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INTRODUCTION

1 Introduction

The two related proteins calnexin (Cnx) and calreticulin (Crt) are oligosaccharide-binding
chaperones of the endoplasmic reticulum (ER) that ensure proper folding of newly
synthesized glycoproteins as components of an elaborate quality control system. The goal of
this thesis is to elucidate the molecular chaperone function of Cnx under physiological
conditions of the ER. This introductory chapter is intended to give first a general overview of
protein folding in this organelle before introducing the principal folding enzymes and
classical chaperones in more detail. Following this, the introduction focuses specifically on
Cnx and Crt and examines their controversial mechanisms of chaperone action which is either

solely lectin- or additionally polypeptide-based.

1.1 Overview of protein folding in the endoplasmic reticulum

The ER is one of the largest intracellular compartments found in all eukaryotes and it serves a
variety of specialized functions including the synthesis of cholesterol and steroids (1), lipid
transfer to other organelles (2), biogenesis of organelles (3), and Ca”" homeostasis (4). In
addition, and most importantly, the ER represents the site of synthesis for proteins that are
destined either for secretion or for the plasma membrane, as well as for the lysosomes, the
Golgi, and the ER (5-8).

As soon as the N-terminal signal sequence of a growing polypeptide chain emerges from
the ribosome it is recognized by the signal recognition particle (SRP), an RNA-protein
complex (9, 10), that transiently delays the elongation process and targets the ribosome-
nascent chain-complex to the SRP-receptor (SR) of the translocation apparatus in the ER
membrane (11). Following dissociation of the SRP, nascent proteins are transported wholly or
partially (if exhibiting internal signal-anchor and/or stop transfer sequences (12-15)) during
the translation process into the lumen of the ER. This occurs through the translocon, a pore of
40-60 A diameter, which in mammals consists of Sec61 a, B, y, and the translocation

associated membrane protein (TRAM) (16-18).

The ER environment
A nascent polypeptide chain typically begins to fold cotranslationally (19-21) and, once inside

the ER, faces an apparently inhospitable environment for further posttranslational folding.
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The particularly crowed lumen with a protein concentration of ~100 mg/ml probably
resembles a gel-like protein matrix (22), where a presumably restricted protein mobility in
combination with a high percentage of unfolded or partially unfolded proteins would be
expected to potentiate the risk for inappropriate protein interactions and aggregation.
However, the ER also provides certain advantages for conformational maturation of nascent
proteins compared to the cytosol. The ER lumen possesses a significantly higher oxidizing
potential due to an approximately 30 times lower ratio of reduced to oxidized forms of the
redox buffer glutathione (23). This promotes the formation of inter- and intramolecular
disulfide bonds, whereas a low redox state in the cytosol results in less disulfide formation
(24, 25).

The ER also functions as the cell’s main repository of Ca”", which is involved in diverse
cellular signaling pathways as a secondary messenger (26), and consequently efficient protein
folding has evolved in a Ca®" rich environment. The proper arrangement and interactions of
side chains can be promoted by Ca*" binding to acidic residues on proteins that are required to
achieve the native conformation (27, 28). Indeed, Ca*" reduction in this organelle results in
impaired protein folding (29). A steep Ca”" gradient across the ER membrane is generated by
the sarcoplasmic/endoplasmic reticulum Ca*"-ATPase (SERCA), maintaining Ca>" in the ER
and in the cytosol at millimolar and nanomolar concentrations, respectively (30). Although
the majority of the total ER-luminal Ca*" (1-3 mM) is stored in a protein-bound form (31-33),
a significant portion of Ca®" is free, fluctuating in a range from 60-400 pM, representative of

the full ER, to 1-50 uM, when the ER is empty (34).

Oligosaccharide processing and quality control

Most proteins of the secretory pathway are modified co- and post-translationally by
components of the ER glycosylation system. The translocon associated
oligosaccharyltransferase (OST) initially mediates transfer of an N-glycan complex of the
form GlcsManygGlcNAc, (Fig. 1) from a lipid pyrophosphate donor in the ER membrane,
dolichol-PP, to asparagine side chains within Asn-X-Ser/Thr consensus sites of the emerging
polypeptide chain (35-37). The presence of highly hydrophilic sugar moieties can influence
general properties of a nascent protein, as those attachments lead to an enhanced solubility of
the folding polypeptides, altering the exposure of otherwise buried protein regions and
limiting folding pathways (38). Following glycosylation, the newly N-linked oligosaccharide

is rapidly subjected to further processing by a set of enzymes continuously removing and
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Fig. 1: Structure of the N-
linked Glc;ManyGleNAc,
oligosaccharide transferred to
nascent polypeptides. The
labeling (a-n) of mono-
saccharides represents their
order of addition during
synthesis of the dolichol-PP-
glycan. Initial cleavage of the
terminal glucose residue n by a-
glucosidase 1 and further
trimming of glucose residue m
by o-glucosidase II generates
the monoglucosylated species
(dashed  box), which is
recognized by the two ER
chapeones Cnx and Crt. The
lectin sites of both proteins
interact with the remaining
glucose residue as well as with
the three underlying mannose
residues (grey symbols).
Removal of mannose residue i
by a-mannosidase I and further
mannose trimming in concert
with one or more EDEM
proteins serves as a signal to
target folding-incompetent
glycoproteins for degradation.
The type of glycosidic linkage
is depicted by greek letters to
the right of the bond.

a-Glucosidase | ———
a-Glucosidase || ——

a-Glucosidase I| ——— |

adding sugar residues. The composition of the N-glycan serves as a reporter for the folding
state whose mono-glucosylated form allows interactions of maturing glycoproteins with the
lectin chaperones Cnx and Crt upon removal of the two outermost glucose residues by the
sequential actions of glucosidase 1 and II (39-41). Dissociation and further activity of
glucosidase II creates the unglucosylated glycan, preventing rebinding to the lectin
chaperones. Regeneration of the monoglucosylated glycan moiety resulting in re-entry into a
new Cnx/Crt cycle is controlled by the enzyme UDP-glucose: glycoprotein
glucosyltransferase (UGGT) (40, 42-44). Proteins of the secretory pathway that successfully
terminate their folding in a biologically acceptable time span are rapidly released from a
specialized subdomain of the ER named the transitional ER (tER) and transported to the Golgi
for further modification and sorting processes (45, 46).

While folding enzymes contribute to smoothing the funnel like energy landscape by
accelerating rate-limiting steps, such as the formation and rearrangement of disulfide bonds
and the isomerization of peptidyl proline bonds (47, 48), during the folding pathway of a

polypeptide towards an energy minimum (49), molecular chaperones represent the key
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component of the multitude of folding factors. By definition chaperones do not impart
structural information to a polypeptide and do not expedite the folding kinetics or change
folding pathways. Chaperones are specialized proteins that promote proper folding of a client
protein through cycles of binding and release of the initially unstable polypeptide conformer
(50). The selective binding of molecular chaperones to folding or incompletely folded
proteins, a hallmark of classical chaperone activity, is based on their ability to recognize non-
native determinants such as exposed hydrophobic amino acids that have not been properly
buried in the inside of the molecule (51, 52). Thereby chaperones are able to prevent folding
intermediates from entering a kinetic folding trap or from proceeding an off-folding pathway
to irreversible misfolding and aggregation. This results in an increased folding efficiency (53).

The identification of incompletely or misfolded polypeptides is a critical checkpoint during
protein maturation and is ensured by the elaborate ER quality control system. In addition to
suppressing aggregation molecular chaperones play an important role in this process by
retaining folding polypeptides inside the ER until they reach their native conformation or
directing terminally misfolded proteins to the ER associated degradation (ERAD) pathway
(54-59).

ERAD

Following identification of folding-defective client proteins, ERAD involves their
retrotranslocation into the cytosol, ubiquitination, deglycosylation, and degradation by a
cytosolic proteolytic complex, the 26S proteasome (60-62). While the identification of non-
glycosylated ERAD substrates by chaperones is poorly understood (63, 64), it is widely
accepted that glycoproteins destined for ERAD are recognized by changes in their N-glycan
composition through a-mannosidase mediated removal of one or more terminal mannose
residues (38, 65-70). The ER degradation enhancing a-mannosidase-like proteins EDEM1-3
(mammals) and Htmlp (yeast) are thought to contribute directly or indirectly to the de-
mannosylation process (71-75). Since o-mannosidase I exhibits a much lower rate of
enzymatic activity compared to glucosidase Il or UGGT, it functions as a “timer” to remove
nascent glycoproteins after an extended period of futile cycles of folding attempts from the
Cnx/Crt cycle (76-78). Mannose trimming generates the oligosaccharide form that serves as a
degradation signal by interacting with putative lectins such as OS-9 and EDEM1 (mammals)
(79-82) or Htm1p and Yos9p (yeast) (83-86) which facilitate targeting of glycoproteins to the
retrotranslocation channel. Once targeted for degradation, ERAD substrates are probably

unfolded and reduced before dislocation from the ER lumen into the cytosol (87, 88). Besides
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Sec61 (89-92), additional transmembrane proteins in mammals (Derlinl-3) (82, 93, 94) and in
yeast (Derlp) (95) have been identified as potential retrotranslocon components. As soon as
ERAD candidates are released into the cytosol, they are decorated with polyubiquitin chains
mediated by the concerted action of three types of enzymes termed E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase) (96). The attachment
of multiple copies of the 76 aa ubiquitin as a degradation marker for the proteasome has been
well described for cytosolic proteins as well as for ERAD substrates (97). The ubiquitin-
conjugated polypeptides are bound by the two 19S regulatory subunits of the proteasome,
whose 20S cylindrical subunit displays various proteolytic activities responsible for substrate
degradation (61, 98). While N-glycan removal from degradation candidates is thought to

facilitate entry into the proteasome, it is not an absolute requirement (99).

1.2 Folding enzymes and molecular chaperones of the endoplasmic

reticulum

Although the amino acid sequence of a nascent polypeptide chain already embeds the required
information to assume a native structure without assistance (100), the diverse repertoire of ER
folding enzymes and chaperones reflects the necessity of assisted folding of client proteins
(101). Since the mid-1970s many folding enzymes and chaperones have been identified
within the ER (Tab. 1).

Molecular chaperones of the cytosol are classified based on their molecular weight into
several families, namely, heat shock protein (Hsp) 100, 90, 70, 60, 40, and small Hsp (sHsp).
As indicated by their designation, stress conditions, such as elevated temperatures, generally
enhance their transcription (102). ER resident chaperones lack members of the Hsp60 and
sHsp families and are typically upregulated in response to cellular stress such as accumulation
of unfolded proteins, glucose deprivation, and imbalance in Ca>" or redox homeostasis (103-
106). The best known chaperones of the ER are binding protein (BiP) (107, 108), glucose-
regulated protein 94 (GRP94) (105), and the lectin chaperones Cnx and Crt (109, 110). These
proteins represent the core elements of the two major folding systems in the ER, the
BiP/GRP94 and lectin chaperone systems (111). They act in concert with their co-chaperones
and the well characterized folding catalysts protein disulfide isomerase (PDI) and
endoplasmic reticulum protein 57 (ERp57), respectively, on newly synthesized proteins (112-

115).
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Tab. 1: Selection of prominent ER resident folding factors.

Family Mammals Yeast Function Reference
Hsp100 TorsinA ? Chaperone (116, 117)
Hsp90 GRP94 Chaperone (118)
Hsp70 BiP Kar2p Chaperone (107, 119)
Hsp40 Erdj1-5 Sec63p, Sclp, Jemlp Cofactors for Hsp70 (120-127)
GrpE-like BAP Slslp Cofactor for Hsp70 (128, 129)
. Glycoprotein-
Lectins Cnx Cnelp dedicated chaperone (130, 131)
Glycoprotein-
Crt dedicated chaperone (132)
Glycan-enzymes a-Glucosidase 1 Glslp N-glycan trimming (133, 134)
a-Glucosidase 11 Gls2p N-glycan trimming (135, 136)
a-Mannosidase I Mnslp N-glycan trimming (65, 137)
ER degradation
enhancing o-
EDEM1-3 Htmlp mannosidase-like (72,73,75, 138)
proteins
Glucosyltransferase
and glycoprotein-
UGGT Kresp dedicated folding ~ (13%- 140)
sensor
PDI PDI Pdilp Thiol oxidoreductase (141, 142)
ERp57 Thiol oxidoreductase (143)
ERp72 Thiol oxidoreductase (144)
Peptidyl prolyl
Cyp CypB Cpr5p Somerase (145, 146)
FKBP FKBP13 Fpr2p Peptidyl prolyl (147, 148)
isomerase

The detailed mechanisms and functions of these folding enzymes and chaperones will be

discussed in the following sections.

1.2.1 PDI

The majority of proteins trafficking through the ER contains disulfide bonds, whose correct

formation represents an essential step during the maturation process in this organelle (149).

Disulfide bridges are thought to give directionality to the folding pathway of a nascent

polypeptide and to stabilize its native state. The oxidation, reduction, and isomerization of

disulfide bonds are catalyzed by enzymes known as protein disulfide isomerases (PDIs).

Members of the PDI family can be defined by the number and arrangement of thioredoxin-

like domains (TLDs) and the sequences of the catalytic active site CXXC motifs (150).
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Among the at least 17 PDI family proteins in humans, PDI is the most abundant and
thoroughly studied member since its discovery by Goldberger et al. in 1964 (151, 152). It
consists of four TLDs, the two non-catalytic TLDs are known as b and b’ and they separate
the two catalytically active TLDs termed a and a’ (153). Thus the overall domain order of
PDI can be described as a-b-b’-a’-¢, where ¢ represents an acidic C-terminal domain which
has been shown to bind Ca*" (154).

The crystal structure of yeast PDI revealed that the four TLDs adopt the shape of a
“twisted U (155). The catalytic a and a’ domains are located at opposite ends of the “U” with
the two active site CXXC motifs facing each other. The two non-catalytic b and b’ domains
form the base of the “U” with hydrophobic residues enriched on the inside surface. The
majority of the hydrophobic surface can be attributed to a pocket within the b’ domain
providing the principal peptide-binding site (156, 157). This pocket and additional
hydrophobic patches are proposed to hold a substrate within the “U” and position it for
reactions with the catalytic a and a’ domains.

To facilitate disulfide bond formation in folding intermediates the cysteines in the
catalytically active domains of PDI are present in the oxidized state, forming mixed disulfides
with the substrate and leaving the reaction in the reduced state (158). When PDI functions as a
reductase, its CXXC motif enters the reaction in the reduced state. Finally, isomerization of
disulfide bonds starts and ends with the CXXC motif in the reduced state, either during direct
rearrangement of intramolecular disulfide bonds or cycles of reduction and subsequent
oxidation (159, 160). Whether PDI functions as an oxidase or reductase is determined by the
redox state of Cys residues in the catalytic a and a’ domains which in turn is controlled by its
environment and additional proteins, such as the flavoprotein Erol. This membrane-
associated enzyme has been implicated in shuttling oxidizing equivalents from molecular
oxygen to PDI so that it can be recycled to fulfill its role again as an oxidizing agent in
disulfide bond formation during folding of nascent polypeptides (47).

In an attempt to elucidate domain contributions to the oxidoreductase and isomerase
activities of PDI, Darby and Creighton demonstrated that the isolated a and a’ domains of
PDI can act as oxidants and reductants, but fail to isomerise disulfide bonds in substrates with
non-native disulfide bridges (161). For simple isomerization reactions, a combination of a
catalytic domain with the b’ domain was required and only full-length PDI revealed the
capacity to effectively catalyze the isomerization of bovine pancreatic trypsin inhibitor (BPTT)
(162). Since PDI has been shown to be essential for viability in S. cerevisiae and

oxidoreductase deficient mutants with remaining isomerase activity were viable (163, 164), it
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was assumed that the essential function of PDI is to catalyze disulfide bond isomerization
rather than formation of new disulfide bonds. In contrast to these findings, however, further
studies in the same organism indicated that the essentiality of PDI is rather based on its
oxidoreductase activity than its isomerase activity (165). Therefore, the relative contribution
of oxidoreductase and isomerase activities of PDI to its complete function as a foldase
remains to be illuminated.

In addition to its enzymatic activity, PDI revealed the ability to function as a molecular
chaperone by preventing the aggregation of misfolded proteins which did not contain any
disulfide bridges (166, 167). This chaperone activity, that does not depend on the redox state
of the Cys residues of the active site motifs (168, 169), might prevent non-specific
interactions during its foldase activity, thereby resulting in more productive folding of nascent
proteins (166, 170). While polypeptide binding of PDI is primarily mediated by its b’ domain,
how this binding is regulated is currently not understood. In its folding-assisting role PDI has
been suggested to act synergistically together with BiP as shown in a yeast expression system
and in an in vitro system (113, 171). Therein BiP is proposed to bind to non-native antibody

fragments, maintaining the Cys residues accessible for enzymatic activity by PDI.

1.2.2 ERp57

ERp57 is another extensively characterized member of the PDI family. It exhibits a similar
overall domain organization compared to PDI with its four thioredoxin-like domains, also
labeled a, b, b’, and a’ (172), but missing the acidic C-terminal domain observed for PDI.
The enzymatic activity of ERp57 is mediated through its two active site CXXC motifs
residing within the a and a’ domains (173, 174), with a more reducing redox potential
compared to PDI (172). ERp57 interacts with a variety of ER proteins via mixed disulfides at
the N-terminal Cys residues of its active site motifs, indicative of its role as a foldase in thiol-
disulfide exchange reactions (175-178). Findings showing that ERp57 catalyzes disulfide
bond formation with a specificity towards glycoproteins and functions more efficiently as an
oxidoreductase on monoglucosylated substrates in cooperation with one of the lectin
chaperones Cnx and Crt have led to the common view that the recruitment of ERp57 to
maturing glycoproteins is always dependent on its association with Cnx or Crt (143, 175, 179-
182). Unlike PDI (183), the noncatalytic b> domain of ERp57 is not involved in substrate
binding or chaperone activity, but possesses a conserved positively charged region mainly

responsible for binding to the negatively charged tip of the arm domain of the lectin

8
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chaperones (114, 115, 184, 185). Therefore, the substrate specificity of ERp57 might be
defined by Cnx and Crt which bind nascent glycoproteins and allow ERp57 to catalyze
disulfide bond formation in close proximity to their folding substrate.

