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ABSTRACT

In cukaryotes, the endoplasmic reticulum is the site where folding of secretory proteins and
the assembly of muinmeric cell surface receptors 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 homologue for the mammalian
calnexin/calreticulin family, CNE{, was isolated in S.cerevisiae. The CNE! gene product,
Cne!lp, is an integral membrane glycoprotein of the ER. Disruption of the CNET gene did
not lead to inviable cells or to gross effects on the levels of secreted wild type proteins.
However, in CNET disrupted cells, there was an increase in the cell-surface expression of a
normally intracellularly retained temperature sensitive mutant of the a-pheromone receptor,
Ste2-3p. In addition, an increase in the secretion of heterologously expressed mammalian
aj-antitrypsin was also observed in CNE/ disrupted cells. In order to study calnexin
function in another genetically manipulable organism, a Schizosaccharomyces pombe
calnexin homologue was sought. Using a similar PCR strategy, a S.pombe calnexin
homologue, cux/+. was identified. The cnx/+ gene product, Cnx1p, was shown to be a
calcium binding type I integral membrane glycoprotein. Unlike the sequence related
S.cerevisiae CNET gene, the cnx/* gene was essential for cell viability. Full length Cnx1p
was able to complement the ¢nx/* gene disruption but full length mammalian calnexin
could not. The ER lumenal domain of Cnx1p, which was secreted from cells, was capable
of complementing the cnx/::ura4* lethal phenotype. Both wild type PI M1 (Val 213) o4-
antitrypsin and the ER retained PI Z vartant were expressed in S.pombe cells. As in
mammalian cells, wild type o)-antitrypsin was normally secreted whereas the PI Z variant
was retained intracellularly. Rescue of the secretion defective phenotype of the PI1 Z variant
occurred in S.pombe strains which did not express the Cnx1p cytosolic tail. S.pombe cells
expressing both full length and truncated mutants of Cnx 1p did not secrete the Pl Z variant,
demonstrating that the presence of full length Cnx 1p will maintain the integrity of the ER
quality control machinery. Therefore, like mammalian calnexin, Cnelp and CnxIp appear
to function as coustituents of the yeast ER protein quality control apparatus.



RESUME

Le repliement des protéines sécrétées ainsi que Fassemblage des récepteurs multimériques
s'effectuc dans le réticulum endoplasmique. Ces processus sont assistés par les chaperons
moléculaires, tel que la calnexine et la calreticuline.  L'homologue de la calnexine et
calreticuline, CNE/, chez Sacchomomyces cerevisiae a ¢ identifié par fa méthode '
amplification en chaine, 'PCR’. Le produit du gene CNE!, Cnelp, est une glycoprotéine
transmembranaire du réticulum endoplasmigue. La délétion du géne CNET n'affecte ni la
croissance des cellules, ni la sécrétion de protéines sauvages. Cependant, il y a une
augmentation des niveaux sécrétés de la protéine mutante Ste2-3p et de la protéine
hétérologue o-antitrypsine. Afin d'étudier la fonction de la protéine calnexine dans une
seconde espéce manipulable génétiquement, I'homologue chez Schizosaccharomyees
pombe a été recherché. En utilisant la méme technique de 'PCR’, nous avons pu cloner le
géne enx/!*, Le produit du géne enxl+, Cnxlp, est une glycoprotéine de type |
transmembranaire liant le calcium. Contrairement au géne CNE! de S.cerevisiue, le géne
cnxl* est essentiel pour la viabilité de S.pombe. La forme compléte ainsi que le domaine
lumenal de Cnxlp complémentent la délétion du géne cnx/*, contrairement & la caluexine
de mammifere. Les formes sauvages (PT M1 (Val 213)) et mutantes (Pl Z) de ' «-
antitrypsine ont été exprimées chez S.pombe. Chez les mammif@res et S.pombe, la forme
PT M1 (Val 213) est sécrétée normalement, alors que la forme Pl Z st retenue dans la
cellule. Dans une souche de S.pombe qui n'exprime pas le domaine cytoplasmique de
Cnx1p, la secrétion de la forme Pl Z a licu . Une souche de S.pombe qui exprime fa forme
compleéte et la forme tronquée de Cnx I p ne restore pas la séerétion de la forme P1 Z de I'u)-
antitrypsine. Ce qui démontre que |'expression de la forme compléte de Cnx [p maintient
l'intégrité de I'appareil de contrdle de qualité du réticulum endoplasmique. Finalement, la
calnexine chez S.pombe et S.cerevisine, comme chez les mammif€res, est un constituant de

I'appareil de controle de qualité du réticulum endoplasmigue.



PREFACE

This thesis has been assembled in accordance with the regulations of the Faculty of
Graduate Studies and Research of McGill University, This thests includes an Abstract
(Résumé), un Introduction (Chapter 1), a Results section (Chapters 2, 3,4), a Conclusion
section (Chapter 5) and a Reference section. Scctions of this thesis have been published or
submitted for publication, therefore Chapters 2, 3 and 4 contain their respective Abstract,
Introduction, Materials & Methods, Results and Discussion sections.

In this work I present my original contribution to the identification and
characterization of the calnexin homologue CNE/ in Saccharomyces cerevisiae and cnxi+
in Schizosaccharomyces pombe. 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 member 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 differential subcellular centrifugation, as
well as the calcium overlay blot in Chapter 2, it) David Y. Thomas performed the screening
of a $.pombe library to obtain the full length cnx/+ genomic clone, iii) Daniel Dignard
sequenced the enx/+ 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 Journal of Biological Chemistry, 270: 244-253 in
1995, and is used by permission of the American Society for Biochemistry and Molecular
Biology. Chapter 3 has beer published as a paper by F. Parlati, D. Dignard, J. . M.
Bergeron and D. Y. Thomas in the EMBO Journal, 14: 3064-3072 in 1995, and is used
by permission of Oxford University Press. Chapter 4 has been submitted to the Journal of
Biological Chemistry as a paper by F. Parlati, R. Sifers, J. J. M. Bergeronand D. Y.
Thomas in June, 1996, The text of these papers are an integral part of this thesis, and they
are presented in a logical manner.
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Introduction

In cukaryotic cells, secretory proteins and proteins targeted to various organelles
within the secretory pathway are first translocated into the endoplasmic reticulum (ER).
Upun translocation into the ER, some proteins receive post-translational modifications such
as signal peptide cleavage, N- and O- linked glycosylation, disulfide bond formation,
peptidyl proline cis-trans 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 syiithesized 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, B-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
complex, known as the quaternary structure of a protein (for reviews see Hartl and Martin,
1995; Gething and Sambrook, 1992).

In a classical experiment, Anfinsen showed that in vitro, ribonuclease could be
denatured into a random structure and refolded into an active structure (Anfinsen, 1973).
In vitro refolding has also been observed for other small monomeric proteins (Gething and
Sambrook, 1992). However, in vitro refolding is generally slow and inefficient, requiring
protein concentrations and physical conditions normally not present in cells. Moreover, in
vitro refolding for many proteins follows less productive pathways which often leads to
incompletely folded protein aggregates. Therefore, in vitro protein folding may not
accurately mimic protein folding in vivo.
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1.1.1 Protein folding in the cell

Although the information required for a polypeptide to fold into a mature state is
present in its primary sequence (Anfinsen, 1973), in vivo, proteins exist in a concentrated
solution and are prone to form aggregates whil» hydrophobic segments are exposed
(Gething and Sambrook, 1992). Several classes of cellular proteins assist protein folding,
thereby preventing newly synthesized proteins from aggregating. These proteins are
collectively known as chaperones and are present in the cytosol and several organcelles,
The most encompassing definition of a molecular chaperone has been given by Hendrick
and Hartl and it states: '(a molecular chaperone is) a protein that binds to and stabilizes an
otherwise unstable conformer of another protein, and by controlled binding and release of
the substrate, facilitates its correct fate in vivo be it folding, oligomeric assembly, transport
to a particular compartment, or controlled switching between active/inactive conformation.'
Two major families of chaperones, the HSP 60 and HSP 70 families as well as their
comembers, have been identified (Hendrick and Hartl, 1993; Hartl and Martin, 1995),

1.1.2 Molecular chaperones: HSP 60 and HSP 70 families

Many molecular chaperones were initially identified as stress induced or heat-shock
proteins (HSP). However, chaperones 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. Each cavity can accommodate an enlire
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 hinds
the 7-mer GroES (HSP 10 or cpnl0 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 cukaryotic cytosol, the
distantly related TRIC (TCP1 Ring Complex) has also been ascribed a chaperonin function.
TRiC's chaperonin activity is also ATP dependent and its function appears to be specialized
for the folding of cytoskeletal proteins, such as tubulin and actin. Since TRiIC is specific
for cytoskeletal proteins, it is not clear if cytosolic proteins require different cytosolic
chaperonins for folding (Hendrick and Hartl, 1993; Sailbil, 1996; Clark, 1996).
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The second chaperone family, HSP 70 (DnaX in bacteria), binds polypeptides as
they emerge from the ribosomes in order to prevent protein aggregation (see Hendrick and
Harti, 1993; Brodsky, 1996). HSP 70 exists as a monomer, and likely binds to
hydrophobic stretches of amino acids (Flynn et al., 1991). Substrates for cytosolic HSP
70 include denatured cytosolic proteins and mitochondrial proteins. Proteins that are post-
translationally translocated into the ER are maintained in a denatured state by cytosolic HSP
70 prior to import (Clark, 1996; Brodsky, 1996). Upon translocation, ATP hydrolysis
dependent polypeptide release from HSP 70 is mediated by a cofactor, HSP 40 (DNAIJ in
bacteria, Sislp and Ydjlp in the yeast cytosol) (Rassow et al., 1995; Schlenstedt ef 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 e? 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 hydrophobic ER targeting
sequence. Second, asparagines present within the consensus Asp-X-Ser/Thr motif are
generally covalently modified by the addition of a GIcNAc;MangGles sugar moiety. This
moiety is then modified within the ER and Golgi (Figure 1). Third, O-glycosylation is
initiated in the ER with the addition of 2 to 5 mannose residues on some serine and/or
threonine residues. The presence of large amounts of serine or threonine residues is the
only conserved feature in O-glycosylated proteins (Herscovics and Orlean, 1993). Fourth,
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addition of a glycosylphosphatidylinositol (GPI) anchor at the C-terminal domain of some
secretory proteins also occurs in the ER. Proteins subjected to this moedification have a
hydrophobic stretch of amino acids at their C-terminus. The hydrophobic character and not
the primary amino acid sequence of the C-terminus dictates whether proteins receive ihis
modification. Addition of the GPI anchor is followed by removal of amino acids at the C-

terminal side of the addition site resulting in a membrane anchored protein (Nuoffer ¢ al..
1993; Cross, 1990).

1.2.2 Folding catalysts and molecular chaperones in the ER

Modification by signal peptidase, glycosylation and GPI addition are the lirst 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 molecular chaperones. For many proteins, the
rate limiting step in folding is the formation of disulfide bonds or peptidy! proline cis-tians
isomerization. In eukaryotes, protein disulfide isomerase (PDI), and closely related ERp
72 will accelerate the rate of disulfide bond formation (Gething and Sambrook, 1992,
Freedman et al., 1994; Freedman, 1995). Other ER homologucs of PDI that have been
identified are ERp 60 and PS5 in mammals and Pdilp, Euglp, Mrplp and Mrp2p in yeast
{Bardwell and Beckwith, 1993; Tachikawa et al., 1995). For other proteins, isomerization
of peptidyl-proline bonds is a limiting step in their folding. Peptidyl proline cis-trans
isomerases (PPIs) are responsible for isomerizing certain proline-peptidyl bonds into the
cis or trans conformation. Cyclophilins and FK binding proteins (FKBP) carry out this
function in the cell. PPIs are ubiquitous and have been identified in the cylosol,
mitochondria and ER (Frigerio and Pelham, 1993; Schmid, 1993; Freedman, 1995).

In addition to its role in protein translocation, BiP has been implicated in protein
folding in the ER. In vitro studies have shown that BiP binds a variety of hydrophobic
peptides, with a preference for heptapeptides (Flynn ef al., 1991). It was first shown that
BiP associated with unassembled IgG subunits (Hendershot ¢t al., 1987, Hendershot,
1990; Knittler and Haas, 1992) and has subsequently been shown to bind other proteing
such as thyroglobulin, HA, viral VSV G protein, acetylcholine receptor and MHC | heavy
chain (Hurtley et al., 1989; Forsayeth et al., 1992; Kim et al., 1992; Knittler and Haas,
1992; Kahn-Perles et al., 1994, Pind et al., 1994; Hammond and Helenius, 1994b;
Hammond and Helenius, 1995; Nobner and Parham, 1995; Williams and Watts, 1995). In
yeast, BiP transcription levels are induced in response to environmental stresses which lead
to protein misfolding (Mori et al., 1992; Kohno et al., 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 et al., 1995). BiP's role in translocation, protein folding and
quality control suggests that these events are tightly coupled in the ER.

GRP 94 is an ER resident protein which also acts as a chaperone and is involved in
immunoglobulin and MHC [ assembly (Melnick et al., 1992; Li and Srivastava, 1993;
Melnick et ai., 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 are present in a transient complex with newly synthesized but not yet folded
wild type proteins or not vet assembled subunits of protein complexes (Bergeron et al.,
1994; Hammond and Helenius, 1995). Calnexin is also found in stable complexes with
mutant misfolded protcin and unassembled protein complex subunits (Bergeron et al.,
1994; Hammeoend and Helenius, 1995; Williams and Watts, 1995). Thus, based on these
observations a chaperone function has been proposed for calnexin and sequence related
calreticulin.

1.2.3 ER quality control

The presence of misfolded proteins due to mutations or environmental stresses is
likely to be detrimental 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 process has been termed ‘protein
quality control' (Hammond and Helenius, 1995). For secretory proteins, this process is
best exemplified in the ER, where secretory proteins are modified and folded prior to
export to the Golgi. Misfolded proteins are 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 are collectively 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 et al., 1995; Hammond and Helenius, 1995):
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Cystic fibrosis is caused by the accumulation of mucus in the lung, most probably
due to a defect in the chloride channel encoded by the cystic fibrosis transmembrane
regulator (CFTR) (Cheng ¢r al., 1990). The most frequent allele, AFS08. leads to the ER
retention of the CFTR protein and its subsequent degradation. This defect leads to
diminished amounts of CFTR at the apical membrane, causing decreased chloride
conductance.

Alphaj-antitrypsin is a serine antiprotease and its predominant physiviogical role is
to protect lung alveoli from proteolytic damage by the protcase elastase. Thus reduced
serum levels of a;-antitrypsin Iead to pulmonary emphysema in humans. In the human
population, several mutations in o, -antitrypsin are found which lead to low secreted levels
of o,-untitrypsin because of its ER retention and degradation (Cox, 1989). The PI Z
variant is a common a-antitrypsin mutant which is largely retained in the ER but can still
function as a protease inhibitor. Patients homozygous for the PI Z allele develop
emphysema. In some cases, ER accumulation of this variant leads to hepatic cirrhosis
(Brantly, 1969). Thus, ER retention of this otherwise functional protein is the cause of
two known diseases in humans.

Familial hypercholesterolemia (FH) is another example of a quality control discase.
The low density lipoprotein (LDL) receptor regulates serum cholesterol levels, by binding
and internalizing LDL. LDL is eventually intracellularly degraded and the LDL receptor
recycles to the plasma membrane. Class 2 mutations found in the LDL receptor are
responsible for impaired trafficking of the LDL receptor. In this case, LDL receptors are
retained in the ER and subsequently degraded, causing elevated serum cholesterol levels.
These mutations are found in 50% of naturally occurring FH-associated mutations.

Molecular 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 defective
proteins.
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1.3 Calnexin mode of action

In general, calnexin interacts with proteins that are N-glycosylated. Ou and
colleagues first demonstrated in HepG2 cells that glycoproteins a)-antitrypsin, transferrin,
a-fetoprotein and apolipoprotein B-100 were found to transiently associate with calnexin.
Nonglycosylated serum albumin was not found to be associated with calnexin (Ou et al.,
1993). In cells treated with the glycosylation inhibitor tunicamycin, a;-antitrypsin,
transferrin, a-fetoprotein and apolipoprotein B-100 failed to associate with calnexin. These
observations suggested that calnexin had an affinity for N-linked glycoproteins (Ou ef al.,
1993).

1.3.1 Evidence for calnexin binding to N.linked GlcNAczMangGle)
intermediate

Following the addition of the oligosaccharide intermediate GlcNAcsMangGles to
asparagine, the terminal glucose is removed by glucosidase I. The next two glucose
residues are then removed by glucosidase IT (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. It is possible that calnexin can recognize one
or more of these oligosaccharide intermediates.

Subsequent experiments have shown that calnexin recognizes and binds proteins
with the GlcNAc;MangGlc oligosaccharide intermediate. When cells were treated with the
glucosidase inhibitors castanospermine (CST) or 1-deoxynojirimycin (DJM), calnexin
association with substrate proteins, including hemagglutinin (HA) and VSV G ts045 was
abolished. In cells treated with the a-mannosidase inhibitor deoxymannojirimycin (DMM),
calnexin association with HA and VSV G 15045 was not abrogated. Therefore, calnexin
must recognize the GlcNAc;MangGleg, the GleNAcaMangGle, or the GlIcNAczMangGle;
intermediates (Hammond et af., 1994 ).

Further evidence for the binding of calnexin to the GlcNAc;MangGlc; intermediate
was obtained using an jn vitro translation system. Prior to HA translation, microsomes
were treated with CST, which prevents formation of the Glc; or Gle; intermediate or pH 9
buffer, which selectively removes glucosidase II, preventing Glc) formation. No calnexin
binding was observed in either case. These observations are consistent with a model
whereby calnexii.. iecognizes and binds to proteins with the GlcNAc;MangGlce,
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intermediate. However, these experiments do not rule out calnexin association with the
GlcNAcaMangGlep 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 1I. This result was likely due to the
reglucosylation of the HA-GlcNAc;MangGleg intermediate by UDP-glucose: glycoprotein
glucosyltransferase (UGGT). These experiments lend support to the hypothesis that
calnexin binds N-linked GleNAc,MangGlc; (Hebert er al., 1995).

Direct support for binding to the GlcNAcaMangGlc, oligosaccharide and not to the
GlcNAcaMangGley oligosaccharide came from testing the association of calnexin with
isolated oligosaccharides in vitro. A purified recombinant lumenal calnexin domain bound
the GlcNAc,MangGlc oligosaccharide but not the GleNAc;MangGleg, GleNAcaMangGlea
or GlcNAcaMangGles oligosaccharides (Ware ef al., 1995). Calnexin bound poorly to the
oligosaccharides GlcNAcaMans.7Glcy, suggesting that the GlcNAcoMangGle,
oligosaccharide is likely to be the endogenous substrate for calnexin.

Glucose trimming is also essential for calreticulin binding to nascent glycoproteins.
Preincubation with castanospermine abrogates calreticulin association with gp160, HA and
transferrin (Peterson er al., 1995; Wada ¢t al., 1995; Otteken and Moss, 1996). It is likely
that calreticulin also recognizes and binds proteins with the N-linked GleNAc;ManyGlc,
intermediate. Recently, Spiro et al., have shown that calreticulin can bind sugar
oligosaccharides GlcNAc;Mans.9Glc but not oligosaccharides which lack the terminal
glucose residue (Spiro et al., 1996). Therefore, it is possible that calreticulin and calnexin
have similar substrate specificity.

1.3.2 Role of UDP-glucose:glycoprotein glucosyltransferase

The ER enzyme UGGT reglucosylates N-linked high mannose sugars {i.c.
GleNAc;Mang, GleNAcaMang, GlcNAcaMang] (Sousa ef al., 1992). It has been known
for some time that UGGT recognizes unfolded proteins and reglucosylates them, but
completely folded glycoproteins are not substrates for UGGT (Sousa and Parodi, 1995,
Hebert et al., 1995; see Fig. 1). Therefore, incompletely folded proteins that have been
deglucosylated by glucosidase II can be reglucosylated and again bind calnexin or
calreticulin (Sousa and Parodi, 1995). UGGT activity is present in almost all eukaryotes
including mammals, Drosophila, Trypanosomes and the yeast S.pombe (Trombetta et al.,
1989; Sousa et al., 1992; Fernandez et al., 1994; Labriola er al., 1995; Fernandez ef al.,
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1996). Remarkably, S.cerevisiue cell lysates have no UGGT activity (Fernandez er al.,
1994). Inspection of the complete S.cerevisiae genome has shown that the closest match to
UGGT is the ER lumenal protein KreSp, thought to be involved in cell wall synthesis
{(Mcaden et al., 1990). In S.pombe, 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 calreticulin.

