethal in haploids. '·Je could determine

which region of the molecule was essential for growth. The c/lx/::1II'<14+ gene disl1tption

strain was transfomled with a series of deletion plasmids l'ICking fragments of the C/IX l' C­

tenninus. Theil' ability to complement the lethall'llx/::/lra4+ gene disruption. as weil as the

IGcation of Cnx Ip was determined (Figure DA). Plasmid pCNX560. expressing full

length Cnx 1p. complcmented the Iethal phenotype of the c/lxl: :lIra4+ gene disruption in

haploid cells. The fulllenglh Cnx 1p was detectable intraccllularly in membrane fractions

(Figure 238). Plasmid pCNX524 expressed Cnxlp lacking the c::lOsolk!.lil and produccd

a protein of lower moleeular weight. which was also detectable intraccllularly in a memhrane

fraction (Figure 238. lanes 1.2. 3). This truncated protein was ah le to complement the

CIlX/ ::lIrll4 + gene disruption in haploids. Plasmid pCNX484 and pCNX474 hoth

expressed Cnx 1p lacking the C-terminal eytosolic domain and the putative Ir.ulsmemhmne

domain. Remarkably they both complemented the lethal phenotype of the gene disruption.

For these construets.less Cnxlp was detectable intracellularly (Figure 238 lanes 5-10) and

the truncated Cnx 1p could now be detected in the medium (not shown). thus they arc not

retained in the ER and arc secreted (Figure 23A). Wc also attempted to complement the

gene disruption strain with the full Iength canine calnexin expressed in the same plasmid.

The mammalian protein (FL 90) \Vas detected in diploid cells heterozygous for the CI/xl +

disruption (Figure 238. lanes 13. 14). However, we could not obtain any transformants

where the mammalian calnexin complemented the lethal phenotype of the clI.d::lIra4 + gene

disruption in haploid cells.
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FiJ.:urc 22: (;cnc disruption of C/I.1: / +

Panel A. s<:hemali<: represenlalion of plasmid pFpp3 conlaining the entire cI/x/+ gene and

pFpp4 conlaining CI/x/::llra';+. The indicaled restri<:lion siles were used 10 evaluale by

Soulhern hlot analysis the presence or absence of L'IIx/+ inlhe parental and heterozygous

diploids. and in the t:ra spores. Panel B. analysis of cI/x/+ disruption by Soulhern blot.

D~4A fwmlhe par~nlal diploid slrain (tanes 1. S.'J. 13). helerozygous diploid slrain (tanes

2.6. 10. 14) e: ura' spores (tanes 3. 4. 7. S. II. 12. IS. 16) was restricted with either Eco

RI (Ianes I-·l, 'J-12) or Eco RV (tanes S-S. 13-16) and probed wilh: i) lhe entire llra4+ gene

(Ianes I-S); ii) l'CR fragment fromnucleolides -4'J0 to -1. S' of the cI/x/+ ORF (tanes 9­

12); iii) N.I'i l"~co RV fragment of cI/x/+ (tanes 13-(6). The ura- spores arc frorn the IWO

lelrads. i.e. lanes 3. 7. II. IS frorn spore 1. and lanes 4. S. 12. 16 from spore 2. Panel C.

results of the letrad analysis showing two viable .md two non-viable spores for eaeh tetrad.
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Fil:ure 23: Complementation of the cI/xl ::lIra4 + disruption in haploid eells.

Panel A, contructs used to complement the C/lxl ::lIra4+ disruption are depicted with

lumenal (dashed), transmembrane (filled) and cytosolic tails (open) rectangles. Their

ability to complement (Comp) the c/lxl::lIra4 disruption as weil as their intracellular (1) and

extracellular (E) location (Loc) is noted. pCNX560 encodes the entire Cnx 1p. pCNX524,

pCNX484 and pCNX474 encode Cnxlp truncated at :;mino acid 524, 484 and 474

respectively. pFL90 encodes the fulliength canine calnexin gene. Panel B. Immunoblot

detection of Cnx 1p and canine calnexin in S.poII/he cells. 10 Jlg of protein from a

membrane fraction for 3 different c/lxl::lIra4+ haploids complemented with either

pCNX560 (Ianes 4, II, 12), pCNX524 (Ianes l, 2, 3), pCNX484 (Ianes 8, 9, 10) and

pCNX474 (Ianes 5, 6, 7) were e1ectrophoresed on an 8% SDS-PAGE, transferred to

nitrocellulose and blotted with anti-Cnx 1p antisera. Canine calnexin was detected in a

membrane fraction of diploid ceIls heterozygous for the c/lxl deletion transfonned with

pFL90 (Ianes 13, 14). 10 Jlg of membrane proteins were treated as above (Ianes 1-12), but

immunoblotted with anti-canine calnexin antisera. Molecular mass markers (kDa) are

indicated on the left.
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3.5 Discussion

Il has been established that calnexin acts as a molecular chaperone that recognizes

secretory glycoproteins and unassembled multimeric ccII surface receptors (see Bergeron el

lI/., 1994). In mammalian cells, its function as a molecular chaperone has been largely

elucidated by i1l vivo studies showing the transient association of incompletely folded

secretory proteins with calnexin. The molecular mechanism for the recognition of proteins

by calnexin remains uncertain. Il has been suggested that multiple mechanisms including N­

Iinked glycosylation and/or direct binding lo peptide motifs of incompletely folded proteins

are involved (Bergeron el lI/., 1994; Ware el lI/., 1995). It is certain that incompletely folded

proteins are recognized. For example, transferrin expressed in human HepG2 ceIls is

released from calnexin as its disulphide bonds form (Ou el lI/., 1993). Also, it is I.nown

that calnexin can recognize the free oligosaccharide G1cNAc2MangGlcl (Ware el lI/, 1995)

but that its affinity for this oligosaccharide on a polypeptide is probably higher

(Araunachalam el lI/., 1995). Less is known about features of calnexin that are necessary

for its function. Ils apparent ubiquity in mammalian cells makes experimental alteration of

its function difficult, so the characterization of a yeast calnexin homologue would be an

advantage. We have previously cloned CNE] from S.cerevisiae by a similar strategy to that

described here. We have shown that CNE] has sequence similarities with the

calnexin/calreticulin family and shares sorne of the properties of calnexins but does not bind

calcium or have aC-terminai cytoplasmic domain (Parlati el lI/., 1995b). The S.po11lbe

ClIX]+ gene described here also has sequence similarity and properties in common with

calreticulin/calnexin. but several of these characleristics argue that S,p'J1l1be c1Ix]+ codes

for a homologue of calnexin whereas the identity of S.cerevisiae CNE] is Jess certain.

Over its complete sequence, Cnx Ip is 34% identical to canine calnexin and 25%

identical to mouse calreticulin, compared with an overall identity of Cnelp of 24% with

canine calnexin and 21 % with mouse calreticulin. As for ail mammalian and the plant

calnexins, S.po11lbe Cnx 1p has four repeats related to the sequence KPEDWDE, but

S.cerevisiae Cne 1p has a single related motif KPHDWDD with less conserved variations of

this motif at the other equivalent positions (Figure 24A). This observation is noteworthy

since this repeat motif has been suggested by previous studies to represent the high affinity

calcium binding domain of calnexin as weil as calreticulin (Michalak el al., 1992; Tjoelker

el al.. 1994), As shown in Figure 20, Cne1p does not bind calcium whereas Cnx 1p does.

Mammalian calnexins and S.po11lbe Cnx 1p possess four cysteine residues that are
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Figure 24: Comparison of predicted high affinity calcium binding motifs (Al

and cysteine motifs (B) in S.pombe Cnxlp,A.tllaliana calnexin, canine

calnexin, S.cerevisiae Cnelp and mouse calretlculin protelns.