Recent studies examining the biogenesis of major histocompatibility complex (MHC) class
I molecules have questioned the exclusive dependency of ERp57 on the lectin chaperones to
gain access to their substrates (186, 187). MHC class I molecules bind cytosolically derived
antigenic peptides within the ER and present them at the cell surface to cytotoxic T cells. The
maturation of MHC class I molecules requires disulfide formation in their heavy chain which,
in association with B,-microglobulin (f,m), enters the so called peptide loading complex
(PLC). This complex consists of Crt, a peptide transporter termed TAP, and tapasin, the latter
mediating the interaction between class I heterodimers and TAP. ERp57 has been shown to be
essential for efficient catalysis of heavy chain disulfide bond formation at an early stage
during MHC class I biogenesis (188) and additionally is suggested to play a structural rather
than a catalytical role within the PLC by forming a stable disulfide bridge with tapasin (189,
190). Zhang et al. demonstrated that ERp57 can promote disulfide formation in the heavy
chain and can be incorporated into the PLC in the absence of interactions with the lectin
chaperones Cnx and Crt (187).

Besides MHC class I molecules, influenza hemagglutinin (HA) is the only model
glycoprotein so far in metazoan cells to be significantly affected by deletion of ERp57, likely
through impaired disulfide bond isomerization during the folding process (180). Along with
Crt, ERp57 has been found to be involved in the regulation of SERCA2b Ca*" pumps via
cysteines localized within an intralumenal loop of SERCA2b (191). Furthermore, several
studies identified ERp57 as a nucleus associated protein (192-195). Although ERp57 carries a
putative nuclear localization signal (NLS) close to its C-terminus, it remains unknown how

the ER foldase is being transported to the nucleus and what role it plays in this organelle.

1.2.3 Peptidyl prolyl cis-trans isomerases

Most peptide bonds are synthesized on the ribosome in the trans configuration (196) which is
favoured in native proteins over the energetically higher cis configuration (197). An exception
is peptide bonds prior to prolines where both the cis and trans configurations are similar in
energy (198), resulting in up to 38 % of peptide bridges in the cis configuration (199). As
refolding experiments have demonstrated, cis-frans isomerization of peptidyl prolyl bonds is a

rate-limiting step during protein folding (200). This reaction can be catalyzed by a class of

9
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enzymes termed peptidyl prolyl cis-trans isomerases (PPI) (201, 202). These enzymes are
classified into three families based on their binding of specific inhibitors, namely parvulins,
cyclophilins (Cyps), and FK506-binding proteins (FKBPs) (203, 204). In the ER, members of
the two latter families have been identified, CypB (145) and up to six FKBPs including
FKBP13, 23, and 65 (147, 205, 206). CypB has been described in association with several ER
chaperones and is involved in corporation with Hsp47 in the folding of procollagen (207-
209). Furthermore, CypB is known to bind to human immunodeficiency virus (HIV) Gag and
HIV capsid protein p24 (210, 211). Recent studies showed a regulatory function of ER
resident members of the FKBP family on the activity of BiP (205, 212) and their association
with client proteins bound to BiP (206).

Although the refolding of denatured proteins was significantly enhanced in the presence of
Cyps and FKBPs in vitro, their actual contribution to protein maturation in living cells

remains poorly understood, since yeast lacking all PPI enzymes was still viable (213).

1.2.4 BiP

BiP, also known as glucose-regulated protein 78 (GRP78) or Kar2p in yeast (214, 215), is a
member of the Hsp70 family and is one of the most abundant chaperones in the lumen of the
ER (216). The highly conserved Hsp70s participate in protein folding through promiscuous
binding to exposed hydrophobic segments in immature or non-native proteins, thereby
maintaining their folding-competent state and shielding them from aggregation (217). The
preference for hydrophobic peptides by BiP was confirmed by binding studies including
affinity panning of a bacteriophage expressed peptide library (218, 219). These experiments
revealed a binding specificity in which large hydrophobic amino acids alternate with any
other amino acid resulting in the formation of a completely hydrophobic face within a -
strand conformation which promotes BiP binding. The measurements also allowed the
development of a binding algorithm based prediction for potential BiP recognition sequences
in client proteins (220). An expected binding site once every 36 residues of an average protein
underlines the wide spectrum for the chaperone function of BiP during protein maturation.
Like other Hsp70s, BiP consists of a 44 kDa N-terminal ATPase and a 25 kDa C-terminal
domain (221). The latter domain has a variable C-terminal region and provides the 15kDa
polypeptide-binding domain (222, 223), which assumes a channel configuration with a
“hinged 1id”. Conformational changes of the polypeptide-binding domain associated with

“opening” or “closing” of the “lid” over the channel are controlled by ATP hydrolysis and
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ATP to ADP exchange at the ATPase domain (224). The ATP-binding site resides in a cleft
of the ATPase domain, formed by two globular subdomains of approximately equal size
(225). Peptide binding occurs in the ATP-bound state, facilitated by the open conformation of
the “lid” (Fig. 2). ATP hydrolysis leads to closing of the C-terminal “lid” over the substrate
and creates a high affinity conformation (226). Subsequent exchange of ADP to ATP results
in a low affinity conformation in which the “lid” returns to its open position and the client
protein dissociates. Release of ADP from BiP is catalyzed by at least two known nucleotide
exchange factors, GRP170 and BiP-associated protein (BAP) (128, 227). BAP has been

shown to play a crucial role in regulating the ATPase activity of BiP, as loss of BAP results in

= @ —
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Fig. 2: Model of the BiP chaperone cycle. The cycle starts with initial binding of one of the Hsp40 co-
chaperones ERdjl-5 to an unfolded client protein (a) which is then delivered to ATP-bound BiP (b). By
stimulating the ATPase activity of BiP, the Hsp40 co-chaperones promote locking of an unfolded client protein
in an high-affinity complex with BiP (c). At least two known nucleotide exchange factors (NEF), BAP and
GRP170, catalyze ADP release and ATP rebinding, resulting in an “open” conformation of BiP and client
protein dissociation (d). If folding of the released protein does not occur rapidly, it can reassemble with an ERdj
co-chaperone for a new cycle, which prevents aggregation with other non-native protein conformers. Proteins
that have achieved a more mature or native conformation in a reasonable period of time are either recognized by
further ER chaperones or released into the secretory pathway. Terminally misfolded client proteins are targeted
by BiP for the ERAD pathway.

11



INTRODUCTION

disruption of the ATPase cycle of BiP and accumulation of non-native proteins in the ER
(228). In addition, owing to its weak ATPase activity, BiP interacts with further cofactors, of
which five have been identified as members of the Hsp40 family, the ER Dnal-like proteins,
ERdj1-5 (120-124). These stimulate the ATPase function of BiP (229, 230). The Hsp40 co-
chaperones also contribute to the folding cycle by binding and targeting folding intermediates
to BiP and thus broaden the range of client proteins (231).

BiP has been referred to as the master regulator of the ER. This stems from the fact that
BiP is involved in several other crucial functions of the ER beside assisting in protein folding
(108). Although the X-ray structure analysis of the translocon suggests that intrinsic features
serve as the permeability barrier between the ER and cytosol (232), earlier studies indicated
the participation of BiP in sealing the translocon pore from the luminal side before and at
early stages of translocation (233). Subsequent progressive translocation of a growing
polypeptide chain into the ER has also been shown to be facilitated by BiP, either through
ATP driven cycles of binding and release to pull nascent chains into the ER lumen or through
just binding alone, acting as a “Brownian ratchet” and thereby preventing retrotranslocation
(215, 234). Furthermore, BiP contributes to Ca*" homeostasis as one of the most abundant
Ca®" buffering proteins in the lumen of the ER (235). It also plays an important role in
preparing folding-defective proteins for proteasome mediated disposal and ensures solubility
of aggregation prone proteins for their retrotranslocation into the cytosol (112, 236-238).
Finally, during accumulation of aberrant proteins upon cell stress, BiP represents the key
player of an adaptive signal transduction pathway termed the unfolded protein response

(UPR) and is directly involved in the activation of this process (239, 240).

1.2.5 GRPY%4

GRPY4, also known as glycoprotein (gp) 96 or endoplasmin, is the Hsp90 paralog of the ER
and is only found in vertebrates (105). Comprising 5-10 % of the total ER protein content,
GRP94 represents the most abundant protein in this organelle (241). Since it interacts in some
cases with client polypeptides upon their release from BiP, GRP94 has been suggested to be
involved in the conformational maturation of more advanced folding intermediates,
underscored by its specific binding to immunoglobulin (Ig) chains, thyroglobulins, and
apolipoprotein B during their late folding stages (242-246).

As a member of the Hsp90 chaperones, GRP94 shares the same domain organization of

this highly conserved family of homodimeric proteins. Each monomer is comprised of an N-
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terminal ATP-binding domain (247), connected by an dispensable charged linker sequence to
the middle domain, and a C-terminal dimerization domain (248). During chaperone cycles of
binding and release, for which both the N- and C-termini are required, Hsp90 acts on client
proteins as an opening and closing molecular “clamp” (249, 250). It has been proposed that
the chaperone activity is regulated by conformational changes within the N-terminal domain
upon ATP binding (251). As a consequence of ATP binding, a short segment of the N-
terminal domain closes over the ATP-binding pocket associated with a transiently dimerized
N-terminal conformation (252, 253). These N-terminal rearrangements allow the alignment of
the catalytic residues from the N-terminal and middle domains and result in hydrolysis of the
trapped ATP molecule (254). The different conformational stages during this process are
stabilized and regulated by several co-chaperones (255-257), while other co-chaperones such
as Hop/Stil bind to the C-terminal end of Hsp90 and facilitate client protein transfer from
Hsp70 (258, 259).

While the activity of cytosolic Hsp90 is modulated by a multitude of co-chaperones (260),
none have been identified so far for GRP94. Recent studies confirmed an ATPase activity for
Grp94 that is comparable to yeast Hsp90, although ATP-driven conformational changes
adopted by Hsp90 during the ATPase cycle could not be detected for GRP94 (261, 262).
Since GRP94 can undergo an open and a closed conformation independent from the
nucleotide bound state, it remains to be elucidated which factor is responsible for the
regulation of the chaperone cycle.

Recognition of non-native protein conformers through polypeptide based interactions is
facilitated by binding sites, presumably localized in all three domains of Hsp90 (263-265).
However, the peptide-binding site of GRP94 could be assigned to its N-terminal domain with
a rather hydrophilic binding specificity compared to other chaperones such as BiP, thereby
indicating a preference for more matured client proteins (118, 266). A further study showed
that GRP94 promotes the maturation of only a specific subset of several examined cell surface
proteins (267). This suggests GRP94 binding depends on more than just the exposure of
hydrophobic patches typically recognized by chaperones. GRP94 also seems to be involved in
the maturation process of kinases and other signal transduction proteins (268, 269).

In addition to its protein folding-promoting role GRP94 dually functions as an important
Ca”" buffer due to its high Ca”"-binding capacity and has been shown to bind peptides in vivo
and in vitro (266, 270-272). The later ability allows GRP94 to function as an antigen delivery
system, thereby inducing MHC class I-restricted T cell responses against a variety of peptides

derived from endogenous foreign proteins (273, 274).
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1.2.6 Calnexin and calreticulin

In eukaryotes, the Cnx and Crt chaperone system has evolved in close relationship with the N-
linked glycosylation system to promote proper folding of nascent glycoproteins in the ER.
Cnx, comprised of 573 amino acid residues, is a type I ER membrane protein with a
molecular weight of 65.4 kDa and a C-terminal -RKPRRE ER retrieval signal (109). It
consists of a 91 aa residue cytoplasmic tail connected via a transmembrane segment to a 461
aa residue domain residing within the lumen of the ER. This luminal portion is similar to Crt,
which is a 46 kDa ER-luminal protein of 401 aa residues with a -KDEL ER retrival signal at
the C-terminus (110). Interestingly, Cnx and Crt migrate on SDS-PAGE at approximately 90
and 60 kDa, respectively (275) (276). Their high content of negatively charged amino acids,
particularly in their C-terminal regions, is responsible for their aberrant migration in gels. No
Crt has been identified so far in yeast, and its Cnx homologues termed Cnelp and Cnxlp
exhibit shorter cytoplasmic tails in addition to less acidic luminal domains compared to their
mammalian family members (277). Neither Cnx nor Crt homologues are expressed in
prokaryotic cells.

Since the discovery of Cnx in 1991 several studies demonstrated its transient association
with a wide array of newly synthesized glycoproteins traversing the secretory pathway (21,
130, 278). Soon afterwards it was found that Crt revealed a similar capacity to interact with a
multitude of nascent glycoproteins (132, 279). The ability of both proteins to bind the
majority of glycosylated proteins is mediated by their lectin sites, which specifically
recognize glycans of the form Glc;ManoGlcNac, (39, 132). Both chaperones also bind Zn*"
(280, 281), Ca** (281, 282), ATP (283, 284), and the oxidoreductase Erp57 (114, 115). The
former three ligands influence their chaperone conformation and their ability to associate with
client proteins. While carbohydrate binding by Cnx and Crt was suggested to serve as the
crucial determinant in selection of client proteins, they have also been shown to bind to the
backbone of non-native protein conformers and suppress the aggregation of non-glycosylated
proteins, implying the ability to function as more classical molecular chaperones similar to

BiP and GRP94 (283, 284).
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1.2.6.1 Structure and binding properties of calnexin and calreticulin

The X-ray crystal structure of the nearly complete ER-luminal portion of Cnx (residues 41-
438) revealed the presence of two distinct domains, a compact globular domain and an
extended arm domain (Fig. 3b) (282). The arm domain contributes mainly to the characteristic
overall structure of Cnx by extending away 140 A in an elongated hairpin formation from the
globular domain. The frequently used term P domain is based on the fact that the arm domain
i1s comprised of two proline-rich repeat motifs, motif 1 [[-DP(D/E)A-KPEDWD(D/E)] and
motif 2 [G-W—P-IN-P-Y]. Both motifs are repeated four times in a 11112222 pattern (Fig.
3a). The tandem sequence of motif 1 forms the B-strand extending away from the globular
domain, while the tandem sequence of motif 2, making up the antiparallel B-strand, loops
back on the motif 1 repeats resulting in four superimposable structural units.

The globular domain of Cnx, which resembles legume lectins (285), consists of a -
sandwich, comprised of a concave six stranded and a convex seven stranded P-sheet and is
stabilized by a disulfide bond between residues Cysl41 and Cys175. The carbohydrate-
binding site resides at the surface of the concave B-sheet, interacting via Tyr145, Lys147,
Tyr166, Glul197, Glu406, and Met169 with the terminal glucose of the oligosaccharide. The
three underlying mannose residues of the oligosaccharide are also thought to be recognized by
the binding site (282, 286). These six residues were confirmed to be essential for the lectin
function of Cnx (287).

Since identical oligosaccharide-binding specificities have been determined for Crt (286,
288, 289) and it shares ~39 % amino acid sequence identity (290) and a similar secondary
structure composition (281, 291) with Cnx, Crt has been suggested to have a comparable
globular domain. Only the structure of the arm domain (residues 188-288) has been
determined for Crt by NMR studies (292). In this study, Ellgaard ef al. demonstrated a close
resemblance to the arm domain of Cnx, although only three copies of motif 1 and 2 are
present which form a similar but shorter hairpin structure.

Beside yeast two-hybrid and co-immunoisolation experiments, NMR studies also revealed
that both Cnx and Crt interact through the tips of their arm domains with the oxidoreductase
ERp57 as illustrated in Fig. 3 (114, 115). ERp57 recruitment, presumably to form a ternary
complex with a folding glycoprotein bound to Cnx/Crt, results in more efficient disulfide
bond formation during the folding process (181). Binding of Zn*" to Cnx and Crt has been
associated with their globular domains (280, 293) and results in a structural destabilization in

combination with the exposure of a hydrophobic surface in the case for Crt (284, 294).
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Fig. 3: Structure model of calnexin. (A) Comparison of the linear sequences of dog Cnx and rabbit Crt. Both
proteins possess a globular domain (blue box), an arm domain (orange box), and a C-terminal ER retrieval
signal. The additional transmembrane (TM) and cytoplasmic domains of Cnx are indicated by yellow and red
boxes, respectively. The two repeated sequence motifs are depicted by the numbers 1 and 2. Amino acids
forming disulfide bridges are shown and linked with an S-S. The numbers below the sequences represent the
amino acid position starting after the signal peptide cleavage sites. (B) Crystal structure of the ER-luminal
domain of Cnx (282) and theoretical illustration of its transmembrane and cytoplasmic domains at the ER
membrane. The globular domain (blue) contains the lectin site that interacts with the terminal glucose residue of
monoglucosylated glycans via six amino acids labeled in red. The two aspartates (pink) of the putative Ca*'-
binding site coordinate the ion pictured as a dark grey sphere. The elongated arm domain (orange) is comprised
of the four repeat motifs 1 and 2 forming four structural units termed motif pair 1-4. Depicted in dark yellow two
disulfide bonds of the ER-luminal portion of Cnx. Also illustrated in this cartoon, representations of the
transmembrane domain (yellow) followed by the cytoplasmic domain (red). (C) Model for the folding-
promoting interaction of Cnx with a non-native glycoprotein. Transient binding can occur solely through the
lectin site or as well through an additional polypeptide-binding site, resulting in potential sequestration of the
client protein (thin cyan line) between the globular and arm domains. Such sequestration is likely to minimize
client protein aggregation by removing the protein from the vicinity of other folding intermediates. The
efficiency of the folding process may also be enhanced through recruitment of ERp57 (crystal structure of
human ERp57 (190) shown in green), whose four thioredoxin-like domains are labeled a, b, b’, and a’. Although
mediated mainly through the b’ domain, the a’ domain along with the positively charged C-terminus are thought
to contribute to binding of ERp57 to Cnx. Disulfide bond formation and isomerization reactions can be catalyzed
by the two active site CXXC motifs (yellow), placed in close proximity to the folding glycoprotein. TM,
transmembrane.
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Studies in the early 1990s to elucidate the Ca®*-binding properties of Crt using equilibrium
dialysis showed that both the globular and arm domains exhibit the capacity to bind Ca*"
(295). In accordance with these findings were overlay experiments two years later by Tjoelker
et al. demonstrating Ca’" binding to both domains of Cnx, but the more recently solved
crystal structure revealed only a single Ca®" ion within the globular domain (282). Ca®" ions
are essential for the structure of Cnx and Crt and seem to be involved in modulating their
conformational organization, since Ca’" removal is associated with decreased tertiary
packing, reduced thermal stability, and increased protease sensitivity (281, 296). The ability
of both lectins to bind isolated oligosaccharides and to recognize monoglucosylated glycans
of glycoproteins necessitates the presence of Ca®" (286), indicative that Ca*" induced
conformational changes affect the functionality of the lectin site.