1.3.3 Requirement for calcium

Both calnexin and calreticulin have been shown in vitro to be calcium binding
proteins (Wada et al., 1991; Baksh and Michalak, 1991; Michalak er al., 1992; Tjoelker ef
al., 1994). Bolth contain a lumenal high affinity, low capacity calcium binding site and a C-
terminal low affinity, high capacity calcium binding site (which is present in the C-terminal
cytosolic tail of calnexin). in the presence of calcium, calnexin is more resistant to protease
K digestion (Qu 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 al., 1993) or oj-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 al., 1994). Calnexin and calreticulin are ATP binding proteins,
although neither shows any intrinsic ATPase activity (Ou et al., 1995; Nigam et al., 1994).
The exact role for ATP binding has not yet been found in calnexin and calreticulin 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 GlceNAcaMangGlc; from the dolichol precursor to an asparagine
residue on a secretory protein, two glucose residues are removed by the consecutive action
of giucosidase I and glucosidase I1. Proteins containing Asn-GlcNAcsManyGlce, can bind
to calnexin or calreticulin. Incompletely folded proteins which possess an Asn-
GlcNAc>Mans-g oligosaccharide are substrates for the enzyme UDP-glucose:glycoprotein
glucosyltransferase (UGGT). This enzyme adds a single glucose residue to regenerate the
Asn-GlcNAcsMany_¢Gle, intermediate which can then reassociate with calnexin or
calreticulin, Presumably, protein folding takes place while proteins remain bound to
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 to unglycosylated proteins,
leading to the hypothesis that calnexin may also recognize protein motifs. For example,
removal of the single glycosylation site in MHC I heavy chain did not affect its association
with calnexin (Margolese et al., 1993; Carreno et al., 1995). In addition, removal of
oligosaccharide by Endo-H treatment of glycosylated MHC 1 heavy chain molecules bound
to calnexin does not interrupt their association with calnexin (Ware er al., 1995). The
nonglycosylated T-cell receptor (TCR) subunit, CD3g, has also been shown to bind
calnexin (Rajagopalan et 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 associate with calnexin by &
mechanism that is different than the mechanism used by glycoproteins (Cannon ¢t al.,
1996). They have proposed that removal of the N-linked sugars on normally glycosylated
proteins leads to the formation of protein aggregates which trap calnexin. It remains to be
determined if this association is specific.

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

In mammals, calnexin and calreticulin have been assigned the roles of ER molecular
chaperones (reviewed in Bergeron et al., 1994; Hammond and Helenius, 1995; Williams
and Watts, 1995). Various experiments by several groups have demonstrated the binding
of calnexin/calreticulin to incompletely folded proteins and tc incompletely assembled
protein complexes. Once these proteins are folded and/or assembled, they no longer
associate with calnexin or calreticulin (Ou et al., 1993; David et al., 1993; Nauseef et al.,
1995). Moreover, mutant proteins or unassembled protein complexes which fail to exit the
ER are found in stable complexes with calnexin (Hammond and Helenius, 1995). As
discussed below, this points to a chaperone function for calnexin, that is, transicnt
association with folding proteins and assembling complexes as well as stable association
with misfolded proteins and unassembled protein subunits in the ER. However, there is no
proof that calnexin directly 'senses’ the folding state of a protein, as 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 protein 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 o-antitrypsin (see also Le et al., 1994), apolipoprotein B-100, 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 er 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 gp160,
MDCK gp80, CFTR, P-glycoprotein and thyroglobulin (Hammond et al., 1994,
Hammond and Helenius, 1994a; Otteken and Moss, 1996; Wada et al., 1994; Pind et 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 ef al.,
1995; Michalak, 1996). However, only the role of calreticulin as an ER molecular
chaperone will be discussed here.

Calreticulin has been reported to associate with secretory proteins including
myeloperoxidase, HA and HIV gp160 in a transient fashion (Otteken and Moss, 1996;
Peterson et al., 1995; Nauseef er al., 1995). Like calnexin, calreticulin 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 et al., 1995). Calreticulin and calnexin associate with the
incompletely disulfide bonded forms of HA rather than the mature forms (Peterson ef al.,
1995), Thus far, proteins which bind only to calreticulin have not been reported.

It is not clear whether calnexin and calreticulin 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 to bind different pools of HIV gp120 indicating
some differences in specificity (Otteken and Moss, 1996). Moreover, calnexin appears to
have a higher affinity than calreticulin for unfolded glycoproteins (e.g. HA, VSV G, ay-
antitrypsin, a—fetoprotein and HIV gp160), even though calreticulin is more abundant than
calnexin (Peterson et al., 1995, Wada et al., 19935; Otteken and Moss, 1996). In all cases,
the overall association time of glycoproteins with calnexin or calreticulin is very similar.

Topological differences between calreticulin and calnexin may also reflect different
roles for these two chaperones. Most molecular chaperones in the ER are lumenal proteins
and there may be 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 would be important for presenting proteins to other chaperones (BiP, calnexin).
In 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 assembling protein complexes

In addition to binding incompletely folded glycoproteins, calnexin has also been
shown to bind protein complexes assembling in the ER. TCR, mlg, MHC I and MHC 11
{Hochstenbach et al., 1992; Williams and Watt, 1995), acetylcholine receptor (Gelman et
al., 1995) and integrin (Lenter and Vestweber, 1994) are heteroligomers which undergo
calnexin-mediated assembly in the ER.

MHC I is composed of a heavy chain, the invariant chain B2 microglobulin (p2m})
and a peptide antigen. Calnexin remains associated with MHC I heavy chain until a
heterodimer is formed with ppm. The heterodimer then binds intimately with the
transporter associated with antigen processing (TAP). TAP delivers peptides from the
cytosol to the ER. Upon peptide binding, the heavy chain-pam-peptide trimer dissociates
from TAP, exits the ER and subsequently traverses the secretory pathway at a normal rate
(Degen and Williams 1991; Degen et al., 1992; Jackson et al., 1994; Ortmann et al., 1994,
Suh et al., 1994).

MHC II heteroligomers consist of variant o and f chains, and invariant Ii chain.

Three pairs of o dimers are first assembled and sequentially added to the Ii trimer to form
the ER-export-competent MHC II complex. Calnexin is found associated with o, p and Ii
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monomers, as well as with op dimers and partially assembled afli complexes. Calnexin
dissociates when the final of dimer is added to form the ER-export-competent MHC II
complex (Anderson and Cresswell, 1994; Schreiber et al., 1994),

The T-Cell Receptor is a heteroheptamer and consists of a TCR of dimer in
association with v, 8 and ¢ and the £-£ or {-n dimer. Addition of the {-{ or {-n dimer is the
last step in TCR assembly. Calnexin remains associated with various subunits and the
partially assembled TCR. TCR complexes containing { subunits are no longer found in
association with calnexin (Hochstenbach et al., 1992).

The B-cell receptor (mlg), consists of two heavy chains (1) which are covalently
linked with two light chains (x or A). Only unassembled heavy chains and incompletely
assembled heavy-light chain complexes are found associated with calnexin (Hochstenbach
et al., 1992).

Integrins are of heteromers and calnexin is found associated with the og or 1
monomers, but not with the assembled ogp1 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 attain a conformation which is recognized by UGGT as folded . Thus, before
protein 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 I heavy
chains (Nobner and Parham, 1995). On the other hand, only calnexin was found in
association with unassembled mouse MHC I heavy chain (Nobner and Parham, 1995) and
folding intermediates of o;-antitrypsin (Graham 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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some proteins expose hydrophobic domains during ‘calnexin mediated folding' and thus
allow BiP association with these regions.

1.5 Stable calnexin association with misfolded 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 some of these proteins. including mutants of oj-
antitrypsin and CFTR. Calnexin has also been found in stable complexes with other ER
retained misfolded monomeric proteins or unassembled subunits of multimeric proteins,
thus supporting a molecular chaperone role for calnexin (Thomas et «l., 1995; Hammond
and Helenius, 1995; Williams and Watts, 1995).

1.5.1 Stable calnexin association with misfolded monomeric proteins

Mutant mrsfolded proteins, such as the PI Z and Hong Kong oj-antitrypsin
variants, CFI'R AF508 mutant, mutants of P-glycoprotein and VSV G ts045 are 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 are
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 Calnexin association with the subunits of unassembled protein
complexes

Calnexin is also found in association with various unassembled subunits of protein
complexes. Some examples are discussed below,

The TCR complex is assembled in the ER. Partial complexes that lack any subunit
are retained in the ER and are subsequently degraded (Bonifacino and Lippincott-Schwartz,
1991). Human CD3e was retained in the ER when coexpressed with human calnexin in
COS cells (Rajagopalan ef al., 1994). When C-terminal truncated human calnexin mutants
were coexpressed with CD3g, CD3e was found to be mislocalized with human calnexin in
COS cells. Similarly, in a cell line which lacks the TCR o subunit, calnexin remained
associated with the TCR p subunit for a prolonged time.
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In mammalian cells which did not express fam, the MHC I heavy chain was ER
retained and remained in association with calnexin (Degen er al., 1992; Rajagopalan and
Brenner, 1994), Further evidence for calnexin association and ER retention of
unassembled MHC [ heavy chain was demonstrated using a heterologous Drosophila
system. Transfection of mammalian MHC I heavy chain into Drosophila cells resulted in
the expression of this normaily ER retained protein at the cell surface. Coexpression of the
heavy chain and pam resulted in peptide free heavy chain/Bym dimers and heavy chain
monomers exiting the ER. This aberrant cell surface expression of unassembled MHC I
was due to lack of endogenous Drosophila calnexin-MHC I complexes. When mammalian
calnexin was expressed in these Drosophila cells, it was found to be associated with heavy
chain monomers and partially assembled heavy chain/B2m dimers. Subsequent transport of
heavy chain monomers and partially assembled heavy chain/B2m dimers to the cell surface
was retarded in this case (Jackson et al., 1994). This experiment strongly supports the
hypothesis that calnexin is able to retain unassembled protein subunits in the ER.

Integrin B-subunits that do not assemble with o subunits to form the mature of
heterodimeric integrin complex are also found in stable complexes with calnexin in the ER
(Lenter and Vestweber, 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 hydrophobic
segments and are thus considered to be 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 AF508, VSV G ts045 and HA (Hurtley ¢t al., 1989; Hammond and Helenius,
1994b; Hammond et al., 1994; Pind er al., 1994). For other misfolded proteins, there
seems to be a clear 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 (Dorner ef
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 11
subunits (Bonnerot et al., 1994; Nijenhuis and Neefjes, 1994). However, ER retained PI
Z and Hong Kong ol-antitrypsin variants remain associated with calnexin and not BiP (Le
etal., 1994, Wu et al., 1994 ).

The reasons for this specificity are unclear. Reglucosylation of misfolded proteins
by UGGT (thus maintaining N-linked oligosaccharides in a GlcNAc,MangGle) state), may
explain the stable association of misfolded and unassembled proteins with calnexin. MHC
II subunits are glycosylated and transiently associate with calnexin. However, when
unassembled MHC II subunits are retained in the ER, they are 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 II subunits may abrogate calnexin binding.

1.5.4 Protein retention in the ER and the role of calnexin in protein
degradation

Misfolded protein mutants or unassembled subunits of protein complexes are
retained in the ER. In some cases, these mutant proteins are subsequently degraded in a
pre-Golgi compartment (Bonifacino and Lippincott-Schwartz, 1993). As described 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 well understood.

For some proteins, calnexin has been implicated in their ER retention and
stabilization. Expression of MHC I heavy chain was found to be degraded rapidly in
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Drosophila cells, whereas MHC [ heavy chain coexpressed with mammalian calnexin was
protected from degradation (Juckson et al., 1994). Furthermore, castanospermine, which
abolishes glycoprotein calnexin interactions, enhanced the degradation of the newly
synthesized calnexin substrate proteins TCR a (Kearse et al., 1994) and MHC [ 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 5045, aj-antitrypsin PI Z variant and CFTR AF508 are eventuaily
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-Golgi network (Hammond and Helenius, 1994b). This mutant protein is
eventually degraded with a half life of four hours (Hammond and Helenius, 1994b). The
folding defect of the a;j-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 o;-antitrypsin Pl Z variant forms stable complexes with calnexin in the
ER and is degraded within 30-45 minutes after synthesis (Le ef al., 1990). One hundred
percent of CFTR AF508 mutant is retained and degraded in the ER. Prolonged association
of the CFTR AF508 mutant with calnexin is observed. One pathway which is responsible
for CFTR AF508 degradation includes the cytosolic proteosome since proteosomal
inhibitors prevent the degradation of CFTR AF508 (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 thetr association into a mature
complex (Jackson et al., 1994). However, mutant proteins that can not be properly folded
are eventually 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 be responsible for their proteolytic degradation. Whether calnexin plays
a direct role in 'presenting’ proteins to the degradation pathway remains to be tested.
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1.6 The calnexin/calreticulin family: an ER chaperone
superfamily

1.6.1 Calnexin

Calnexin and calreticulin are remarkably conserved in cukaryotes. In mammals,
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-mammualian species, the role of calnexin/calreticulin
homologues remains to be tested. There are several features conserved in calnexin and
calreticulin homologues and are likely important for the structure-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 et al., 1991). All
calnexins have the overall topology of a type I integral membrane protein. In mammals,
calnexin is ubiquitous and its amino acid sequence reveals a 571-573 amino acid protein, in
addition to a 20 amino acid cleavable N-terminal signal sequence (Table 2). Canis
Samiliaris [canine], Mus musculus [mouse], Rattus rattus [rat] and Homo sapiens [human)
calnexins share 90% amino acid identity and have a 94% similarity overall. The exception
is a mouse testis-specific calnexin homologue (calnexin-t) which shares 54% amino acid
identity with mouse calnexin (Ohsako et al., 1994).

Calnexin homologues have also been cloned from two worm species, the nematode
Caenorhabditis elegans (Sulston et al., 1992) and the trematode Schistosoma mansoni
(Hawn et al., 1993). The two worm calnexins share 37% amino acid identity. C.elegans
calnexin and §.mansoni calnexin share 39% and 49% amino acid identity respectively with
the mammalian calnexins (Table 1).
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Calnexin homologues in plant species

In plants, calnexin homologues have been cloned from Arabidopsis thaliana (Huang
et al., 1993; Boyce et al., 1994) as well as Glycine max [soybean] (Goode er al., 1995)
and Helianthus tuberosus [Jerusalem artichoke]. Plant calnexins are shorter than their
animal counterparts and have a smaller cytoplasmic tail (46-55 amino acids) (Table 2).
Two A.thaliana calnexin homologues have been identified and share the highest degree of
identity (81%). Overall, plant calnexins share 68% to 73% amino acid identity. Plant and
animal calnexins share 30-39% amino acid identity (Table 1).

Calnexin homologues in fungi

In yecast, two calnexin homologues have been cloned, one from
Schizosaccharomyces pombe (Jannatipour et al., 1995; Parlati et al., 1995a) and the other
from Saccharomyces cerevisiae (De Virgilio et al., 1993; Parlati et al., 1995b). Mature
S.pombe calnexin is 538 amino acids Iong, 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 tail. It shares 20% to 28% amino acid
identity with other cloned calnexins (Table 1). From the sequence of the complete yeast
genome, it is possible to unequivocally state the Cnelp is the only calnexin/calreticulin
homologue in S.cerevisiae.

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

Mammalian  C.efegans S.mansoni Plant S.pombe  S.cerevisiae
Mammalian - 39% 49% 37-38% 34% 240
C.elegans - - 37% 30-35% 33% 20%
S.mansoni - - - 35-39% 31% n.d.
Plant - - - - 36-38% 25-28%
S.pombe - - - - - 22%

S.cerevisiae - - - - .

Percent identities are calculated using the GeneWorks program. For mammalian and plant
calnexins, the percent identities are listed as a range and cover all 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 are
summarized below.

Putative ER lumenal calcium binding repeats

All calnexins encode three copies of the conserved sequence KPEDWDE and one
copy of the closely related sequence KPEGWLDD (or slight variations thereof), for a
total of four repeats [in some cases, glutamates (E) are exchanged for aspartates (D)].
These repeat sequences are much less conserved in S.cerevisiae calnexin, Cnelp. Upon
closer inspection, it is observed that the spacing betwe. the repeats is also conserved. The
first and second repeat are separated by 10 amino acids, the second and third repeat are
separated by 12 amino acids, and the third and fourth repeat are separated by 11 amino
acids. It has been postulated that these repeat motifs form a high affinity low capacity
calcium binding site (Baksh and Michalak, 1991; Michalak et al., 1992; Tjoelker, et al.,
1994). The conserved spacing between the repeats suggests a conserved structure (Figure
2).

Conserved cysteine residues

All calnexins encode 4 conserved cysteine residues (Figure 2). In mammals, the
first and second cysteine are separated by 33 amino acids, and the degree of separation
varies from 30 to 34 amino acids in all calnexins. The second and third cysteines are
separated by 165 amino acids in mammals, and this varies between 163 and 170 amino
acids for all 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 all calnexins cloned thus far amino acids flanking the cysteine residucs are
well conserved. It has been established that canine calnexin has at least one and possibly
two disulfide bonds (Ou et al., 1995).

C-proximal aspartic/glutamic acid stretch
A third motif consists of several stretches of acidic amino acids present in the

cytosolic taif 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 site (Michalak
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et al., 1992). This domain is clearly present in mammalian calnexin and to a lesser extent
in mouse calnexin-t an * other animal calnexins. The cytosolic tail encoded by plant
calnexins is more basic, and S.poembe calnexin does not contain stretches of acidic amino
acids in its 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 cainexin and expression in COS cells
causes it to localize in the Golgi and vesicular compartments. This motif is almost identical
in all 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
all calnexins (excluding S.cerevisiae calnexin) reveals the consensus sequence
(ADK/RYX )P/E)Xon1), where Al 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 er al., 1991). It was latter shown that in 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 Ser335 or Ser545) was phosphorylated in the cytoplasmic domain
(Cala et al., 1993). All calnexins (with the exception of G.max and S.cerevisiae
calnexins), contain potential casein kinase II sites in their cytosolic domains. Thus,
phosphorylation may play a role in calnexin regulation.
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Other characteristics of calnexin

Glycosylation sites are generally absent from mammalian calnexins, whereas
calnexins in plants, C.elegans and S.pombe have a single glycosylation site in the lumenal
domain. S.cerevisiae calnexin, Cnelp, has five N-linked glycosylation sites.

It has been observed that mammalian calnexins migrate on SDS-PAGE with
apparent molecular weights between 88-92 kDa, values which are higher than predicted (65
kDa). 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 calaexins ranges between 4.4 and
4.6. S.pombe calnexin has the lowest calculated pl value (4.08) whereas S.mansoni and
S.cerevisiae calnexin have the highest calculated pl values (4.82 and 4.84 respectively).
Similar to mammalian calnexin, mouse calnexin-t, A.thaliana, S.pombe and S.cerevisiae
calnexins have higher than predicted apparent molecular weights on SDS-PAGE (Huang et
al., 1993; Ohsako et al., 1994; Bergeron et al., 1994; Parlati er al., 1995a; Parlati er al.,
1995b).