Amino acid sequences were aligned using the GeneWorks program. The numbers denotc

the place in the original sequence of the tirst nsidue in the motif.
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S.pombe cnx1 249 KPADWVD 266 KPDDNDE 285 KPED~ILE 3 04 KPED~IDD

A. thaliana ca1nexin 230 KPEDNDE 247 KPEDNDE 266 KPEG~ILD 285 KPED\'IDD
Canine ca1nexin 284 KPEDNDE 301 KPDDI'INE 320 KPDG~ILD 339 KPED\'IDE
S.cerevisiae Cne1p 255 KPHDNDD 272 KLSDRDE 2 91 EPPE~lNS 310 KPS\'MKE
Mouse ca1reticulin 215 KPEDNDE 232 KPEDNDK ------- 249 KPED\'IDE

B

S.pombe Cnx1 132 CGGAYLKLL 156 IMFGPDKCG 324 PKCIEGAGCG

A.thaliana calnexin 108 CGGAYLKYL 136 IMFGPDKCG 305 PKCEAAPGCG

Canine calnexin 161 CGGAYVKLL 188 IMFGPDKCG 358 PKCESAPGCG

S.cerevisiae Cne1p 124 CGGAFIKLM 154 LVFGPDYCA 330 PLCTAERGCG

Mouse calreticulin 105 CGGGYVKLF 130 IMFGPDICG ----------
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remarkably conserved amongst ail calnexins including Cne 1p. IWo of which are also

conserved in calreticulin (Figure 24B).

The diagnoslic difference between calnexins and calreticulins is thUl the former arc

type 1 ER membrane proteins. while calreticulins arc ER lumenal proteins with carboxy

temlinal KDEL retrieval signais (Pelham. 1990: Michalak Cl al.. 1992). For S.cl'rCl'is;tlC we

have shown that Cnelp is an integralmembrane glycoprotein and is loealized to the ER

membrane (Parlati Cl al.. 1995b). We have also shown that S.polI/bc Cnx 1pis an integral

membrane glycoprotein. Although we have not yet demonstrUled its ER localization, the

tight banding of the prote in on SDS-PAGE is consistent with ER glycosylation. Bence we

expect Cnx 1p to be localized to the ER. There is no obvious ER retention motif present in

the Cnx 1p cytosolic tail and the ER retention/retrieval motif for mammalian calnexin (an

extreme carboxy terminal RKPRRE motif), is not present in Cnx 1p (Rajagopalan cl tll..

1994).

S.polI/be CIlX! + is inducible by heat shock and by treatment with the ealcium

ionophore A23187. This latter feature has not been described for mammalhm calnexin

(Bergeron el al.• 1994) although it is weil known for other ER chaperones such as BiP.

GRP 94 and PD! both in mammalian cells and yeasts (Normington el al.• 1989; Rose cl al.•

1989: Mori el al.. 1992; Pidoux and Armstrong, 1992). Calreticulin is also induced by heat

shock (Conway el al., 1995). The difference in mRNA abundance of CIlX!+ in response to

A23187 but not tunicamycin may be consistent with the suggested N-linked glycosylation

specificity of calnexin (Ou el al.. 1993). that is, inhibition of the oligosaccharide

glycosylation precursor is not sensed by calnexin. In addition. this result may suggest thut

Cnx 1p has a role in Ca2+ regulation or sequestration. A heat shock consensus sequence

was also identified in the S.cerev;siae CNE! gene, but we were unable to find experimental

conditions that altered its transcription (Parlati el al.• 1995b).

The essential nature of the S.pombe CIlX! + gene is in contrast to the non-essential

nature of the S.cerevisiae CNE! gene (Parlati el al.• 1995b). In an S.cerevisiae CNEI

deleted strain there was a small effect observed on the function of a temperature sensitive

mutant of the a-pheromone receptor (,\'le2·3Is) at the non-permissive temperature.

Furthermore, an increase in the secretion of heterologously expressed mammalian aJ­

antitrypsin was observed (Parlati el al.. 1995b). To explain these small effects we

speeulated that there may he other systems for protein folding in the ER of S.cerevisiae.

Despite a search by low stringency hybridization in both the S.cerevisiae and S.pombe
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gcnomcs, wc have not bccn able to demonstrate the presenee of related ealnexins or

calrcticulins (Parlati et al.. 1995b).

Complementation of the tethal CllxI.'.'lIra4+ disruption strain has shown that the C­

terminal part of the moleeule is not essential for the viability. Indeed deletion of the

transmembrane as weil as the predicted eytosolie domain led to a soluble truneated form of

Cnx 1p that was seereted but still complemented. We were able, however, to detect

truncated Cnxlp intracellularly. Our previous studies have pointed to the lumenai domain of

calnexin as important for its function as a molecular chaperone in mammalian cells (Ou et

lIl.. 1993), and we speculate that this function is carried out by the ER lumenal soluble

Cnx 1 protein while it is in the ER. A similar result has also been observed in S.cerevisiae

for the ER lumenal molecular chaperone BiP. When the carboxy terminal tetra peptide ER

retricval motif, HDEL, is deleted from the essential gene BiP, the protein is secreted.

However, a small amount of BiP remains intracellular and the cells are viable (Hardwick et

al.. 1990). By analogy, we propose that sufficient levels oftruncated soluble Cnxlp remain

in the ER in order to perform the essential function. We are unable to definitively pro"e that

the lethal phenotype of the Cl/xl.' .'lIra4+ disruption is due to the lack of molecular chaperone

function. However, studies with the lumenal domain of the mammalian calnexin have

shown that it can interact with secretory glycoproteins (Ou et al., unpublished results).

Thus, it is likely that this domain has molecular chaperone properties but it may also have

other functions.

The lack of complementation of the cI/xl.'.' /lra4+ disruptant by mammalian (canine)

calnexin is surprising. We have shown that the protein is made in S.pombe and is

membrane loealized. The ER lumenal region of cl/xI+(amino acids 1 to 474) that can

complement the cl/xI.'.'/lra4+ disruption has 50% sequence similarity with the equivalent

region in mammalian calnexin. Our observation that the lumenaI domain of Cnx1p can still

complement the disruption even thollgh it is secreted argues that if mammalian calnexin is

not ER retained, enough wouId be present to perform its ER funetion. Although we expect

that Cnx 1p and mammalian calnexin can recognize the same secretor~ glycoprotein

substrates, sequence differences between these proteins are of value in order to map the

rcgiolls essential for molecular chaperone function.
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CHAPTER 4

Rescue of the secretion defective phenotype of
mutant a t-antitrypsin by C-terminal deletions of
calnexin in Schizosaccharomyces pombe•
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4.1 Abstract

An inheritable predisposition towards pulmonary emphysema and in sorne cases,

liver cirrhosis is associated with the ineflicient secretion of the ui-antitrypsin PI Z variant.

The role of the ER molecular chaperone calnexin in the regulation of PI Z secretion was

directly assessed in the yeast ScI,izo.l'accharrJlI/yce.\· pOlI/be. The normal PI MI (Val 213)

u)-antitrypsin but not the PI Z variant (D342K) was efficiently secreted from wild type

S.polI/be. Secretion of the PI Z variant was restored in S.polI/be strains which only

expressed C-terminally truncated mutants of S.polI/be calnexin. Thus, the cytosolic tail of

calnexin plays an important role in mediating the interaction between the PI Z variant and

the ER prote in 'quality control' apparatus.
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4.2 Introduction

Several human genetie diseases termed 'prolein lraftieking diseases' result fromlhe

impaired intraccllular transport of mulanl protcins (Amara et al.. 1992: Thomas t't al..

1995). These diseases are related 10 mutant prolein recognition and rctenlion by molecular

chaperones (Amara et al.. 1992: Thomas t't al.. 1995: Hanll110nd and Hclenius. 1995). In

humans. one such 'protein traflïcking disease' resulls from homozygous expression of the

u(-antitrypsin PI Z variant in hepalocytes (Cox, 19l:!9). In affected patients. only 15-20%

of normal u,-antitrypsin levcls arc present in serum. The low serumlevels of this protcasc

inhihitor results in elastolytic destruction of lung alvcoli thereby causing cmphyscma (Cox.

1989). ER accumulation of the PI Z variant in hepatocytes is thc basis of the pathogenesis

of liver disease in affeeted children (Sharp et al.• 1969). The PI Z variant shows prolonged

association with calnexin, is poorly secreted from mammalian cells and is subjceted 10

proteolytic degradation in a pre-Golgi secretory eompartment (Graham et al.. 1990; Le et

al.. 1990; Sifers et al.. 1992b; Ou eull., 1993; Le et al., 1994; Wu et al., 1994).

Calnexin is a type 1 ER transmembrane protein expressed in ail eukaryotic cells

(Bergeron et al., 1994). In mammalian cells. ealnexin interacts trunsicnlly with N-linked

glycoproteins during normal protein maturation in the ER (Ou et al.• 1993; Hammond et

al., 1994; Hebert et al., (995). This molecular ehaperone function is a consequence of

lumenal interactions between calnexin and the GlcNAc2Man9Glc, sl;gar intcrmediate on

substrate proteins (Hebert et al., 1995; Ware et al., 1995). There is cvidcncc that calncxin

is also a constituent of the ER quality control apparillus. Calnexin associates for a

prolonged time with misfolded or unassembled secretory proteins and is likely to be

responsible for their ER retention (Hammond and Helenius, 1995; Williams and Watts,

1995).