Although Cnx and Crt do not contain detectable ATPase activity, they appear to be ATP-
binding proteins due to the observations that both Cnx and Crt exhibit enhanced capacity to
suppress the aggregation of glycosylated and non-glycosylated proteins in the presence of
ATP (283, 284). The ability of Cnx and Crt to suppress aggregation in a lectin independent
way is suggestive for the presence of a polypeptide-binding site, whose specificity and precise
location is not well examined. Deletion mutagenesis of rabbit Crt as well as dog or yeast Cnx
indicated that their aggregation suppression function is primarily mediated through their
globular domains (280, 297).

Finally, Cnx has been shown to become phosphorylated at multiple serine phosphorylation
sites of its cytoplasmic tail by casein kinase 2 (CK2) and extracellular-signal regulated kinase-
1 (ERK-1) (298, 299), while Crt can be phosphorylated by various isoforms of protein kinase
C (PKC) (300).

1.2.6.2 Biological functions of calnexin and calreticulin

The majority of transmembrane and secretory proteins which interact transiently with Cnx
and/or Crt during their folding and assembly process in the ER, are glycosylated (132, 301).
The presence of an N-linked glycan within the first ~50 residues of the growing polypeptide
chain was found to serve as a determinant that would allow engagement with the Cnx/Crt
system, whereas BiP binding was observed in the absence of a glycan (63, 302, 303).
Examples for glycosylated client proteins include MHC class I molecules, influenza HA,
subunits of the T cell and B cell receptors, transferrin and the insulin receptor (132, 304-308).

Treatment of cells with the glucosidase inhibitor castanospermine (CST) revealed that lectin-
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mediated interactions required trimming of the initially transferred GlcsManyGIlcNAc,
oligosaccharide by the combined actions of glucosidase I and II to the monoglucosylated form
as shown for instance for both Cnx and Crt binding to influenza HA (39, 132). Further studies
with purified oligosaccharides confirmed that Cnx and Crt function as lectins with identical
binding preferences specifically for the monoglucosylated polymannose glycan (41, 286,

309).

Protein folding

The successful application of CST to inhibit glycoprotein binding to Cnx and Crt permitted
the opportunity to characterize the functions of both lectins during their interactions with
client proteins. Taking into account that processing of the preassembled glycans of all cellular
glycoproteins are affected by this approach it can not be concluded that the observed changes
in glycoprotein maturation are exclusively a direct consequence of diminished Cnx and/or Crt
binding. Despite this caveat, the accumulated data from studies employing glucosidase
inhibitors are suggestive of the involvement of Cnx and Crt in the folding and assembly of the
majority of nascent glycoproteins (277, 310). For example, CST treatment reduced Crt
interaction with early folding intermediates of HIV envelope glycoprotein (311) and
completely inhibited Cnx in its folding-promoting role during tyrosinase maturation (312).
Furthermore, prevention of N-glycan trimming by CST inhibited binding of Cnx or Crt to the
insulin receptor and influenza HA and resulted in increased misfolding and in a decreased
overall folding efficiency, respectively (307, 313). For the maturation of influenza HA, a
similar outcome examining the functional consequences of the disruption of Cnx/Crt
interaction with client glycoproteins was obtained in Cnx- or Crt-deficient cells (314). In the
absence of Cnx, influenza HA folding was markedly impaired, while an accelerated export
out of the ER with a modest decrease in folding efficiency was particularly associated with
Crt depletion. An accelerated but less efficient conformational maturation was also observed
for the semliki forest virus glycoprotein in cells lacking Crt (314). However, despite blocking
the formation of monoglucosylated oligosaccharides, Cnx and Crt were still detected, albeit at
reduced levels, in association with glycoproteins in several cases (315-319), suggesting the

capabilities of both lectins also to utilize a glycosylation-independent mode for interactions.
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Quality control

Cnx and Crt have been found to distinguish between native and non-native conformers of
client proteins. For instance, they both preferentially interact with transferrin, influenza HA,
and MHC class I molecules in their incompletely folded/assembled states rather than their
native ones (130, 132, 304, 320-322). In addition, Cnx exhibited complex formation with
incompletely assembled integrins, as well as with T cell, insulin, and nicotinic acetylcholine
receptors (305, 307, 316, 323), and Crt was present in complexes with myeloperoxidase prior
to assembly with heme (279). Achievement of fully assembled protein complexes is usually
accompanied by dissociation from Cnx and Crt. Their binding preference for incompletely
folded client proteins was underscored by further studies revealing an increased affinity
towards non-native proteins (324, 325). These findings indicate a chaperone-like function for
Cnx and Crt that allowed, in some cases, the prevention of off-pathway folding events in vivo.
For example, both proteins assist in the maturation of influenza HA in microsomes, where
they delay oligomerisation and suppress the degradation of this viral protein (313) and play a
similar role in promoting the assembly of MHC class I heavy chains and suppressing their
aggregation (310, 326-328). Furthermore, Cnx and Crt were shown to interact for a prolonged
period of time with misfolded or incompletely assembled proteins (132, 278, 304, 323). These
prolonged interactions with non-native protein conformers, in correlation with their extended
residence within the ER, are suggestive that Cnx and Crt are members of the ER quality
control system. As such, they function to preserve cellular homeostasis by retaining folding
polypeptides in the ER until either their native conformation is attained or degradative

processes engage.

Client protein spectrum

Given the identical oligosaccharide-binding specificities of Cnx and Crt it is not surprising
that both proteins interact with numerous common glycoproteins, in some cases even
simultaneously (301). However, comparison of the overall spectrum of interactions of both
lectins chaperones with glycoproteins revealed overlapping but distinct binding pattern (132,
320, 329). Some client proteins such as the nicotinic acetylcholine receptor (330), the
vesicular stomatitis virus (VSV) G glycoprotein (132), and the cystic fibrosis transmembrane
conductance regulator (CFTR) (331) interact only with Cnx , whereas perforin (332) and PDI
(333) solely bind to Crt. Remarkably, temporal differences for Cnx/Crt interactions are
exemplified for instance by the biogenesis of MHC class I molecules since free class I heavy

chains associate initially exclusively with Cnx, which dissociates at the time of successful
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assembly of heavy chain with the Bom subunit, and is then rapidly replaced by Crt (334, 335).
Substrate selection of membrane bound Cnx and soluble Crt has been suggested to be related
to their different topologies in the ER. Indeed, converting Cnx and Crt into a soluble and
membrane bound ER protein, respectively, resulted in a binding pattern resembling that of the
other (320, 327). However, since soluble as well as membrane bound glycoproteins were
shown to interact either with Cnx or Crt, the different topologies of both proteins cannot
solely account for their divergent binding specificities (301). The observation that a soluble
truncated Cnx mutant failed to replace Crt in its role to assist MHC class I molecule
biogenesis (328) illustrates that the client protein selection of Cnx and Crt must be influenced
by further determinants. Studies by Hebert ef al. revealed that the number and location of

glycosylation sites of a glycoprotein represent one such determinant (336).

Ca’" homeostasis and further cellular processes

In addition to their chaperoning function as part of the quality control system, Cnx and Crt
perform an important role in intracellular Ca** homeostasis and Ca®" storage in the ER.
Remarkably, Crt alone binds over 50 % of Ca®" stored in the ER and its overexpression results
in a significant enhancement of Ca®" concentration in intracellular stores (337-339). In
contrast, Crt deficiency in cells is associated with reduced Ca®" storage capacity (340). Both
proteins are involved in Ca®" homeostasis, since they influence Ca** efflux from the ER via
the inositol triphosphate receptor and Ca”" influx through modulation of the SERCA pump
activity (340-343). The phosphorylation and dephosphorylation of the cytoplasmic tail of Cnx
has been suggested to play an important role in this regulatory function (341). In Crt knockout
mice the reduced Ca®"-binding capacity resulted in a lethal phenotype due to the impaired
embryonic development of cardiac tissue (344, 345). Furthermore, Crt influence on Ca’"
homeostasis has far-reaching impacts on cellular functions, since a multitude of transcription
factors are controlled by the Ca*" dependent phosphatase calcineurin, whose activity was
dramatically reduced in the absence of Crt (340, 346). Cnx deficient mice are viable but
exhibit a reduced life span and suffer severe neurological abnormalities (347).

The different phenotypes in Cnx and Crt deficient mice, and further studies revealing that
neither Cnx nor Crt had the capacity to compensate for the loss of each other, underline the
unique functions of both proteins (340, 347, 348). The viability of mammalian cell lines
lacking either Cnx, Crt or even both (314, 334) and less severe phenotypes in cultured cells

are indicative for the involvement of Cnx and Crt in additional cellular processes, for
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example, that are essential especially during embryonic development, as they were shown to
affect properties such as cell shape, adhesion, and mobility (323, 349-352).

Cnx and Crt have been shown to play a role in several further cellular processes and states
including oxidative stress (353, 354), cancer (355, 356), apoptosis (357-360), and
phagocytosis (361, 362). While Cnx has been localized exclusively to the ER, various studies
over the last 20 years have suggested that Crt resides also outside of the ER in the cytoplasm,
the nucleus, secretory granules, and at the cell surface (363-366). The latter site represents the
most widely recognized localization, where Crt is thought to inhibit melanoma cell spreading
(367), angiogenesis (368), to mediate thrombosspondin induced disassembley of focal
contacts (369), and to act as an “eat me” signal for dendritic cells in immunogenic cell death

(370, 371).

1.2.6.3 Mechanism of the folding-promoting action of calnexin and

calreticulin

The question whether Cnx and Crt assist in client protein folding solely through lectin- or

additionally polypeptide-based interactions has spurred an ongoing debate in the literature.

The “lectin-only” model

Helenius and co-workers proposed in the “lectin-only”” model (Fig. 4) that transient cycles of
binding and release from Cnx and Crt are regulated by the availability of the terminal glucose
on Asn-linked oligosaccharide chains (39, 40). Such monoglucosylated oligosaccharides are
formed by the sequential action of glucosidase I and II on the preassembled Glc;MangGlcNac,
oligosaccharide and allow initial binding of nascent glycoproteins with micromolar affinities
(372). Dissociation of the relatively weakly bound oligosaccharide, in conjunction with the
removal of the remaining outermost glucose residue by glucosidase II, prevents rebinding, at
which point the glycoprotein may fold and be exported from the ER. If folding does not occur
promptly, the glycoprotein becomes a substrate for UGGT, that reattaches the glucose residue
only on incompletely folded glycoproteins probably at a glycan likely at least 40 A away from
a non-native surface (44) and thereby facilitates glycoprotein re-entry into the Cnx/Crt cycle
(42-44). In this model UGGT sets up a quality control cycle, where it is thought to act as the
only folding sensor, whereas Cnx and Crt are thought not to be functioning as classical
chaperones by directly binding to hydrophobic segments on glycoprotein folding

intermediates. Rather, Cnx and Crt are proposed to promote oxidative folding by recruiting
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ERp57 and possible other folding enzymes to the vicinity of the folding glycoprotein (373). It
can also be envisioned that, through lectin-based binding, a folding glycoprotein may become
sequestered between the arm and globular domains of Cnx and Crt, thereby preventing non-
favorable interactions with other aggregation prone folding intermediates (38). In the case of
misfolded or mutant glycoproteins, extended cycles of binding and release contribute to

retention within the ER until they are further processed by demannosylation, which diverts
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Fig. 4: Proposed model of calnexin and calreticulin action. As a nascent polypeptide chain merges
cotranslationally and cotranslocationally into the ER through the translocon pore, it may be glycosylated by OST
with one or more preassembled Glc;ManyGlcNAc, oligosaccharides. Removal of the two outermost glucose
residues by the sequential action of glucosidase I and II results in the Glc;ManyGlcNAc, oligosaccharide, which
allows initial association with Cnx and Crt. In the “lectin-only” model (red arrows), entry and release of a
glycoprotein during chaperone cycles are exclusively controlled through de- and reglucosylation of the
monoglucosylated glycan species by glucosidase II and UGGT, respectively. UGGT serves as the only folding
sensor since it ignores glycoproteins with significant folding defects and only adds back a glucose residue to
nearly native folding intermediates. Cycling by the lectin chaperones prevents premature export of folding
glycoproteins out of the ER and facilitates disulfide bond formation and isomerization through recruitment of
ERp57. In the “dual-binding” model, Cnx and Crt exhibit an additional binding site selective for exposed regions
of incompletely folded client proteins. This polypeptide-based interaction is influenced by ATP and contributes
to enhanced protein folding by preventing aggregation. In both models, release from the chaperone cycle is
obligatory for client proteins whose conformational maturation occurs in the unbound form. Properly folded and
assembled proteins are subjected to further glycan trimming and are transported out of the ER to the Golgi. After
futile cycling in the chaperone system, mannosidase I in concert with one or more EDEM proteins target folding-
incompetent glycoproteins by extensive demannosylation for retrotranslocation to the cytosol and proteasomal
disposal. Ub, ubiquitin.
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them from the cycle and into the ERAD disposal pathway (38).

Several lines of evidence supporting the “lectin-only” model are based on results from
studies with glucosidase-deficient cells or cells treated with glucosidase inhibitors showing
dramatically reduced interactions of Cnx and Crt with a variety of glycoproteins (277, 279,
310, 312, 374). In addition, removal of the oligosaccharide chains and/or removal of the
glucoses from ribonuclease (RNase) B following complex formation with Cnx or Crt, resulted
in dissociation of the complexes (375). In other cases, inhibition of glucosidase II in cells
following complex formation impaired complex dissociation, indicating that the activity of
glucosidase II is essential for glycoprotein release from Cnx/Crt (40, 308, 376). Furthermore,
Cannon and Helenius showed that binding of the VSV G glycoprotein to Cnx was exclusively
a lectin-oligosaccharide-based interaction, which was renewed through reglucosylation by
UGGT (376). Collectively, these studies demonstrated the importance of cycles of
deglucosylation and reglucosylation for proper glycoprotein folding. It also appeared that the
association of Crt with MHC class I molecules and binding of Cnx/Crt to RNase B did not
depend on their conformational maturation states, challenging a true chaperone function of
both lectins (375, 377, 378). Additional evidence strengthening the role of Cnx and Crt in
recruiting folding enzymes rather than functioning as classical chaperones was the discovery
that Cnx and Crt associate with Erp57 and that its binding to various glycoproteins was
affected by treatment with glucosidase inhibitors (379). Based on these observations it has
been proposed that the main function of Cnx and Crt is to retain folding glycoproteins in the
ER during cycles of quality control and to expose them to ERp57 to promote their oxidative

folding.

The “dual-binding” model

In an extended “dual-binding” model (Fig. 4), proposed by Williams and co-workers, Cnx and
Crt are thought to possess the capacity to utilize, in addition to their lectin site, a second
binding site to promote protein folding via polypeptide-based interactions (283, 284). The
recognition of hydrophobic segments exposed on non-native protein conformers would permit
Cnx/Crt to function in a manner similar to classical chaperones and to serve as another folding
sensor in addition to UGGT during quality control cycles of binding and release. In this model
Cnx/Crt binding cycles are controlled by the opposing activities of glucosidase Il and UGGT
that dictate the carbohydrate composition on maturing glycoproteins, as well as by affinity
changes in the polypeptide-binding sites of the lectin chaperones. These changes are possibly
regulated by a shift from an ATP-bound to an ATP-unbound state or by other factors. As in
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the lectin model, binding of Cnx and Crt serves to prevent premature release of folding
intermediates from the ER and promotes proper folding by providing a privileged
environment in which associated ERp57 promotes thiol oxidation and isomerization reactions
(181, 373) and, additionally, suppresses off-pathway aggregation due to their polypeptide-
binding chaperone function.

The concept of a “dual-binding” model is supported by numerous studies in vivo and in
vitro. For example, findings that Cnx and Crt bind to non-glycosylated polypeptides such as
the 6 subunit of the T cell receptor (TCR), the TM domain 2 of the P-glycoprotein or PDI are
suggestive of polypeptide-based interactions (317, 333, 380, 381). Such a mode of binding
might also account for the unaffected stability of Cnx complexes with some glycoproteins
despite removal of oligosaccharides by Endo H digestion following complex formation (309,
382, 383). Also, association of a wide spectrum of proteins with Cnx has been observed in
glucosidase deficient cell lines (384) in accordance with observations showing that the
interactions of proteins, including HIV gp160 and MHC class I heavy chain, were not affected
following treatment of cells with glucosidase inhibitors (310, 311). These findings contrast
with results obtained from similar experiments conducted by proponents of the “lectin-only”
model using glucosidase deficient cell lines or glucosidase inhibitors. This discrepancy might
stem from differences in cell lysis and immunoisolation conditions, since Danilczyk and
Williams demonstrated that polypeptide-based interactions between Cnx/Crt and client
proteins survive mild immunoisolation conditions, while almost no co-immunoprecipitated
proteins were detected applying higher temperature and harsher detergent (310). It can be
argued that the observed glycan-independent interactions are just an artifact due to non-
specific formation of aggregates between Cnx/Crt and client proteins. This explanation was
excluded in several cases since client proteins appeared to be soluble without any evidence of
aggregation as shown by sedimentation studies (310, 385). The apparently conflicting results
might also simply reflect the specific recognition of a respective client protein by Cnx and Crt
through either their oligosaccharide- or polypeptide-binding sites or even both binding sites
during their temporary interaction.