37



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

Species Mature Cytosolic C-terminal Presence of an
Protein Length Sequence Acidic
Length Tail
Animalia
Mammalia 571-573 89-121 NicRERPLRE YES
H.sapiens 572 91 NRKPRRE YES
Cfamiliaris 573 91 NRKPRRE YES
R.rattus 571 89 NRKPRRE YES
M.musculus 571 89 NRKPRRE YES
M.musculus-t 592 121 KRRVRKD YES
Nematoda
C.elegans 600 120 RTARRGD YES
Trematoda
S.mansoni 563 98 KRRSRKE NO
Plantae 508-523 46-55 RRoFRREjpNTg NO
H.tuberosus 519 55 RRPRRDT NO
G.max 523 55 RRPRRET NO
A.thaliana 511 48 RQPRRDN NO
A.thaliana 508 46 RQTRRES NO
Fungi
S.pombe 538 48 PTAKNED NO
S.cerevisiue 485 1

The 'mature protein length’ indicates the number of amino acids after signal peptide
cleavage. The ‘cytosolic length' indicates the number of amino acids in the cytosolic tail.
The 'C-terminal sequence’ is the sequence of the C-terminal seven amino acids, which
encodes the putative ER retention sequence. M.musculus-t refers to mouse testis specific
calnexin or calnexin-t.
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Figure 2: Conserved calcium binding and cysteine signature
sequences in canine calnexin, mouse calreticulin and S.pombe
Cnx1p.

Conserved calcium binding repeats are designated 1 to 4,
conserved cysteines are designated A, B, C. The signal sequence

(M), a highly conserved central domain (N), the transmembrane
domain(4) and the C-proximal stretch of acidic (/) amino acids
are shown.
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1.6.3 Calreticulin

Calreticulin is a major calcium binding ER resident lumenal protein (Smith and
Koch, 1989; Michalak er al., 1992) and shares a high degree of amino acid identity with
calnexin.

Calreticulin homologues in animal species

Calreticulin has been cloned from a variety of mammals including H.sapiens
[human], Oryctolagus cuniculis [rabbit], M.musculus [mouse] and R.rattus [rat] (Michalak
et 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 calreticulin other than for Bos tawurus [bovine], which encodes a brain specific isoform
and shares a 70% amino acid identity (75% total similarity) with other ubiquitous
mammalian calreticulins (Liu et al., 1993).

In addition, two Xenopus laevis brain variants have also been found, which share
over 93% amino acid identity (Treves et al., 1992). X.laevis calreticulins sharc 78%
identity with mammalian calreticulin but only 62% identity with the bovine brain variant.
Calreticulins from Drosophila melanogaster [fruit fly] (Smith, 1992a), Amblyomma
americanum [tick] (Jaworski et al., 1995), as well as from Aplysia californica [ marine
snail] (Kennedy et al., 1992) have been identified. Calreticulin has been also identified in
two nematodes, C.elegzans and Onchocerca volvulus (Unnasch et al., 1988; Smith, 1992b)
and a trematode, Schistosoma japonicum (Huggins et al., 1995). The percent identities
between calreticulins from different species are summarized in Table 3. Except for
S.japonicum they all share 59% or greater amino acid identity, indicating that the
calreticulin family is highly conserved (Table 3).

Calreticulin homologues in plant species

In plants, calreticulin homologues have been found in at least five angiosperm
species, including Hordeum vulgare [barley] (Chen et al., 1994), Nicotiana tabacum
[tobacco) (Denecke et al., 1995), A.thaliana (Benedetti and Turner, 1995), Capsicum
annum [pepper] (Hugueney ef al., 1995) and Zea mays [maize] (Kwiatkowski et al.,
1995). They share 75% or greater amino acid identity and show 45-50% identity with
animal calreticulins (Table 3).
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TABLE 3: Percentage identity amongst animal and plant calreticulins.

Mammalian  X.laevis D.melanogaster  C.elepans O.volvulus  Plant
Mammalian - T8% 64% 62% 59% 48-49%
X.laevis - - 62% 62% 59% 49-50%
D.melanogaster - - - 589% 58% 48%
C.elegans - - - - 65% 48%
O.volvulus - - - - - 45-47%

Ptant

Percent identities are calculated using the GeneWorks program. For mammalian and plant
calnexins, the percent identities listed covers all sequenced mammalian and plant

calreticulins.

1.6.4 Calreticulin signature sequences

Some amino acid motifs present in calnexins are also present in calreticulins and are
discussed below.

Calcium binding repeats

There are two conserved KPEDWDE repeats as well as a closely related
KPEDWDK (in animals) or KPEGYDD in plants (n. b.. sometimes E and D are
substituted). Hence, three repeated motifs are present in calreticulin, compared to four
found in calnexins. The amino acid spacing between these motifs is also conserved as is
the case for calnexin. In all calreticulins, there are 10 amino acids between the first two
repeats and 10 amino acids between the second and third repeat (11 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 al., 1992).

Conserved cysteine residues

Two cysteine residues are conserved in all 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 purificd bovine
calreticulin have shown that they form a disulfide bond (Matsucka ef al., 1994).

C-Proximal aspartic/glutamic acid stretch

Acidic stretches of amino acids are also found near the C-terminus of some
calreticulins. Mammalian, X.laevis, D.melanogaster, A.americanum, A.californica,
C.elegans, and plant calreticulins show significant stretches of acidic amino acids near the
C-terminus (Figure 3). On the other hand, S.japonicum does not have an aspartic/glutamic
acid rich domain and the C-terminal domain of O.volvilus has stretches of basic amino
acids (Unnasch et al., 1988),

ER retrieval sequences

ER resident lumenal proteins encode the C-terminal KDEL scequence 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). All calreticulins
have C-terminal ER retrieval sequences which are summarized in Table 4. The only
exception is O.volvilus calreticulin, which has the sequence KKKK at its C-terminus,

Other characteristics of calreticulin

Consensus sequences for N-linked glycosylation sites are present in all known
plant calreticulins (except A.thaliuna). One N-linked glycosylation consensus sequence is
present in mammalian and frog calreticulin, and glycosylated forms of calreticulin have
been reported in mammals (Van et al., 1989; Peter et al., 1989; Matsuoka et al., 1994).

Like calnexin, calreticulin migrates with a higher than expected molecular weight on
SDS-PAGE. The predicted molecular weight of mammalian calreticulin is approximately
46 kDa, whereas it migrates with an apparent molecular weight of 55 kDa (Michalak ef al.,
1992). Here again, a low pl value is likely to be responsible for this aberrant SDS-PAGE
migration. The calculated pl values range from 4.0 to 4.07 in mammalian, A.californica
and D.melanogaster calreticulin. The calculated pl values range from 4.21 to 4.32 for
A.americanum, C.elegans and S.japonicum calreticulins. For plant calreticulin, the pl
values range from 4.05 to 4.14. Surprisingly, the calculated pl value for O.velvulus
calreticulin is 6.16.
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TABLE 4: Selected features for animal and plant calreticulins.

Species Mature C-terminal Presence of an

Protein Sequence Acidic Tail
Length

Animalia

Mammalia 399-403 KDEL YES

H.sapiens 400 KDEL YES

O.cuniculus 401 KDEL YES

R.rattus 399 KDEL YES

M.musculus 399 KDEL YES

B.taurus Brain 403 KDEL YES

Amphibia

X.laevis 399 KDEL YES

Arachnida

A.americanum INCOMPLETE HEEL YES

Insecta

D.melanogaster 387 HDEL YES

Gastropoda

A. californica 390 KDEL YES

Nematoda

C.elegans 371 HDEL YES

O.volvulus 380 KKKK NO

Trematoda

S.japonicum INCOMPLETE HDEL NO

PLANTAE

H.vulgare 394 HDEL YES

Z.mays 396 HDEL YES

N.tabacum 388 HDEL YES

A.thaliana 405 HDEL YES

C.annum 390 HDEL YES

The 'mature protein length’ indicates number of amino acids after signal peptide cleavage.
The 'C-terminal sequence’ refers to the four C-terminal 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.elegans and A.thaliana, complete cDNAs for calnexin
and calreticulin have been identified. Calnexin and calreticulin proteins from the same
species show 28% amino acid identity, except in C.elegany, where they share 24% amino
acid identity. The overall amino acid identity, conserved motifs, in addition to ER
localization signals 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.



Figure 3: Comparison of the conserved regions in calnexin and
calreticulin homologues.

The signal sequence (ll}), a highly conserved central domain (W), the
transmembrane domain (i4) and the C-proximal stretch of acidic ({4) &
basic (F4) 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 well as the
retention of misfolded or unassembled proteins in the ER. Recognition of the N-linked
sugar intermediate GIcNAc;MangGle 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 GlcNAcaMangGle, is not trimmed. 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 all,
cukaryotic species. As described above, calnexin homologues are present in a wide variety
of ecukaryotic 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 properties of the genes and gene products of the calnexin/calreticulin 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 transcript. The potential role of yeast calnexin and/or
caireticulin in ER quality control ‘was assessed using gene disruption and the expression of
various calnexin/calreticulin domains.
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CHAPTER 2

Saccharomyces cerevisice 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,
genes of the mammalian calnexin/calreticulin family, and we have identified and isolated a
single gene, CNEI. The protein predicted from the CNE! DNA sequence shares some
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 its solubility in detergents and its lack of
extraction from membranes by 2.5 M urea, high salt and sedium carbonate at pH 11.5, we
have established that Cnelp is an integral membrane protein. However unlike calnexins, the
predicted carboxy-terminal membrane-spanning domain of Cnelp terminates directly.
Furthermore, 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 well as by confocal
immunofluorescence microscopy showed that it was exclusively located in the ER, despite
the lack of known ER retention motifs. Although six Ca?*binding proteins were detected in
the ER fractions, they were all soluble proteins and Ca2* binding activity has not been
detectzd for Cnelp. Disruption of the CNEI gene did not lead to inviable cells or to gross
effects on the levels of secreted proteins such as a-pheromone or acid phosphatase.
However, in CNE! disrupted cells, there was an increase of cell-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 o, -antitrypsin. Hence,
Cnelp 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 et al., 1991; Bergeron et ai., 1994). Closcly related DNA sequences
have been found in plants and nematodes (Sulston ef al., 1992; Huang er al., 1993). A
function for calnexin as a molecular chaperone has been identified (Bergeron er al., 1994). It
associates transiently with several membrane glycoproteins during their maturation in the
endoplasmic reticulum including MHC 1 heavy chain (Degen et al., 1991; Ahluwalia et al.,
1992; Degen et al., 1992; Galvin et al., 1992), MHC 1I (Anderson ef al., 1994), the T cell
receptor, membrane Ig (Hochstenbach er al., 1992), the viral membrane glycoproleins
influenza HA and the "G" protein of vesicular stomatitis virus (Hammond et al., 1994) as
well as the cystic fibrosis transmembrane conductance regulator, CFTR (Pind ef al., 1994)
and integrin (Lenier and Vestweber, 1994). In addition, calnexin associates transiently with
the normal folding intermediates of soluble monomeric glycoproteins including transferrin,
a,-antitrypsin, complement C3, apoB-100 (Ou et al., 1993; Le et al., 1994), as well as the
major secreted glycoprotein of MDCK cells, gp80 (Wada er 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 some 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 et al., 1993). Similarly, mutant proteins such as VSV G ts 045 glycoprotein are retained
in the ER by their association with calnexin (Hammond et al., 1994). Components of
unassembled complexes are also retained in the ER in association with calnexin, for example,
the MHC class I heavy chain synthesized in the absence of p,-microglobulin (Degen ef al.,
1991; Ahluwalia et al., 1992, Degen et al., 1992; Jackson et al., 1994) and the T cell
receptor synthesized in the absence of the u-chain (David er «l., 1993; Rajagopalan et 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 et al., 1993). The isolation of a calnexin homologuc
from yeast wiil 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.cerevisiae CNEIl. We have

49



. characterized and localized the Cnelp protein and have determined by gene disruption some

of its functions.
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2.3 Materials and Methods
Strains and media

The S.cerevisiae diploid strain W303D (MAT a/o ade2-1/ade2-1 canl-100/can - 100
ura3-1/ura3-1 leu2-3,112/leu2-3,112 trpl-1/trpl-1 his3-11,15/his 3-11,15), W303-1a (MAT
a ade2-1 cani-100 ura3-1 leu2-3,112 trpl-1 his3-11,15), W303-1b (MAT a ade2-1 canl-
100 ura3-1 leu2-3,112 trpl-1 his3-11,15) , DC 170 (MAT o hisi) and M200-6C (MAT a
ssti sst2) strains were grown at 30°C in YPD medium containing 1% yeast extract (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 strain
MC1061 was used (Maniatis ef al., 1982). Yecast synthetic media was previously described
(Sherman ef al., 1979).

PCR ampilification

To identify and isolate genes similar to calnexin from S.cerevisiae genomic DNA,
degenerate oligonucleotides for the sequences KPEDWDE and YKGK/EWKP with all
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 ef al., 1989). Samples were then electrophoresed on a 2% agurose gel
and visualized by ethidium bromide staining. The band migrating at approximately 30{ bp
was purified by electroelution and cloned into the Sma 1 site oy’ plasmid pTZ19R and
sequenced by the dideoxy protocol using T7 DNA Polymerase (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 by nick translation (Maniatis et al., 1982). Two independent clones were
isolated and mapped using restriction enzyme analysis. By Southern analysis, a 3.8 kb Sph
1 fragment was found to hybridize to the PCR probe and was subcloned into the Sph | site
of pTZ19R (Pharmacia) to generate plasmid pFP10.1. Based on sequence information
provided by the PCR fragment, oligonucleotides were synthesized and used to sequence the
gene as previously described (Maniatis et al., 1982). The entire CNEI gene was sequenced
and the CNE! sequence was released to GenBank (accession number: L11012).
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Antibody production

Polyclonal antibodies recognizing calnexin were obtained by immunizing rabbits with
GST::Cnclp fusion proteins expressed in E.coli. The fusion was made by inserting a Bum
H1-Sph 1 fragment (CNEJ) into pGex-2T (Smith and Johnson, 1988). GST-calnexin was
cxpressed by IPTG induction and purified (Smith and Johnson, 1988).

Membrane extraction and Endo-H digestion

Extracts of post-nuclear supernatants were mixed with | volume of ] M NaCl, 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% SDS and were subsequently analyzed as previously described
(Feldheim et al., 1992). Cnelp antiserum was used at 1:2000 dilution. Endo-H digestions
were performed by incubating 50 g of ML fraction proteins in 100 mM sodium acetate pH
4.9, 150 mM NaCl, 10 mM DTT, 1% Triton X-100 + inhibitors (1 mM PMSF, 1 pg/ml
pepstatin, 1 pg/ml leupeptin and 1 pg/ml aprotinin) and incubating with 2 pg of Endo-H for
16 hours at 37°C.

.Yeast fractionation

S.cerevisiae strain W303-1a was grown at 30°C in YPD medium to a density 2-4 OD,/ml,
cells were harvested by centrifugation and washed in water. Spheroplasts (100 OD,/ml)
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, | mM DTT and Zymolyase T100 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 ug/ml aprotinin. The
homogenate was then subjected to differential centrifugation at 4°C. Three different
fractions: i.e. nuclear {N), large granule (ML) and microsomal (P) and a final supernatant (S)
were separated by successive centrifugation at a square angle velocity of 8.2 x 105, 1.8 x 10°
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-1. (SW40 Beckman Instruments),
fractions were collected and analyzed for activity of the marker enzymes, ATPase (Bowman
et al.,, 1979), NADPH cytochrome ¢ reductase (Kubota et al., 1977), GDPase (Abeijon et
al., 1989) and monoamine oxidase (Bandlow, 1972). Kar2p and Cnelp were detected by
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immunoblot and subsequently quantitated by densitometry. Anti-Kar2p and anti-Cnelp
antisera were used at 1:2000 and 1:1000 dilution respectively.

#Ca overlay

Samples were electrophoresed by SDS-PAGE and cvaluated for Ca overlay exactly
as previously described (Wada er 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, 1981). Control experiments were carried out with dog
pancreatic ER membranes also extracted with Triton X-114 exactly as previously described
(V/adaer 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.. Cells were viewed using epifluorescence
(Aristoplan, Leitz) and by confocal microscopy (Molecular Dynamics).

Disruption of the yeast CNE! gene

Plasmid pFP10.1 was digested with Sph | and religated to clone the insert in the
opposite orientation, creating plasmid pFP10.11. A | kb Fco R1 fragment was removed
from pFP-10.11. This effectively removes the multiple cloning site to create the plasmid
pFP-10.12. A 750 bp Bam H1-Pst 1 internal to CNEI was replaced with a 2 kb Bam H1-
Pst 1 fragment containing the LEU2 gene from pJJ250 (Jones and Prakash, 1990). The
resulting plasmid, pFP10.13, was cut with Sca | and Sph | to linearize the plasmid and
transformed into the leu2- diploid yeast strain W303D (Ito er al., 1983). Transformants were
selected on SC glucose minus leucine plates. Disruption of the CNE]! gene was 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.
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Acid phosphatase assay

Plasmid pRS306-CNE] was constructed by inserting the Sca 1- Apa | fragment
containing the open reading frame of CNVE/ into the Bam H1 site (3' to the Gal promoter) of
vector pRS306 Gal (Sikorski and Hieter, 1989) and transformed into strain W303-1b
Acnel:LEU2. This strain was subsequently grown at 30°C in SC sucrose-uracil (Sherman
et al., 1979) to ODgy of 1. 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 et al., 1973).

Heterologous expression of oj-antitrypsin

The cDNAs for wild type and the Pl Z o] -antitrypsin variant were cloned into the
Pvu 11 site of pVT-101U (Vernet er al., 1987). Plasmids pVT-AlPi (wild type) and pVT-
AlPz (mutant) were transformed into W303-1b and W303-1b Acnel::LEU2, these were
grown overnight in SC glucose -uracil at 30°C. Equal numbers of cells were spotted onto
SC glucose-uracil plates and overlaid with a nitrocellulose filter (BA85 Schleicher and
schuell). Plates were incubated at 30°C overnight and nitrocellulose was subsequently
washed to remove yeast cells and immunoblotted with a,-antitrypsin antiserum at 1:1000
dilution (Calbiochem). For detection, either a secondary antibody linked to alkaline
phosphatase or Protein A linked to 1251 was used. |

Halo assay for o-pheromone production

20 ml cultures of wild type strain (W303-1b pVT), calnexin deleted strain (W303-1b
acnel::LEU2 pVT) or calnexin overproducing strain (W303-1b Acnel::LEU2 pVT-CNEI)
were grown in SC glucose -uracil to ODgy of | and centrifuged at 1000 x g for 5 minutes.
Cells were resuspended in 250 ul of water, and 5 pl was spotted onto a lawn of M200-6C
cells on YPD agar. Agar plates were incubated at 30°C for 48 hours.

Quantitative mating assay
Assays were performed as described (Sprague, 1991), A 3.0 kb Eco R1-Sph |
fragment containing calnexin was cloned into the Eco R1 site of pAD13, a low copy number

plasmid (Costigan et al., 1992). Mating - :iciency for strains DJ 283-7-1a (Mat a ste2-3ts
canlts barl-1 ade2,. his4,y, lys2,. le ! trplg, ura3 cryl SUP4-3,uts Acnel::LEU2)
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transformed with pAD13 or pAD13-CNE/! were measured at 23¢C and 37°C using tester
strain DC17a. Strains were grown to an ODggq of 1 at either 23°C or 37°C and then mixed
with confluent DC 17« for three hours at 23¢C of 37°C. Mating cfficiency is defined as the
number of diploids formed per input haploid. Relative mating efficiency was standurdized
for each experiment. The mating efficiency of DJ 283-7-1a pADI3, with DC 17a wt 23+C
was set at 100.

35



2.4 Results

We used a specific PCR approach to clone genes with sequence similarity to
mammalian 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, 4B). Using S.cerevisine 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) (384%) 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 104 colonies screened. The yeast
DNA insert was subcloned on the basis of its 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, CNEI (De
Virgilio et «l., 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 er 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 seg:iences.
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Figure 4: The CNE! PCR cloning strategy.

Panel A, the central domains of calnexin and calreticulin are aligned between amino acids 254
to 389 and 185 to 281 respectively. Amino acid sequences used to design sense and
antisense oligonucleotides are indicated in bold type. Panel B, amino acid sequences and
corresponding nucleotide sequences (PCR S, sense; PCR A, antisense) used as primers for
PCR amplification of yeast (Y=Cor T;R=AorG; N=A,C,G, T).
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Figure 5: Amino acid alignments of S.cerevisiae CNEI, canine calnexin and
mouse calreticulin.