The related yeast calnexin homologue CNE/ al50 has an effect on ER quality

control (Parlati et al., 1995b; McCracken and Brodsky, 1996). In S.cerevi.l'iae, Cnelp is

partially responsible for the intracellular relention of u I-antitrypsin, but CNE/ is not

essential for viability (Parlati et al., 1995b). In comparison with S.cerevisiae CNE/,

Sclzizasaccharamyce.l' pambe calnexin (cnx/+) is more closely related to mammalian

calnexin. Unlike S.cerevisiae Cnelp, S.pambe Cnxlp is a high aflinity calcium binding

protein and encodes a cytosolic tail. In S.pambe, the CIlX/+ gene is essential for viability,

which may signify a more important role for calnexin in ER quality control (Jannatipour

and Rokeach. 1995; Parlati et al., 1995a).
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Ail calnexins except for Cne 1p code for aC-terminai cytosolic tail (Parlati et al..

1995b). The cylosolic tail is responsible for ER retention of calnexin. and previous studies

suggest that the calnexin cytosolic tail contributes to ER retention of unassembled protdn

subunits (Rajagopalan et al.• 1994). Using human ul-antitrypsin and its PI Z variant. we

have determined the contribution of the cytosolic tail of S.pombe calnexin in ER quality

control. We demonstrate that the normally retained PI Z variant is specifically and

efliciently secreted l'rom S.pombe strains which do not express the calnexin cytosolic rail.
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4.3 Materials and Methods

Plasmid constructs

cDNA ~ncoding the wild type at-antitrypsin PI MI (VuI2l3) or the PI Z vurianl were

obtained by digesting plasmid phAT85 and phAz respectively (Sitcrs el CI/.. 1989) wilh Eco

RI and creating blunt ends with T4 DNA polymerase. These cDNAs were then suheloned

into the Sil/a 1 site of plasmid pREP5 (Arkinstull el CI/.• 1995) to creute pFPai or pFPaz

(see Table 7). pREPI based plusmid constructs pCNX560. pCNX524 and pCNX484

huve been previously described und are summarized in Tuble 7 (Parlati el CI/.• 1995u).

Ye::.st strains and transformations

Ali yeast strains were S.pulI/be. Wild type S.pulI/be cllxl+ stmin Q360 (1,+ /1'11/-32 IIrtl4­

DI8 ade6-M216) was tmnsformed with the LEU2 based veetors pREPI. pCNX560.

pCNX524 or pCNX484 (Maundrell. 1993; Parlati el a/.• 1995a). S.polI/be LkllXI

pCNX56D, S.pumbe L1cllxl pCNX524. and S.pumbe L1cllxl pCNX484 no longer

harboring the genomic copy of cllxl+. were rescued l'rom dealh with a plasmid copy of

CIlX]+ (see Table 7). These strains were subsequently transformed wilh plasmid pREP5.

pFPcti or pFPaz. Strains were grown in Edinburgh minimal media (EMM) plus

supplements, and standard LiCI transformation procedures were used (Moreno el a/.•

1991).

Immunodetection of secreted ct I-antitrypsin, BiP and Cnx1p

For detection of secreted at-antitrypsin, cells were grown to an OD6IM) of 1. Cells

were harvesled. centrifuged and resuspended in 0.1 volumes of EMM. 3 III of ccli

suspension was then applied to an EMM agar plate and overlaid with nitrocellulose. Aner

an overnight incubation, the nitrocellulose was washed and immunoblotted with ct J­

antitrypsin antiserum and the immunoreaetion was visualized by chemiluminescence

(Amersham) as described previously (Parlaii el a/., 1995b).

For detection of secreted BiP and Cnx 1p. cells were grown overnighl in EMM.

washed and diluted to an OD600 of 0.5 in 200 ml of EMM, and then grown to an OD6IMI of

1. Cells were removed l'rom media by centrifugation. The pH of the cell free media was

adjusted to pH 6.2 and protease inhibitors were added to final concentration of 1 mM
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PMSF. 1 Ilglml pepslatin. 1Ilglml E-64. 1 Ilglmlleupeptin and 1 Ilg/ml aprotinin). Media

was concentrated using an Amicon Filtration Unit through a YM30 filter (Amieon). The

lilter was subsequently washed lwice with 20 ml of MBS (10 mM MES 150 mM NaCI. pH

6.2) and proteins were linally resuspended into 350 III of MBS. 40 III of coneentrated

media proteins were electrophoresed and immunoblotted as described previously with

Cnx 1p ( 1: 10.000 dilulion) and BiP ( 1: 10.000 dilution) anliserum (Pidoux and Armstrong,

1993; Parlati el al.• 1995a).

Detection 01' intracellular ul-antitrypsin and Cnxlp

Strains were grown in EMM to an OOIlOO of l. Cells (5 OOIlOO) were collected by

cenlrifugation. washed and rcsuspended in 0.5 ml of fresh EMM and labeled wilh 150 IlCi

of 35S methionine (Express. NEN) al 300 C, Aner 30 minutes. cells were harvested.

washed. Iysed and inullunoprecipitated with ui-antitrypsin antiserum (1: 1000 dilution) or

Cnx 1p (1 :2000 dilution). essentially as previously deseribed (Franzusoff el al., 1991).

Brielly. aner 35S radiolabeling, cells were washed in TBS (10 mM Tris 150 mM NaCl, pH

7.5) and Iysed inlysis buffer (TBS plus 1% Triton, 0.1% SOS, 0.1 % BSA + inhibilors)

lIsing acid washed glass bcads (Sigma). Celllysates were ineubated with ul-antilrypsin or

Cnx 1p antiserum followed by incubation with Prote in A Sepharose (Bio-Rad).

Immunoprecipitales were linally washed 3 times with washing butTer (TBS + 0.5 % Triton

X-100. 0.05 % SOS) and washed once with TBS. Samples were boiled in Laemmli

butTer, eleelrophoresed on SOS-PAGE and subjeeled to fluorography wilh Amplify

(Amersham).

Intracellular Cnx 1p levels were determined by immunoblolling. Total membrane

fractions were isolaled as previously described (Parlati et al., 1995a). 40 Ilg of protein was

c1cctrophoresed on SOS-PAGE, lransferred to nitrocellulose and immunoblotted with anti­

Cnx 1p antibodies also as previously describcd (Parlali el al., 1995a).
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Table 7: Description of constructs used in chapter 4

Plasmid Parent Insert Amino
Plasmid Acids

pREP1 pREP1

pCNX560 pREP1 cnx1+ 1-560

pCNX524 pREP1 cnx1+ 1-524

pCNX484 pREP1 cnx1+ 1-484

pREP5 pREP5

pFPui pREP5
u1-antitrypsin
PI M (VaI213)

pFPaz pREP5
u1-antltrypsin

PI Z variant
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4.4 Results

Deletion of end p cytosolic tail leads to PI Z secretion

We first confirmed that the S.polllbe ER quality control apparatus can distinguish

between the wild type lXl-antitrypsin PI MI (Val 213) variant and the PI Z variant (Brantly

el 01.,1988). Wild type human lXl-antitrypsin PI MI(Val213) variant (encoded by plasmid

pFPlXi) was efficiently secreted from both wi!d type S.polllbe CIlX/+ (Fig. 25A,Iane 1) and

from a S.polllbe Lkllx/ deletion strain expressing a plasmid copy of full-Iength Cnx 1p

(see Table 7), termed S.polllbe tJCIlX/ pCNX560 (Fig 25A, lane 2). The PI Z variant

(encoded by pFPllZ) was poorly secreted from both ofthese strains (Fig. 25A,Ianes 1,2),

confirming that the S.polllbe quality control apparatus recognizes and retains this mutant

protein. S.polllbe strains which no longer express the Cnxlp cytosolic tail (termed

S.polllbe tJCIlX/ pCNX524) or the Cnx 1p cytosolic tail and adjacent transmembrane

domain (termed S.polllbe tJCIlX/ pCNX484) are viable (Parlati el al., 1995a). However,

wc reasoned that presentation of misfolded protcins to the ER quality control apparatus may

be impeded in these strains. This was confirmed in strains which expressed either Cnx 1p

truncatcd mutant in the absence of full length Cnx 1p (Fig. 25A, lanes 3, 4). Levels of the

sccrctcd PI Z variant wcre equivalentto levels of the secreted PI MI (Val 213) variant in

S.{Jolllbe tJCIlX/ pCNX524 or S.{Jolllbe tJCIlX/ pCNX484 (Fig. 25A, lanes 3, 4).