Further evidence supporting the “dual-binding” model, and more relevant in respect to the
chaperone function of Cnx/Crt, stems from comprehensive aggregation suppression studies
based on assays commonly used to characterize chaperones from the Hsp60, 70, and 90
families (386-388). Therein Cnx and Crt have been shown to be capable of suppressing the
aggregation of deglycosylated forms of o-mannosidase, soybean agglutinin (SBA), and

chicken immunoglobulin Y (IgY), as well as non-glycosylated client proteins such as citrate
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synthase or malate dehydrogenase, and additionally maintaining them in a folding competent
conformation (283, 284). Cnx and Crt also bind preferentially to non-native conformers of
non-glycosylated proteins, consistent with a classical chaperone function. Furthermore, they
suppress aggregation more efficiently in the presence of ATP (283, 284). The latter effect can
probably be attributed to the induction of an increase in surface hydrophobicity of both
chaperones upon ATP binding. In this context the lack of an obvious hydrophobic
polypeptide-binding site in the X-ray crystal structure does not seem surprising, since the
crystallization of Cnx was conducted in the absence of ATP (282). Also, a hydrophobic Crt
binding peptide was shown to compete with Crt’s ability to suppress the thermally induced
aggregation of a soluble MHC class I molecule (389), consistent with the presence of a
polypeptide-binding site on Cnx and Crt. To characterize the specificity of this site of Crt,
Houen and co-workers examined an extensive panel of peptides for their binding to Crt using
a competitive ELISA assay (390, 391). Peptide binding required a minimum peptide length of
five residues that were hydrophobic in character.

Further support for a lectin-independent chaperone function of Cnx and Crt comes from
measurements comparing the ability of wild type Cnx and lectin-deficient Cnx to protect
MHC class I molecules from degradation in insect cells (287). Results from this study using
pulse chase experiments clearly demonstrate that the lectin site of Cnx is dispensable for its
chaperone function in this case. Nevertheless, while Cnx and Crt exhibited the ability to
suppress the aggregation of deglycosylated glycoproteins, its aggregation suppression
capacity was significantly enhanced in the presence of monoglucosylated glycans on their
client proteins (283, 284). Similar experiments were performed in a subsequent study
comparing the aggregation suppression potencies of the ER Hsp70 chaperone BiP and Cnx
for non-glycoproteins and monoglucosylated glycoproteins (392). Both proteins suppressed
the aggregation of non-glycosylated citrate synthase at comparable levels, but Cnx was
significantly more efficient than BiP in aggregation suppression assays using
monoglucosylated o-mannosidase and chicken IgY. Deglycosylation of those two
glycoproteins resulted again in a comparable aggregation suppression potency for Cnx and
BiP.

Collectively, these studies are consistent with the “dual-binding” model, wherein Cnx and
Crt associate with folding glycoproteins through both lectin- and polypeptide-based
interactions, thereby increasing the avidity of the association relative to either interaction

alone.
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1.3 Rationale of this thesis

At the beginning of this project, accumulating results from various studies led to the
suggestion that Cnx and Crt can function as molecular chaperones, specifically since they
revealed the ability to suppress the aggregation of deglycosylated and non-glycosylated
proteins in vitro in a lectin-independent way, similar to classical molecular chaperones.

Because most of the in vitro aggregation suppression assays with Cnx and Crt were
performed at elevated temperature (42-47°C) to induce the aggregation of the client proteins
(283, 284, 389, 393) or involved the removal of Ca* (389, 393), concerns have been voiced
that polypeptide-based interactions are a consequence of an altered chaperone conformation
that may not be prevalent under physiological conditions of the ER lumen. Consistent with
such a possibility is the finding that Crt has a remarkably low melting temperatures of 46.4°C
and 40.2°C in buffer containing 1 mM and 0 mM Ca”" respectively, underlining the role of
Ca®" in stabilizing the chaperone structure (281). To overcome this issue an assay system
needed to be developed that allowed the examination of the aggregation suppression of a non-
glycosylated protein by Cnx or Crt at 37°C, and that permitted an assessment of what impact
physiological concentrations of Ca’ and ATP may have on this process. This functional
approach, in combination with structural studies, should provide insights into the extent to
which the aggregation suppression functions of Cnx or Crt are influenced by environmental
parameters prevalent within the lumen of the ER. Such an assay system was developed and
characterized for Cnx as described in chapter 3.2 of this thesis.

In contrast to the lectin sites of Cnx and Crt which have been well defined through
structural and mutagenesis studies (282, 288, 289), little is known about their polypeptide-
binding sites, particularly their locations and polypeptide-binding specificities. Initial deletion
mutagenesis studies with Cnx and Crt and more recent peptide binding studies with Crt
suggested that the putative polypeptide-binding site, responsible for their ability to suppress
the aggregation of non-native proteins, resides within their globular domains (280, 297), with
a specificity for peptides hydrophobic in character (390, 391). Since these studies again were
conducted under non-physiological conditions that are likely to result in partial unfolding of
both chaperones, it cannot be excluded that the observed polypeptide-based interactions are
non-specific. Given these limitations and the fact that there have been no reports examining
the nature of the polypeptide-binding site of Cnx, it was of great interest to investigate the
location and characteristics of Cnx’s polypeptide-binding site under physiological conditions

of the ER lumen. Therefore, in chapter 3.3 of this thesis, various deletion mutants of Cnx
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were tested in the newly established aggregation assay and characterized in terms of their
binding to an oligosaccharide and to non-native client polypeptides of increasing size. These
studies provided important insights into the polypeptide-binding site and domain

contributions to the overall chaperone function of Cnx.
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2 Materials and Methods

2.1 Materials

Materials and equipment that are not listed below corresponded to the common laboratory

standards.

2.1.1 Chemicals and enzymes

All chemicals and enzymes used in this study were of analytical grade and purchased from the

following companies:

Antibiotics: SIGMA-ALDRICH (Oakville, ON, Canada).

Chemicals: BECTON DICKINSON (Le Pont-de-Claix-Cedex, France), BDH CHEMICALS
(Toronto, ON, Canada), BIO-RAD LABORATORIES (Hercules, CA, USA), BIOSHOP
(Burlington, ON, Canada), CALEDON LABORATORIES (Georgetown, ON, Canada),
COMMERCIAL ALCOHOLS (Brampton, ON, Canada), FISHER SCIENTIFIC (Fair Lawn,
NJ, USA), ICN BIOMEDICALS (Aurora, OH, USA), INVITROGEN (Eugene, OR, USA),
MERCK (Darmstadt, Germany), ROCHE DIAGNOSTICS (Mannheim, Germany), and
SIGMA-ALDRICH (Oakville, ON, Canada).

Enzymes: RNase A was purchased from BIOSHOP (Burlington, ON, Canada). Factor Xa
protease was ordered from GE HEALTHCARE (Piscataway, NJ, USA). Pfu-DNA
polymerase, restriction enzymes, and T4-DNA ligase were obtained from MBI FERMENTAS
(Burlington, ON, Canada). Recombinant firefly luciferase (FL) was purchased from
PROMEGA (Madison, WI, USA). DNase I was from ROCHE (Indianapolis, IN, USA). a-
lactalbumin and bovine pancreatic trypsin (type III-S) were ordered from SIGMA-ALDRICH
(Oakville, ON, Canada).

Oligosaccharide: The G;M; oligosaccharide (Glcal-3Manal-2Manal-2Man-OH) was
purchased from the ALBERTA RESEARCH COUNCIL (Edmonton, AB, Canada).

Peptides: The 6KSGG peptide (KKKKKKSGGSGGSGGSC) with an amidated C-terminus
was purchased from GENSCRIPT (Piscataway, NJ, USA). The 6KAAW peptide
(KKKKKKAAWAAWAAWAA) and the KHP peptide (KHPYAYLAAAIAAEVAGT-
TALKLSK), corresponding to the first transmembrane helix (residues 2-24) of the
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Halobacterium salinarum protein Hsmr, were a generous gift from Dr. Charles Deber,
SICKKIDS, Toronto. The YSN peptide (YSNENMETM) was synthesized by the ALBERTA
PEPTIDE INSTITUTE (Edmonton, AB, Canada). All peptides were purified by reverse-phase
HPLC, dissolved in 20 mM Hepes, pH 7.4, 150 mM NacCl, and 0.4 mM CacCl,, aliquoted, and

stored at -70°C.

2.1.2 Bacterial strains and plasmids

All bacterial strains, vectors, and plasmids used in this study are listed in Tab. 2.

Tab. 2: Overview of bacterial strains, vectors, and recombinant plasmids used in this study.

Strains

Genotype/Characteristics

Source or reference

E. coli FA113

E. coli BL21-CodonPlus(DE3)

DHB4 gor522. . .mini-Tnl10Tc
trxB::Km supp

E. coli BF ompT hsdS(rg” mp")
dem” Tet" gal MDE3) endA Hte
[argUileY

leuW Cam']

A(mcrA)183 A (mcrCB-hsdSMRmrr)

173 endAl supE44 thi-1 recAl

(394)

STRATAGENE, La Jolla, CA, USA

E. coli XL1-blue MRF gvrd96 relAl lac [F* proAB laclg (395)
ZAM15 Tnl0 (Tet") Amy Cam']
Vectors
pGEX-3X P.c Amp' pBR322 ori, GST-tag GE HEALTHCARE
pET15b-TEV Pr; Amp' ColEl, His-tag (396)
Recombinant plasmids encoding
various constructs of the soluble (for nomenclature sce Fig. 5)
ER-luminal domain of calnexin &
(S-Cnx)
pGEX-3X with S-Crnx-PCR
PGEX-3X-S-Cnx fragment, C-terminal His-tag (283)
Ay pGEX-3X with glob-PCR fragment,
PGEX-3X-glob C-terminal His-tag (280)
i o pET15b-TEV with S-Cnx-PCR .
pEtT15b-TEV-S-Cnx fragment, N-terminal His-tag this study
i i pET15b-TEV with darm1-PCR .
pEtT15b-TEV-Aarm1 fragment, N-terminal His-tag this study
i X pET15b-TEV with darm2-PCR .
pEtT15b-TEV-Aarm2 fragment, N-terminal His-tag this study
i i pET15b-TEV with glob-PCR .
PELTISb-TEV-glob fragment, N-terminal His-tag this study
i X pET15b-TEV with arm-PCR .
PELT13b-TEV-arm fragment, N-terminal His-tag this study
pE(T15b-TEV-LD-S-Cnx PETISO-TEV with LD-S-Crx-PCR o oo g

fragment, N-terminal His-tag
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2.1.3 Oligonucleotides

All oligonucleotides used in this study (Tab. 3) were purchased from SIGMA-ALDRICH
(Oakville, ON, Canada). The lyophilized oligonucleotides were dissolved in distilled water

with a final concentration of 10 pmol/ul and stored at -20°C.

Tab. 3: Oligonucleotides used in this study. Restriction sites are underlined, stop codons are marked in italics,
and introduced codons are highlighted in bold letters.

Primer Sequence 5° — 3’ Modifications
S-Cnx-forward atatatatatcatatgcatgaaggacatgatgatgatatg Ndel
S-Cnx-reverse atatatggatccttaccacgggegctcctcagetgecte BamHI, Stop
arm-forward atatatatatcatatgattgaggacccagaagaccagaag Ndel

arm-reverse atatatggatccfragaaatccggatttggtatcttece BamHI, Stop
Aarm]1-forward gtacctgatggtagtggacagatcgcecaaccctaagtgt GlySerGly-linker
Aarml-reverse ggcgatctgtecactaccatcaggtacatattcgggtte GlySerGly-linker
Aarm2-forward gatgatgaaggtagtggaggtetctggcagegacctatg GlySerGly-linker
Aarm2-reverse ccagacacctccactaccttcatcatctaaccagecate GlySerGly-linker

caagacccctgecacgattgectttggtccagataaatgtggagaagactataagettcac Y166A, M169A,

LD-8-Cnx-forward ttcgeettccgecacaaaaaceec Hindlll, 1184A

gtggcggaaggegaagtgaagettatagtcttctecacatttatctggaccaaaggeaatc 1184A, Hindlll,

LD-S-Cnx-reverse gtggeagggetcttgtcgtggaact MI169A, Y166A

2.1.4 Culture media

LB-medium: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl

The pH value was adjusted to 7.5 with 2 N NaOH and the medium was autoclaved before use.
For making LB-agar plates, 1.5 % (w/v) bacto agar was added to LB-medium before
autoclaving. Non heat-resistant additives were sterile filtered using membrane filters with a
pore size of 0.2 pum (PALL CORPORATION, Ann Arbor, MI, USA). Liquid and solid media
were supplemented with 100 ug/ml ampicillin (Amp) used for selection of Amp resistant E.

coli strains.
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2.2 Methods

2.2.1 Isolation of nucleic acid

Plasmid DNA from E. coli was isolated with the “GeneJET™ Plasmid Miniprep Kit” from
MBI FERMENTAS (Burlington, ON, Canada) according to the manufacturer’s protocol. The
method is based on alkaline lysis of bacterial cells and the ability of DNA to bind silica in the
presence of high concentrations of chaotropic salts (397-399). DNA was eluted with 50 pl of

sterile water and its concentration was determined by absorbance measurement at 260 nm.

2.2.2 Nucleic acid gel electrophoresis

Electrophoretic separation of DNA for its analysis and isolation was conducted in an “i-
Mupid Mini Agorose Gel Electrophoresis Apparatus System” (HELIXX TECHNOLOGIES,
Toronto, ON, Canada) using 1-2 % (w/v) agarose gels as described by Sambrook et al. (400).
As electrophoretic buffer 0.5x TBE (89 mM Tris-HCL, pH 8.3, 89 mM boric acid, and 2.5
mM Na,-EDTA) was used. The separated DNA was visualized in the gel using “SYBR" Safe
DNA gel stain” (INVITROGEN, Eugene, OR, USA) via an “UV transilluminator” from
ULTRAVIOLETPRODUCTS (Cambridge, UK) and documented with a “Gel Doc 2000”
from BIO-RAD (Hercules, CA, USA). To size DNA fragments the “GeneRuler'” DNA
Ladder Mix” from MBI FERMENTAS (Burlington, ON, Canada) was used as a molecular
weight standard. Extraction of DNA from agarose gels was carried out with the “QIAEX II
Gel Extraction Kit” from QIAGEN (Mississauga, ON, Canada) pursuant to the protocol
provided.

2.2.3 In vitro recombination of DNA

Digestion of DNA with restriction enzymes and ligation of DNA fragments were performed
with reaction buffers and enzymes from MBI FERMENTAS (Burlington, ON, Canada)

according to Sambrook et al. (400) as well as the manufacturer’s recommendations.
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2.2.4 Transformation of bacteria

2.2.4.1 Chemical transformation of E. coli

The RbCl, method of Hanahan (401) was applied for preparation of transformation competent

E. coli cells and their transformation with plasmid DNA.

2.2.4.2 Electroporation of E. coli

The preparation of electrocompetent bacterial cells and their electrotransformation was
performed in accordance with the method of Fiedler and Wirth (402). The electroporation of
E. coli strains was conducted in an “E. coli Pulser apparatus” from BIO-RAD (Hercules, CA,

USA).

2.2.5 Storage of bacteria

Colonies of E. coli strains grown on agar plates were kept at 4°C. For long-term storage, 1.5

mL of liquid cell cultures containing 8 % (v/v) DMSO were frozen at -70°C.