Amino acids conserved in at least two sequences are shaded. 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!lp showing the 5 predicted sites
of N-linked glycosylation and the single transmembrane domain at the extreme carboxy!
terminus. The predicted signal sequence cleavage is at residue threonine 20 (T20),
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Identification of Cnelp as an integral membrane protein

Antibodies were raised to Cnelp which was expressed in E.coli as a fusion protein
with GST and purified by affinity chromatography on glutathione beads. This antiserum
recognized a protein in yeast of 76 kDa which was present in a particulate cell fraction. To
determine if Cnelp is an integral membrane protein, membrane preparations were solubilized
in SDS, sodium deoxycholate or Triton X-100. No significant exiraction of calnexin was
observed with either sodium carbonate at pH 11.5, 0.5 M NaCl or 2.5 M urea (Fig. 7A). By
these criteria, the properties Cnelp correspond to those expected of an integral membrane
protein .

The identification of Cnelp as a doublet at a molecular mass of approximately 76 kDa
on SDS-PAGE is higher than that expected from the predicted sequence. In order to
determine if the protein was N-glycosylated, solubilized membranes were digested with
Endo-H and analyzed by SDS-PAGE. This treatment resulted in an increased mobility of the
protein with an apparent molecular mass of 60 kDa (Fig. 7B). This change corresponds 1o
that predicted if all 5 potential sites of glycosylation were modified by the addition of core
sugars (ca. 3 kDa for each site). However, the predicted molecular mass of the
nonglycosylated protein is 56 kDa.

Subcellular localization of Cnelp

We determined the subcellular location of Cnelp by differential and analytical sub-
cellular fractionation as well as by fluorescence microscopy. Differential centrifugation
identified most of Cnelp in the large granule (ML) fraction of S.cerevisiae homogenates.
The ML fraction was enriched in NADPH cytochrome c reductase activity as determined by
de Duve plots which reveal the quantitative distribution of this marker enzyme for the ER
(Fig. 8). Analytical centrifugation was ihen carried out with the ML fraction. Density
gradient centrifugation revealed a sirilar distribution of the ER lumenal protein Kar2p and
Cnelp (Fig. 9). This distribution corresponded to median densities of 1.195 g/cc for both
proteins (Fig. 10) which was aiso that of NADPH cytochrome ¢ reductase (1.195 g/cc).
However, these distributions weré clearly different than those of the Golgi marker enzyme
GDPase (median density 1.138 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).
Cnelp is not localized to the vacuole sinze the antibodies for carboxypeptidase Y revealed it
to be principally in the N fraction, with very little in the ML or P fractions (data not shown).



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 11.5, Triton X-100, 0.5 M NaCl (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 supernatant (S) fraction. Molecular mass markers are indicated on
the left. Panel B, a total particulate fraction of homogenized spheroplasts was digested with
Endo-H giving u change in mobility of calnexin from a doublet at ca. 76 kDa to 60 kDa.
Molecular mass markers are indicated on the right.
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Figure 8: Comparison of the distribution of the ER marker enzyme NADPH
cytochrome ¢ reductase and Cnelp.

Panel A: Differential centrifugation of S.cerevisiae homogenates into nuclear (N), large
granule (ML), microsomal (P) and cytosolic (S) fractions with the distribution of NADPH
cytochrome ¢ reductase cxpressed as a de Duve plot (de Duve, 1975). Panel B: The
distribution of S.cerevisiae Cnelp in the same fractions (30 pg protein was applied to each
lane except for P, to which 60 pg of protein was applied and detected by immunoblotting
with anti-Cnelp antiserum). The ML fraction contains the highest specific activity of
NADPH cytochrome ¢ reductase (Panel A) as well as Cnelp (Panel B).

62



% recovered enzyme activity

81NM P S
£ 64
o
2
(=R
3 4]
4
g 2-
*
0 +—————= - ]
0 50 100
% recovered protein
97 - |
68 - — o -
45 |

NADPH
Cytc red.

-Cnelp



Figure 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 sucrose gradients as described in Materials and
Method« and equal volumes of each fraction were examined for their content of Kar2p and
Cnelp determined by immunoblotting with their respective antibodies. The median density
of the Kur2p containing compartment was 1.1951 g/cc and that for calnexin was 1.1955 g/cc.
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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 ¢ reductase, the ER lumenal protein Kar2p and the membrane protein
Cnelp as 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 median densities for the
distribution of the respective constituents are indicated.
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Hence, the distribution of Cnelp corresponded most closely to that of the ER lumenal protein
Kar2p.

Further examination was carried out by epifluorescence (Fig. 11A-C) and confocal
immunofluorescence microscopy (Fig. 11D). Cnelp (Fig. 11C) was colocalized to a
compartment identical to that for the ER lumenal protein Kar2p (Fig. 11B); i.e. perinucl ar
and in filamentous structures extending into the cytosul., DAPI staining of the nuclei is
shown in Fig. 1A, Cells were analyzed by confocal microscopy (Fig. 11D) with a strong
perinuclear staining pattern observed for Cnelp. In Fig. 11A to 11C a sandwich protocal
wis used (Schulze and Kirschner, 1986) whereby rhodamine fluorescence is specific for
Cnelp, likewise FITC fluorescence is specific for Kar2p distribution.

Cnelp is not a prominent +*Ca binding protein of S.cerevisiae ER

We have previously deinonstrated that mammalian calnexin and associated SSRa are
the major integral membrane proteins of the ER which bind +Ca in an overlay assay. As
shown in Figure 12, two integral membrane proteins of dog pancreatic ER corresponding to
canine calnexin (90 kDa) and SSRa (35 kDa) bound +5Ca. An F® fraction from S.cerevisiae
was isolated as pooled fractions 9-18 from Figure 9. Separation into peripheral and integral
membrane proteins by the method of Bordier (Bordier, 1981) revealed that the 6 major #Ca
binding proteins of the yeast ER fractionated into the aqueous phase. These proteins most
likely correspond to lumenal ER proteins. As mitochondrial membrane contamination is
notoriously associated with 'pure ER' fractions in yeast, the calcium binding proteins
encountered in this analysis may well derive from mitochondria. *Ca binding to an iniegral
membrane protein of the expected mobility of Cnelp was not detected. This conclusion was
supported by further experiments using a GST::Cnelp fusion protein, expressed and purified
in E.coli. This protein did not reveal detectable **Ca binding by the *Ca overlay protocol,
although control proteins (parvalbumin, calmodulin) were reactive (data not shown). This is
the first report identifying Ca?* binding proteins in S.cerevisiae ER although Cnelp is not
one of them.
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Figure 11: Double immunofluorescence of Cnelp and Kar2p in S.cerevisiae
by epifluorescence and confocal microscopy.

Field showing nuclear staining with DAPI (Panel A). Same ficld showing Kar2p distribution
(Panel B) and Cnelp distribution (Panel C) by epifluorescence microscopy. ER localization
of Cnelp by confocal immunofluorescence microscopy (Panel D). The bar represents 2 pm.
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Figure 12: Identification of #Ca binding proteins in S.cerevisiae KR,

Integral membrane proteins (100 pg) from dog ER (lane 1) and from S.cerevisiae ER (50 pg
protein) (lane 2) as well as from detergent (lane 3) and aqueous (lane 4) phases of Triton X-
|14 extracted S.cerevisiae ER (100 pg protein) were electrophoresed on SDS-PAGE and
transferred to nitrocellulose membrane. In the aqueous phase, six polypeptides of molecular
masses 26, 35, 50, 59, 66, 72 kDa were identificd as **Ca binding proteins of S.cerevisiae
ER. Integral membrane proteins of 90 kDa and 35 kDa corresponding to mammalian
calnexin and SSRa were identified in the Triton X-114 phase ol dog pancreatic ER,
Molecular mass markers as indicated on the left.
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Deletion of the CNEI gene

To determine the phenotype of CNE!, the CNE! gene was deleted by inserting the
LEU2 gene into an internal deletion of CNE/ creating plasmid pFP 10,13 (Fig. 13). The
plasmid was linearized, transformed into strain W303D and LEU* diploids were selected.
The transformed diploid was then sporulated and 7 asci were Jdissected. For every tetrad, all
four spores were viable showing that the gene is not essential for viability. CNE! RNA was
not detected in the leu2- spore (Fig. 13A) and neither was Cnelp as determined by
immunoblots of particulate and soluble fractions isolated from the CNE/ deleted strain (Fig.
13B). The 30 kDa band as compared to wild type protein found in lane | represents a
fragment of Cne lp which was sometimes observed (Fig. 13 B, lane 1). The protein was not
detected by double immune epifluorescence or confocal immunofluorescence examination of
S.cerevisiae CNE! deleted strains with Cnelp specific antisera (not shown).

Cnelp and secretion

To test if Cnelp is a molecular chaperone for glycoproteins (Bergeron ~f 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 CNEI and evaluation by Northern
blot and Western blot.

Schematic representation of plasmid pFP10.12 containing the entire CNE! gene and
pFP10.13 containing Acnel::LEU2. The CNE! open reading frame is shaded in black.
Restriction sites referred to in the text are shown. Panel A, total RNA from cells containing
wild type copy and Acnel::LEU2 was prepared (Wise, 1991) and probed with labeled DNA
containing the entire CNE/ gene. 20 pug of total RNA was loaded per lane and transferred to
nylon membrane. Lane | (-), Acnel::LEU2 spore disruptant and lane 2 (+) wild type spore
for CNE1. CNEI! RNA is not detected in Acnel::LEU2 disrupted cells, Panel B,
Immunoblot detection of S.cerevisiae Cnelp. Total particulate (P) and cytosolic (S) fractions
from yeast cell lysates from wild type CVET (lanes 1, 2) or Acnel::LEU2 strains (lanes 3, 4)
were analyzed by immunoblotting with anii-Cnelp antisera. 20 pg protein were applied to
cach lane. Molecular mass markeis are indicated on the left.
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Figure 14: Acid phosphatase secretion.

Acid phosphatase content was evaluated in CNE! deleted strains transformed with a cainexin
GAL promoter construct. Cells were grown in sucrose to an ODyy, of 0.1 and then induced
2% with galactose, or repressed with 2% glucose. Sucrose was supplemcated 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 type strain (W303-1b pVT), Panel B, CNE] deleted strain (W303-1b
Acnel:LEU2 pVT) or Panel C, CNE! overexpressing strain (W303-1b Acnel:LEU2 pVT-
CNET) were spotted on a lawn of a-mating type cells (strain M200-6C, as described in
Matcrials and Methods). Agar plates were incubated at 300C for two days to allow haloes to

develop.
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The soluble glycoprotein o)-antitrypsin is a substrate for mammalian calnexin (Ou et
al., 1993; Le et ul., 1994) and Pl Z oy-antitrypsin variant has been shown to be retained by
calnexin prior to its degradation or accumulation in the ER (Le et al., 1994), When
heterologously expressed in yeast, both wild type and the PI Z variant o -antitrypsin are
retained in the ER with the mutant form being degraded therein (Mcracken and Kruse,
1993). Hence, we were interested to determine the role of Cnelp ir the retention of wild
type and PI Z variant of mammalian aj-antitrypsin. The amount of secreted o -antitrypsin
was lested in wild type and CNET disrupted strains by growing the appropriate strain on agar
plates overlaid with nitrocellulose and immunoblotting with antiserum to o,-antitrypsin.
Both wild type (pVT-AIPi) and the PI Z-mutant (pVT- AlPz) of «;-antitrypsin were secreted
to a higher extent in CNE/ disrupted cells than in wild type cells (Fig. 16). Quantitation of
the blots showed & 2 to 2.6 fold increase in secretion from calnexin disrupted cells (Table 5).

The cvaluation of a possible retention function for CNEJ was extended to an
endogenous yeast seven transmembrane glycoprotein, the a-pheromone receptor, Ste2p.
This protein 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 (37°C), resulting in a 100 fold decrease in mating
frequency. To determine if Cnelp plays a role in the intracellular retention of Ste2-3ts
protein, we evaluated its function at the cell surface with a quantitative mating assay. At the
non-permissive temperature, the relative mating efficiency was 5 fold greater in CNE!
deleted strains indicating increased transport and/or function of Ste2-3ts protein at the plasma
membrane (Table 6).



Figure 16: Effect of Cnelp on the secretion of «,-antitrypsin.

Wild type o,-antitrypsin (pVT-AIPi), PI Z variant o;-antitrypsin (pVT-AlPz) or vector alone
(pVT) were transformed into W303-1a (CNET) or W303-1a Acnel:LEU2 (AcnelLEU2)
cells, Equal numbers of cells were spotted onto agar plates, overlaid with nitrocellulose
membrane and incubated overnight at 30°C. The nitrocellulose membrane was washed,
immunoblotted with anti-a,-antitrypsin antisera and revealed by the alkaline phosphatase
method (see Materials and Methods).
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TABLE 5: Effect of CNET on the secretion of al-antitrypsin in S.cerevisiae

Plasmid Relative Amount Secreted?®
Acnel LEUZ2/CNED

pVT-AIPi 2.0+ 0.3

pVT-AlPz 2.6+ 0.6

dDensitometric evaluation of secrated ay-antitrypsin. Table lists the mean +

standard deviation values of 7 experiments for pVT-AlPi and 3 experiments for
pVT-AlPz,

TABLE 6: Effect of CNE7 on the secretion of Ste2-3ts nrotein.

Plasmid Relative Mating Frequency?
23°C 37°C

pAD13-CNE1 92 + 6.5 1.1+£0.2

pAD13 100 5.4+06

Relative mating frequency was tested for strain DJ-283-7-1a transformed with
pAD13 or pAD13-CNET. pAD13 is deficient for CNET and pAD13-CNET is wild type
for CNE1.

3The frequency of mating was calculated as the ratio of the number of dipoids
formed on selective media to the number of input cells. The reported values are the
mean + standard deviation values of three experiments. The mating frequency for

pAD13 at 23°C is normalized to 100.
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2.5 Discussion

In mammalian cells, calnexin has been shown to have a central role in the retention of
incompletely tolded glycoproteins in the ER and in the assembly of muitisubunit cell surface
receptors (Bergeron ¢f al.. 1994), The presence of a calnexin homologue would be of
considerable interest as its function could be studicd using the range of tools avaitable in this
organism. An important question is whether CNE is the calnexin or calreticulin homologue
in yeast. We have addressed this question in three ways: by a comparison of the sequences,

by an analysis of the protein and by the phenotype of CNES deleted cells,

The PCR strategy that we employed was expected to generate yeast DNA sequences
which corresponded to calreticulin as well as calnexin, Although 11 separately cloned 250-
350 bp products of the PCR reaction were sequenced. only the yeast CNET sequence was
detected as an open reading frame (5 out of 11 clones). All other clones sequenced did not
have an open reading frame and did not contain internal simstlarities to calnexin or calreticulin,
This PCR generated sequence was used as a probe to clone the complete CNET gene from a
yeast plasmid library. Of the two different plasmids recovered, both contained the same
CNE! gene. Using the complete CNET sequence as a probe, we turther determined if there
were refated sequences in the yeast genome using the lambda clone grid filters. Using
hybridization at low stringency on these filters and on a Southern blot of DNA (rom a CNE/
disrupted strain. we were unable to detect any related sequences. Thus by hybridization
criteria there do not appear to be genes in yeast which are closely related to CNES. The
CNE! gene we mapped by this technique is located on the lett arm of chromosome I, distal to
genes CDC24 and CDCI9 and to other known mapped genes (Riles ef al., 1993).

Mammalian calnexin and calreticulin have the motits of KPEDWDE repeated three or
tour times. Only one related motif was found in S.cerevisiae CNET at residues 255 to 261
consisting of KPHDWDD. Mammalian calnexin also reveals 3 repeats of GXW. Only 2
were found in CNE/. In the plant A.thaliana, a calnexin gene has been identified with
greater sequence similarity to mammalian calnexin than that of S.cerevisiae (Huang er al.,
1993). All four KPEDWDE motifs are retained as well as the 3 GXW maotifs and a cylosolic
tail albeit without sequence identity to that of mammalian calnexins. In addition, the overall
organization of Cnelp terminates in a hydrophobic sequence and lacks the carboxy terminal
cytosolic domain found in other calnexins (Fig. 3). We also confirmed that there is not a
motif for an RNA splice site present which could account for an alternative CNE! sequence.
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The sequence of the predicted S.cerevisive Cnelp protein predicts an N-terminal
hydrophobic signal sequence. N-linked glycosylation sites, and a carboxy terminal
hydrophobic potentially membrane spanning sequence, We confirmed the localization of
Cnelp in the yeast ER by difterential and analytical subcellular fractionation and by
epifluorescent iand confocal immunofluorescence microscopy which showed a colocalization
ol Cnelp and the ER lumenal protein Kar2Zp., We confirmed that Cnelp is an integral
membrane protein as it could not be extracted from membranes by treatment with 2.5 M urea.
high salt and sodium carbonate at pH 11.5. This is a property that Cnelp shares with
mammilian calnexin which is also an integral membrane protein, whereas calreticulin is a
soluble ER lumenal protein. We also confirmed that Cnelp has N-linked glycosylation as
predicted from the sequence. After Endo-H treatment. the relatively tight mobility of Cnelp
in SDS-PAGE was altered by about 18 kDa. indicating that all potential N-glycosylation sites

are wtilized (Herscovies and Orlean, 1993).

An ER membrane protein such as Cnelp (depicted in Fig. 6A) is unusual because
only one amino acid is predicted to be cytosolically exposed. Since we have demonstrated
localization of Cnelp in the yeast ER. there is a question of how it is retained. We have
confirmed that S.cerevisive Cne lp was not GPI linked since no incorporation of *H-inosito!
was detected nor was the protein susceptible to digestion by Pl specific phospholipase C. In
mammalian calnexin, the cytosolicatly oriented sequence RKPRRE has been shown to act as
retention and/or retrieval sequences, maintaining this type I integral membrane protein in the
ER (David er al.. 1993). The lack of a cytosolic tail for S.cerevisiae Cnelp but its
localization to the yeast ER implies that retention is eftected by association with an unknown
resident membrane or lumienal protein and not by the cytosolic proteins interacting with a

retention motif (Jackson et af., 1994),

Mammalian calnexin has been shown to be one of two major calcium binding integral
membrane protetns of the ER (Wada er 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 membrane (Fig. 12), although we did detect yeast ER lumenal calcium
binding proteins. Indecd this is the first demonstration of calcium binding proteins in the ER
of S.cerevisiae. Confirmation of the inability of yeast Cnelp to bind calcium in vitro was
obtained with isolated E.coli produced GST::Cnelp fusion protein (not shown). Calcium
has been demonstrated to be essential for the binding of mammalian calnexin with its protein
substrates (Wada et al., 1991; Ou er al., 1993). Although Cnelp has sequence similarity
with mammalian calnexin, it is atypical in that it is N-glycosylated, it is an integral ER
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membrane proicin but does nor have a recognizable retention mechanisin, and unlike

mammalian ¢:Mmexin it is not a strong caleium binding protew.

Calnexin genes from different organisms show a considerable conservation in their
sequence suggesting that the function of the protein is similar and that the preservatiou o the
sequence is important for that function.  Mammalian calnexin has been identitied as a
molecular chaperone for newly synthesized soluble and membrane bound glveoproteins of
the secretory apparatus (Bergeron e ol 1994). Mammalian calnexin has also been idestified
as responsible for the ER retention of soluble and membrane bound proteins prior o their exit
from the ER. These functions suggested that there would be an essential phenotype for yeast
cells which fack calnexin, However, yeast strains carrying a deletion of the CNET pene were
viable, grew at normal rites and we were unable to identity any etfect on the secretion of the
glycoproteins a-pheromone or acid phosphatase. From the results with some mammalian
secretory proteins, there is evidence that they bypass the participation of calnexin in their
folding (Ou ¢r al.. 1993). This obscrvation has been attributed to alternative, or back up,
mechanisms for protein folding in the mammalian ER (Bergeron er al.. 1994).

We did observe an effect on i) the retention of heterologousty expressed -
antitrypsin in S.cerevisiae, as well as ii) the function ol o temperature sensitive mutant ste2-
31s of the a-pheromone receptor in CNE! disrupted cells. The effect on sre2-3es could be
due to an cffect of Cnelp on Ste2-3p intracellular trafficking or on Ste2-3p function at the
plasma membrane. The latter explanation is less likely since Cnelp is clearly localized in the
ER. Although these effects are small, they suggest that Cnelp is a constituent of the yeast
quality control apparatus participating in the retention of heterologously expressed or
incorrectly folded protetns.