Wc next determined if secretion of the PI Z variant was a consequence of the Cnxlp

mutants associating with the PI Z variant and 'dragging' the PI Z variant through the

secretory pathway. This possibility was tested by measuring the secretion of both the PI

MI (Val 213) and PI Z variants in strains coexpressing fulliength and either Cnxlp

lruncated mutants. Expression of a plasmid copy of full length Cnx 1p in wild type

S.{Jolllbe did not result in secretion rescue of the PI Z variant (Fig. 25B, lane 1).

Likewise, truncated Cnx 1p mutants were not able to rescue the secretion of the PI Z variant

when fullienglh Cnxlp was also expressed in cells (Fig. 25B, lanes 2, 3). Wc therefore

consider il unlikely that secretion rescue of the PI Z variant is a direct consequence of its

association with truncated Cm" p, thereby resulting in its co-secretion with Cnx 1p.

Rather, secretion of the PI Z variant is likely a consequence of a defect in the quality control

appamtus when the cytosolic tail of Cnx1p is deleted.
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Figure 25: Rescued secretion of th~ PI Z variant expressed in S.pombe

cells.

a I-antitrypsin secretion levels were deterrr' "ed using an overlay assay for secreted

proteins. Panel A: Secretion levels ofwild type human a)-antitrypsin PI MI (Val 213)

(pFPai) or the PI Z variant (pFPaz) were evaluated in wild type S.polI/he cI/xl +

transformed with control plasmid pREPl (Iane 1), S.polI/he ,1cl/xl pCNX560 (Iane 2),

S.polI/he ,1cl/xl pCNX524 (Ianes 3) or S.polI/he ,1cl/xl pCNX484 (Ianes 4). St18ins were

also transformed with vector alone (pREP5) in order to monitor non-specifie background.

Panel B: Wild type S.polI/he cI/xl + cells were transformed with pCNX560 (Iane 1J,
pCNX524 (Iane 2), or pCl"X484 (Iane 3). Secretion of al-antitrypsin was asscssed after

transformation with pREP5, pFPai or pFPaz. Identical rcsults wcrc found for two

independent sets of transformants.
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Deletion of the CnxIp cytosolic tail and not intracellular levels of lX."

antitrypsin or CnxIp accounts for PI Z secretion.

We confinned that the observed secreted levels of the P[ Z variant \Vere specilically

due to the absence of the Cnx[ p cytosolic tail (Fig. 25) rather than differences in (XI­

antitrypsin expression levels (Fig. 26A). [ntracellular levels of the P[ MI (Val 213) and PI

Z variants were monitored in ail four CI/xl + backgrounds by metabolically radiolaheling

cells followed by immunoprecipitating lll-antitrypsin l'rom ccII Iysates. We deteeted

slightly less P[ Z variant as compared to P[ MI (Val 213) variant in wild type S.poII/IIl·

cl/xl+ (Fig. 26A,Ianes [,2). The 51 kDa polypeptide was the precursor to the other N­

Iinked glycosy[ated fonns (see legend to Fig. 26A). As in wild type S.po/llhe cl/xl+ (Fig.

26A,1anes 1,2), slightly less PI Z variant was expressed compared with the P[ MI (Val

213) normal variant in S.po/llbe Licl/xl pCNX524 and S.pomhe Licl/xl pCNX484 (Fig.

26A, lanes 5-8). Although the PI Z variant was efliciently expressed intraeellularly in ail

three strains (Fig. 26A, lanes 2, 6, 8), secretion of the PI Z variant was only occurred in

S.pombe expressing truneated Cnx Ip mutants (compare Fig. 25A, lanes 3 (or 4) to lane 1).

Furthennore, differences in mRNA levels did not account fordifferences observed for lXl­

antitrypsin PI Z levels (results not shown). The data remain consistent with a correlation

between the presence of the eytosolie lail of Cnx 1p and intracellular retention of the P[ Z

variant. Finally, in S.pombe L'Jenxl pCNX560, the expression levels of wild type P[ MI

(Val 213) IlI-antitrypsin were sIightly redueed (Fig 26A, compare lanes 1 to 3), whereas

virtually no PI Z variant was detected intracellularly in this strain (Fig 26A, lane 4). The

lower inlracellult\I' amounts of the PI Z variant were Iikely due to more efficienl targeting of

the PI Z variant 10 the ER protein degrddation apparatus when full length Cnx 1p was

overexpressed (see Figs. 26B and C, lane 2).

In order to determine if intracellular stability and eventual secretion of the PI Z

variant was due to Cnx1p levels, Cnx 1p biosynthetic and steady state levcls were assessed.

The amounts of Cnxlp were measured by pulse labeling cells and immunoprecipitating

Cnx [p l'rom cell Iysates. The [evels of ail the plasmid encoded forms of Cnx 1p in

S.pombe Licl/xl were greater than those of endogenous Cnx 1p in wild type S.pomhe

(Fig. 26B, compare ail lanes). Cnx [p steady state intracellular levels corresponded to

Cnxlp biosynthetic levels except in S.pomhe L'Jel/xl pCNX484 (Fig. 26C). [n this case,

Iower steady state levels of this Cnxlp truneated mutant were observed (compare Figs.

26B and C,lane 4) due to its secretion into the extraeellular medium (Fig. 27B, lane 4). [n

S.pombe Licl/xl pCNX524, Cnx 1p biosynthetic and steady state Ievels were similar to
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Cnx 1P levels in S.polI/be ,1CIIX! pCNX560 (Figs. 26B and C, lanes 2, 3). In the former

hut notlhe latter slrain, secretion rescue of the PI Z variant was effected (Fig 25A, compare

lane 3 ta lane 2). Hence, Cnx 1p biosynthetic or sleady state levels can not simply account

for the secretion rescue of lhe PI Z variant in slrains which express truncated Cnx 1p

mutants.

Regardless of ils inlraccllular levels, expression of full length Cnx 1p (Figs. 26B

and C, compare lanes 1 and 2) did not result in the secretion of the PI Z variant (Fig. 25A,

lanes 1, 2). However the inereased expression of full length Cnx 1p correlated with

enhanced instability of the PI Z variant, presumably by increasing its access to the ER

associated protein degradation machinery (Fig. 26A, lane 4).
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Figure 26: Intracellular expression of the wild type a t-antitrypsin PI MI

(Val 213) variant, the PI Z variant and Cnxlp in ail four CI/xl +

backgrounds.

Panel A: Intracellular expression levels of the Pl MI (Val 213) variant, abbreviated ,xi

(lanes 1,3,5,7) and the Pl Z variant, abbreviated az (lanes 2, 4, 6, 8) were determined in

wild type S.po/llbe CI/xl+ transformed with pREP 1 (lanes l, 2), S.po/llbe Lkl/.tl

pCNX560 (lane 3, 4), S.polI/be Licl/x1 pCNX524 (lane 5, 6) or S.po/llbe .1CI/X 1

pCNX484 (lanes 7, 8). Polypeptides with mobilities which correspond to 51 kDa, 53

kDa, 56 kDa and 59 kDa were detected. The arrow indicates the 51 kDa form of 'l(­

antitrypsin. The results of pulse-chase studies indicated that the 51 kDa protein was a

precursor of the other forms which are N-linked glycosylation intermediates. These higher

molecular weight fmms are absent in cells which had been treated with the N-linked

glycosylation inhibitor tunieamycin (results not shown).

Panel B: Biosynthetic levels of Cnxlp in wild type S.po/llbe CI/xl + transformed with

pREPI (lane 1) or S.po/llbe Licl/xl pCNX560 (lane 2), S.po/llbe Licl/xl pCNX524 (lane

3), S.polI/be Licl/xl pCNX484 (lane 4) were evaluated. The size of the radiolabeled

protein eorresponds to that expected of the fulliength (91 kDa, lanrs 1. 2) or the truncated

Cnxlp mutants (85 kDa, lanes 3; 80 kDa lane 4). By densitometry (arbitrary units), the

ratio of expressed Cnx 1p was determined as a function of that expressed in wild type cells

(lane 1).