2.2.6. Standard polymerase chain reaction (PCR)

Amplification of DNA-fragments was conducted under standard PCR-conditions in a reaction
mix containing plasmid-based template (1-25 ng), primer oligonucleotides (50 pmol each),
dNTP’s (0.2 mM each, ROCHE, Indianapolis, IN, USA), and Pfu-Polymerase (2.5 U). The
buffer containing MgSO4 was used as recommended by the manufacturer’s protocol.
Generally, 5 % (v/v) DMSO was added to the reaction mix. Conditions for standard PCR
were: 1 x (2 min at 95°C); 35 x (30 s at 95°C; 30 s at 58°C; 30 s up to 4 min at 72°C,
depending on the length of target gene), 1 x (7 min at 72°C). The PCR was performed using a
“PTC-200 Peltier Thermal Cycler” from MJ RESEARCH (Waltham, MA, USA). The
resulting PCR-products were purified by gel extraction using a “QIAEX II Gel Extraction
Kit” from QIAGEN (Mississauga, ON, Canada).
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2.2.7 Mutagenesis of calnexin cDNA

Amino acid numbering refers to the canine Cnx sequence with residue 1 corresponding to the
first residue following signal cleavage. Oligonucleotides used in this study are listed in Tab.
3. The soluble ER-luminal domain of canine calnexin (S-Cnx, residues 1-461) and its globular
domain (glob, residues 1-255/390-461) were each amplified in standard PCR reactions with
primer pair S-Cnx-forward/S-Cnx-reverse using as templates the previously generated
glutathione-S-transferase fusion constructs, pGEX-3X-S-Cnx (283) and pGEX-3X-glob
(280), respectively. The latter construct contains a GSGSG linker between residues 255 and
390. The arm domain (arm, residues 256-389) was synthesized in a standard PCR reaction
with the primer pair arm-forward/arm-reverse using pET15b-Tev-S-Cnx as the template (see
below). To generate two mutants of S-Cnx with a truncated arm domain, Aarm1 (Aaa315-334)
and Aarm2 (Aaa309-347), an overlap extension PCR (403) was performed. In both cases,
plasmid pET15b-Tev-S-Cnx was used as the template in the first round of PCR reactions. For
construct Aarm1, a 975 bp and a 420 bp DNA fragment were amplified with primer pairs S-
Cnx-forward/Aarm1-reverse and Aarml-forward/S-Cnx-reverse, respectively. For construct
Aarm2, a 958 bp and a 381 bp DNA fragment were amplified with primer pairs S-Cnx-
forward/Aarm2-reverse and Aarm2-forward/S-Cnx-reverse, respectively. After purification,
the synthesized DNA fragments were used in equimolar amounts as the template in a second
PCR to amplify the complete constructs using the primer pair S-Cnx-forward/S-Cnx-reverse.
The mutagenic PCR primers for both the Aarm1 and Aarm2 constructs introduced a GSG
linker at the site of truncation (Tab. 3). To generate a lectin-deficient mutant of S-Cnx (LD-S-
Cnx), an overlap extension PCR was performed to introduce the amino acid exchanges
Y166A, M169A, and 1184A into the lectin site of S-Cnx. In the first round of PCR reactions,
plasmid pET15b-Tev-S-Cnx was used as the template. A 577 bp and a 919 bp DNA fragment
were amplified with primer pairs S-Cnx-forward/LD-S-Cnx-reverse and LD-S-Cnx-
forward/S-Cnx-reverse, respectively. After purification, the synthesized DNA fragments were
used in equimolar amounts as the template in a second PCR to amplify the complete
constructs using the primer pair S-Cnx-forward/S-Cnx-reverse. All generated PCR products
were digested with Ndel and BamHI and subsequently ligated into the expression vector
pET15b-Tev, a modified pET15b vector carrying a tobacco etch virus (TEV) protease
cleavage site after the N-terminal His¢-tag. The integrity of each construct (Fig. 5) was

confirmed by DNA sequencing.
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globular arm domain domain
S-Cnx T 11 1 12 2 2 2 [
1 256 389 461
Aarm1 I 11 F--[2 2 2
1 256 314 335 389 461
Aarm2 T 11 F----{2 2
1 256 308 348 389 461
glob - - - - - === = = = L —
1 255 390 461
arm [1111 22 2 2]
256 389
domain
LD-S-Cnx T 1 1 1 12 2 2 2 [
1 Y166A M169A 1184A 256 389 461

Fig. 5: Illustration of the linear sequences of S-Cnx constructs. The Aarm1 construct represents S-Cnx with
an arm domain lacking amino acids 315-334. The Aarm2 mutant is shortened further by removal of amino acids
309-347 and, for the globular domain construct (glob), the complete arm domain (arm) was removed. The three
alanine exchanges of the lectin-deficient S-Cnx mutant (LD-S-Cnx) are indicated. Numbers 1 and 2 within the
arm domain represent two proline-rich, tandemly repeated sequence motifs. Removed amino acids are shown as
dashed lines.

2.2.8 DNA sequencing

All PCR products and DNA constructs were verified via sequencing performed by ACGT
CORP. (Toronto, ON, Canada).

2.2.9 Bacterial growth and protein overexpression

Protein overexpressions were performed with the bacterial expression vectors pGEX-3X,
encoding C-terminal Hise-tagged S-Cnx, and pET15b-TEV, carrying the various N-terminal
Hise-tagged S-Cnx constructs, in E. coli strains FA113 and BL21-CodonPlus(DE3),
respectively. LB-medium (60 mL) containing Amp as the selection marker (LB/Amp) were
inoculated with the respective freshly transformed E. coli strain and incubated at 37°C until a
cell density (ODgoo) of 1. This preculture was transferred into 1940 mL prewarmed LB/Amp
and grown at 37°C until an ODgg of 0.6 was reached. Following induction of overexpression
with a final IPTG concentration of 1 mM, E. coli FA113 or BL21-CodonPlus(DE3) cultures

were shaken for another 16 h at RT or 4 % hours at 30°C, respectively. Bacteria were

34



MATERIALS AND METHODS

harvested by centrifugation (30 min, 4 °C, 3500 x g) using a “Sorvall RC-3B” from
SORVALL INSTRUMENTS (Newtown, CT, USA).

2.2.10 Cell disruption

To prepare a cell-free lysate for the purification of the various S-Cnx constructs the pelleted
cells of the E. coli FA113 and BL21-CodonPlus(DE3) strains were resuspended in 30 mL ice-
cold 50 mM Tris-HCL, pH 8, 300 mM NacCl, and 3 mM CaCl,, containing DNase I (15 pM),
RNase A (22 uM), and protease inhibitors (AEBSF (420 uM), bestatin (48 uM), leupeptin (39
uM), and pepstatin A (24 uM), all from BIOSHOP, Burlington, ON, Canada). Cell lysis was
performed by passing the bacterial suspension twice through a precooled “French® Pressure
Cell Press” (THERMO SPECTRONIC, Rochester, NY, USA) at 110 MPa. The lysate was
centrifuged at 30,000 x g for 60 min at 4°C and the obtained supernatant containing the
respective hexahistidine-tagged S-Cnx construct was kept for subsequent purification steps

performed, unless stated otherwise, at 4°C.

2.2.11 Protein purification

2.2.11.1 Purification of C-terminal His¢-tagged S-Cnx

C-terminal Hise-tagged S-Cnx fused at the N-terminus to glutathione S-transferase (GST) was
purified by nickel-agarose chromatography (Qiagen, Mississauga, ON, Canada) according to
the manufacturer’s protocol (final elution with 250 mM imidazole). The eluate was dialysed
against 50 mM Tris-HCL, pH 8, 150 mM NaCl, and 1 mM CaCl, before addition of the
protease Factor Xa (1 unit/ml) to release S-Cnx from GST. After a 16 h digestion at RT, the
CaCl; concentration was increased to 3 mM and the digest was passed through a glutathione-
agarose column (Sigma, St Louis, MO, USA) to remove GST. The S-Cnx-containing flow-
through fraction was dialysed against 20 mM Tris-HCL, pH 8, 50 mM NaCl, and 3 mM
CaCl, and S-Cnx was further purified by Mono Q anion exchange FPLC (8 ml column,
PHARMACIA BIOTECH, Piscataway, NJ, USA) using a linear, 200 ml 0.05-1 M NacCl
gradient in 20 mM Tris-HCL, pH 8, and 3 mM CaCl,. Purified S-Cnx was dialysed against 20
mM Hepes, pH 7.4, 150 mM NacCl, and 1 mM CaCl, and frozen in aliquots at -20°C. Aliquots

were thawed only once, immediately prior to use. Recombinant S-Cnx expressed with a C-
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terminal Hise-tag was used in results section 3.2.

2.2.11.2 Purification of N-terminal His¢-tagged S-Cnx constructs

For the purification of the respective S-Cnx constructs with an N-terminal hexahistidine-tag
the supernatant fraction (2.2.10) was loaded onto a nickel-NTA-agarose column (QIAGEN,
Mississauga, ON, Canada). Subsequent washing steps and the final elution of the recombinant
protein with 250 mM imidazole were performed as described in the manufacturer’s protocol.
The eluate was dialysed against 20 mM Tris-HCL, pH 8, 50 mM NacCl, and 3 mM CacCl, and
subjected to further purification by Mono Q anion exchange chromatography (PHARMACIA
BIOTECH, Piscataway, NJ, USA) applying a linear, 200 ml NaCl gradient (0.05-1 M) in 20
mM Tris-HCL, pH 8, and 3 mM CaCl,. After a final dialysis against 20 mM Hepes, pH 7.4,
150 mM NaCl, and 1mM CaCl,, purified proteins were aliquoted and stored at -70 °C. The N-

terminal Hise-tagged proteins were studied in results section 3.3.

2.2.12 Determination of protein concentration

Protein concentrations were calculated by reading the optical density at 280 nm at a
“BioPhotometer” (EPPENDORF, Hamburg, Germany). The required molar extinction
coefficients of the respective S-Cnx constructs were ascertained using the software
“ProtParam” provided by the “ExPASy proteomics server” of the SWISS INSTITUTE OF
BIOINFORMATICS (http://ca.expasy.org/tools/protparam.html).

2.2.13 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated under reducing conditions in the presence of SDS in a discontinuous
gel system consisting of a 5 % stacking gel and an either 10 or 16 % separating gel as
described by Laemmli (404). Protein samples were mixed with SDS loading buffer (50 mM
Tris-HCI, pH 6.8, 4 % (w/v) SDS, 10 % glycerol, 60 mM DTT, and 0.03 % (w/v) bromphenol
blue) and denatured at 95°C for 10 min before loading onto the gel. The gel electrophoresis
was performed in a “Mini-PROTEAN® II Electrophoresis Cell” from BIO-RAD (Hercules,
CA, USA) with a voltage of 150 V and the separated proteins were stained with Coomassie
Brilliant Blue R-250.
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2.2.14 Adjustment of Ca’* concentration

All experiments were performed using buffer consisting of 20 mM Hepes, pH 7.4, 150 mM
NaCl, and 1 mM CaCl, with various protein or nucleotide additives being prepared in the
same buffer. For experiments involving a fixed 1 mM Ca®" concentration, all assay
components were simply mixed together. For final Ca®" concentrations other than 1 mM,
adjustments were made using two methods. In the first method, samples were prepared by
first adding buffer, followed by EDTA to a final concentration of 1 mM, and then sufficient
CaCl, to achieve the desired final free Ca®" concentration. S-Cnx constructs, firefly luciferase,
or other components were added last. The Ca®" contributed by these final additions was taken
into account when calculating the final Ca®" concentration. In the second method, the
respective S-Cnx construct, peptide, and nucleotide were mixed with the appropriate amounts
of CaCl, and calcium-free buffer (20 mM Hepes, pH 7.4, and 150 mM NaCl) to achieve the
desired final Ca®" concentration. Final free Ca®" concentrations were confirmed by direct
measurement using the Ca”’-specific electrode in a “Radiometer ABL700 Blood Gas
Analyzer” (RADIOMETER, Copenhagen, Denmark). S-Cnx constructs were typically
equilibrated for 1 h in the final buffer prior to experiment, although preincubations as short as

10 min were sufficient.

2.2.15 Trypsin digestion

S-Cnx (48 pg) was preincubated in 20 mM Hepes, pH 7.4, 150 mM NaCl, and the indicated
Ca’" and ATP concentrations for 1 h at RT. All digestions were performed in a final volume
of 360 pL at 37°C with 0.48 pg bovine pancreatic trypsin. Aliquots containing 4 pg S-Cnx
were removed at each time point, mixed with SDS-PAGE sample buffer, and heated at 95°C
for 5 min. Digestion products were analyzed by SDS-PAGE (2.2.13) using 10 %

polyacrylamide gels with visualization by Coomassie Brilliant Blue R-250 staining.
2.2.16 Aggregation assay

Recombinant firefly luciferase was dialyzed against 20 mM Hepes, pH 7.4, 150 mM NaCl, 1
mM CaCl,, and 0.5 % glycerol and rapidly frozen in 2.5 pL aliquots at an average

concentration of 230 uM. Aliquots were thawed only once, immediately prior to use. S-Cnx
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and deletion mutants were equilibrated at their respective concentrations in 20 mM Hepes, pH
7.4, 150 mM NaCl, and the indicated Ca*" and/or nucleotide concentrations with or without
peptides (20 uM) or a-lactalbumin (10 uM) for 1 h at RT or 37°C. FL was then diluted into
the respective samples to a final concentration of 3 uM in a total volume of 150 puL.
Aggregation was monitored immediately at 37°C by measuring light scattering at 360 nm in a
“Shimadzu 1601 spectrophotometer (SHIMADZU, Columbia, MD, USA) equipped with a

temperature-controlled sample compartment. Absorbance readings were taken every 6 s.

2.2.17 Fluorescence experiments

S-Cnx constructs (0.6 or 0.8 pM) were equilibrated in 150 pL of 20 mM Hepes, pH 7.4, 150
mM NaCl, and the indicated Ca*" and/or ATP concentrations in the presence or absence of
various peptides (20 uM) for 1 h at RT or 37°C. For the titration of the various peptides
against S-Cnx and Aarm?2, samples were allowed to equilibrate for 10 min between the
respective titration steps. Intrinsic fluorescence of S-Cnx constructs was measured with an
excitation wavelength of 280 nm, if not stated otherwise. For measurements of the interaction
between the hydrophobic fluorescent probe 1,1'-bis(4-anilino)naphthalene-5,5'-disulfonic acid
(bis-ANS) and S-Cnx, 1 uM S-Cnx was preincubated in 20 mM Hepes, pH 7.4, and 150 mM
NaCl at the indicated Ca®" and/or nucleotide concentrations for 1 h at RT. Subsequently, bis-
ANS was added to each sample to a final concentration of 6 uM. Bis-ANS fluorescence was
monitored with an excitation wavelength of 395 nm. All fluorescence measurements were
recorded at 37°C with the indicated emission wavelengths using a “Photon Technology
International QM-1" fluorescence spectrofluorometer (excitation slit width: 2 nm; emission
slit width: 5 nm). The measured fluorescence data were corrected for the contribution of the
respective additives to fluorescence intensity or the absorption of ATP at 290 nm excitation

(405).

2.2.18 Circular dichroism measurements

Reaction mixtures for circular dichroism (CD) measurements contained S-Cnx or its
deletion/lectin-deficient mutants (1.81 uM) in 2.5 or 5 mM Hepes, pH 7.4, 150 mM NaCl,
and the indicated Ca®" or ATP concentrations in the presence or absence of various peptides

(20 uM). Samples were allowed to equilibrate for 1 h at RT or 37°C prior to measuring
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spectra between 200-260 nm at 37°C.

For thermal denaturation experiments, S-Cnx or its deletion/lectin-deficient mutants (7.24
uM) were equilibrated in 20 mM Hepes, pH 7.4, and 150 mM NaCl at the indicated Ca®" or
ATP concentrations in the presence or absence of G;Mj; oligosaccharide (20 uM) for 1 h at
RT or 37°C. Thermal denaturation curves were recorded from 20 up to 80 °C at 228 or 231
nm with a scan rate of 2°C/min. To determine the particular Ty, values (transition midpoint
temperature of thermal unfolding) the measured thermal denaturation curves were fit to a
standard equation describing a two-state transition process by nonlinear least-squares
regression using the software SigmaPlot 2004 version 9.0. All CD experiments were
measured on a “Jasco J-810” spectropolarimeter equipped with a “Jasco PTC-423S”
temperature controlling unit (JASCO, Easton, MD, USA) in a 1 mm path length cuvette. The
results are expressed as mean residue ellipticity [©] (L) in units of deg-cm?dmol™, given by:

[0](2)= 100%
Where © (1) is the recorded ellipticity at wavelength A in mdeg, c is the concentration in mM,
n is the number of amino acid residues in S-Cnx constructs, and / is the path length of the

cuvette in cm. In the case of samples containing both S-Cnx construct and peptide, the

obtained spectra were corrected by subtracting the contribution of the peptide alone.

2.2.19 Peptide radioiodination

KHP peptide was radioiodinated by adding 173 pM KHP-peptide to 1 mCi Na'*I
(PERKINELMER, Billerica, MA, USA) and 110 pM chloramine T in 0.2 M sodium
phosphate buffer, pH 7.4, in a final volume of 90 pL. The sample was mixed for 15 s at RT
and the reaction was stopped by the addition of 110 puL of 36 mM Na,S,0s and 16.4 mM KI
in 0.2 M sodium phosphate buffer, pH 7.4. Thin layer chromatography and gamma counting
of separated peptide revealed 61 % of input radioactivity incorporated into the peptide
resulting in a specific activity of 39.7 mCi/umol peptide. The radioiodination mixture was
loaded onto a C;g Sep-Pak column (MILLIPORE, Billerica, MA, USA) and was washed with
25 mL 0.05 % trifluoroacetic acid (TFA) and subsequently with 10 mL 0.05 % TFA and 5 %
acetonitrile to remove unbound Na'?’I. The radioiodinated peptide was eluted with 2 ml 0.05
% TFA and 50 % acetonitrile, vacuum dried, and resuspended in 20 mM Hepes, pH 7.4, 150
mM NacCl, and 0.4 mM CacCl,.
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2.2.20 Peptide binding competition experiments

To analyze the interaction between S-Cnx and KHP peptide, the various Hise-tagged S-Cnx
constructs (5 uM) and the '*I-KHP-peptide (1 pM) were incubated in 20 mM Hepes, pH 7.4,
150 mM NaCl, and 0.4 mM CacCl; in the presence or absence of unlabeled KHP peptide (20
uM) or G;M; oligosaccharide (20 pM) in an 80 pL reaction volume for 1 h at 37°C. The
samples were then applied to Mini-Spin Columns (PIERCE, Rockford, IL, USA) containing
15 pL of nickel-agarose beads (QIAGEN, Mississauga, ON, Canada) equilibrated in 20 mM
Hepes, pH 7.4, 150 mM NaCl, and 0.4 mM CaCl,. Proteins were allowed to bind to the beads
for 1 h at 37°C before removing unbound peptides by centrifugation for 30 s at 730 x g. The
beads were washed twice rapidly with 300 puL of 20 mM Hepes, pH 7.4, 150 mM NacCl, and
0.4 mM CacCl, and bound proteins were eluted with 200 pL of 20 mM Hepes, pH 7.4, 150
mM NaCl, 0.4 mM CaCl,, and 250 mM imidazole. The amount of radioiodinated KHP
peptide that remained bound to the various S-Cnx constructs in the eluates was quantified
using a “1470 Automatic Gamma Counter” (PERKINELMER, Billerica, MA, USA). To
control for non-specific peptide binding to nickel-agarose beads, separate incubations lacking
S-Cnx were performed and radioactive peptide eluted from the beads was subtracted from the
values obtained with the complete incubations. Typically, ~130,000 cpm of peptide was
specifically bound to S-Cnx.