There remains the question of whether the CNET gene we have identified and its gene
product, Cnelp, we have characterized represents the yeast calnexin homologue,
Alternatively, there may be a closer relative of mammalian calnexin or calreticulin in the yeast
genome. We obviously cannot totally exclude this possibility, but the genetic methods
currently available in this organism provide an opportunity to identify genes whose function
are synergistic with CNE/,
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CHAPTER 3

The calnexin homologue cnxI+ in
Schizosaccharomyces pombe, is an essential gene
which can be ccmplemented by its soluble ER
domain.

78



3.1 Abstract

Secretory proteins become folded by the action of a number of molecular chaperones
soon after they enter the endoplasmic reticulum (ERY. In mammalian cells, the ER
membrane protein calnexin has been shown to be a molecular chaperone involved in the
folding of secretory proteins and in the assembly of cell surface receptor complexes. We
have used @ PCR strategy to identity the Schizosaceliaromyees pombe calnexin homologue,
cnx!*. The ¢nx/!* encoded protein, CnxIp, was shown 1o be a caleium binding type |
integral membrane glveoprotein. At its 5" end. the enx/+ gene has consensus heat shock
transcriptional control elements and was inducible by heat shock and by the cileium
ionophore A23187. Unlike the sequence related S.cerevisiae CNET gene, the S.pombe
cnx!* gene was essential for cell viability. Full length Cox1p was able to complement the
crix !+ gene disruption but the tull length mammaldian calnexin could not. The ER lumenal
domain of Cnxlp. which was secreted trom cells, was capable of complementing the
enxl:iurad + lethal phenotype. The equivalent region of mammalian calnexin has been
shown 1o possess molecular chaperone activity. Itis possible that the lethal phenotype is

caused by the absence of this chaperone activity in the S.pombe cnxi*+ gene disruption.
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3.2 Introduction

In cukuryotes, the ER is the site of the folding of secretory proteins and the
assembly of multimeric cell surface receptors. These processes are mediated by molecuiar
chaperones (reviewed in Bergeron ef al., 1994). Some of these molecular chaperones have
been identified and appear to he present in & wide variety of cukaryotic species. One such
molecular chaperone, the ER membrane protein calnexin, interacts with secretory
glycoproteins soon after they enter the ER (Ou et al., 1993). Newly synthesized
glycoproteins specifically associate with calnexin while they are monomeric, incompletely
lolded and their oligosaccharide modification is the GleNAcaManyGlej intermediate (Ou et
al., 1993; Wada er al.. 1994: Le et al.. 1994 Hammond er «f.. 1994). Recently, it has been
demonstrated that the GleNAcaMangGley oligosaccharide interacts directly with calnexin
(Ware ef afl., 1995). In addition, tunicamycin (Ou ¢t al.. 1993} and the glucosidases Tand 11
inhibitors deoxynojirimycin and castanospermine (Hammond ez al., 1994) inhibit the
association of incompletely folded glycoproteins with calnexin, supporting the observation

that the GieNAcaManyGle| intermediate is important for calnexin recognition.

Calnexin is associated with proteins while they are being folded by the action of
other ER molecular chaperones and chaperonins. The time of association of a secretory
protein with calnexin reflects the time required for its folding (Ou et al., 1993). Secretory
proteins that are not assembled correctly into complexes or do not fold correctly due to
mutations or incorporation of amino acid analogues, are retained by calnexin in the ER
(reviewed in Bergeron et af., 1994). Thus calnexin also has a function as a constituent of an
ER quality control apparatus.

In common with other molecular chaperones, calnexin genes have been identified in
& wide variety of eukaryotes including mammals, nematodes and plants (Wada er al., 1991;
Sulston er al., 1992; Huang et al., 1993). They share sequence motifs with the ER lumenal
protein caireticulin, which has similarly been found in a number of eukaryotes. Together
they appear to form a gene family with a possible similarity in function (Wada et al., 1991;
Smith and Koch, 1989), How these proteins perform their function is a topic of

considerable interest.
We have recently cloned the CNE! gene from S.cerevisiae which shares sequence

similarity with mammalian calnexin and calreticulin. The CNE/ gene codes for an integral
membrane ER glycoprotein, Cnelp. Unlike mammalian calnexin, Cnelp does not bind
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cileium in an in viero assay. and 1t does not have a eviosolically directed domain at the
carboxy terminus (Parlati e al.. 19950). Wo demonstrated that CNET does have an effect
on the retention of mutant proteins in the ER (Parlat ef af., T995hY but it is not essential Tor
the viability of S.cerevisiae. Thus, not all of its properties correspond with those expected
of & bona fide S.cerevisiae calnexin homologue. However, the S.pomhe enxl t gene which
we chasacterized has several properties in common with mamnwhian calnexin and is most

likely the S.pombe cainexin homologue.
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3.3 Materials and Methods

Strains and media

S.pombe strains Q358 (7 lewd-32 wura4-DI8 ade6-M2 10y and Q339 W+ lew!-32 ura4-DIS8
ade-M2 16 ) were used. The strains were grown at 30°C in YPD miedium or EMM media
supplemented with nutrient requirements as previously deseribed (Moreno er of., 1991,
Iecoli strain MCIO61(Maniats ¢f al., 1982) was uscd,

Cloning of S.pombe cnxi+

To amplify the calnexin/calreticulin gene equivalent from S.pombe. the degenerate
oligonucleotides, PCR primer 8 (5 AARCCNGARGAYTGGGAYGA 3') and PCR primer A (3
ATRTTYCONYTYACCTTYGG  5) were used to amplify genomic DNA.,  Amplification
reactions were performed as previously described (Parlati er al., 1995b). The products of
the PCR reaction were clectrophoresed on a 2% agarose gel and stained with ethidium
bromide. A band at approximately 350 bp was purified and cloned into the Sma | site of
pPTZ-19R (Pharmacia). The fragment was sequenced and was found to encode a peptide
with high amino acid sequence similarity with canine calnexin. The PCR fragment was then
“P radiolabeled using the QuickPrime method (Pharmacia) and subsequently used as a
probe 1o clone tull length calnexin from a S.pombe genomic library in plasmid pWHS
(Wright er al., 1986). This gene was sequenced by standard procedures and the sequence

ol ol * was released to GenBank (aceession number: M98799) on December 31, 1993.

RNA extraction and transcript analysis

A 100 ml culture of strain Q360 vwas grown overnight at 23°C to an ODgyy of | and a 25 ml
aliquot was transferred te a 39°C bath for 15 or 30 minutes. Cells were then rapidly
collected by centrifugation and frozen immediately in a dry ice-methanol bath. Overnight
cultures (25 ml) grown to an ODgy; of 1 were also treated with cither 1 pg/tal tunicamycin
{Sigma), 10 uM A23187 (Sigma) or 10 mM 2-deoxyglucose (Sigma) for three hours at
JOC. Cells were then harvested and quickly frozen in dry ice/methanol bath. RNA
extraction was performed by the hot phenol method (Wise, 1991) and Northern analysis
was performed as previously described (Maniatis er al., 1982), using a #P-probe containing
the entire open reading frame of enx/*. Densitometric analyses used an LKB Ultrascan
Laser Densitometer.



Antibody production

Polyclonal antibodies recognizing Caxlp were obtained by immunizing rabbits with
GST:CnxIp fusion proteins expressed in £.cofi. This fusion protein was made by
inserting a PCR fragment encoding amino acid 23 to 492 into pGex-2T (Smiih and
Johnson. 1988).

Membrane extraction and Endo-H digestion

S.pombe membranes (ML fraction) were prepared and treated essentially as deseribed
(Parlati er ¢l 1995b). Membranes were mixed with | volume of cither 1| M NaCl, .2 M
sodium carbonate pH 11.5. 5 M urea. 2% Triton X-100, or 0.2¢ SDS and were
subsequently analyzed as described (Feldheim er aof., 1992). The Cnx |p antiserum was
used at a 1:4000 dilution. Endo-H digestions were performed by incubating 20 pg of ML
fraction proteins in 100 mM sodium acetate pH 4.9, 150 mM NaCi. 10 mM DTT, 14 Triton
X-100, 0.1% SDS + inhibitors (I mM PMSF, I pg/ml pepstitin, | pg/ml leupeptin and |

pg/ml aprotinin) and incubating with 2 ug ol Endo-H for 16 hours a 37°C.
45Ca overlay

The S.pombe GST::Cnx1p fusion (residues 23 1o 492) was expressed in £.coli and purificd
(Smith and Johnson, 1988). Samples were electrophoresed by SDS-PAGE and prepared
for ¥3Ca overlay exactly as previously described (Wada ef af., 1991). Control experiments
were carried out with canine pancreatic ER membranes obtained by extraction with Triton

X-114 (Wada er af., 1991), and Cnelp as previously described (Parlati of el., 1995b).
Gene disruption

A 4.3 kb Pst | DNA fragment containing the complete cnx/+ gene was cloned into pTZ19R
creating plasmid pFPP3. A PCR fragment containing nucicotides -490 to -t (5" to the
coding sequence) was amplitied, cut with Spe 1 and cloned into the Spe 1/5ma | site of
pBluescript KS+ creating plasmid pFPP3.1. The Nsi 1/Eco RV fragment (3’ 1o the coding
sequence) from pFPP3 was cut, purified and inserted into the Eeo RV sie of pFPP3.]
creating plasmid pFPP3.2. A 1.8 kb Hind 111 frugment containing the wra4t gene (Grimm
et al., 1988) was blunt ended and inserted into the similarly treated Eco R1 site of pFPP3.2
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creating plasmid pFPP4 essentially disrupting the cnx/+ gene. Plasmid pFPP4 was digested
witn Xba 1, Hind 111 (which cleave on either side of the insert) and Xmin | (which cuts in the
vector) and approximately 5 pg of the lincar fragment containing the disrupted gene was
tsolated and puritied by the GeneClean method. This fragment was used to disrupt the
diptoid strain fi™ let!-32 ura4-D 18 adn6-M210 /bt leul-32 urad-DI8 ade6-M216 and uracil
prototrophs were selected. Colonies were grouped into pools of 10 and chromosomal DNA
was prepared (Moreno er al, 1991). PCR was used to screen for homologous
recombinants using a sense oligonucleotide coding for nucleotides -510 to -495 (5' to the
cnvl+ ORF) and an antisense 20 bp oligonucleotide from within the ura4* gene. Among 20
pools screened, 15 were positive for the expected 550 bp PCR product. Four pools were
chosen and the PCR reaction was repeated for each constituent colony. We found 4
colonies that were positive and chromosomal DNA was prepared from each. Southern blots
were performed by digesting these DNAs with cither Eco Rl or Eco RV, followed by
clectrophoresis on 1% agarose gels and transfer to nylon membranes. The 32P-labeled
probes used were: i) the entire ura4* 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 cnx/+ hybridized to a genomic Eco RV digest.

Complementation of the cnxI* gene disruption

Sequences encoding full length cnxl™ and cnxl™ terminated at amino acids 524, 484 and
474 were amplified using PCR (see conditions above). Oligonucleotides were designed in
order to introduce a stop codon at amino acid 525, 485 and 475 respectively. These
amplified sequences as well as full length canine calnexin (Wada et al., 1991) were sub-
cloned into the Sma | site of §.pombe vector pREPI, undar the regulation of the nmrl+
promoter (Maundrell, 1993), The constructs were subsequently transformed in the dipoid
strain heterozygous for the cne/” deletion, and leu” transformants were selected. Random
spore analysis of the leu” strains was done as previously described (Moreno et al., 1991).
Spores were plated onto phloxine B agar plates supplemented with adenine, in order to
detect casily haploids that were both leu® (expressing the recombinant protein) and ura®
(disrupted for cnx/ ™). These haploids were subsequently tested for the presence of Cnxlp
recombinant protein intracellularly and extracellularly by immunoblotting.
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3.4 Results

Cloning of a S.pombe member of the calnexin/calreticulin family, cnv i+

We have previously used sequence motifs that are shared between mammaliin
calnexin and the ER lumenal protein calreticulin to identity a calnexin related gene in
S.cerevisiae, CNE] (Parlati ¢t al., 1995b). We used a similar strategy tor cloning of a
S.pombe member of the calnexin/calreticulin family. Degenerate oligonucleotides coding
for the regions of amino acid simtlarity conserved between mammalian calnexin and
calreticulin, YKGK,sWKP and the repeat motif KPEDWDE (Fig. 4) were used w0 prime
PCR reuction using S.pombe genomic DNA as a template (Fig. 4). From the organization
of these motifs in calnexin and calreticulin, an amplified fragment of 350 bp was expected
(Figure 4A) and double stranded DNA products of about this size were cloned inte the
plasmid pTZ19R. The DNA sequence of one of these clores and its derived amino acid
sequence revealed that this PCR product shared high amino acid sequence similarity with
both mammalian calnexin and calreticulin. Using this fragment as a probe, the entire gene
wus cloned and sequenced (Figure 17, see Materials and Methods). The enx/* genomic
sequence identified has consensus heat shock clements at its 5' end (Figure [7). The coding
sequence does not contain introns and predicts a type I integral membrane protein of 560
amino acids thai has a similar overall arrangement to mammalian calnexin, There is a
predicted N-terminal cleavable signal sequence, an N-glycosylation motif at sesidue 418,
and a membrane spanning domain proximal to a cytoplasmic domain (Argos et al., 1982;
Kyte and Doolittle, 1982; von Heijne, 198€) (Figure 18). S.pombe cnxl* encodes four
repeats related to the motif KPEDWDE, which in calnexin have been shown experimentally
to be high affinity, low capacity calcium binding sites (Tjoelker et «l., 1994). These amino
acid repeats arc also present in A.thaliana, in mammalian calnexins and in mammalian
calreticulins. Overall, S.pombe cnx!* is 38% identicul to A.thediana calnexin an-i 344
identical to canine calnexin and 25% identical to mouse calreticulin, but only 22% identical to
S.cerevisiae CNEI, Thus, the S.pomébe cnxl+ gene is most likely to be a calnexin
homologue since it has higher amino acid identity with calnexin than calreticulin,
Additionally, it encodes a C-terminal domain after a predicted transmembrane domain that is
present only in calnexin genes, We have looked for other calnexin and calreticulin
homologues in S.pombe. Hybridization at low stringency of a cnx/* probe with the entire
genome, presented in the form of bacteriophage P clones, did not identify any other related
sequences. We determined that the enx/*  gene maps to a region on chromosome |,
between probes 57512 and 20h4 and its location is Pl phage clone
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Figure 17: DNA sequence and deduced amine acid sequence of the enxl+
gene

S.pombe cnxd+ gene codes For o 560 amino acid protein. The predicted protein contains a
signal sequence at the amino terminus (frafics). a single N-glycosylation site at N418
(CHO), a transmembrane domain (bold type) and a 48 amino acid predicted cytoseolically
oriented sequence. Putative heat shock elements are indicated (upderlined)., Nucleotides
natching the heat shock clement (HSE) consensus sequences are marked by asterisks.
Sequences encoding partial HSE-elements are also denoted by asterisks, but are not
underlined. A putative TATA box is shaded. The sequence is available as GenBank
#MURTIY.
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Figure 18: Hydrophebicity plot and topology of Cnxlp

Panei A, hydrophobicity plot and Panel B, predicted topology of Cnx 1p showing the single
predicted N-linked glycosylation site, the single transmembrane domain proximal to the
carboxy! terminus and the cytoplasmic tail. The predicted signal sequence cleavage is at

residue aspartate 23 (D 23).
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3G10p (data not shown) (Hoheisel ef al., 1993). We tentatively conclude that cnx/+ is the
only S.pombe calnexin gene.

The c¢cnxI* transcript is inducible by heat shock and a calcium ionophore

In cukaryotes, the consensus sequence for the heat shock element is characterized by
three or more repeats of the sequence nGAAn in an alternating orientation (Pelham and
Bicnz, 1982; Amin et af., 1988). Inspection of the upstream sequences of cnx/+* identified
two heat shock elements (see Figure 17), which are in the correct position to act as elements
controlling transcription of ¢cnx/+. To test this, exponentially growing S.pombe cells were
subjected to a transieni heat shock at 39°C and the RNA transcripts were analyzed by
Northern blots. The cnx/+ 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
cxtended time, the level of transcription diminished to the basal level (Figure 19A, B).
Other agents that are known to cause stress were also tested for their effect on cnx/+
transcription. Treatment with the glycosylation inhibitor tunicamycin (Figure 19C, D) or
with 2-deoxyglucose (data not shown) had no cffect, but treatment with the calcium
ionophore A23187 gave a marked increase in cnx/* transcription (Figure 19C, D).

The cnxi+ gene product, Cnxlp, is a calcium binding protein

Calnexin in mammalian cells was originally described as one of the two major
calcium binding proteins of the ER membrane (Wada et al,, 1991). All calnexins and
calreticulins tested thus far bind calcium, except for S.cerevisiae Cnelp (Parlati er al.,
1995b). In order to determine if Cnx1p is a calcium binding protein, we used a GST fusion
of Cnx 1p expressed in E.coli. This fusion comprised amino acids 23 to 492 of Cnxlp, that
is, it excludes the predicted signal sequence and the C-terminal transmembrane and
cytoplasmic domains of Cnx1p. Tested in a calcium overlay assay, the GST::Cnx1p 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 respectivelv) did not bind
calcium. The positive controls, 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 from Triton X-114 extracted canine pancreatic stripped rough microsomes, bound
calcium. Thus, like mammalian calnexin and calreticulin, S.pombe Cnxlp is a calcium
binding protein.
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Figure 19: Induction of cnxI* by hent shock and calcium ionophore A23187

Northern blot analysis of total S.pombe RNA using a probe from the complete ORF of the
cnxl* gene S.pombe strain Q 360 was grown at 23°C and shifted to 39°C for 0 min.
(Panels A, B, lane 1), 15 min. (Panels A, B, lane 2) and 30 min. (Panels A, B, lanc 3) or
grown at 30°C (Panels C, D, lane 1) or treated with tunicamycin (Panels C, D, lune 2) or the
calcium ionophore, A23187 (Panels C, D, lane 3). The results of 3 independent
experiments evaluated by densitometry are illustrated in Pancls A and C (£ S.D.). Equal
amounts of RNA were applied to cach lane and gels were stained with ethidium bromide in
order to verify the quantities of 28S and 185 RNA.
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Figure 20: Identification of S.pombe Cnxlp as a calcium binding protein
Lane 1 - GST alone (20 ug protein), lane 2 - GST::Cnxlp (S.pombe) fusion (20 pp
protein), lane 3 - Triton X- 114 extracted canine pancreas ER (100 pg protein) showing two
polypeptides of 90 kDa (calnexin) and 35 kDa (pgp 35) known to bind CaZ*(Wada et al.,
1991), lane 4 - calmodulin (2 pg protein), lane 5 - parvalbumin (10 pg protein), lane 6 -
phosphorylase B (10 pg protein) and lane 7 - GST::Cnel p (S.cerevisiae) fusion protein (20
ug protein) were electrophoresed on a 10% SDS-PAGE, transferred to nitrocellulose
membrane and 4°Ca binding performed as described previously (Wada er al., 1991),
Molecular mass markers are indicated on the left.
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Cnxlp is a integral membrane glycoprotein

Polyclonal antibodies were raised to the E.coli expressed GST::Cnxip lusion
protein. These antibodies recognize a protein in S.pombe ol 91 kD that is associated with a
membrane fraction. To determine if Cnxip is an integral membrane protein, S.pombe
membrane preparations were treated with a regimen of sodium carbonate at pH 11.5 or 0.5
M NaCl or 2.5 M urca which did not release it from the membranes. and with 0.1% SDS
and [% Triton X-100 that led to solubilization of the 91 kDa protein (Figure 21 A). Thus,
the properties of S.pombe Cnxlp correspond to those expected of an integral membrane
protein. Membrane association is expected for a calnexin homologue but not a calreticulin
homologue which is a soluble ER lumenal protein.