Panel C: Steady state levels of Cnx 1p were determined in wild type S.po/llbe CI/X1+
transformed with pREP 1 (lane 1), S.po/llbe Licl/xl pCNX560 (lane 2), S.po/llbe Licl/x1

pCNX524 (lane 3) and S.po/llbe .!icI/xI pCNX484 (lane 4). As in Pancl B. Cnxlp levcls

are indicated in arbitrary units (bottom row).
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Deletion of the CnxIp cytosolic tail does not lead to perturbations of

ER lumenal contents,

We determined if a non-specilïc mechanism. such as the hulk secrction of ER

lumenal contents, was responsible for PI Z variant secretion in the Cnx 1p C-termina\

deletion mutant strains. Mislocalized Cnx 1p truncation mutants might conceivably rcsult in

the penurbation of the ER lumenalmatrix. thereby causing a non specilïc secretion of ER

lumenal resident proteins (Sambrook, 1990). Proteolytic fragments of mislocalizcd Cnx 1p

were detected in culture media l'rom S.fJolllbe Liel/xl pCNX484 (Fig. 27B, lane 4). In

S.fJombe LielLtl pCNX524, low levels of proteolytic fragments of Cnx 1p wcre also found

in the media, which were likely due to mislocalization of the truncated form of Cnx 1p (Fig

27B, lanes 3).

We determined if BiP (Pidoux and Armstrong, 1992) was secreted l'rom S.polI/be

Licllxl pCNX524 and S.pombe Licllxl pCNX484 strains. Although calnexin was

mislocalized in these strains (Fig 27B, lanes 3, 4), non-specitic secretion of ER lumenal

contents was not detected. No extracellular BiP was detectable in culture media l'rom wild

type S.pombe cl/xl+ (Fig. 27A, lane 1) or l'rom S.fJolI/be Licllxl pCNX524 and Licl/xl

pCNX484 (Fig. 3A, lanes 3, 4). Therefore, this situation does lead to PI Z variant

secretion (Fig. 25A, lanes 3, 4) without causing non-specilïc secretion of ER lumenal

proteins (Fig. 27A, lanes 3, 4).

We detected BiP secretion l'rom S.polI/be Licllxl pCNX560, which overexpresses

full length Cnx 1p (Fig. 27A, lane 2). However, intracellular levels of BiP in this strain

were not affected (data not shown). Despite the loss of BiP l'rom these eclls, secretion

rescue of the PI Z variant was not observed (Fig. 25A, lane 2).
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.'igure 27: Evaluation of resident ER lumenal protein BiP secretion.

BiP secretion (Puncl A) or Cnx 1p secretion (Punel B) levels were determined in S.po/llbe

('I/X/+ (lune 1). S.{Jo/ll/Je ,1('11X/ pCNX560 (lune 2), S.{Jo/llbe &I/x/ pCNX524 (lune 3)

or S.{Jo/llIJe ,1el/x / pCNX484 (lune 4).
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4.5 Discussion

A mulation (D342 --> K) in the PI Z ui-antitrypsin varianl prevents formalion of a

saIl hridge which is predicted to conslrain the mobility of the reactive center loop

(Loehermann el al.. 1984; Stein and Carrell, 1995). Loss of this structural constraint is

thollghl to initiate lhe 'Ioop-sheel aggregation' of the PI Z variant (Lomas el al., 1992;

Sil'ers, 1992a). Although lhis may fllnclion as the aetual mechanism resulting in

intrahepatic accumulation of the PI Z variant, the mechanism of the initial retention of this

variant is unresolved (Sifers, 1995). An arrest in the folding of lhe PI Z variant has been

ohserved and its association with ealnexin has been shown. This interaction with calnexin

may he responsible for the ER retention and storage and subsequent degradation of the PI Z

variant (Le el al.. 1990; Le el al., 1992; Ou el al., 1993; Le el al., 1994). Here, wc have

shown that truncations in ealnexin result in efficient secretion of this otherwise

intracellularly rctained mutant protein.

Wc have shown that the ER quality control apparatus in S.polI/be can distingllish

between the mutant PI Z variant and wild lype PI MI (Val 213) hllman u)-anlitrypsin (Fig.

28A). Using a COS ccII expression syslem, ER retelltion of unassembled and normally ER

retained human C03E chain was effeeted in the presence of human ealnexin (Rajagopalan el

al., 1994). Deletion of the cytosolic tail of hllman calnexin in this system caused ccII

surface expression of the hllman CD3E chain. In a second study using a Dro.l'ophi/a

expression system, heterologously expressed MHC 1heavy chains were ER retained only

when manuualian calnexin was also coexpressed (Jackson el al.• 1994). Hence, the

endogenous calnexin in either COS cells or Dro.l'ophi/a cells couId not retain unassembled

prote in subunits in the ER. In most mammalian systems, the endogenous calnexin will ER

retain unfolded or unassembled proteins (Bergeron el af.. 1994; Hammond and Helenius,

1995). Unlike endogenous COS or Dro.l'ophi/a calnexin, S.polI/be calnexin acts as a bo//a

./ïcle constituent of the ER quality control apparatus. Thus call1exin's role in the s~cretory

defeet associated with a 'protein trafficking disease' was directly affeeted by genetic

manipulation of endogenous S.polI/be calnexin. Deletion of the cytosolic tail of S.polI/be

ealnexin was sufficient to reseue the secretion defective PI Z variant without causing a

general perturbation of ER lumenal contents (Fig 28C). However, secretion rescue of the

PI Z variant was not observed when full lenglh and C-terminal truncated Cnx 1p were

coexpressed (Fig 280). Wc have also observed the same behavior when the PI Z variant

and truncated forms of calnexin were transfected into human 293A cells (Hemming el al.,

in preparation). Hence, there may he different criteria for the retention of misfolded protein
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such as the PI Z variant as compared to unassemblcd subunits of mullimeric <:llJlll'lexes

(Rajagopalan et al.. 1994: Jackson et al.. 1994). Nevcrtheless. llur data is consislentwilh

a model in which lhe cytosolic lail medialed localization of Cnx II' is responsihle for

presentation of the PI Z variant to the ER 'luality control apparatus (Fil,!. 2ll).

When full length Cnx 1p was overexpressed. the intracellular instahility of the 1'1 Z

variant was increased. This supports the hypothesis that the Cnx 1p (via its tail) presents

misfolded protcins 10 the ER quality conlrol apparalus (Fig 2llB). Interestingly. Bil'

secretion is also observed in this strain. Since calnexin is a high al1ïnity calcium-hinding

protein (Wada et al.. 1991: Tjoelker et al.• 1994: Parlati et al.. 1995a) elevated levcls of

calnexin in the ER may pel1urb the free calcium levels leading to the rclease of Bil' fwm the

ER lumen and its secretion from the cclI (Sambrook. 199U: Wada et al.. 1991).

Allernatively. overexpression of full length Cnx 1p may lead lU an upregulation of Bil'

causing its secretion from cells. Nevertheless. overexpression of full length Cnx 1l' does

nOllead to secretion rescue of the PI Z variant (Fig. 2813)

Wc have previously shown that the absence of calnexin in S.œreI'Î.\·Îae leads to a

two to three fold increase in cclI surface expression of rq-antitrypsin (Parlati et al.• 1995h).

Recent results from McCracken and Brodsky show that Cne 1p is in parI responsihle for

efficient degradation of a mutant secretory protein in yeast (McCracken and Brodsky.

1996). In this respect. our results in S.polI/he arc eonsislent with ohservations made in

S.œrevisÎae. However, there are three signitïcant differences hetween observations made

in this study using S.pomlJe and previous studies using S.cerel'ÎsÎae. First, secretion of

the wild type PI MI (Val 213) variant is not signitïcantly affected hy manipulation of

S.pomlJe CI/xl +. Since the PI MI (Val 213) variant is normally folded and secreted in

mammalian cells, il should not be a substrate for the quality control apparatus and therefore

unaffected by manipulating S.poll/lJe cl/xl+. Whereas in S.cerevÎsÎae, secretion of the PI

Ml (Val 213) and PI Z ut-antitrypsin variants were upregulated to Ihe same extent when

CNEI was deleted. Second, PI Z variant secretion was restored to wild type levcls when

the cytosolic tail of S.polI/lJe enx 1l' was deleted. Deletion of the entire CNEI gene in

S.cerevÎsÎae did notlead to PI Z variant secretion levels equivalentto levcls observed for

the PI MI (Val 213) variant. Third, deletion of the cytosolic lail alone was suflïcientto

effect secretion rescue of the PI Z variant in S.polI/he. This phenotype wouId be prcdicted

since the cytosolic tail of mammalian calnexin mediates calnexin ER retention. Therefore

calnexin ER rctention wouId bc required for its interaction with other components of the ER

quality control apparatus. In S.cerevÎsÎae, dcletion of the entire CNEI gene resulted only
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in a srnall incrcase in ui-antitrypsin secretion. Hcncc, calnexin mcdiatcd quality control in

S.polllhc is more promincnt than in S.cercl'isiac.
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Figure 28: Quality control regulation by Cnxlp. Panel A: Presentation of the PI

Z variant to the ER protein degradation machinery by full length Cnx 1p. Panel 13:

Overexpression of fulliength Cnx 1p and eflicient presentation of the PI Z variant to the ER

protein degradation machinery. Overexpression of fulllength Cnx 1p kads to BiP secretion.