2.2.21 Reduction and carboxymethylation of a-lactalbumin

Bovine a-lactalbumin was reduced and carboxymethylated according to a modified protocol
described previously by Bosl ef al. (406). Reduction of a-lactalbumin (500 pM) was
performed in 0.2 M Tris-HCL, pH 8.7, 2 mM EDTA, and 20 mM dithiothreitol for 90 min at
RT. All free thiols of the reduced protein were blocked by 0.1 M iodoacetic acid for 20 min in
the dark. Subsequently the alkylation reaction was quenched with an excess of reduced
glutathione in 0.2 M Tris-HCL, pH 7.5. The reduced, carboxymethylated a-lactalbumin (R-
CMLA) was excessively dialyzed against 20 mM Hepes, pH 7.4, 150 mM NaCl, and 1 mM
CaCl,, aliquoted, and stored at -70 °C.
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2.2.22 Surface plasmon resonance assays

Real time binding between S-Cnx and non-native protein conformers was analysed by surface
plasmon resonance (SPR) spectroscopy using a “Biacore X instrument” (BIACORE AB
CORPORATION, Uppsala, Sweden). Recombinant firefly luciferase or reduced,
carboxymethylated a-lactalbumin were covalently immobilized to the activated dextran
surface of a “Sensor Chip CM5” (BIACORE INC., Piscataway, NJ, USA) in 10 mM sodium
acetate buffer at one pH unit below the pl of the respective protein according to the standard
amine coupling procedure recommended by the manufacturer. While the first flow cell was
used as the control surface, immobilization of FL or R-CMLA in the second flow cell resulted
in approximately 4500 and 830 resonance units (RU), respectively. Binding of S-Cnx and
deletion mutants to FL (30°C) and R-CMLA (25°C) was conducted at a flow rate of 20
uL/min. Prior to the experiment, S-Cnx constructs were equilibrated in 20 mM Hepes, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1.4 mM CacCl,, and 0.005 % surfactant P20 (BIACORE INC.,
Piscataway, NJ, USA) for 1 h at the respective temperature. Complex association was
monitored for 1 min followed by a 2 min dissociation phase in the same buffer before the

surface was regenerated with 50 % ethylene glycol, pH 8.5.
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3 Results

3.1 Expression and purification of S-Cnx constructs

During the course of this thesis the initially applied expression system for S-Cnx was altered,
in combination with a modified purification protocol, to increase the yield of S-Cnx and
mutant constructs for following studies in results section 3.3.

For expression of S-Cnx, examined in early experiments (3.2) the bacterial expression
vector pGEX-3X, encoding glutathione S-transferase fused to the N-terminus of the soluble
ER-luminal domain of Cnx followed by a Hiss sequence (283), was transformed into the E.
coli strain FA113. This strain, lacking thioredoxin reductase and glutathione reductase,
possesses an oxidizing cytosol which supports efficient expression of disulfide bonded
proteins (394). The fusion protein-expressing bacteria were cultured in IPTG-containing
medium for 16 h at RT. Upon cell harvest and cell disruption, GST-S-Cnx was purified using
a Ni-NTA agarose column. Following Factor Xa protease digestion to release GST, S-Cnx
was further purified by glutathione-agarose chromatography to remove GST and by Mono Q
anion exchange chromatography. S-Cnx eluted typically from the Mono Q FPLC column at
0.43 M NaCl. From 2 L of bacterial culture about 7 mg of S-Cnx could be obtained with a
purity in excess of 95 % as assessed by SDS-PAGE and Coomassie Brilliant Blue R-250
staining (Fig. 6).

To improve the expression of S-Cnx and its deletion/lectin-deficient mutants, the
corresponding cDNAs were cloned (2.2.7) into pET15b-TEV vectors resulting in an in frame
fusion of the Hisg sequence to the N-terminus of the various S-Cnx constructs. The generated
plasmids were transformed into E. coli BL21-CodonPlus(DE3) cells, which supply additional
copies of the rare argU, ileY, and leulW tRNA genes to facilitate heterologous protein
expression in E. coli hosts. Transformants were incubated for 4 h at 30°C following induction
of protein overexpression with IPTG. Purification of the various constructs was performed by
Ni-NTA agarose chromatography and subsequent Mono Q anion exchange chromatography.
Elution of S-Cnx and mutants from the Mono Q anion exchange column was usually observed
between 0.35-0.5 M NaCl. The purity of the proteins was judged to be greater than 95 % by
SDS-PAGE and Coomassie Brilliant Blue R-250 staining (Fig. 6). The following average
yields were obtained for the various S-Cnx constructs from 2 L of bacterial culture: S-Cnx: 20

mg; Aarm1: 22 mg; Aarm2: 19 mg; glob: 5 mg; arm: 34 mg; LD-S-Cnx: 20 mg.

42



RESULTS

Thus, changing from the tac (pGEX-3X) to the T7 (pET15b-TEV) promotor controlled
protein expression with a shortened 4 h time period in E. coli BL21-CodonPlus(DE3) cells
and using a modified purification procedure resulted in a ~3 fold enhanced yield for S-Cnx.
This resembles previous studies, showing higher expression levels with the T7 promotor

when compared to those obtained with the tac promotor (407).

kDa 1 2 3 4 5 kDa 6 kDa ’
- 55—
130 o 43—
95— 34—
72— - — -| % 26-
55— - 43— |
— 34—
43 10—
26—
34—

Fig. 6: SDS-PAGE analysis of purified S-Cnx, deletion mutants, and lectin-deficient S-Cnx. C-terminal
Hisg-tagged S-Cnx is shown in lane 1. N-terminal Hise-tagged S-Cnx constructs are depicted in lane 2-7. Lane 2:
S-Cnx; lane 3: Aarml; lane 4: Aarm2; lane 5: LD-S-Cnx; lane 6: glob; lane 7: arm. For every S-Cnx construct 4
pg were loaded onto a 10 % polyacrylamide gel with the exception of the arm domain, which was analyzed by a
16 % polyacrylamide gel. Gels were stained with Coomassie Blue R-250.

3.2 Characterization of the chaperone function of calnexin under conditions

prevalent within the lumen of the endoplasmic reticulum

3.2.1 Effect of Ca’* concentration on the aggregation suppression function
of S-Cnx

To evaluate the lectin-independent aggregation suppression function of S-Cnx at
physiological temperature, a client protein was sought that would aggregate at 37°C. Firefly
luciferase (FL) is a thermolabile protein that is frequently used in vitro as a substrate in
chaperone-mediated refolding or aggregation suppression assays, usually at temperatures
greater than 37°C or following dilution from a denaturant (226, 408). It is also a non-

glycosylated protein, and thus, any interaction with S-Cnx cannot be lectin-mediated. As
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shown in Fig. 7, FL in 20 mM Hepes buffer at pH 7.4 containing 150 mM NaCl aggregated at
37°C following a lag period of 7-8 min. This behavior was unchanged in the presence of 1
mM Ca®". The addition of S-Cnx (3-fold molar excess) at the 1 mM Ca®" concentration
previously used in aggregation suppression assays involving S-Cnx or Crt (283, 284) had only

a small inhibitory effect on FL aggregation.

1.0 |
o —— FL alone + 1 mM Ca*
S 08} —&— FL alone + 0 mM Ca®™
2 - +GST+0mM Ca”
8 >~ +S-Cnx + 1 mM Ca”
»n 06 ~¥- +S-Cnx+ 0.8 mM Ca”
< -0~ +S-Cnx + 0.6 mM Ca®
2 —A— +S-Cnx + 0.4 mM Ca*
© 041 -0~ +S-Cnx + 0.3 mM Ca®
® ~4- +S-Cnx +0.2mM Ca”
o) —7 +8S-Cnx + 0.05 mM Ca*
x 02 —— +S-Cnx + 0 mM Ca”

0.0 xvif:ﬁvﬂgv__v——v——w

0 10 20 30 40 50 60
Time (min)

Fig. 7: Ca’ influences the aggregation suppression function of S-Cnx. S-Cnx (or GST) (9 uM) was
equilibrated in 20 mM Hepes, pH 7.4, 150 mM NaCl, and the indicated free [Ca*"] for 1 h at RT. FL was diluted
into the various S-Cnx samples to a final concentration of 3 puM, and its aggregation was monitored by
measuring light scattering at 360 nm and 37°C. Data points were measured every 6 s and plotted every 5 min.

The Ca®" concentration was then reduced to assess the potency of S-Cnx’s aggregation
suppression function under conditions that reflect the free ER Ca®" store in its resting or filled
state or following Ca®" mobilization (empty state). Reducing the Ca*" concentration resulted
in a marked enhancement of the ability of S-Cnx to suppress FL aggregation (Fig. 7).
Specifically, when Ca®" was reduced to the 0.4 mM level reflective of the resting ER-luminal
Ca®* concentration (31, 34, 409), S-Cnx inhibited the aggregation of FL by 55 %.
Furthermore, reduction of Ca*" to the 50 pM level typically observed following mobilization
of the ER Ca®" store (34, 410) completely suppressed FL aggregation. This aggregation
suppression by S-Cnx was specific because the addition of a control protein, glutathione S-

transferase (GST), in the absence of added Ca®" had no effect on FL aggregation (Fig. 7).
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3.2.2 Conformation of S-Cnx is influenced by Ca’* concentration

To understand the basis for the enhanced aggregation suppression function exhibited by S-
Cnx as the Ca®" concentration is reduced, the conformational consequences of altering the
Ca®" concentration were assessed using several approaches. Initially, the far-UV circular

. . . 2+ .
dichroism spectrum of S-Cnx in the presence or absence of Ca” was examined.
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Fig. 8: Far-UV circular dichroism spectra of S-Cnx. S-Cnx (1.81 uM) was equilibrated in 5 mM Hepes, pH
7.4, 150 mM NaCl, and the indicated free [Ca*"] for 1 h at RT before recording the CD spectra (200-260 nm) at
the indicated temperatures.

As shown in Fig. 8, the CD spectrum of S-Cnx in the presence of 1 mM Ca®" was
characterized by a negative CD band at 228 nm but lacked secondary structure spectral
features typical of proteins with a substantial content of B-sheets or a-helices. Rather, the
spectrum appeared to be dominated by short wavelength aromatic CD transitions, which
reflects the relatively high content of aromatic residues in the ER-luminal domain of Cnx (9.5
% of total residues). Similar observations have been made previously for Crt (411). No
difference in the CD spectrum was observed upon reduction of the Ca*" concentration to 0.4
mM, and only a minor decrease in mean residue ellipticity was associated with the complete
absence of Ca®". However, the CD spectrum of S-Cnx denatured by heating at 80°C was
sufficiently distinct to permit an examination of the thermal stability of S-Cnx at various Ca*"

concentrations. The thermal denaturation curve of S-Cnx in 1 mM Ca®" recorded at 228 nm
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shows that the protein denatures via a well-defined cooperative transition having a Ty, of
49.5°C (Fig. 9). This was unaltered when the Ca®" concentration was reduced to the resting
ER level of ~0.4 mM. However, further reduction led to a progressive loss of thermal stability
such that at a Ca*" concentration of 50 pM, typical of the empty ER, the T,, was reduced to
42.4°C.
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8 E ~O- 0.45 mM Ca*
O —A— 0.30 mM Ca*
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Fig. 9: Effect of Ca’" on melting curves of S-Cnx. S-Cnx (7.24 uM) was equilibrated in 20 mM Hepes, pH 7.4,
150 mM NaCl, and the indicated free [Ca®] for 1 h at RT. Thermal denaturation curves (20-80°C) were obtained
by measuring the mean residue ellipticity by CD at 228 nm. For clarity, not all recorded melting curves are
shown. Data points were acquired every 2°C and plotted every 5°C.

These values resemble those reported for Crt at 1 mM Ca** (T, = 46.4°C) and at 50 uM Ca*"
(T = 44.3°C) (281). Thus, Ca®" ions have a stabilizing effect on both S-Cnx and Crt.

These Ca®"-dependent changes in thermal stability were also used to estimate the affinity
of Ca*" binding to S-Cnx, which has not been reported previously. As shown in Fig. 10, a plot
of Ty versus Ca”” concentration could be fit to an equation describing single site binding with

a dissociation constant (Kg) of 125 uM.
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Fig. 10: Thermal stability of S-Cnx is
influenced by Ca®**. Calculated T,
values of the thermal denaturation
curves from Fig. 9 were plotted against
[Ca®] and fit to an equation describing
single site binding using SigmaPlot. The
indicated Ky value represents the
average of  three independent
measurements with a standard deviation
of 15 %.

Next, the accessibility of S-Cnx to proteolytic digestion over a range of Ca*" concentrations

was examined. Fig. 11 shows that at 1 mM Ca*" and at 37°C, S-Cnx is relatively resistant to

trypsin digestion with only slight shifts in electrophoretic mobility observed between 5 and 60

min of digestion. This has been observed previously and reflects clipping at both the N- and

Digestion time (min)

S-Cnx—>

0 5 10 15 20 25 30 60 0 5 10 15 20 25 30 60 O 5 10 15 20 25 30 60 KD
a
0 mM Ca?* 0.05 mM Ca?* 0.15 mM Ca?* _119
-79
N —— —— —— ' — p———— - ——— —— ——
- 46
- 31
-24
0O 5 10 15 20 25 30 60 O 5 10 15 20 25 30 60 0 5 10 15 20 25 30 60

0.2 mM Ca?*

S-Cnx—>

0.4 mM Ca?*

=

1 mM Ca?*

—---ngg

Fig. 11: Effect of Ca’* on the protease sensitivity of S-Cnx. S-Cnx was preincubated in 20 mM Hepes, pH 7.4,
150 mM NaCl, and the indicated free [Ca®'] for 1 h at RT. All digestions were carried out at 37°C with a S-
Cnx/trypsin ratio of 100:1 (w/w). Aliquots containing 4 pg of S-Cnx were removed at each time point and
analyzed by SDS-PAGE using 10 % polyacrylamide gels followed by Coomassie Brilliant Blue R-250 staining.
The arrow indicates the S-Cnx band migrating at 68 kDa.
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C-termini of ~68 kDa S-Cnx to give rise to a ~60 kDa protease-resistant core (412). No
significant change was observed in the digestion pattern or kinetics when the Ca®"
concentration was reduced to the resting ER level of 0.4 mM. However, further reduction in
Ca”" concentration led to a progressive increase in sensitivity to trypsin digestion, closely
reflecting the loss of stability observed by CD spectroscopy (compare Fig. 11 with Fig. 10).
These findings are consistent with the loss of a tightly folded conformation of S-Cnx at Ca®"
concentrations below that of the resting ER.

Changes in the intrinsic (predominantly tryptophan) fluorescent emission spectrum of S-
Cnx were also measured as a means to assess the nature of conformational changes in
response to reductions in Ca”" concentration. As illustrated in Fig. 12.A, the complete
removal of Ca®” ions from S-Cnx resulted in a major reduction in fluorescence emission

intensity along with a shift of the spectrum to longer wavelengths. This is indicative of the
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Fig. 12: Effect of Ca’* on the intrinsic
fluorescence of S-Cnx. (A) Intrinsic fluorescence
spectra of S-Cnx. S-Cnx (0.6 uM) was equilibrated
in 20 mM Hepes, pH 7.4, 150 mM NaCl, and a free
[Ca®'] of either | mM or 0 mM for 1 h at RT. The
emission spectra (290-390 nm) were monitored at
37°C with an excitation wavelength of 280 nm:
(—@-) 1 mM Ca*'; (=&—) 0 mM Ca”". Data points
were measured every 1 nm and shown every 5 nm.
(B) Intrinsic fluorescence changes as a function of
Ca®™ concentration. S-Cnx (0.6 uM) was
preincubated in 20 mM Hepes, pH 7.4, 150 mM
NaCl, and the indicated free [Ca*'] for 1 h at RT,
and the intrinsic fluorescence was measured at 37°C
(excitation wavelength: 280 nm; emission
wavelength: 333 nm). The results were plotted as
the change in fluorescence (AF) divided by the

Ke=115uM maximum change in fluorescence between 1 and 0
0.0 ¢ ! I R B mM Ca* (AF ax). The titration curve was fit to an
0.0 02 04 06 038 1.0 equation describing single site binding using

[Ca®] (mM)

SigmaPlot. The K4 value was derived by calculating
the average of three independent experiments with a
standard deviation of 20 %.
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transfer of one or more of the 13 tryptophan residues of S-Cnx from a hydrophobic
environment to one that is more polar, probably exposed to solvent. Upon repeating this
experiment at a variety of Ca’" concentrations, it was observed that little change in the
fluorescence emission intensity occurred upon lowering Ca®” to the level of the resting ER
(0.4 mM), but progressive quenching of fluorescence occurred at lower Ca’" concentrations
(Fig. 12.B). Fitting these data to a single site-binding model resulted in a K4 for Ca®" binding
to S-Cnx of 115 uM, quite similar to the K4 determined by measuring thermal stability as a
function of Ca®" concentration (Fig. 10).