The apparent molecular mass of 91 kDa for S.pombe Cnx Ip is higher than predicted
from the Cnx 1p sequence. To confirm that the predicted site of N-glycosylation at residue
418 is used (see Figure 18), S.pombe membrane preparations were digested with
endoglycosidase H (Endo-H). Immunoblotting with antibodics to Cnxp revealed an
increase in mobility on SDS-PAGE to approximately 88 kDa (Figure 21B). This mobility
change corresponds to that expected if a single potential site of glycosylation (ca. 3 kDa for
each site) is modified by the addition of core sugar residues (Herscovies and Orlean, 1993),
From the primary sequence, the predicted molecular mass of the nonglycosylated protein is
63 kDa (Figure 17). This anomalous migration on SDS-PAGE is also observed tor the
nonglycosylated canine calnexin that has a predicted molecular mass of 67 kDa but a
mobility on SDS-PAGE corresponding to 90 kDa (Wada ef al, 1991). As with mammalian
calnexin, the low pl of Cnxlp (calculated as pl 4.13 ) is likely to be responsible for this
discrepancy.
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Figure 21: Cnxlp is an integral membrane glycoprotein

Panel A, membranes were prepared and extracted with 0.1% SDS, 1% Triton X-100,0.1 M
sodium carbonate, pH 1.5, 0.5 M NaCl (high salt), 2.5 M urca or Tris-buffered saline pH
7.5 (mock). followed by centrifugation (30 min. at 100,000 x g) to give pellet (P) and
supernatant (S) fractions that were analyzed by immunoblotting with anti-Cnx I p antisera,
Molecular mass markers are indicated on the left. Panel 2. a total particulate fraction of
homogenized spheroplasts was digested with Endo-H. Analysis by immunoblotting
revealed i change in mobility for Cnxlp from 91 kDa 1o 88 kDu. After Endo-H treatment, a
minor bund of 74 kDa is found, most likely originating from the light 78 kDa band in lane 1.
The significance of this band is unknown, although we speculate that it may represent a

minor Cnx1p degradation product. Molecular mass markers are indicated on the right.
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The cnxi+ gene is essential

Gene disruption was performed in order to determine if cnx/+ is an essential gene in
S.pombe. Approximately 80% of the coding sequence was replaced with the S.pombe
wra4* gene. The sequences flanking cnx/*, that is, 500 bp on the 5" of the ORF 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.pombe strain (sce Materials and Methods) was
transformed with this lincar construct and uracil prototrophs were selected. The DNA of
some transformants was analyzed by PCR and Southern blots to confirm that the
recombination had occurred at the cnx/+* locus (see below). Diploid transformants
heterozygous for the enx!+ gene disruption grew normally, were sporulated and 17 tetrads
were dissected. Each tetrad gave the same segregation of 2 viable spores that grew to form
visible colonies and 2 apparently inviable spores (Figure 22C). All the spores that grew
were uracil auxotrophs. Thus the enx!+ gene in S.pombe is essential for viability.

Southern blot analysis of the DNA from the parental diploid strain, the ura4¥
heterozygous diploid, and ura” spores were probed with the following probes: i) the entire
ura4t gene: ii) a probe corresponding to nucleotides -490 to -1, 5' to the ¢nx/+ ORF; and
iii) the Nsi I/Eco RV fragment of cnx/™* (see Figure 22A). These probes were used to
distinguish between the wild type and the recombinant allele. DNA from the parental
diploid strain (Figure 22B lanes 1, 5.9, 13), an ura4+ diploid transformant (Figure 22B
lanes 2, 6, 10, {4), and ura- spores (Figure 22B lanes 3, 4, 7. 8, 11, 12, 15, 16) were
digested with Eco R1 (Figure 22B lanes 1-4, 9-12) or Eco RV (Figure 22B lanes 5-8, 13-
16). Hybridization with the probe of the entire ura4+ gene resulted in a 4 7 kb band when
restricted with Ee¢o RI (lune 2) and two bands of 2.3 kb und 6.0 kb when restricted with Eco
RV (lanc 6) in the heterozygous diploid. These bands were not present in the parental or
ura” spores. Hybridization with the probe derived from a PCR fragment 5' to the ¢cnx/+
gene (nucleotides -490 (o -1) revealed a 2.9 kb band for the wild type allele and 4.7 kb band
present only in the heterozygous diploid (lane 10). Hybridization with the probe
encompassing the Nsi /Eco RV fragment of cnx/+ 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)
corresponding to cnx/* disrupted allele. Thus we have confirmed that the cnx/+ gene is
disrupted by homologous recombination to yield a cnx/*/cnxl:: ura4* heterozygous diploid.
The spores that grew were all urad- and contained the wild type cnx/+ allele. We conclude
that the cnx/+ gene is essential for viability. Upon microscopic examination of the
apparently nonviable spores we observed that they did germinate and divided to produce
microcolonies of 20 to 50 cells. Therefore, cnxl+ is not essential for spore germination but
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the results suggest that after several cell divisions, Cnx1p becomes diluted and cells
eventually stop Gividing.

Complementation of the cnxl::ura+4+* gene disruption in haploid cells

Since the enx/::ura4 * gene disruption is lethal in haploids, vze could determine
which region of the molecule was essential for growth. The cuvd :zura#+ gene disruption
strain was transtormed with a scries of deletion plasmids lacking fragments of the enx! " C-
terminus. Their ability to complement the lethal cnxf:curad* gene disruption, as well as the
lccation of Cnxlp was determined {Figure 23A). Plasmid pCNX560, expressing full
length Cnx1p, complemented the lethal phenotype of the cnx/::ura4* gene disruption in
haploid cells. The full length Cnx1p was detectable intracellularty in membrane fractions
(Figure 23B). Plusmid pCNX524 expressed Cnx1p lacking the c-rosolic il and produced
a protein of lower molecular weight, which was also detectable intracelludarly in a membrane
fraction (Figure 23B, lanes 1. 2, 3). This truncated protein was able to complement the
cnxd:iura4* gene disruption in haploids. Plasmid pCNX484 and pCNX474 both
expressed Cnx1p lucking the C-terminal cytosolic domain und the putative transmembrane
domain. Remarkably they both complemented the lethal phenotype of the gene disruption.
For these constructs, less Cnx p was detectable intracellularly (Figure 23B lanes 5-10) and
the truncated Cnx1p could now be detected in the medium (not shown), thus they are not
retained in the ER and are secreted (Figure 23A). We also attempted to complement the
gene disruption strain with the full length canine calnexin expressed in the same plasmid,
The mammalian protein (FL 90) was detected in diploid cells heterozygous for the cnx/+*
disruption (Figure 23B, lanes 13, 14). However, we could not obtain any transformants
where the mammalian calnexin complemented the lethal phenotype of the enx/::urad + gene
disruption in haploid cells.
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Figure 22: Gene disruption of cnx/l+

Panel A, schematic representation of plusmid pFPP3 containing the entire ¢nx!* gene and
pFPP4 containing e/ wra4*. The indicated restriction sites were used to evaluate by
Southern blot analysis the presence or absence of ¢nx/* in the parental and heterozygous
diploids, and in the vra spores. Panel B, analysis of cnx/+ disruption by Southern blot.
DNA from the parzntal diploid strain (lanes 1, 5,9, 13), heterozygous diploid strain (lanes
2.6, 10, 14) ¢: ury spores (fanes 3, 4,7, 8, 11, 12, 15, 16) was restricted with either Eco
RI (lanes [-4,9-12) or Eco RV (lanes 5-8, 13-16) and probed with: i) the entire urad™* gene
(fanes 1-8); i) PCR fragment from nucleotides -490 to -1, 5 of the ¢cnx/* ORF (lanes 9-
12); iii) Ni VEco RV fragment of cnx/* (lanes 13-16). The ura™ spores are from the two
tetrads, i.e. lanes 3, 7. 11, 15 from spore 1. and lanes 4, 8, 12, 16 trom spore 2. Panel C,

results of the tetrad analysis showing two viable and two non-viable spores for each tetrad.
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Figure 23: Complementation of the caxl::ura4 * disruption in haploid cells.
Panel A, contructs used to complement the cnx/::ura4+ disruption are depicted with
Iumenal (dashed), transmembrane (filled) and cytosolic tails (open) rectangles. Their
ability to complement (Comp) the cnx/::ura4 disruption as well as their intracellular (1) and
extracellular (E) location (Loc) is noted. pCNXS560 encodes the entire Cnx 1p. pCNX524,
pCNX484 and pCNX474 encode Cnxlp truncated at amino acid 524, 484 and 474
respectively. pFL90 encodes the full length canine calnexin gene. Panel B, Immunoblot
detection of Cnxlp and canine calnexin in S.pombe cells. 10 pg of protein from a
membrane fraction for 3 different cnxi::ura4* haploids complemented with either
pCNXS560 (lanes 4, 11, 12), pCNXS524 (lanes 1, 2, 3}, pCNX484 (lanes 8, 9, 10} and
pCNX474 (lanes 5, 6, 7) were electrophoresed 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 cells heterozygous for the cnx/ deletion transformed with
pFL90 (lanes 13, 14). 10 ug of membrane proteins were treated as above (lanes 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

It has been established that calnexin acts as a molecular chaperone that recognizes
secretory glycoproteins and unassembled multimeric cell surface receptors (see Bergeron er
al., 1994). In mammalian cells, its function as a molecular chaperone has been largely
clucidated by in 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. It has been suggested that multiple mechanisms including N-
linked glycosylation and/or direct binding to peptide motifs of incompletely folded proteins
are involved (Bergeron et al., 1994; Ware ¢t al., 1995). It is certain that incompletely folded
proteins are recognized. For example, transferrin expressed in human HepG2 cells is
released from calnexin as its disulphide bonds form (Ou et al,, 1993). Also, it is lnown
that calnexin can recognize the free oligosaccharide GlcNAcoMangGlep (Ware et al, 1995)
but that its affinity for this oligosaccharide on a polypeptide is probably higher
(Araunachalam et al., 1995). Less is known about features of calnexin that are necessary
for its function. Its 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 some of the properties of calnexins but does not bind
calcium or have a C-terminal cytoplasmic domain (Parlati et al., 1995b). The S.pombe
enxi* gene described here also has sequence similarity and properties in common with
calreticulin/calnexin, but several of these characteristics argue that S.pombe cnxI+ codes
for a homologue of calnexin whereas the identity of S.cerevisiae CNE] is less certain.

Over its complete sequence, Cnxlp 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 all mammalian and the plant
calnexins, S.pombe Cnxlp has four repeats related to the sequence KPEDWDE, but
S.cerevisiae Cnelp 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 well as calreticulin (Michalak et al., 1992; Tjoelker
et al., 1994). As shown in Figure 20, Cnelp does not bind calcium whereas Cnx 1p does.
Mammalian calnexins and S.pombe Cnxlp possess four cysteine residues that are
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Figure 24: Comparison of predicted high affinity calcium binding motifs (A)
and cysteine motifs (B) in S.pombe Cnxlp,A.thaliana calnexin, canine
calnexin, S.cerevisiae Cnelp and mouse calreticulin proteins,

Amino acid sequences were aligned using the GeneWorks program. The numbers denote
the place in the original sequence of the first 1 :sidue in the motif.
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remarkably conserved amongst all calnexins including Cnelp, two of which are also
conserved in calreticulin (Figure 24B).

The diagnostic difference between calnexins and calreticulins is that the former arc
type I ER membrane proteins, while calreticulins are ER lumenal proteins with carboxy
terminal KDEL retrieval signals (Pelham, 1990; Michalak er al., 1992). For S.cerevisive we
have shown that Cnelp is an integral membrane glycoprotein and is localized to the ER
membranc (Parlati er al., 1995b). We have also shown that S.pombe CnxIp is an integral
membrane glycoprotein. Although we have not yet demonstrated its ER localization, the
tight banding of the protein on SDS-PAGE is consistent with ER glycosylation. Hence we
expect Cnx1p to be localized to the ER. There is no obvious ER retention motif present in
the Cnx1p cytosolic tail and the ER retention/retrieval motif for mammalian calnexin (an
extreme carboxy terminal RKPRRE motif), is not present in Cnx1p (Rujagopalan et al,,
1994),

S.pombe cnxl+ is inducible by heat shock and by treatment with the calcium
ionophore A23187. This latter feature has not been described for mammulian calnexin
(Bergeron et al., 1994) although it is well known for other ER chaperones such as BiP,
GRP 94 and PDI both in mammalian cells and yeasts (Normington et af., 1989; Rose et al.,
1989; Mori et al., 1992; Pidoux and Armstrong, 1992). Calreticulin is also induced by heat
shock (Conway et al., 1995). The difference in mRNA abundance of enx/* in response to
A23187 but not tunicamycin may be consistent with the suggested N-linked glycosylation
specificity of calnexin (Ou et al., 1993), that is, inhibition of the oligosaccharide
glycosylation precursor is not sensed by calnexin. In addition, this result may suggest that
CnxIp has a role in Ca2* regulation or sequestration. A heat shock consensus sequence
was also identified in the S.cerevisinue CNE! gene, but we were unable to find experimental
conditions that altered its transcription (Parlati ez al., 1995b).

The essential nature of the S.pombe cnxi+* gene is in contrast to the non-cssential
nature of the S.cerevisiae CNEI gene (Parlati et 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 (ste2-3fs) at the non-permissive temperature,
Furthermore, an increase in the secretion of heterologously expressed mammalian -
antitrypsin was observed (Parlati et al., 1995b). To explain these small effects we
speculated that there may be 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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genomes, we have not been able to demonstrate the presence of related calnexins or
calreticulins (Parlati et al., 1995b).

Complementation of the lethal crxed::ura4* disruption strain has shown that the C-
terminal part of the molecule is not essential for the viability. Indeed deletion of the
transmembrane as well as the predicted cytosolic domain led to a soluble truncated form of
Cnxlp that was secrcted but still complemented. We were able, however, to detect
truncated Cnx 1p intracellularly. Our previous studies have pointed to the lumenal domain of
calnexin as important for its function as a molecular chaperone in mammalian cells (Ou et
al., 1993), and we speculate that this function is carried out by the ER lumenal soluble
Cnx| 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 of truncated soluble Cnx ip remain
in the ER in order to perform the essential function. We are unable to definitively prove that
the lethal phenotype of the enxi::ura4* 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 «l., 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 cnx/::ura4* disruptant by mammalian (canine)
calnexin is surprising. We have shown that the protein is made in S.pombe and is
membrane localized. The ER lumenal region of cnx!”*(amino acids 1 to 474) that can
complement the cnxl::ura4t disruption has 50% sequence similarity with the equivalent
region in mammalian calnexin. Our observation that the lumenal domain of Cnx1p can still
complement the disruption even though it is secreted argues that if mammalian calnexin is
not ER retained, enough would be present to perform its ER function. Although we expect
that Cnxlp and mammalian calnexin can recognize the same secretors glycoprotein
substrates, sequence differences between these proteins are of value in order to map the
regions essential for molecular chaperone function.
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CHAPTER 4

Rescue of the secretion defective phenotype of
mutant o -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 some cases,
liver cirrhosis is associated with the inefficient secretion of the aj-antitrypsin PI Z variant.
The role of the ER molccular chaperone calnexin in the regulation of PI Z secretion was
directly assessed in the yeast Schizosaccharomyces pombe. The normal PI M1 (Val 213)
a-antitrypsin but not the PI Z variant (D342K) was efficiently secreted from wild type
S.pombe. Secretion of the Pl Z variant was restored in S.pombe strains which only
expressed C-terminally truncated mutants of S.pombe calnexin. Thus, the cytosolic tail of
calnexin plays an important role in mediating the interaction between the P1 Z variant and
the ER protein 'quality control’ apparatus.
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4.2 Introduction

Several human genetic discases termed ‘protein tratticking discases' result from the
impaired intracellular transport of mutant proteins (Amara ef al., 1992; Thomas e7 ul.,
1995). These diseases are related to mutant protein recognition and retention by molecular
chaperones (Amara ef al., 1992; Thomas er al., 1995: Hammond and Helenius, 1995). In
humans, one such 'protein trafficking discase’ results from homozygous expression of the
a-antitrypsin P Z variant in hepatocytes (Cox, 1989). In atfected patients, only 15-20%
of normal oj-antitrypsin levels arc present in serum. The low serum levels of this protease
inhibitor results in elastolytic destruction of lung alveoli thereby causing emphysema (Cox,
1989). ER accumulation of the PI Z variant in hepatocytes is the basis of the pathogenesis
of liver disease in affected children (Sharp et al., 1969). The PI Z variant shows profonged
association with calnexin, is poorly secreted from mammalian cells and is subjected to
proteolytic degradation in a pre-Golgi secretory compartment (Graham er af., 1990; Le et
al., 1990; Sifers er al., 1992b; Ou et al., 1993; Le et al., 1994; Wu er al., 1994),

Calnexin is a type 1 ER transmembrane protein expressed in all cukaryotic cells
(Bergeron et ¢l., 1994), In mammalian cells, calnexin interacts transiently with N-linked
glycoproteins during normal protein maturation in the ER (Ou et /., 1993; Hammond et
al., 1994; Hebert et al., 1995). This molecular chaperone function is a consequence of
lumenal interactions between calnexin and the GleNAcyManyGle, sugar intermediate on
substrate proteins (Hebert ef al., 1995; Ware ef al., 1995), There is evidence that calnexin
is also a constituent of the ER quality control apparatus. 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 CNET also has an effect on ER quality
control (Parlati et al., 1995b; McCracken and Brodsky, 1996). In S.cerevisiae, Cnelp is
partially responsible for the intracellular retention of aj-antitrypsin, but CNE/ is not
essential for viability (Parlati er al., 1995b). In comparison with S.cerevisiae CNE|,
Schizosaccharomyces pombe calnexin (cnx{*) is more closely related to mammalian
calnexin. Unlike S.cerevisiae Cnelp, S.pombe Cnxlp is a high affinity calcium binding
protein and encodes a cytosolic tail. In S.pombe, the cnx!+ 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).



All calnexins except for Cnelp code for a C-terminal ¢cytosolic tail (Parlati er al.,
1995b). The cytosolic tail is responsible for ER retention of calnexin, and previous studies
suggest that the calnexin cytosolic tail contributes to ER retention of unassembled protzin
subunits (Rajagopalan ef al., 1994). Using human aj-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 P1 Z variant is specifically and
cfticiently secreted from S.pombe strains which do not express the calnexin cytosolic tail.
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4.3 Materials and Methods

Plasmid constructs

¢DNA encoding the wild type oj-antitrypsin PI M1 (Val 213) or the Pl Z variant were
obtained by digesting plasmid phAT8S5 and phAz respectively (Sifers er al., 1989) with Eco
RI and creating blunt ends with T4 DNA polymerase. These cDNAs were then subcloned
into the Sma [ site of plasmid pREPS (Arkinstall er al., 19953) 10 create pFPai or pFPuz
(see Table 7). pREPI based plasmid constructs pCNX560, pCNX524 and pCNX484
have been previously described and are summuarized in Table 7 (Parlati et «f., 1995a).

Yeast strains and transformations

All yeast strains were S.pombe. Wild type S.ponbe cnxl strain Q 360 (W leui-32 ura4-
D18 uade6-M216) was transformed with the LEU2 based vectors pREPI, pCNX560,
PCNX524 or pCNX484 (Maundrell, 1993; Parlati et al., 1995a). S.pombe Acnxl
pCNX560, S.pombe Acnxl pCNX524, and S.pombe Acnx! pCNX484 no longer
harboring the genomic copy of cnx/+, were rescued from death with a plasmid copy of
enxl* (see Table 7). These strains were subsequently transformed with plasmid pREPS,
pFPai or pFPaz. Strains were grown in Edinburgh minimal media (EMM) plus
supplements, and standard LiCl transformation procedures were used (Moreno ¢t al.,
1991).

Immunodetection of secreted o-antitrypsin, BiP and Cnxlp

For detection of secreted aj-antitrypsin, cells were grown to an ODggy of 1. Cells
were harvested, centrifuged and resuspended in 0.1 volumes of EMM. 3 ul of cell
suspension was then applied to an EMM agar platc and overlaid with nitrocellulose. After
an overnight incubation, the nitrocellulose was washed and immunoblotted with «aj-
antitrypsin antiserum and the immunoreaction was visualized by chemiluminescence
{Amersham) as described previously (Parlati ef al., 1995b).