Panel C: Expression of truneated Cnx 1p mutants in S.flombe dC/lx J leads 10 the

sequestration of the PI Z variant l'rom the ER protein degradmion nmchinery and ils

subsequent secretion. Panel D: Full length Cnx 1p is domimlllt over Cnx 1p truncation

mutants. Coexpression of both fulllength Cnx 1p and eilher Cnx 1p truncalion mutant lemls

to presentation of the PI Z variant to the ER protein degradation nHlchinery .
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CHAPTER 5

Conclusions
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.~ The sludy of mammalian ealnexin and ealretieulin has been dynamie and the

function of mammalian calnexin has becorne clearer during the progress of this work. At

lhe start of this work, little was known about the role of ealnexin in the ER except for its

physical properties as an ER integral membrane calcium binding phosphoprotein whieh

was found in a complex wilh three other glycoproleins, pgp 35, gp25H (at one time

considered subunils of a putative signal sequence receptor) and gp25L (Wada el al., 1991).

Yeasls are genetically manipulable and Ihe funetion of a gene can be direetly delermined by

gene disruption and the expression of mutants. The S.cerevisiae and S.pombe homologues

of calnexin were identified and cloned in order to shed light on the raie of calnexin. Sorne

observations made during this study with yeast calnexins are not consistent with

ohservations of mammalian calnexin. In Ihis ehapter, 1 will discuss observations made in

lhis study and their broader relevance to the calnexin/calreticulin chaperone field. Many

questions remain unanswercd as to the function of yeast calnexin in quality control and 1

will suggesl expcriments in order 10 extend the observations made during this study.

5.1 Identity of S.cerevisiae CNE 1

Whether CNEl encoded a bOllajïtle calnexin homologue remained a contentious

issue for sorne time. Although Cne 1p was an ER membrane protein and shares a

significant level of overall amino acid identity with mammalian calnexin (including the

conserved cysteine residues), many other amino acid motifs were not present. Unlike its

mammalian counterpart, only one of four putative lumenal calcium binding repeats was

present in Cnelp and Cnelp did not bind calcium ill vilro using a 45Ca2+ overlay assay.

We can not rule out that Cnelp does in faet bind calcium ill vivo at ER calcium

concentration levels [i.e. millimolar concentrations] (Sambrook, 1990). However, unlike

ils mammalian and S.polI/be counterparts, Cne 1p is not a strong calcium binding protein

since it does not bind calcium at micramolar concentrations.

Cne 1P does not have a cytoplasmic tail. and thus does not have the cytosolic low

aftinity calcium binding site, the cytosolic phosphorylation sites or an ER retentionlretrieval

sequence like its mammalian counterparts. How Cne 1p remains located to the ER is

enigmatic. Many type 1ER membrane proteins have the sequence motif KKXX at their C­

terminus, which confers an ER localization (Pelham et al., 1995). Cne 1p does not have a

cylosolic tail, and thus does not contain any classical retrieval motifs. Deletions of the

tmnsmembrane domain of Cne 1p did not produce a secreted form of Cne 1p, as observed
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for S.polI/be und mummuliun culnexin (my unpublished results). In fuct. tl'llncuted Cnc 1p

remuined membmne-ussociuted. It is possible thut Cne 1p is complexed with :ulllthcl' ER

membmne protein which thereby confers ER loculization to Cne 1p.

Species often encode u number of c10sely reluted genes. whieh huve reluted :md

sometimes overlapping functions in the cells. For example, there arc at least ten HSP 70

homologues (Craig, 1989; Rassow et al.• 1995) and four PDI homologues in S.l't'I'el'isiae

(Bardwell and Beckwith, 1993; Taehikawa et al.. 1995), some of which huve overlupping

functions. In some cases. delelion of one homologue does not leud 10 un obvious

phenotype since related proteins cun functionally replace the missing pl'lltcin. Culnexin is

related to ealreticulin in mammuls, thus it is reusonable to expcct thut S.cerel'isiCle codes lill'

a calreticulin homologue \Wadu et al., 1991). Furthermore, since CNEl is dist:mtly reluted

10 calnexin and deletion of CNEl l'esulted in u weuk phenotype. we expected thut

S.cerel'isi"e might have a gene with c10ser homology to mammalian culnexin. Recently,

the entire genome of S.cel'el'isiae has been sequenced but no other calnexin or cull'eticulin

homologue has been found.

Thus, it is conclusive that Cnelp is the only calnexin or culreticulin homologue in

S.cerel'isiae. The divergence between calnexin in S.cel'el'isiCle und m:llnmuliun cells is

possibly indicative of different physical properties and cellular funct;ons. The 38% :lInino

acid identity between the centml domain of both calnexins (see Chapter 2), which is Ihe

most conserved domain amongst ail calnexins and calreticulins, implies thut some funclions

are likely to be shared.

5.2 Identity of S.pombe Cllx]+

Sequencing of the cllxl+ gene reveuled thut it coded for:l protein which was indeed

a bOl/llfide calnexin homologue. Il also shared a higher degree of amino acid identity with

mammalian calnexin (34%) than S.cerevi.l'iae Cnelp (24%). Il shared mummalian

calnexin's type 1 integral membrune topology and possesses most of the charaeteriftie

calnexin motifs, including four lumenal calcium binding repeuts, four conserved cysteine

residues and a cytosolic tai! containing casein kinase" phosphorylation sites. The Cnx 1

protein is indeed a calcium binding membrane protein and its cytosolic tail can be

phosphorylated ill vitro (my unpublished observations). The main difference between

mammalian and S.pombe calnexin is the absence of the low affinity, high capacity calcium

binding sequences (aspartic/glutamic acid stretch) in the cytosolic lail of S.polI/be calnexin.
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This low capacity calcium binding domain is also absent from plant calnexins and

calreliculins from O. volvulus and Schistosomes. Hence, this domain may have been

acquircd in sorne species to fui fi Il a specialized function.

5.3 Phenotype of S.cerevisiae Cnelp

ln S.eerevisiae, deletion or overexpression of CNE] revealed no detectable

phenotype. Following the identification of CNE], mammalian calnexin was reported to

lransiently associate with several glycoproteins. In mammalian cells, immunoprecipitation

studies of pulse-Iabeled cells showed thal calnexin-glycoprotein associations were short­

Iived (Ou el al., 1993). Equivalent experiments in S.eerevisiae using anti-Cnelp

antibodies, could detect no transient association with cellular proteins (my unpublished

observations). To further investigate a possible role for Cne 1p in protein secretion, the

alllount of secrcted or cell surface expressed proteins was evaluated in various CNE]

backgrounds. No differenccs in the secretiûn vr ccII surface expression of the proteins acid

phosphatase, a-factor and Ste2p were observed in cells overexpressing or deleted for

CNE] as compared with wild type cells. However, a function in ER quality control was

found for Cne 1p when lIlisfolded and intracellularly retained proteins in S.cerevisiae were

examined. Increased ccII surface expression of intraeellularly retained Ste2-3p at non

permissive temperatures and inereased seeretion of heterologously expressed at-antitrypsin

was observed (see Chapter 2) in .delle1 ceIls as compared with wild type cells.

The role for Cne 1p in quality control was further corroborated by data l'rom

cxperiments showing CNE] involvement in unglycosylated pro-a-factor degradation.