Finally, binding of the hydrophobic fluorescent probe bis-ANS was monitored as a
measure of the surface hydrophobicity of S-Cnx. As shown in Fig. 13.A, when the emission
spectra of bis-ANS alone or in the presence of S-Cnx (1 mM Ca”>") were compared, bis-ANS

exhibited the increase in fluorescence and the shift to shorter wavelength expected for its
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Fig. 13: Bis-ANS binding by S-Cnx is influenced
by Ca’*. (A) Bis-ANS binding by S-Cnx. S-Cnx (1
oorweemt™ . . uM) was equilibrated in 20 mM Hepes, pH 7.4, 150
420 460 500 540 580 mM NaCl with or without a free [Ca*'] of 1 mM for
Wavelength (nm) 1 h at RT and mixed with 6 uM bis-ANS. Bis-ANS
fluorescence spectra were recorded between 420
and 580 nm at 37°C with an excitation wavelength
B of 395 nm: () bis-ANS in | mM Ca’"; (—@-)
10 Ks = 195 uM bis-ANS + S-Cnx + 1 mM Ca®"; (=) bis-ANS +
S-Cnx + 0 mM Ca*". Data points were measured
0.8 |- every 1 nm and shown every 10 nm. (B) Bis-ANS
fluorescence changes as a function of Ca®"
g 06 L concentration. S-Cnx (1 pM) was preincubated in
= 20 mM Hepes, pH 7.4, 150 mM NaCl, and the
w indicated free [Ca*'] for 1 h at RT before the
< 04 addition of 6 uM bis-ANS. Bis-ANS fluorescence
was measured at 37°C (excitation wavelength: 395
02| nm; emission wavelength: 490 nm). The results
were plotted as the change in fluorescence (AF)
divided by the maximum change in fluorescence
oo0p-, T between 0 and 1 mM Ca** (AF ax). The data were
00 02 04 06 08 1.0 fit to an equation describing single site binding

2 using SigmaPlot. The depicted Ky value is the
[Ca™] (mM) . _
average of three independent measurements with a
standard deviation of 11 %.
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transfer from water to a hydrophobic environment. This confirms previous observations that
S-Cnx at 1 mM Ca”" possesses significant surface hydrophobicity (283). Upon the complete
removal of Ca®", a further increase in bis-ANS fluorescence was observed, indicative of the
increased exposure of hydrophobic sites (Fig. 13.A). Again, only a small portion of this Ca*'-
dependent hydrophobic exposure occurred when Ca®" was reduced to the level of the resting
ER (0.4 mM) with progressively more exposure resulting from further decreases in Ca*"
concentration (Fig. 13.B). These data could be fit to a single site equation for Ca*" binding
with a K4 = 195 uM, in good agreement with the values obtained by CD and intrinsic
fluorescence changes (Fig. 10 and Fig. 12B).

Collectively, these assessments of S-Cnx conformation are consistent with a minor
structural change associated with increased surface hydrophobicity when the Ca®’
concentration is reduced to the resting ER level. Further reductions in Ca*" concentration are
associated with a loss of stability and a less tightly packed conformation with likely exposure

of the hydrophobic core.

3.2.3 Effect of nucleotides on the structure and aggregation suppression

function of S-Cnx

It was shown previously that 1 mM ATP has a modest enhancing effect on the ability of S-
Cnx to suppress the aggregation of citrate synthase at 45°C (283). Fig. 14 shows that this is
also true for the suppression of FL aggregation at 37°C in the presence of 1 mM Ca”'.
Furthermore, 2 mM ATP enhanced aggregation suppression by S-Cnx even more, and in the
presence of 3 mM ATP, the aggregation of FL was completely suppressed. The possibility
was considered that these effects might be indirect because of a substantial drop in free Ca*
concentration through chelation to the added nucleotide. However, direct measurement of free
Ca®" (see 2.2.14) revealed that the addition of 1 and 3 mM ATP reduced the free Ca*"
concentration from 1 to 0.9 and 0.7 mM, respectively. As shown in Fig. 7, such reductions in
Ca®" concentration are associated with only slight enhancements in the aggregation
suppression function of S-Cnx (relative to 1 mM Ca®"). It was also considered that the
reduced aggregation observed upon addition of ATP might be due to its binding to and
stabilization of FL. However, 3 mM ATP had only minimal effects on FL aggregation when
added in the absence of S-Cnx (not shown) or in the presence of GST (Fig. 14). The addition
of 1 mM Mg”" did not influence the effect of ATP on the aggregation suppression function of

S-Cnx nor did it alter the outcome of subsequent conformational studies (data not shown).
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Relative light scattering
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Time (min)

FL alone

+ GST + 3 mM ATP

+ S-Cnx + 0 mM ATP
+ S-Cnx + 0.5 mM ATP
+S-Cnx + 1 mM ATP
+ S-Cnx + 2 mM ATP
+ S-Cnx + 3 mM ATP

Fig. 14: ATP enhances the aggregation suppression function of S-Cnx. Following equilibration of S-Cnx or
GST (9 uM) for 1 h at RT in 20 mM Hepes, pH 7.4, 150 mM NacCl, 1 mM CacCl,, and the indicated [ATP], 3 uM
FL was added, and aggregation was monitored at 37°C by light scattering at 360 nm. Data points were measured
every 6 s but, for clarity, are shown every 5 min.

To determine the structural basis for the enhanced aggregation suppression by S-Cnx in the

presence of ATP, far-UV CD spectra for S-Cnx were collected at various ATP concentrations.

As was the case for Ca’’, only minimal changes in the spectra were observed (data not

shown). Consequently, CD was used to monitor the thermal stability of S-Cnx as a function of

ATP concentration. As shown in Fig. 15, the addition of up to 3 mM ATP had

Mean residue ellipticity x 10
(deg cm” dmol™)

Temperature (°C)

Podod

Fig. 15: Effect of ATP
on the thermal stability

0 mM ATP
0.5 mM ATP
1 mM ATP
2 mM ATP
3 mM ATP

of S-Cnx. S-Cnx (7.24
uM) was equilibrated in
20 mM Hepes, pH 7.4,
150 mM NaCl, 1 mM
CaCl,, and the indicated
[ATP] for 1 h at RT.
Thermal denaturation
curves were recorded by
measuring mean residue
ellipticity by CD at 228
nm as the temperature
was increased from 20 to
80°C. Data points were
measured every 2°C and
shown every 5°C.
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little effect on S-Cnx stability. The melting temperature decreased only 1°C over the range of
0.5-3 mM ATP.

Similarly, no alteration in S-Cnx conformation in response to ATP could be detected by
proteolytic digestion. Fig. 16 shows that S-Cnx remained largely resistant to digestion by
trypsin at 37°C (1 mM Ca®") either in the absence or presence of 5 mM ATP.

Digestion time (min)

0 5 10 15 20 25 30 60 0 5 10 15 20 25 30 60 O 5 10 15 20 25 30 60

kDa
0 mM ATP 0.5 mM ATP 1 mM ATP 119

-79
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2mM ATP 3 mM ATP 5 mM ATP
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Fig. 16: Effect of ATP on the trypsin susceptibility of S-Cnx. S-Cnx was incubated in 20 mM Hepes, pH 7.4,
150 mM NaCl, 1 mM CaCl,, and the indicated [ATP] for 1 h at RT. Digestions were performed at 37°C using a
S-Cnx/trypsin ratio of 100:1 (w/w), and aliquots containing 4 pg of S-Cnx were taken at the indicated time
points. Digestion products were separated by SDS-PAGE using 10 % polyacrylamide gels with visualization by
Coomassie Brilliant Blue R-250 staining. The arrow indicates the 68-kDa band of S-Cnx.

To examine if minor structural changes of S-Cnx upon ATP binding could be detected by
intrinsic fluorescence measurements, fluorescence spectra of S-Cnx with and without 5 mM
ATP were compared. In contrast to Ca’’-induced conformational changes of S-Cnx
characterized by a significant increase in fluorescence intensity (Fig. 12), ATP caused no

change in the emission spectrum (Fig. 17).
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Fig. 17: Effect of ATP on the intrinsic
fluorescence of S-Cnx. S-Cnx (0.6 pM)
was preincubated in 20 mM Hepes, pH
7.4, 150 mM NaCl, and 1 mM CacCl, in
the presence or absence of 5 mM ATP
for 1 h at RT before recording the
emission spectra (300-390 nm) at 37°C
with an excitation wavelength of 290
nm: (—&—) 5 mM ATP; (—#) 0 mM
ATP. Data points were measured every
1 nm and plotted every 5 nm.

However, a substantial increase in bis-ANS fluorescence was observed upon addition of ATP

(Fig. 18). This was detectable at 0.5 mM ATP and reached a maximum near 5 mM ATP (Fig.

19).

Relative fluorescence

S-Cnx alone
+ 5 mM AMP
+5 mM ADP
+5mM GTP
+5mM ATP

*r RS

Wavelength (nm)

Fig. 18: Bis-ANS binding by S-Cnx is influenced by nucleotides. S-Cnx (1 uM) was equilibrated in 20 mM
Hepes, pH 7.4, 150 mM NaCl, 1 mM CacCl,, and 5 mM of the indicated nucleotides for 1 h at RT and then mixed
with 6 uM bis-ANS. Bis-ANS fluorescence spectra (420-580 nm) were monitored with an excitation wavelength
of 395 nm at 37°C. Data points were measured every 1 nm and shown every 10 nm.
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These data could be fit to a single site-binding model with a K4 for ATP binding to S-Cnx of
2.9 mM. The marked increase in bis-ANS fluorescence coupled with the minimal changes in
thermal stability and protease sensitivity are consistent with ATP inducing the exposure of a

localized hydrophobic site on S-Cnx.

AF | AFmax

[ATP] (mM)

Fig. 19: Bis-ANS fluorescence as a function of ATP concentration. S-Cnx (1 puM) was preincubated in 20
mM Hepes, pH 7.4, 150 mM NaCl, and 1 mM CaCl, with various concentrations of ATP for 1 h at RT before
the addition of 6 pM bis-ANS. Bis-ANS fluorescence was measured at 37°C with excitation and emission
wavelengths of 395 and 490 nm, respectively. The results were plotted as the change in fluorescence (AF)
divided by the maximum change in fluorescence between 0 and 5 mM ATP (AF,,,). The titration curve was fit
to an equation describing single site binding using SigmaPlot. The shown Ky value represents the average of
three independent measurements with a standard deviation of 8 %.

An examination of nucleotide specificity revealed that ATP was substantially more potent
than either ADP or AMP in enhancing the aggregation suppression function of S-Cnx (Fig.
20). In contrast, GTP was almost as potent as ATP, although this is unlikely to be
physiologically relevant because there is no detectable GTP transporter activity within ER
membranes (413). The ability of S-Cnx to bind all of these nucleotides has been documented
previously (412). Consistent with their effects on aggregation suppression, the addition of
GTP to S-Cnx increased bis-ANS fluorescence emission to almost the same extent as ATP,
whereas ADP and AMP had only modest effects (Fig. 18). Thus, there is a direct correlation
between nucleotide-regulated increases in surface hydrophobicity and the capacity of S-Cnx

to suppress FL aggregation.
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Fig. 20: Nucleotides influence the aggregation suppression function of S-Cnx. S-Cnx (9 pM) was
equilibrated in 20 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM CacCl,, and 3 mM of the indicated nucleotides for 1
h at RT. FL (3 uM) was pipetted into the various S-Cnx samples, and light scattering measurements were
recorded at 360 nm at 37°C. For clarity, data points were measured every 6 s, but are plotted at 5 min intervals.

3.2.4 Resting ER Ca®" concentration potentiates the effect of ATP on the

aggregation suppression function of S-Cnx

Because the lowering of Ca*" concentration to the normal ER-luminal level and the addition
of 1-3 mM ATP independently enhanced the aggregation suppression function of S-Cnx, it
was of interest to examine the combined effects of these treatments. As shown in Fig. 21, the
addition of S-Cnx in the presence of 1 mM Ca®" caused a modest suppression of FL
aggregation. This was only slightly enhanced by the addition of 0.5 mM ATP (compare + S-
Cnx + 1 mM Ca®" and + S-Cnx + 1 mM Ca®" + 0.5 mM ATP traces). Lowering the Ca*"
concentration to 0.4 mM in the absence of ATP substantially increased the potency of
aggregation suppression, as was observed previously (Fig. 7). However, in contrast to the
situation at 1 mM Ca®’, the addition of 0.5 mM ATP strongly potentiated aggregation
suppression such that only a small degree of FL aggregation occurred (Fig. 21; compare + S-
Cnx + 0.4 mM Ca®*" and + S-Cnx + 0.4 mM Ca*" + 0.5 mM ATP traces). It appears that the
reduction in Ca*" concentration and the addition of ATP act synergistically to enhance the

aggregation suppression function of S-Cnx. Again, this was not an indirect effect of ATP
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chelating Ca’" because the direct measurement of free Ca®" revealed that its concentration was
reduced only slightly from 0.4 to 0.36 mM in the presence of 0.5 mM ATP. Furthermore, the
effects were not due to altered FL stability because the addition of GST in the presence of 0.4
mM Ca*" and 0.5 mM ATP did not alter the extent or kinetics of FL aggregation (Fig. 21).

FL alone + 1.0 mM Ca*

+ GST + 0.4 mM Ca* + 0.5 mM ATP
+8-Cnx + 1.0 mM Ca*

+S-Cnx + 1.0 mM Ca* + 0.5 mM ATP
+8-Cnx + 0.4 mM Ca*

+ S-Cnx + 0.4 mM Ca* + 0.5 mM ATP

Relative light scattering
cIoRey

Time (min)

Fig. 21: Ca** and ATP enhance synergistically the aggregation suppression function of S-Cnx. S-Cnx (9
uM) was equilibrated in 20 mM Hepes, pH 7.4, 150 mM NaCl, and the indicated [Ca*"] and [ATP] for 1 h at RT.
FL was added to the various S-Cnx samples at a final concentration of 3 uM, and its aggregation at 37°C was
monitored by measuring light scattering at 360 nm. Data points were measured every 6 s, shown every 5 min.

Far-UV CD spectra revealed no significant differences between S-Cnx in the presence of
either | mM Ca2+, 0.4 mM Ca2+, or 1 mM Ca*" + 0.5 mM ATP (Fig. 22.A). However, in the
presence of 0.4 mM Ca®" + 0.5 mM ATP, a significant decrease in mean residue ellipticity
was observed, consistent with conformational changes in the chaperone. These changes were
not associated with a decrease in thermal stability or an increase in protease susceptibility
(data not shown). Rather, an increase in the affinity of ATP binding to S-Cnx was observed.
Whereas the Ky for ATP binding was 2.9 mM in the presence of 1 mM Ca®" (Fig. 19), it
decreased to 0.7 mM in the presence of 0.4 mM Ca”" (Fig. 22.B), both assessed by monitoring
ATP-associated changes in bis-ANS fluorescence emission. Thus, the resting ER-luminal
Ca”" concentration of 0.4 mM exerts a significant impact on the ATP-binding site of S-Cnx,
lowering the ATP concentration required to trigger exposure of a hydrophobic site that

appears to be involved in suppressing the aggregation of non-glycosylated client polypeptides.
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Fig. 22: Synergistic effects of Ca’* and ATP on the structure of S-Cnx. (A) Far-UV CD spectra of S-Cnx. S-
Cnx (1.81 uM) was equilibrated in 5 mM Hepes, pH 7.4, 150 mM NacCl, and various concentrations of Ca*" and
ATP for 1 h at RT. CD spectra were recorded from 200 to 260 nm at 37°C. (B) Bis-ANS binding to S-Cnx. S-
Cnx (1 pM) was preincubated in 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.4 mM CaCl,, and the indicated [ATP]
for 1 h at RT and mixed with 6 uM bis-ANS. Bis-ANS fluorescence was measured at 37°C with excitation and
emission wavelengths of 390 and 490 nm, respectively. Results were plotted as the change in fluorescence (AF)
divided by the maximum change in fluorescence between 0 mM and 5 mM ATP (AF,,,,). The data were fit to an
equation describing single site binding using SigmaPlot. The Ky value is calculated as the average of three
independent measurements with a standard deviation of 19 %.
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3.3 Characterizing the contributions of the lectin and arm domains of

calnexin to its molecular chaperone function

3.3.1 Domain contributions to the aggregation suppression function of S-

Cnx

To localize the polypeptide-binding site of S-Cnx within the context of its arm and globular
domains, the various deletion mutants depicted in Fig. 23 were generated and compared for
their abilities to suppress the aggregation of FL under physiological conditions of the ER

lumen.

N

LI
s £
R

S-Cnx

arm

Fig. 23: Deletion mutants of S-Cnx used in this study. Crystal structure of S-Cnx (282) and theoretical
depiction of deletion mutants as rendered by “Cn3D Viewer”
(www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). Note that deleted residues were replaced by a GSG linker
in the case of the Aarml and Aarm2 constructs and by a GSGSG linker in the case of the globular domain
construct. For more details see Fig. 5 showing the linear sequences of the S-Cnx constructs.

Before undertaking the aggregation suppression assays, the structural integrity of the various
constructs was assessed by far-UV CD and by measuring their thermal stabilities. In
agreement with CD measurements described under result section 3.2.2 (Fig. 8), the CD
spectrum of S-Cnx shown in Fig. 24.A exhibited a negative band at ~226 nm and a strong
increase in signal intensity below 213 nm. Again, although the secondary structure of S-Cnx
consists mainly of B-sheet with a minor a-helical component (282) , it has a high tryptophan
content (2.9 % versus 1.7 % for an average protein (414)) which results in a CD spectrum that
is dominated by the influence of tryptophan residues rather than expressing typical secondary
structure characteristics (415). Aromatic side chains likely contribute as well to the distinct

far-UV spectrum of the arm domain (Fig. 24.B), with a negative band at 230 nm, intercepting
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Fig. 24: Far-UV circular dichroism spectra of S-Cnx and its deletion mutants. The CD spectra of (A) S-
Cnx, (A) Aarml, (A) Aarm2, (B) arm, and (B) glob (1.81 uM each) in 2.5 mM Hepes, pH 7.4, 150 mM NaCl,
and a free [Ca*"] of 0.4 mM were monitored at the indicated temperatures after a preincubation period of 1 h at
37°C.

the baseline with a pronounced positive maximum at 222 nm. This closely resembles the
reported far-UV CD spectrum of the arm domain of Crt (294). The CD spectra of the Aarm1
and Aarm2 constructs in Fig. 24.A were essentially superimposable with that of S-Cnx except

for a minor decrease in intensity in the 200-209 nm region, correlating with the extent of the
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truncation. By contrast, the CD spectrum of the globular domain had a comparatively low
intensity (Fig. 24.B), a characteristic also reported for the globular domain of Crt (281, 294).
In addition a negative band at 220 nm and a modest increase in signal intensity below 210 nm
were observed. The individual globular and arm domains of S-Cnx have previously been
shown to exhibit native functionality as assessed by retention of oligosaccharide and ERp57
binding, respectively (280).