For detection of secreted BiP and Cnxlp, cells were grown overnight in EMM,
washed and diluted to an ODgy) of O.5 in 200 ml of EMM, and then grown to an ODgyy of
1. Cells were removed from 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 | mM
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PMSEF, | ug/mi pepstatin, { pg/ml E-64, 1 ug/ml leupeptin and 1 pg/ml aprotinin). Media
was concentrated using an Amicon Filtration Unit through a YM30 filter (Amicon). The
filter was subsequently washed twice with 20 ml of MBS (10 mM MES 150 mM NaCl, pH
6.2) and proteins were finally resuspended into 350 ul of MBS. 40 ul of concentrated
media proteins were elecirophoresed and immunoblotted as described previously with
Cnx 1p (1:10,000 dilution) and BiP (1:10,000 dilution) antiserum (Pidoux and Armstrong,
1993; Parlati et al., 1995a).

Detection of intracellular o-antitrypsin and Cnxlp

Strains were grown in EMM to an ODgyg of 1. Cells (5 ODes00) were collected by
centrifugation, washed and resuspended in 0.5 ml of fresh EMM and labeled with 150 pCi
of 35S methionine (Express, NEN) at 30°C. After 30 minutes, cells were harvested,
washed, lysed and immunoprecipitated with o-antitrypsin antiserum (1: 1000 dilution) or
Cnxlp (1:2000 dilution), essentially as previously described (Franzusoff et al., 1991).
Brietly, after 338 radiolabeling, cells were washed in TBS (10 mM Tris 150 mM NaCl, pH
7.5} und lysed in lysis buffer (TBS plus 1% Triton, 0.19% SDS, 0.1 % BSA + inhibitors)
using acid washed glass beads (Sigma). Cell lysates were incubated with oj-antitrypsin or
Cnxlp antiscrum followed by incubation with Protein A Sepharose (Bio-Rad).
Immunoprecipitates were finally washed 3 times with washing bufter (TBS + 0.5 % Triton
X-100, 0.05 % SDS) and washed once with TBS. Samples were boiled in Laecmmli
buffer, electrophoresed on SDS-PAGE und subjected to fluorography with Amplify
{Amersham).

Intracellular Cnx1p levels were determined by immunoblotting. Total membrane
fractions were isolated as previously described (Parlati et al., 1995a). 40 ug of protein was
clectrophoresed on SDS-PAGE, transferred to nitrocellulose and immunoblotted with anti-
Cnx1p antibodies also as previously described (Parlati er al., 1995a).
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Table 7: Description of constructs used in chapter 4

Plasmid Parent Insert Amino
Plasmid Acids
pREP1 pREP1
pCNX 560 pREP1 cnx1t 1-560
pCNX 524 FREP1 cnx1* 1-524
pCNX 484 pPREP1 cnxtt 1-484
pREP5 pREP5
et g e
ST L R S
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4.4 Results

Deletion of Cnx1p cytosolic tail leads to PI Z secretion

We first confirmed that the S.pombe ER quality control apparatus can distinguish
between the wild type o)-antitrypsin PI M1 (Val 213) variant and the PI Z variant (Brantly
et al., 1988). Wild type human oj-antitrypsin PI Mi(Val 213) variant (encoded by plasmid
pFPai) was efficiently secreted from both wild type S.pombe cnx!+ (Fig. 25A, lane 1) and
from a S.pombe Acnxl deletion strain expressing a plasmid copy of full-length Cnxlp
(see Table 7), termed S.pombe Acnxl pCNX560 (Fig 25A, lane 2). The P1 Z variant
(encoded by pFPaz) was poorly secreted from both of these strains (Fig. 25A, lanes 1, 2),
confirming that the S.pombe quality control apparatus recognizes and retains this mutant
protein. S.pombe strains which no longer express the Cnxlp cytosolic tail (termed
S.pombe Acnx! pCNX524) or the Cnxlp cytosolic tail and adjacent transmembrane
domain (termed S.pombe Acnx! pCNX484) are viable (Parlati er al., 1995a). However,
we reasoned that presentation of misfolded proteins to the ER quality control apparatus may
be impeded in these strains. This was confirmed in strains which expressed either Cnxip
truncated mutant in the absence of full length Cnx1p (Fig. 25A, lanes 3, 4). Levels of the
secreted Pl Z variant were equivalent to levels of the secreted PI M1 (Val 213) variant in
S.pombe Acnx! pCNX524 or S.pombe Acnxi pCNX484 (Fig. 25A, lanes 3, 4).

We next determined if secretion of the Pl 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
M1 {Val 213) and PI Z variants in strains coexpressing full length and either Cnx1p
truncated mutants. Expression of a plasmid copy of full length Cnxlp in wild type
S.pombe did not result in secretion rescue of the P1 Z variant (Fig. 25B, lane 1).
Likewise, truncated Cnx 1p mutants were not able to rescue the secretion of the PI Z variant
when full length Cnx1p was also expressed in cells (Fig. 25B, lanes 2, 3). We therefore
consider it unlikely that secretion rescue of the PI Z variant is a direct consequence of its
association with truncated Cnxlp, thereby resulting in its co-secretion with Cnxip.
Rather, secretion of the PI Z variant is likely a consequence of a defect in the quality control
apparatus when the cytosolic tail of Cnx1p is deleted.
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Figure 25: Rescued secretion of the PI Z variant expressed in S.pombe
cells.

o-antitrypsin secretion levels were determ :ed using an overlay assay for secreted
proteins. Panel A: Secretion levels of wild type human «)-antitrypsin PI M1 (Val 213)
(pFPai) or the PI Z variant (pFPaz) were evaluated in wild type S.pombe cnxl*
transformed with control plasmid pREP1 (lane I), S.pombe Acnxl pCNXS560 (lane 2),
S.pombe Acnxl pCNX524 (lanes 3) or S.pombe Acnx! pCNX484 (lanes 4). Stiains were
also transformed with vector alone (pREPS5) in order to monitor non-specific background.
Panel B: Wild type S.pombe cnxi* cells were transformed with pCNX560 (lane 1),
pCNX524 (lane 2), or pCMX484 (lane 3). Secretion of o-antitrypsin was assessed after
transformation with pREPS, pFPai or pFPaz. [Identical results were found for two
independent sets of transformants.
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Deletion of the CnxlIp cytosolic tail and not intracellular levels of «-
antitrypsin or Cnxlp accounts for PI Z secretion.

We confirmed that the observed secreted levels of the PL Z variant were specifically
due to the absence of the Cnxlp cytosolic tail (Fig, 25) rather than differences in «-
antitrypsin expression levels (Fig. 26A). Intracellular levels of the P M1 (Val 213) and PI
Z variants were monitored in all four cnx/*+ backgrounds by metabolicaily radiolabeling
cells followed by immunoprecipitating oj-antitrypsin from cell lysates, We detected
slightly less Pl Z variant as compared to PI MI(Val 213) variant in wild type S.pombe
cnxl+ (Fig. 26A, lanes 1, 2). The 51 kDa polypeptide was the precursor to the other N-
linked glycosylated forms (see legend to Fig. 26A). As in wild type S.pombe cnxl+ (Fig.
26A, lanes 1, 2), slightly less PI Z variant was expressed compared with the PI M1 (Val
213) normal variant in S.pombe Acnx! pCNX524 and S.pombe Acnxl pCNX484 (Fig.
26A, lanes 5-8). Although the PI Z variant was efficiently e¢xpressed intracellularly in all
three strains (Fig. 26A, lanes 2, 6, 8), secretion of the PI Z variant was only occurred in
S.pombe expressing truncated Cnx lp mutants (compare Fig. 25A, lanes 3 (or 4) to lane 1).
Furthermore, differences in mRNA levels did not account for differences observed for o -
antitrypsin PI Z levels (results not shown). The data remain consistent with a correlation
between the presence of the cytosolic tail of Cnx1p and intracellular retention of the PEZ
variant. Finally, in S.pombe Acnx! pCNX560, the expression levels of wild type Pl M1
(Val 213) ay-antitrypsin were slightly reduced (Fig 26A, compare lanes 1 to 3), whereas
virtually no PI Z variant was detected intracellularly in this strain (Fig 26A, lanc 4). The
lower intracellular amounts of the PI Z variant were likely due to more cfficient targeting of
the PI Z variant to the ER protein degradation apparatus when full length Cnx1p was
overexpressed (see Figs. 26B and C, lane 2).

In order to determine if intracellular stability and eventual sccretion of the PI Z
variant was due to Cnx1p levels, Cnx 1p tiosynthetic and steady state levels were assessed.
The amounts of Cnx1p were measured by pulse labeling cells and immunoprecipitating
Cnxip from cell lysates. The levels of all the plasmid encoded forms of Cnxip in
S.pombe Acnxl were greater than those of endogenous Cnxlp in wild type S.pombe
(Fig. 26B, compare all lanes), Cnx1p steady state intracellular levels corresponded to
Cnx 1p biosynthetic levels except in S.pombe Acnx! pCNX484 (Fig. 26C). In this case,
lower steady state levels of this Cnx1p truncated mutant were observed (compare Figs.
26B and C, lane 4) due to its secretion into the extracellular medium (Fig. 27B, lane 4). In
S.pombe Acnxl pCNX524, Cnx1p biosynthetic and steady state levels were similar to
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Cnxlp levels in S.pombe Acnx! pCNX560 (Figs. 26B and C, lanes 2, 3). In the former
but not the latter strain, secretion rescue of the PI Z variant was effected (Fig 25A, compare
lane 3 to lune 2). Hence, Cnx 1p biosynthetic or steady state levels can not simply account
for the secretion rescue of the Pl Z vartant in strains which express truncated Cnx1p

mutants.

Regardless of its intracellular levels, expression of full length Cnx1p (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 increased expression of full length Cnxlp 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 oj-antitrypsin P1 M1
(Val 213) variant, the PI Z variant and Coxlp in all four c¢nx/+
backgrounds.

Panel A: Intracellular expression levels of the PI M1 (Val 213) variant, abbreviated ai
(lanes 1, 3, 5, 7) and the PI Z variant, abbreviated oz (lanes 2, 4, 6, 8) were determined in
wild type S.pombe cnxi* transformed with pREP 1 (lunes 1, 2), S.pombe Acnx!
pCNX560 (lane 3, 4), S.pombe Acnx! pCNXS524 (lane 5, 6) or S.pombe Acnxl
pCNX484 (lanes 7, 8). Polypeptides with mobilitics which correspond to 51 kDa, 53
kDa, 56 kDa and 59 kDa were detected. The arrow indicates the 51 kDa form ol «-
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 forms are absent in cells which had been treated with the N-linked
glycosylation inhibitor tunicamycin (results not shown).

Panel B: Biosynthetic levels of Cnxlp in wild type S.pombe cnxl* transtormed with
pREPI (lane 1) or S.pombe Acnx] pCNXS560 (lane 2), S.pombe Acnxl pCNX524 (lane
3), S.pombe Acnxi pCNX484 (lanc 4) were evaluated. The size of the radiolabeled
protein corresponds to that expected of the full length (91 kDa, lanes 1, 2) or the truncated
Cnx 1p mutants (85 kDa, lanes 3; 80 kDa lane 4). By densitometry (arbitrary units), the
ratio of expressed Cnx1p was determined as a function of that expressed in wild type cells
(lane 1).

Panel C: Steady state levels of Cnx|p were determined in wild type S.pombe cnxi*
transformed with pREP! (lane 1}, S.pombe Acnx! pCNXS560 (lane 2), S.pombe Acnx!
pCNX524 (lane 3) and S.pombe Acnx! pCNX484 (lanc 4). As in Pancl B, Cnxlp levels
are indicated in arbitrary units (bottom row).
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Deletion of the Cnxlp cytosolic tail does not lead to perturbations of
ER lumenal contents.

We determined if a non-specific mechanism, such as the bulk secretion of ER
lumenal contents, was responsible for P1 Z variant secretion in the CnxIp C-terminal
deletion mutant strains. Mislocalized Cnx I p truncation mutants might conceivably result in
the perturbation of the ER lumenal matrix, thereby causing a non specific seeretion of ER
lumenal resident proteins (Sambrook, 1990). Protcolytic fragments of mislocalized Cox1p
were detected in culture media from S.pombe Acnx! pCNX484 (Fig. 27B, lanc 4). In
S.pombe Acnxl pCNX524, low levels of proteolytic fragments of Cnx 1p were 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 from S.pombe
Acnxl pCNXS524 and S.pombe Acnx! pCNX484 strains, Although calnexin was
mislocalized in these strains (Fig 27B, lanes 3, 4), non-specific secretion of ER lumenal
contents was not detected. No extracellular BiP was detectable in culture media from wild
type S.pombe cnxl* (Fig. 27A, lane ) or from S.pombe Acnx! pCNX524 and Acnx!
pCNX484 (Fig. 3A, lanes 3, 4), Therefore, this situation does lead to Pl Z variant
secretion (Fig. 25A, lanes 3, 4) without causing non-specific secretion of ER lumenal
proteins (Fig. 27A, lanes 3, 4).

We detected BiP secretion from S.pombe Acnx! pCNXS560, which overcxpresses
full length Cnx1p (Fig. 27A, lane 2). However, intracellular levels of BiP in this strain
were not affected (data not shown). Despite the loss of BiP from these cells, secretion
rescue of the PI Z variant was not observed (Fig. 25A, lane 2).
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Figure 27: Evaluation of resident ER lumenal protein BiP secretion.
BiP sccretion (Panel A) or Cnx 1p secretion (Panel B) levels were determined in S.pombe
enxit (lane 1), S.pombe Acnxl pCNXS560 (lane 2), S.pombe Acnx! pCNX524 (lane 3)

or S.pombe Acnx! pCNX484 (lanc 4).
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4.5 Discussion

A mutation (D342 --> K) in the PI Z oj-antitrypsin varfant prevents formation of o
salt bridge which is predicted to constrain the mobility of the reactive center loop
(Loebermann et al., 1984; Stein and Carrell, 1995). Loss of this structural constraint is
thought to inittate the 'loop-sheet aggregation' of the Pl Z variant (Lomas et al., 1992;
Sifers, 1992a).  Although this may function as the actual mechanism resulting in
intrahepatic uccumulation of the PI Z variant, the mechanism of the initial retention of this
variint is unresolved (Sifers, 1995). An arrest in the folding of the PI Z variant has been
observed and its association with calnexin has been shown. This interaction with calnexin
may be responsible for the ER retention and storage and subsequent degradation of the PL Z
variant (Le er al., 1990; Le et al., 1992; Ou et al., 1993; Le et al., 1994), Here, we have
shown that truncations in calnexin result in efficicnt secretion of this otherwise
intracellularly retained mutant protein.

We have shown that the ER quality control apparatus in §.pombe can distinguish
between the mutant PI Z variant and wild type PI M1 (Val 213) human a)-antitrypsin (Fig.
28A). Using a COS cell expression system, ER retention of unassembled and normally ER
retained human CD3e chain was effected in the presence of human calnexin (Rajagopalan ef
al., 1994), Delction of the cytosolic tail of human calnexin in this system caused cell
surface expression of the human CD3e chain. In a second study using a Drosophila
expression system, heterologously expressed MHC 1 heavy chains were ER retained only
when mammualian calnexin was also coexpressed (Jackson et al., 1994). Hence, the
endogenous calnexin in either COS cells or Drusophila cells could not retain unassembled
protein subunits in the ER, In most mammalian systems, the endogenous citlnexin will ER
retain unfolded or unassembled proteins (Bergeron er al., 1994; Hammond and Helenius,
1995). Unlike endogenous COS or Drosophila calnexin, S.pombe calnexin acts as a bonu
fide constituent of the ER quality control apparatus. Thus calnexin's role in the secretory
defect associated with a ‘protein trafficking disease' was directly affected by genetic
manipulation of endogenous S.pombe calnexin. Deletion of the cytosolic tail of S.pombe
calnexin was sufficient to rescue the secretion defective Pl Z variant without causing a
general perturbation of ER lumenal contents (Fig 28C). However, secretion rescue of the
Pl Z variant was not observed when full length and C-terminal truncated Cnxlp were
coexpressed (Fig 28D). We have also observed the same behavior when the PI Z variant
and truncated forms of calnexin were transfected into human 293A cells (Hemming et al.,
in preparation). Hence, there may be different criteria for the retention of misfolded protein
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such as the P1 Z variant as compared to unassembled subunits of multimeric complexes
(Rajagopalan er al., 1994 Jackson et af., 1994). Nevertheless, our data is consistent with
a model in which the cytosolic tail mediated localization of Cnxlp is responsible tfor

presentation of the PI Z variant to the ER quality control apparatus (Fig. 28).

When full length Cnx1p was overexpressed. the intracellular instability of the P1 Z
variant was increased. This supports the hypothesis that the Cnx Ip (via its tail) presents
misfolded proteins to the ER quality control apparatus (Fig 28B). [nterestingly, BiP
secretion is also observed in this strain. Since calnexin is a high affinity calcium-binding
protein (Wada er «l., 1991; Tjoelker ef al., 1994; Parlati ef af., 1995a) clevated tevels of
calnexin in the ER may perturb the free caleium levels leading to the release of BiP from the
ER lumen and its secretion from the cell (Sambrook. 1990; Wada ef al., 1991).
Alternatively, overexpression of full length Cnx1p may lead to an upregulation of BiP
causing its secretion from cells. Nevertheless, overexpression of full length Cnx 1p does
not lead to secretion rescue of the Pl Z variant (Fig, 28B)

We have previously shown that the absence of calnexin in S.cerevisiae leads to a
two to three fold increase in cell surface expression of op-antitrypsin (Parlati ef al., 1995b).
Recent results from McCracken and Brodsky show that Cnelp is in part responsible for
efficient degradation of a mutant secretory protein in yeast (McCracken and Brodsky,
1996). In this respect, our results in S.pombe are consistent with observations made in
S.cerevisiae. However, there are three significant differences between observations made
in this study using S.pombe and previous studies using S.cerevisiae. First, secretion of
the wild type PI M1 (Val 213) variant is not significantly aftected by manipulation of
S.pombe cnxi*. Since the PI M1 (Val 213) variant is normally folded and secreted in
mammalian cells, it should not be a substrate for the quality control apparatus and therefore
unaffected by manipulating S.pombe enxi+. Whereas in S.cerevisiae, seeretion of the Pl
MI (Val 213) and PI Z o-antitrypsin variants were upregulated to the same extent when
CNE! was deleted. Second, PI Z variant secretion was restored to wild type levels when
the cytosolic tail of S.pombe Cnx1p was deleted. Deletion of the entirc CNE/! gene in
S.cerevisiae did not lead to P1 Z variant secretion levels cquivalent to levels observed for
the PI M1 (Val 213) variant. Third, deletion of the cytosolic tail alone was sufficient to
effect secretion rescue of the Pl Z variant in S.pombe. This phenotype would be predicted
since the cytosolic tail of mammalian calnexin mediates calnexin ER retention. Therefore
calnexin ER retention would be required for its interaction with other components of the ER
quality control apparatus. In S.cerevisiae, deletion of the entire CNET gene resulted only
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. in & small increase in wp-antitrypsin secretion, Hence, calnexin mediated quality control in

S.pombe is more prominent than in S.cerevisiac.
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Figure 28: Quality control regulation by Cnxlp. Panel A: Presentation ol the Pl
Z variant to the ER protein degradation machinery by tull length Cnx1p. Panel B:
Overexpression of full length Cnx 1p and efficient presentation of the Pl Z variant to the ER
protein degradation machinery. Overexpression of full length CnxIp leads o BiP secretion.
Panel C: Expression of truncated Cnxlp mutants in S.pombe Acnx! leads to the
sequestration of the Pl Z variant from the ER protein degradation machinery and its
subsequent secretion. Panel D: Full length CnxIp is dominant over Cnxlp truncation
mutants. Coexpression of both full length Cnx 1 p and cither Cnx | p truncation mutant leads
to presentation of the P1 Z variant to the ER protein degradation machinery.
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CHAPTER 5

Conclusions
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The study of mammalian calnexin and calreticulin has been dynamic and the
function of maminaliun calnexin has become clearer during the progress of this work. At
the start of this work, little was known about the role of calnexin in the ER except for its
physical properties as an ER integral membrane calcium binding phosphoprotein which
was found in a complex with three other glycoproteins, pgp 35, gp25H (at one time
considered subunits of a putative signal sequence receptor) and gp25L (Wada et al., 1991).
Yeasts are genetically manipulable and the function of a gene can be directly determined 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 role of calnexin. Some
observations made during this study with yeast calnexins are not consistent with
observations of mammalian calnexin. In this chapter, I will discuss observations made in
this study and their broader relevance to the calnexin/calreticulin chaperone field. Many
questions remain unanswered as to the function of yeast calnexin in quality control and [
will suggest experiments in order to extend the observations made during this study.