Using an ill vilro import assay, nonglycosylated pro-a-factor was imported into yeast

microsollles and observed to be proteolytically degraded with a high Iife of 7.5 minutes, in

an ATP and a cytosol dependent manner. Using the same assay with microsomes prepared

l'rom a .delle1 stmin. the hall' Iife of unglycosylated pro-a-factor proteolytic degradation

increllsed to 20 minutes (McCmcken lInd Brodsky, 1996). Although Cnelp is not Iikely to

be a protease, li .delle1 strllin shows a defect in the degmdation of pro-a-fllctor. My results,

togethcr with results from McCmcken and Brodsky, lire the first evidence thllt calnexin

promotes intmcelluillf retention and proteolytic degradlltion of secretory proteins.
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5.4 Phenotype of S.pombe cllxl+

ln stark contrast to S.cere\·isiae CNE1. S.polI/he CI/X 1+ is cssential for viability.

Mammalian calnexin. mammalian calreticulin. S.cere\'isiae CNEI. and various C-tenninal

truncations of CI/xl+ were tested for rescue of the cl/xl::llra4+ lethal phenotype.

Mammalian calnexin and calreticulin as wcll as CNEI were unable to rescue thc

cl/xl::llra4+ lethal phenotype. although they were eflïciently synthesized in diploid

cl/xl+/cl/xl::llra4+ cells (Chapter 4. and rny unpublished results). Likewise. manunalian

BiP, which has sequence and functional homology with its yeast eounterpart Kar2p, is also

unable to complement the lethal phenotype associated with a kar2 null allele (Nonnington el

al., 1989). However, mammalian BiP WOlS able to complement partially the kar2-1

mutation (Normington el al., 1989). Slight variations in funetion mOlY explain the failure of

a mammalian gene to complement a disruption of a homologous yeast gene. Truncated

Cnxlp mutants deleted for either the i) the cytosolic tail, ii) the cytosolic l'Iii and the

transmembrane domain or iii) the cytosolic tail, the transmembrane domain and the len most

C-tenninallumenal amino acids were able to rescue the lethal cl/xl::llra4+ phenotype.

1nexttested whether, like mammalian ealnexin, Cnx 1p transiently associated with

secretory proteins. As with S.cerevisiae Cne 1p, no transient association betwecn calnexin

and other cellular proteins WolS detected direetly. '1'0 assess whether Cnx Ip like

S.cerevisiae Cne 1p plays a role in quality control, both the wild type PI MI (Val 213) and

the PI Z variant ui-antitrypsin Wt:re expressed in S.polI/he. In S.polI/he c"lIs expressing

full length Cnx 1p, wild type ui-antitrypsin WolS efficien' :.y secreted whereas the PI Z

variant WolS not. The fates ofwild type PI MI (Val 213) and PI Z variant ui-antitrypsin

were examined in S.polI/he cl/xl::llra4+ strains which were complemented with trllneated

Cnx 1p mutants. Wild type and PI Z variant u,-antitrypsin were expressed in S.polI/he

strains .!icI/xI pCNX524 (cytosolic tail deleted Cnxlp mutant) or S.polI/he .!icI/xI

pCNX484 (both cytosolie tail and transmembrane domain deleted). In both strains.

efficient secretion of both wild type and the PI Z variant ui-antitrypsin orcurred.

However, efficient secretion of PI Z variant WolS not observed in cells coexpressing both

full lenglh and eithe: C-termina1 truncat:on mutants of Cnx 1p (sec Chapter 4). These

experiments suggest that the cytosolic tail is responsible for mediating PI Z intracellular

retention. Although the Cnx 1p cytosolic tail is not essential for viability. the cytosolic lail

is probably important for Cnx 1p localization, and perhaps maintains the integrity of the ER

quality control apparatus.
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Recent studies suggest that the eytoplasm is the site of ER protein degradation

(Ward ct a/., 1995; Jensen ct a/., 1995; MeCraeken ct a/., 1996). Therefore calnexin may

play a role in protein export to the cytoplasm, which may explain the phenotype observed

wilh the C-terminaltruncated Cnx 1p mutants. The Cnx 1pC-terminai domain may play a

role in anchoring the protein in a specifie region of the ER, which pennits protein export to

the cytosol. For Cne 1p, an additional protein may be required for Cne 1p's ER localization

as weil as association with a postulated ER protein export apparatus.

5.5 S.cerevisiae and S.pombe calnexin compared

At lirst glance, the calnexin homologues of S.ccrcvisiac and S.pombe appear to be

'luite divergent. They share only 22% amino acid identity, S.pombe ellxl+ encodes a

cytosolic tail and is c1early a calcium binding prote in. Most significantly, S.pomhe ellxl+

is essential for ccII viability whereas S.eerel'isiac CNEI is not an essential gene. Despite

these differences, both genes play roles in the quality control of secretOlY proteins, the only

phenotype determined thus far for both genes.

An inerease in the secretion of intracellularly retained proteins is likely to be the

effect of a decreased degradation of misfolded proteins in S.eerevisiae delle 1 cells.

Deletion of the S.pomhe Cnx 1p cytosolic tail also leads to enhanced secretion of

intraccllularly retained misfolded proteins. In this system, the effect is more pronounced.

Moreover, overexpression of full length Cnx 1p leaets to increased instability of a mutant

protein. This observation is analogous to the situation in S.ccrevisiae, where mutant

proteins are more unstable in cells expressing wild type levels of Cne 1p compared to delle1

ceIls. Therefore in S.pombe, deletion of the Cnxlp cytosolic tailleads to an equivalent

phenotype to a CNEI deletion in S.ccrevisiae.

Since deletion or 'knock out' of calnexin in S.pombe and S.cerevisiae leads to

different phenotypes, there must be fundamental differences in function OOtween these two

proteins in their respective host cells. In S.pomhe, the quality control apparatus can be

bypassed without causing ccII dealh. Thus, the essential phenotype of S.pombe ellxl+ may

not be the same as its role in quality control. The otlter major difference between Cne 1p

and Cnx 1p is their calcium binding abilities. Calcium binding is important in calnexin

structure ,LS weil as in the ability of mammalian calnexin to bind to secretory proteins (Ou el

a/., 1993; Ou el a/., 1995). However, Cnelp (at oost a weak calcium binding protein) is

still able to function as a component of the quality control apparatus.
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One function of calnexin's high aftinity calciulII binding ability lIIay he in regulaling

ER calcium stores. S.poII/be Cnx 1p as weil as mammalian calnexin and calreticulin have a

highly eonserved cenlral domain containing a high aftinity (in c'llreticulin K.I 1.6 !lm). low

capaeity (for calreticulin 1 mol/mol) calcium binding sile (Baksh and Michalak. 1991). For

calreticulin. it has been postulated that this domain serves as a calcium sensor. hy

prolonging IP3 induced rise in cytosolie calciulII when ER stores of calciulII arc full and the

high capacily calcium binding site is occupied (Caillacho and Leehleiter. 1995). When

stores are depleted. the high capacity calcium binding site is unoceupied therehy causing the

!lux of calcium to shift in order 10 tïll ER stores. It is Iikely that S.polI/be calnexin as weil

as mammalian calnexin have a similar role. If S.poII/be calnexin. Iike S.cerel'i.~itle ealnexin

is the only calnexin/calretieulin homologue. then deletion of Cnx 1p in S.polI/be wouId

cause eells to be unresponsive to IP3 mediated ER calcium release, and prcsulllahly cause

ccli death. This hypothesis assumes that inositol trisphosphate signaling system is present

and essential in S.poII/be, but either not present or not essential in S.cerel'isitle. Thus far.

there is little evidence of IP3 mediated release of ER calcium stores in either species

(Carpenter and Cantley, 1996).

5.6 Yeast calnexin mode of action

From the data presented. the calnexin homologues in the yeasts S.cerel'isitle and

S.polI/be play a role in prote in quality control in the ER. Both CNE! and CIIX!+ have hcen

shown to inleract genetically with mutant proteins and affect their proteolytic degradation.