5.1 Identity of S.cerevisiae CNE1

Whether CNET encoded a bona fide calnexin homologue remained a contentious
issue for some time. Although Cnelp 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 preseiit. Unlike its
mammalian counterpart, only one of four putative lumenal calcium binding repeats was
present in Cnelp and Cnelp did not bind calcium in vitro using a 45Ca2* overlay assay.
We can not rule out that Cnelp does in fact bind calcium in vive at ER calcium
concentration levels [i.e. millimolar concentrations} (Sambrook, 1990). However, unlike
its mammalian and S.pombe counterparts, Cnelp is not a strong calcium binding protein
since it does not bind calcium at micromolar concentrations.

Cnelp does not have a cytoplasmic tail. and thus does not have the cytosolic low
affinity calcium binding site, the cytosolic phosphorylation sites or an ER retention/retrieval
sequence like its mammalian counterparts. How Cnelp remains located to the ER is
enigmatic. Many type 1 ER membrane proteins have the sequence motif KKXX at their C-
terminus, which confers an ER localization (Pelham er al., 1995). Cnelp does not have a
cytosolic tail, and thus does not contain any classical retrieval motifs. Deletions of the
transmembrane domain of Cnelp did not produce a secreted form of Cnelp, as observed
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for §.pombe and mammalian calnexin (my unpublished results). In fact, truncated Cnelp
remained membrane-associated. It is possible that Cnelp is complexed with another ER
membrane protein which thereby confers ER localization to Cnelp.

Species often encode a number of closely related genes, which have related and
sometimes overlapping functions in the cells. For example, there are at least ten HSP 70
homologues (Craig, 1989; Rassow er al., 1995) and four PDI homologues in S.cerevisiae
(Bardwell and Beckwith, 1993; Tachikawa ef al., 1993), some of which have overlapping
functions. In some cases, deletion of one homologue does not lead to an obvious
phenotype since related proteins can functionally replace the missing protein. Calnexin is
related to calreticulin in mammals, thus it is reasonable to expect that S.cerevisiae codes tor
a calreticulin homologue (Wada et al., 1991). Furthermore, since CNET is distantly related
to calnexin and deletion of CNE/ resulted in a weak phenotype. we expected that
S.cerevisiae might have a gene with closer homology to mammalian calnexin. Recently,
the entire genome of S.cerevisiae has been sequenced but no other calnexin or calreticulin
homologue has been found.

Thus, it is conclusive that Cnelp is the only calnexin or calreticulin homologue in
S.cerevisiae. The divergence between calnexin in S.cereviviae and mammalian cells is
possibly indicative of different physical properties and cellular functions. The 38% amino
acid identity between the central domain of both calnexins (see Chapter 2), which is the
most conserved domain amongst all calnexins and calreticuling, implies that some functions
are likely to be shared.

5.2 Identity of S.pombe cnxl1*

Sequencing of the enx/* gene revealed that it coded for a protein which was indeed
a bona fide calnexin homologue. It also shared a higher degree of amino acid identity with
mammalian calnexin (34%) than S.cerevisiade Cnelp (24%). It shared mammalian
calnexin's type I integral membrane topology and possesses most of the characteristic
calnexin motifs, including four lumenal calcium binding repeats, four conserved cysteine
residues and a cytosolic tail containing casein kinase H phosphorylation sites. The Cnx|
protein is indeed a caulcium binding membrane protein and its cytosolic tail can be
phosphorylated in vitro {my unpublished observations). The main difference hetween
mammalian and S.pombe calnexin is the absence of the low affinity, high capacity calcium
binding sequences (aspartic/glutamic acid stretch) in the cytosolic tail of S.pombe calnexin,
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This low capacity calcium binding domain is also absent from plant calnexins and
calreticuling from O.volvulus and Schistosomes. Hence, this domain may have been

acquired in some species to fulfill a specialized function.
5.3 Phenotype of S.cerevisiae Cnelp

In S.cerevisiae, deletion or overexpression of CNE/! revealed no detectable
phenotype. Following the identification of CNEJ, mammalian calnexin was reported to
transiently associate with several glycoproteins. In mammalian celis, immunoprecipitation
studies of pulse-labeled cells showed that calnexin-glycoprotein associations were short-
lived {(Ou er al., 1993). Equivalent experiments in S.cerevisiae using anti-Cnelp
antibodics, could detect no transient association with cellular proteins (my unpublished
observations). To further investigate a possible role for Cnelp in protein secretion, the
amount of secreted or cell surface expressed proteins was evaluated in various CNE/
backgrounds. No differences in the secretion or cell surface expression of the proteins acid
phosphatase, o-factor and Ste2p were observed in cells overexpressing or deleted for
CNE! as compared with wild type cells. However, a function in ER guality control was
found for Cnelp when misfolded and intracellularly retained proteins in S.cerevisiae were
cxamined. Increased cell surface expression of intracellularly retained Ste2-3p at non
permissive temperatures and increased secretion of heterologously expressed aj-antitrypsin
was observed (see Chapter 2) in Acnel cells as compared with wild type cells.

The role for Cnelp in quality control was further corroborated by data from
experiments showing CNE! involvement in unglycosylated pro-o-factor degradation.
Using an in vitro import assay, nonglycosylated pro-o-factor was imported into yeast
microsomes and observed to be proteolytically degraded with a high life of 7.5 minutes, in
an ATP and a cytosol dependent manner. Using the same assay with microsomes prepared
from a Acnel strain, the half life of unglycosylated pro-a-factor proteolytic degradation
increased to 20 minutes (McCracken and Brodsky, 1996). Although Cnelp is not likely to
be a protease, a Acnel strain shows a defect in the degradation of pro-a-factor. My results,
together with results from McCracken and Brodsky, are the first evidence that calnexin
promotes intraccllular retention and proteolytic degradation of secretory proteins.
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5.4 Phenotype of S.pombe cnxl+

In stark contrast to S.cerevisiae CNEI, S.pombe cnxi+ is essential for viability,
Mammalian calnexin, mammalian calreticulin, S.cerevisiae CNE!, and various C-terminal
truncations of cux/+ were tested for rescue of the cax/::ura<4* lethal phenotype.
Mammalian calnexin and calreticulin as well as CNE/! were unable to rescue the
enxi::ura4* lethal phenotype, although they were efficiently synthesized in diploid
enxltienxi::urad4* cells (Chapter 4, and my unpublished results). Likewise, mammalian
BiP, which has sequence and functional homology with its yeast counterpart Kar2p, is also
unable to complement the lethal phenotype associated with a kar2 null allele (Normington et
al., 1989). However, mammalian BiP was able 1o complement partially the kar2-1/
mutation (Normington er al., 1989). Slight variations in function may explain the failure of
a mammalian gene to complement a disruption of a homologous yeast gene. Truncated
Cnx1p mutants deleted for either the i} the cytosolic tail, ii) the cytosolic tail and the
transmembrane domain or {ii) the cytosolic tail, the transmembrane domain and the ten most

C-terminal lumenal amino acids were able to rescue the lethal ¢ ::ura4* phenotype.

I next tested whether, like mammalian calnexin, Cnx1p transicntly associated with
secretory proteins. As with S.cerevisiae Cnelp, no transient association between calnexin
and other cellular proteins was detected directly. To ussess whether Cnxip like
S.cerevisiae Cnelp plays a role in quality control, both the wild type PI M1 (Val 213) and
the PI Z variant o-antitrypsin were expressed in S.pombe. In S.pombe cells expressing
full length Cnxlp, wild type a;-antitrypsin was efficien'y secreted whereas the P1 Z
variant was not. The fates of wild iypc PI M1 (Val 213) and P1 Z variant aj-antitrypsin
were examined in S.pombe cnxi::ura4* strains which were complemented with trincated
Cnx1p mutants. Wild type and Pl Z variant o;-antitrypsin were expressed in S.pombe
strains Acnx! pCNX524 (cytosolic tail deleted Cnxlp mutant) or S.pombe Acnxl!
pCNX484 (both cytosolic tail and transmembrane domain deleted). In both strains,
efficient secretion of both wild type and the Pl Z variant oj-antitrypsin occurred.
However, efficient secretion of PI Z variant was not observed in cells coexpressing both
full lengih and eithe.- C-terminal truncation mutants of Cnx1p (sce 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 tail
is probably important for Cnx1p localization, and perhaps maintains the intcgrity of the ER
quality control apparatus.
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Recent studies suggest that the cytoplasm is the site of ER protein degradation
(Ward et al., 1995; Jensen et al., 1995; McCracken et al., 1996). Therefore calnexin may
play a role in protein export to the cytoplasm, which may explain the phenotype observed
with the C-terminal truncated CnxIp mutants. The Cnxlp C-terminal domain may play a
role in anchoring the protein in a specific region of the ER, which permits protein export to
the cytosol. For Cnelp, an additional protein may be required for Cnelp's ER localization
as well as association with a postulated ER protein export apparatus.

5.5 S.cerevisiae and S.pombe calnexin compared

Al first glance, the calnexin homologues of S.cerevisiae and S.pombe appear to be
quite divergent. They share only 22% amino acid identity, S.pombe cnxi* encodes a
cytosolic tail and is clearly a calcium binding protein. Most significantly, S.pombe cnxi+
is essential for cell viability whereas S.cerevisiae CNE] is not an essential gene. Despite
these differences, both genes play roles in the quality control of secretory proteins, the only
phenotype determined thus far for both genes.

An increase in the secretion of intracellularly retained proteins is likely to be the
effect of a decreased degradation of misfolded proteins in S.cerevisiae Acnel cells.
Deletion of the S.pombe Cnxlp cytosolic tail also leads to enhanced secretion of
intracellularly retained mistolded proteins. In this system, the effect is more pronounced.
Morcover, overexpression of full length Cnx1p leads to increased instability of a mutant
protein. This observation is analogous to the situation in §.cerevisiae, where mutant
proteins are more unstable in cells expressing wild type levels of Cnelp compared to Acnel
cells. Therefore in 8.pombe, deletion of the CnxIp cytosolic tail leads to an equivalent
phenotype to a CNE! deletion in S.cerevisiae.

Since deletion or 'knock out' of calnexin in S.pombe and S.cerevisiae leads to
different phenotypes, there must be fundamental differences in function between these two
proteins in their respective host cells. In S.pombe, the quality control apparatus can be
bypassed without causing cell death. Thus, the essential phenotype of S.pombe cnxi{* may
not be the same as its role in quality control. The other major difference between Cnelp
and Cnx1p is their calcium binding abilities. Calcium binding is important in calnexin
structure as well as in the ability of mammalian calnexin to bind to secretory proteins (Ou et
al., 1993; Ou ¢t al., 1995). However, Cnelp (at best 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 cainexin's high affinity calcium binding ability may be in regulating
ER calcium stores. S.pombe Cnxlp as well as mammalian calnexin and calreticulin have a
highly conserved central domain containing a high affinity (in calreticulin Ky 1.6 pm), low
capacity (for calreticulin 1 mol/mel}) calcium binding site (Baksh and Michalak, 1991), For
calreticulin, it has been postulated that this domain serves as a calcium sensor, by
prolonging IP3 induced rise in cytosolic calcivm when ER stores of calcium are full and the
high capacity calcium binding site is occupied (Camacho and Lechleiter, 1995). When
stores are depleted, the high capacity calcium binding site is unoccupied thereby causing the
tlux of calcium to shift in order to {ill ER stores. It is likely that $.pombe calnexin as well
as mammalian calnexin have a similar role. If S.pombe calnexin, like S.cerevisiae calnexin
is the only calnexin/calreticulin homologue, then deletion of Cnxlp in S.pombe would
cause cells to be unresponsive to IP3 mediated ER calcium release, and presumably cause
cell death. This hypothesis assumes that inosito! trisphosphate signaling system is present
and essential in S.pombe, but either not present or not essential in S,cerevisiue. Thus far,
there is little evidence of 1P3 mediated release of ER calcium stores in cither specics
(Carpenter and Cantley, 1996).

5.6 Yeast calnexin mode of action

From the data presented, the calnexin homologues in the yeasts S.cerevisiae and
S.pombe play a role in protein quality control in the ER. Both CNEY and ¢ux/* have been
shown to interact 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 account for lack of observed calnexin-glycoprotein
physical interaction cannot be ruled out. However, there is recent cvidence which may
explain ihe observed lack of transient association between calnexin and glycoproteins in
yeast,

In the mammalian calnexin-glycoprotein binding model, calnexin associates with
proteins containing the N-linked GlcNAcaManyGlc; moiety. This moiety is gencrated
either by glucosidase I/II trimming or by reglucosylation of N-linked unfolded
GleNAc,Mang.g proteins by UGGT (Figure 1). However, some of these components are
either not present in yeast or not essential for cell viability. Glucosidase H is present in
both yeasts (Herscovics and Orlean, 1993; Zicgler et al., 1994; Trimble and Verostek,
1995) but is not essential for viability in S.cerevisiae (unpublished observations). The only
UGGT sequence related homologue is Kre5p in S.cerevisiae, important in cell wall
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synthesis (Meaden er al., 1990). Since the UGGT activity is not present in S.cerevisiae, it
is unlikely that Kre3p has UGGT activity (Fernandez et al., 1994). In fact, Kre5p is
required for (1-6)-B-D-glucan synthesis (Meaden et al., 1990). The UGGT activity is
present in S.pombe and a gene coding for the UGGT, gpti+, has been isolated (Fernandez
et al., 1996). Cells deleted for gpt/+ are viable and deficient in UGGT activity. Hence, in
both specics, reglucosylation of secretory glycoproteins and subsequent calnexin
interaction is not necessary for cell viability.

Two models may explain the role of glucose trimming, cainexin and UGGT in
yeast ER quality control:

Model 1}

In the first model, calnexin-glycoprotein associations occur in yeasts, as in
mammalian cells. In wild type S.cerevisiae cells or Agpt! S.pombe cells, substrate
glycoproteins for calnexin can only be generated by glucosidase I/11 trimming.
Glycoproteins containing the GleNAcaMangGlc | moiety associate with calnexin to produce
a completely folded protein. After calnexin release, the glycoprotein has a
GlcNAc;MangGleg oligosaccharide and is unable to reassociate with calnexin. In this
scenario, the requirement for UGGT is bypassed and cells can generate mature

glycoproteins in a one step process.

This model may explain the observed luck of calnexin-glycoprotein association in
yeasts. A glycoprotein may have a single chance to bind calnexin, which leads to a
completely folded protein. In this model, yeast calnexin-glycoprotein associations may be
more transient, thus difficult to detect. In some 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 every two to three hours
compared to 18-24 hours for many cultured mammalian cell types. It is likely that proteins
in mammalian cells have more time to undergo maturation in the ER, as compared with
proteins in ycasts, 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 be inherently slow and inefficient.

126



This model can be tested using an in vitro cainexin-glycoprotein binding assay.
Zapun and colleagues have recently shown that recombinant mammaiian calnexin can bind
ribonuclease with the GleNAcaMangGle| moiety in virro (manuscript in preparation).
Likewise, the ability of recombinant Cnelp and Cnx 1p to bind ribonuclease in this assay
can be assessed. If yeast calnexin has this activity, then closer inspection of in vive
calnexin interactions are warranted,

Model 2

In this second model, normal folding intermediates of wild type proteins do not
associate with yeast calnexin. In yeasts, calnexin may act as a folding sensor for misfolded
proteins and is responsible for 'presenting' these proteins to the ER proteolytic degradation
machinery.

In S.pombe, this process may involve reglucosylation of high mannose
oligosaccharides by UGGT. This role for UGGT and Cnx|p is consistent with the fuct
that UGGT transcription is highly induced by agents which cause protein misfolding
(Fernandez ¢f al., 1996). Under stress conditions, elevated levels of UGGT would
facilitate reglucosylation of aggregation prone high mannosc N-linked proteins. In this
scenario, the presence of the GleNAcaManyGle, intermediate on misfolded proteins is
sensed by Cnx 1p, which mediates ER-retention and subsequent proteolytic degradation of
misfolded proteins. However, S.cerevisiae Cnelp must have some other mechanism for
sensing misfolded proteins since UGGT activity is not present in this species. In fact,
experiments by McCracken and Brodsky demonstrate that nonglucosylated a-tactor is
degraded in a calnexin Jdependent fashion (McCracken and Brodsky, 1996). Thus, the
glycosylation state of unfolded proteins is likely not important for Cnelp recognition.

This model would explain the observed lack of calnexin-glycoprotein physical
association in S.cerevisiae and S.pombe. 1t would also explain the lack of any effect on
secretion of wild type proteins in a S.cerevisiue Acnel strain, This model is also consistent
with observations made with mutant protein secrction and degradation in calnexin-
manipulated S.cerevisiae and S.pombe strains, Whether physical association of yecast
calnexin with misfolded proteins is required their 'presentation’ to an ER proteolytic
degradation machinery remains to be tested.
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5.7 Future experiments
S.cerevisiae

[n experiments performed in the course of this work, it was observed that the
phenotype which associated S.cerevisiae Cnelp with quality control was not strong. It is
possible that Cnelp either plays a minor role in quality control or that in S.cercvisiae there
is an alternative pathway. Hence, other quality control components were sought using a
synthetic lethal screen. This approach was unsuccessful in identifying genes which interact
genetically with CNE] (imy unpublished results).

An alternative approach to identify gene products that interact with Cnelp is the
two-hybrid screen (Allen er «f., 1995). This genetic screen is used to identify proteins
which may interact with a known protein, in this case Cnelp. Cnelp association with ER
membranes is likely due to association with other ER membrane proteins. In addition,
Cnelp may also physically interact with other components of the ER quality control
apparatus., Therefore, the two-hybrid screen provides a feasible approach to identify such
proteins. Once identified, the gene encoding these proteins can be deleted, and their effects
on cell 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 Cnelp interacting genes. Alternatively, if the interacting genes are
essential for viability, temperature sensitive alleles can be sought and genes complementing
the temperature sensitive phenotype can be obtained.

Proteins expected to interact with Cnelp would include ER proteins implicated in
quality control, in addition to transmembrane proteins which would keep Cnelp associated
with ER membranes. ER proteins involved in quality control would include BiP, Scjlp,
Sec63p, Irelp, glucosidase I, glucosidase 11, PDI homologues and cyclophilin homologues
(Shamu et al., 1994; Freedman, 1995; Brodsky, 1996). If Cnelp associates with proteins
cotranslocationally, Cnelp may in fact associate with components of the translocation
apparatus, such as components of the Sec61p complex and/or 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 presented in this thesis, it is likely that the cytosolic tail of Cnxlp
interacts with cytosolic factors which help mediate protein degradation as well as ER
retention. In addition, the role of kinases which phosphorylate Cnx1p can be determined.
Thus, proteins which interact with the cytosolic {or lumenal) domain of Cnx 1p can also be
sought using the two-hybrid screen.

Since el + is an essential gene, temperature sensitive alleles should be isolated and
characterized. If the cnx/+ essential function does involve protein folding, shifting cnux/ ts
cells to non-permissive temperature should affect protein processing, secretion, degradation
or a combination of these events. Alternatively, temperature sensitive enx/* mutant alleles
may give insight into other possible Cnx1p functions. In addition, temperature sensitive
alleles of ¢nx/* will allow identification of other genes which genetically interact with
cnx/+, Complementation of the temperature sensitive cnx/+ alleles with a high copy
S.pombe library will identify other genes which function in the same pathway as Cnx1p.
Characterization of these proteins and their interaction with Cnx1p will bring about a better
understanding of the cellular pathway in which calnexin's function plays a role.

Concluding remarks
The evidence presented in this thesis points to a function for yeast 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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