Thus far. no transient association of yeast calnexin with folding glycoproteins has been

observed. Technical problems that aecount for lack of observed calnexin-glycoprotein

physical interaction cannot be ruled out. However. there is reecnt evidenee which may

explain ,he observed lack of transient association belween calnexin and glycoproteins in

yeast.

ln the mammalian calnexin-g\ycoprotein binding model. calnexin associates with

proteins containing the N-Iinked GlcNAc2Man9Glci moiety. This moiety is generated

either by glucosidase Jill trimming or by reglucosylation of N-Iinked unfolded

GlcNAc2Man7_9 proteins by UGGT (Figure 1). However, some of these components me

either not present in yeast or not essential for ccli viability. Glucosidase Il is present in

both yeasts (Herseovies and Orlean, 1993; Ziegler et al., 1994; Trimble and Yeroslek,

1995) but is not essential for viability in S.cerel'isiae (unpublished observations). The only

UGGT sequence related homologue is KreSp in S.cerel'isiae, important in ccli wall
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synthesis (Meaden et al., 19~0). Since the UGGT activity is not present in S.cerevisiae, it

is unlikely that Kre5p has UGGT activity (Fernandez et al., 1994). In fact, Kre5p is

required for (l-6)-~·D-glucan synthesis (Meaden et al., 1990). The UGGT activity is

present in S.polI/be and a gene coding for the UGGT, gptl+, has been isolated (Fernandez

et al.. 1996). Cells delcted for gptl+ are viable and deficient in UGGT activity. Hence, in

both specics, rcglucosylation of sccretory glycoproteins and subsequent calnexin

interaction is not nccessary for cell viability.

Two models may explain the role of glucose trimming, calnexin and UGGT in

yea.st ER quality control:

Model 1

ln the lïrst model, calnexin-glycoprotein associations occur in yeasts, as in

mammalian cells. In wild type S.cerevisiae cells or .1gpt1 S.pambe ceUs, substrate

glycoproteins for calnexin ean only be generated by glucosidase 1111 trimming.

G1ycoproteins containing the GIcNAc2Manl)GIc 1moiety associate with calnexin to produce

a completely folded prote in. After calnexin release, the glycoprotein has a

GIcNAc2Manl)Glco oligosaccharide and is unable to reassociate with calnexin. In this

scenario, the requirement for UGGT is bypassed and ceUs can generate mature

glycoproteins in a one step process.

This model may explain the observed lack of calnexin-glycoprotein association in

yeasts. A glycoprotein may have a single ehance lU bind ealnexin, which leads to a

completely folded protein. In this model, yeast ealnexin-glycoprotein associations may be

more transient, thus diffieultto detect. In sorne cases, mammalian calnexin-glycoprotein

associations have a half life of up to 240 minutes, thus lending support to this model

(Degen and Williams, 1991; Ou et al.• 1993; Anderson and Cresswell, 1994; Lenter and

Vestweber, 1994). In nutrient rich media, wild type yeasts divide eve..y two to three hours

compared to 18-24 hours for many cultured mammalian celltypes. il is likely that proteins

in mammalian ceIls have more time to undergo maturation in the ER, as compared with

proteins in yeasts. Mammalian calnexin mediated folding involves repetitive cycles of

protein binding to calnexin, dissociation from calnexin due to glucose removal and

reassociation to calnexin due to reglucosylation (Fig. 1). This folding pathway may not

occur in yeast since this process may he inherently slow and inefficient.
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This model can be tcsted using an ill vilro cainexin-glycoprotein binding assay.

Zapun and colleagues have recently shown that recombinant manunalian calne)(in can bind

ribonuclease with the GIcNAc2Man9GIc, moiety ill vilro (manllscript in preparation).

Likewise, the ability of recombinant Cne 1p and Cnx 1p to bind ribonllclease in this assay

can be as~essed. If yeast calnexin has this aClivity, then closer inspection of ill l'i\'()

calnexiIi interactions are warranted.

Model 2

ln this second model, normal folding intermediates of wild type proteins do nol

associate with yeast calnexin. In yeu,ts, calnexin may act as a folding sensor for misfolded

proteins and is responsible for 'presenting' these proteins to the ER proteolytic degradalion

machinery.

ln S.polllbe, this process ll1ay involve reglucosylation of high mannose

oligosaccharides by UGGT. This role for UGGT and Cnx 1p is consistent with the fuct

that UGGT transcription is highly induced by agents which cause protein ll1isfolding

(Fernandez el a/., 1996). Under stress conditions, elevated levels of UGGT would

facilitale reglucosylation of aggregation prone high mannose N-linked proteins. In this

scenario, the presence of the GlcNAc2Man9Glc 1 interll1ediate on misfolded proteins is

sensed by Cnx 1p, which ll1ediates ER-retention and subsequent proteolytic degradation of

misfolded proteins. However, S.cerevisiae Cue 1p must huve some other mechanism for

sensing misfolded proteins sinee UGGT activity is not present in this species. In fuct.

experiments by McCracken and Brodsky demonstrate that nonglucosylated u-fuctor is

degruded in u calnexin Jcpendent fashion (McCracken and Brodsky, 1996). Thus. the

glycosylation stute of unfolded proteins is likely not important for Cne 1p recognition.

This model would explain the observed lack of calnexin-glycoprotein physicul

association in S.cerevisiae and S.polI/be. Il wouId ulso explain the lack of any effect on

secretion of wild type proteins in a S.eerevi.l'iue delle} strain. This model is also consistent

with observations made with mutant protein secretion und degradation in calnexin­

manipulated S.eerevis;ae and S.polllbe strains. Whether physical association of yeast

calnexin with misfolded proteins is required their 'presentation' to an ER proleolytic

degradation machinery remains to be tested.
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5.7 Future experiments

S.cerevisiue

ln experiments performed in the course of this work, it was observed that the

phenotype whieh associated S.cerevÎ.I'Îac Cne 1p with quality control was not strong. Il is

possible that Cne 1p either plays a minor role in quality control or that in S.ccnvÎ.I'Îae there

is an alternative pathway. Hence, other quality control components were sought using a

synthetie lethal sereen. This approaeh was unsueeessfui in identifying genes which interact

genetically with CNEI (my unpublished results).

An alternative approach to identify gene products that interact with Cnelp is the

two-hybrid screen (Allen et a/., 1995). This genetic screen is used to identify proteins

which may interact with a known protein, in this case Cne 1p. Cne 1p association with ER

membranes is likely due to association with other ER membrane proteins. In addition,

Cne 1p may also physically interact with other components of the ER quality control

apparatus. Therefore, the two-hybrid sereen provides a feasible approaeh to identify such

proteins. Once identified, the gene encoding these proteins can be deleted, and their effects

on ccII viability, ER quality control and Cnelp localization can be determined.

Subsequently, one can use two-hybrid and synthetic lethal screens to identify proteins

which interact with Cne 1p interacting genes. Alternatively, if the interacting genes are

essential for viability, temperature sensitive alleles can he sought and genes complementing

the temperuture sensitive phenotype can he obtained.

Proteins expected to interact with Cne 1p wouId include ER proteins implicated in

qllality control, in addition to transmembrane proteins which wouId keep Cne 1p associated

with ER membrunes. ER proteins involved in qllality control wOlild include BiP, Scj Ip,

Sec63p, Ire 1p, gllleosidase l, glllcosidase II, POl homologues and cyclophilin homologues

(Shamu et a/., 1994: Freedman, 1995: Brodsky, 1996). If Cne 1p associates with proteins

cotranslocationally, Cne 1p may in fact associate with components of the translocation

apparatus, such as components of the Sec61 p complex andJor the Sec62p/Sec63p complex

(High and Stirling, 1993). Association with the translocation machinery may enable Cnelp

to remain associated with ER membranes.
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S.pombe

From results presenled in this thesis. it is likely 11H11 the cytosolic lailof Cnx 1p

interacts with cytosolic faclors which help mediate prote in degradation as weil as ER

retention. In addition. the role of kinases which phosphorylate Cnx 1p can be determined.

Thus, proteins which intemct with the cylosolic (or lumena!) domain of Cnx 1p can also be

sought using the two-hybrid screen.

Since CIlX/+ is an essential gene. tempcrature sensitive alleles should be isolated and

characterized. If the CIlX)+ essential function does involve protein folding. shifting cnd 1.1'

cells to non-permissive temperaturc should affect protein processing. secretion, degradation

or a combination of these events. Alternatively, tempcrature sensitive CIlX/+ mutant aile les

may give insight into olher possible Cnx 1p functions. In addition, temperature sensitive

aileles of CIlX/+ will allow identification of 'lther genes which genetically interact with

CI/X / +. Complementmion of the temperature sensitive CI/x/ + aile les with a high copy

S.pombe library will identify other genes which function in the same pathway as Cnx 1p.

Characterization of these proteins and their interaClion with Cnx 1p will bring about a better

understanding of the cellular pathway in which calnexin's function plays a l'Ole.

Concluding remarks

The evidence presented in this lhesis points to a function for yeasl calnexin in ER

protein quality control. Therefore. the ER quality control apparatus can be dissected by

identifying other factors implicated in this pathway.
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