Changes in the CD spectrum following unfolding at 52°C were distinct enough for both S-
Cnx, similar to denaturation experiments shown before (Fig. 8), and for the various deletion
mutants (Fig. 24.A: S-Cnx, Aarm1, Aarm2; Fig. 24.B: glob, arm) to compare their stabilities
by recording thermal denaturation curves at 231 nm (Fig. 25.A: S-Cnx, Aarml1, Aarm2; Fig.
25.B: glob, arm). A T, value of 48.6°C was -calculated from the well-defined

A

S-Cnx + 0.4 mM Ca”™
S-Cnx + 0 mM Ca”™
Aarm1 + 0.4 mM Ca*
Aarm1 + 0 mM Ca®™
Aarm2 + 0.4 mM Ca*
Aarm2 + 0 mM Ca”™

Mean residue ellipticity x 10°
(deg cm?* dmol™)
LR I

W

Fig. 25: Thermal
stabilities and Ca®-
binding properties of S-

—a glob+ 0.4 mM Ca®* Cnx constructs. (A) S-
A~ glob+ 0mM Ca” Cnx, (A) Aarml, (A)
~v- arm+0.4 mM* Aarm2, (B) arm, and (B)
¥ am+0mM* glob (7.24 uM each)

were equilibrated in 20
mM Hepes, pH 7.4, 150
mM NaCl, and the
indicated free [Ca®'] for 1
P T TS R RN h at 37°C and thermal
20 30 40 50 60 70 denaturation curves (20-

Temperature (°C) 70°C).Were obtained by
recording the change in
CD signal at 231 nm.

Mean residue ellipticity x 10°
(deg cm? dmol™)
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thermal transition curve of S-Cnx. Partial or complete truncation of the arm domain did not
result in a significant destabilization of the proteins (Tab. 4); only the arm domain appeared to
be less stable with a Ty, value of 44.2°C. Importantly, no evidence of denaturation was
observed for any of the mutants at the 37°C temperature used in subsequent aggregation
suppression assays.

As shown in result section 3.2.2, reducing the Ca>" concentration below the 0.4 mM level
of the resting ER was associated with a marked decrease in thermal stability of S-Cnx (Fig.
10). To assess the Ca”"-binding properties of the various mutants, the thermal denaturation
experiments were repeated in the absence of Ca®". As shown in Tab. 4, the removal of Ca®'
resulted in decreased thermal stability for S-Cnx and all mutants (Fig. 25), with the exception

of the arm domain, for which the T,, value remained the same.

Tab. 4: Comparison of T,, values of S-Cnx constructs. T, values were calculated by fitting the thermal
denaturation curves (Fig. 25) to an equation describing a two-state denaturation process using SigmaPlot. Values
represent averages obtained from three different measurements with a standard deviation below 2.4 %.

[Ca®] 0.4 mM 0 mM
Tm (°C)

S-Cnx 48.6 41.1

Aarml 48.3 40.9

Aarm2 47.5 40.8

glob 47.6 31.7

arm 44.2 44.4

Ca”" binding analysis of S-Cnx domains was also performed by measuring changes in
intrinsic fluorescence given that this method already allowed the characterization of Ca**
binding to S-Cnx depicted in Fig. 12. Truncation and complete removal of the arm domain
with its 8 tryptophan residues was accompanied by a correlative decrease in fluorescence
intensity compared to the emission spectrum of S-Cnx (Fig. 26). However, in addition,
intrinsic fluorescence of all S-Cnx constructs containing the globular domain was reduced in
average by ~40 % upon Ca*" removal. Only for the arm domain was no Ca®’ dependent

change in the emission spectrum detectable.
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Fig. 26: Effect of
Ca? on the
intrinsic fluorescence

S-Cnx + 0.4 mM Ca™ of S-Cnx constructs.
S-Cnx + 0 mM Ca* S-Cnx and deletion
Aarm1 +0.4 mM Ca™ mutants (0.8 uM) were
Aarm1 +0 mM Ca™ . incubated in 20 mM
Aarm2 + 0.4 mM Ca Hepes, pH 7.4, 150

Aarm2 + 0 mM Ca*
glob + 0.4 mM Ca*
glob + 0 mM Ca*
arm + 0.4 mM Ca*
arm + 0 mM Ca*™

mM NaCl, and the
indicated free [Ca’’]
for 1 h at 37°C and the
fluorescence  spectra
were measured from
290 to 390 nm at 37°C
with an  excitation
wavelength of 280
nm. Emission values
were recorded every 1
nm, but for clarity
plotted every 5 nm.

Relative fluorescence
190P40 700

Wavelength (nm)

These findings demonstrate that all mutants possessing the globular domain retain the ability
to bind Ca’", and further, that the observed Ca®"-dependent changes in S-Cnx structure are
mediated by the globular domain rather than by the arm domain.

The various deletion mutants were next compared for their capacities to suppress the
aggregation of FL. As demonstrated before (Fig. 7), FL is an ideal client protein for these
assays because, being non-glycosylated, aggregation suppression is mediated solely through
polypeptide-based interactions. Furthermore, since FL unfolds and aggregates at 37°C in the
presence of 0.4 mM Ca®', suppression of aggregation by S-Cnx can be examined under
physiological conditions of the ER lumen. Fig. 27 shows the comparison between the
concentrations of S-Cnx and the various deletion mutants required to suppress the aggregation
of 3 uM FL to ~ 40 % of the level observed with FL alone. This is a more sensitive assay than
the complete suppression of FL aggregation and, in the case of S-Cnx, a 4 uM concentration
suppressed FL aggregation to 40 %. Progressive truncation of the arm domain resulted in a
corresponding increase in chaperone concentration required to suppress aggregation to the
same level. By comparing these concentrations, Aarm1, Aarm2, and the globular domain were
2.5-fold, 3.25-fold, and 3.75-fold less potent than S-Cnx, respectively. Although this
suggested that a polypeptide-based interaction site may reside within the arm domain, the arm
domain itself did not reveal any capacity to suppress FL aggregation at a 10-fold molar
excess. Thus, the polypeptide-binding site of S-Cnx appears to reside within its globular

domain but the arm domain is required to effect maximal aggregation suppression.
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FL alone

+4 uM S-Cnx
+ 10 uM Aarm1
+ 13 uM Aarm2
+ 15 uM glob

+ 30 uM arm

Relative light scattering
RN

Time (min)

Fig. 27: Contributions of S-Cnx’s domains to its aggregation suppression function. S-Cnx constructs were
equilibrated at the indicated concentrations in 20 mM Hepes, pH 7.4, 150 mM NaCl, and 0.4 mM CaCl, for 1 h
at 37°C. Upon addition of FL (3 uM) to the various samples aggregation was monitored at 37°C every 6 s by
measuring light scattering at 360 nm. For clarity, data points are shown every 5 min.

3.3.2 Hydrophobic peptides compete with S-Cnx in the suppression of FL

aggregation

Small peptides have been used as client protein mimetics to report on the location and
characteristics of client protein-binding sites on a variety of molecular chaperones (218, 416-
422). In most cases, effective peptides exhibit substantial hydrophobicity.

To determine if this approach could be applied to S-Cnx, it was first tested whether
peptides with hydrophobic character could compete with S-Cnx to suppress FL aggregation.
Again, the S-Cnx:FL ratio was chosen to provide partial aggregation suppression as a
sensitive readout of the effects of additives (Fig. 28 A). The three peptides tested did not affect
the aggregation of FL by themselves (Fig. 28.A). However, when S-Cnx was preincubated for
1 h with peptide 6KAAW (KKKKKKAAWAAWAAWAA), the ability of S-Cnx to
subsequently suppress FL aggregation was lost. To exclude the possibility that the inhibitory
effect of the 6KAAW peptide was due to the positively charged hexa-lysine segment, the
more hydrophilic peptide 6KSGG (KKKKKKSGGSGGSGGSC) was tested and found that it
had no significant effect on the aggregation suppression function of S-Cnx (Fig. 28.A). Also,
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another largely hydrophobic peptide was examined representing the first transmembrane
segment of the Hsmr protein from Halobacterium salinarum, for which just two lysines
flanking the C- and N-termini were sufficient to confer water solubility. This KHP peptide
(KHPYAYLAAAIAAEVAGTTALKLSK) also blocked the ability of S-Cnx to suppress FL
aggregation, although somewhat less potently than 6KAAW. The experiments were repeated
with the arm domain truncation mutants, Aarm1l and Aarm2, as well as with the globular

domain with similar results (Fig. 28.B-D).

FL alone
+6KSGG

+ BKAAW

+ KHP

+8-Cnx

+S-Cnx + 6KSGG
+ S-Cnx + 6KAAW
+ S-Cnx + KHP

FL alone

+ Aarm1

+ Aarm1 + 6KSGG
+ Aarm1 + 6KAAW
+ Aarm1 + KHP

Relative light scattering
TEEI4RE 0
Relative light scattering
SRR

FL alone

+ glob

+ glob + 6KSGG
+ glob + 6BKAAW
+ glob + KHP

FL alone

+ Aarm2

+ Aarm2 + 6KSGG
+ Aarm2 + 6KAAW
+ Aarm2 + KHP

Relative light scattering
SRR R
Relative light scattering
L RS

Time (min) Time (min)

Fig. 28: Hydrophobic peptides influence the aggregation suppression function of S-Cnx and deletion
mutants. Prior to aggregation measurements, the indicated peptides (20 pM) were incubated with S-Cnx
constructs ((A) S-Cnx, 4 uM; (B) Aarml, 10 pM; (C) Aarm2, 13 puM; (D) glob, 15 uM) in 20 mM Hepes, pH
7.4, 150 mM NaCl, and 0.4 mM CaCl, for 1 h at 37°C. Subsequently, FL. was added at a final concentration of 3
pM and light scattering was monitored at 360 nm for 1 h at 37°C. Data points were measured every 6 s and
plotted every 5 min.
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3.3.3 The globular domain of S-Cnx binds hydrophobic peptides

To confirm that the ability of hydrophobic peptides to compete in the aggregation suppression
assay was due to their binding to one or more sites on S-Cnx, peptide interactions with S-Cnx
and its mutants were examined using two direct binding assays.

As mentioned previously, the far-UV CD spectrum of a protein is influenced by structural
elements other than secondary structure. Disulfide bonds (423, 424), the length and regularity
of structural elements (425), as well as aromatic amino acid side chains (especially
tryptophans) in combination with a low content of a-helix contribute to far-UV CD spectra
(415, 426). Consequently, the far-UV CD spectrum can detect changes in an asymmetric
environment upon ligand binding. Thus, in the first assay, the far-UV spectra of S-Cnx with
and without the largely hydrophobic 6KAAW peptide were compared and a decrease in the
magnitude of the mean residue ellipticity values below 237 nm was observed in the presence

of peptide, indicative of interaction (Fig. 29). These changes were also observed upon
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Fig. 29: Peptide binding to S-Cnx and deletion mutants as assessed by far-UV circular dichroism. S-Cnx or
mutants (1.81 uM) were preincubated in the presence or absence of the indicated peptides (20 uM) in 2.5 mM
Hepes, pH 7.4, 150 mM NaCl, and a free [Ca%] of 0.4 mM for 1 h at 37°C. Far-UV CD spectra were scanned
from 200 to 260 nm at 37°C. The obtained spectra were corrected by subtracting the contribution of the
respective peptide alone.
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incubation of S-Cnx with the hydrophobic KHP peptide. By contrast, the more hydrophilic
6KSGG peptide had no detectable effect on the CD spectrum of S-Cnx. Similar intensity
shifts in mean residue ellipticity below 237 nm were measured for Aarml, Aarm2, and the
globular domain in the presence of the hydrophobic peptides but not with the 6KSGG peptide
(Fig. 29). Notably, none of the peptides caused any significant change in the far-UV spectra
of the arm domain. The data are consistent with peptide binding only to the globular domain
of S-Cnx since observed intensity changes in mean residue ellipticity were independent of the
length or presence of the arm domain and no spectral changes were detected upon incubation
of peptide with the arm domain. Furthermore, these findings are in good agreement with the
aggregation suppression experiments, where only the hydrophobic 6KAAW and KHP
peptides were able to compete with the various S-Cnx constructs to suppress FL aggregation.
To further localize the site of peptide binding to S-Cnx, the KHP peptide was
radioiodinated and incubated with the various Hise-tagged S-Cnx constructs. Following
collection of '*I-peptide-S-Cnx complexes on nickel-agarose beads, complexes were eluted
and radioactivity quantified by gamma counting. As shown in Fig. 30, all deletion mutants

with the exception of the arm domain exhibited similar ability to bind radioiodinated
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Fig 30: Binding of radioiodinated KHP peptide to S-Cnx and deletion mutants. The various S-Cnx
constructs (5 pM) were incubated with 1 uM '“I-KHP-peptide in 20 mM Hepes, pH 7.4, 150 mM NaCl, and 0.4
mM CaCl, for 1 h at 37°C in the presence or absence of 20 uM unlabeled KHP peptide as indicated. The Hisg-
tagged proteins were then recovered by incubation with nickel-agarose beads and, after washing and elution with
buffer containing 250 mM imidazole, radioactivity in the eluates was quantified by gamma counting.
Radioiodinated KHP peptide bound to the deletion mutants was expressed as a percentage of '*’I-KHP-peptide
bound to intact S-Cnx (~132,000 cpm). Error bars represent the standard deviation of three replicate
experiments.
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KHP peptide. Binding was specific as evidenced by the lack of arm domain binding as well as
by the ability of a 20-fold excess of unlabeled KHP peptide to compete with radiolabeled
peptide in the assay. These results confirm the suggestion from the CD-based binding assay

that the peptide-binding site resides solely within the globular domain of S-Cnx.

3.3.4 Hydrophobic peptides bind to the globular domain of S-Cnx at a

location distinct from the lectin site

Analysis of the X-ray structure of the ER-luminal domain of Cnx upon co-crystallization with
a-D-glucose (282) allowed the localization of the carbohydrate molecule on the concave -
sheet of the lectin domain. The terminal glucose of the natural Glc;ManyGlcNAc,
oligosaccharide presumably rests on the side chain of Met169, while the hydroxyl groups
form hydrogen bonds to Tyr145, Lys147, Tyr166, Glul97, and Glu406 (Fig. 31). Site directed
mutagenesis studies with those six residues confirmed their essential role for the lectin
function as the loss of even a single hydrogen bonding residue abolished oligosaccharide
binding (287). Since the lectin site of S-Cnx possesses significant hydrophobic character
conferred by the two tyrosine residues and one methionine residue it was a candidate for the

site of hydrophobic peptide binding.

Fig. 31: Oligosaccharide-binding site of the ER-luminal domain of calnexin. (A) Location and (B) close-up
of the lectin site in the X-ray crystal structure of S-Cnx (282) illustrated by “Cn3D Viewer”
(www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). The six amino acid residues that displayed contacts to co-
crystallized glucose are shown in red stick representation and are labeled. Labels also indicate the positions of
the three alanine exchanges of amino acids Y166, M169, and 1184 (blue) in lectin-deficient S-Cnx.
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This possibility was evaluated in two ways using the '*’I-KHP peptide binding assay (2.2.20).

In the first approach, three hydrophobic residues within the lectin site were mutated to
alanine (Y166A, M169A, and 1184A) in an effort to generate a lectin-deficient mutant of S-
Cnx (LD-S-Cnx). To ensure that the structural integrity of S-Cnx was not severely affected by
the three point mutations, far-UV CD spectra of this lectin-deficient triple mutant and S-Cnx

were compared as shown in Fig. 32.
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Fig. 32: Structural integrity assessment of lectin-deficient S-Cnx by far-UV circular dichroism. Prior to
recording the CD spectra of S-Cnx and its lectin-deficient mutant at the indicated temperatures, proteins (1.81
uM) were preincubated in 2.5 mM Hepes, pH 7.4, 150 mM NaCl, and a free [Ca®'] of 0.4 mM for 1 h at 37°C.

The recorded CD spectra displayed the same characteristics and were basically
superimposable, indicative that the mutations did not cause any significant distortion of the
structure. Yet, the triple mutant appeared to be slightly less stable, since its thermal
denaturation curve exhibited a Ty, value 1.9°C below the T, value of S-Cnx of 48.5°C (Fig.
33 and Tab. 5), but, importantly, there was no sign of unfolding at 37°C. In addition, the
thermal stability of LD-S-Cnx was measured in the absence of Ca®’ to test if the mutant
retained the ability to respond with Ca®" induced conformational changes. As was the case for
S-Cnx and deletion mutants (Fig. 25 and Tab. 4), Ca*" removal yielded a substantial
destabilization of the molecule evidenced by a reduced T, value of 39.7°C. Thermal stability
measurements by CD were next performed to confirm the oligosaccharide-binding deficiency

of the triple mutant. S-Cnx revealed a 3°C increase in T, upon the addition of the
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tetrasaccharide G;M; (Fig. 33), which binds to S-Cnx or Crt with similar affinity as the full
length oligosaccharide (Kgq = 1-2 uM; (372, 427)). In contrast, LD-S-Cnx exhibited nearly
unaltered T, values of 46.3 and 46.6°C in the presence or absence of G;Ms, respectively,
demonstrating the successful inactivation of the lectin site by introduction of the three point

mutations.

S-Cnx

S-Cnx + GiMs
LD-S-Cnx

LD-S-Cnx + GiMs
LD-S-Cnx + 0 mM Ca*

Mean residue ellipticity x 10°
(deg cm’ dmol™)
Sl R K

Temperature (°C)

Fig. 33: Ca’**- and oligosaccharide-binding properties of lectin-deficient S-Cnx. S-Cnx or LD-S-Cnx (7.24
pM) were incubated in 20 mM Hepes, pH 7.4, 150 mM NacCl, and the indicated free [Ca2+] with or without G;M;
oligosaccharide (20 uM) for 1 h at 37°C and changes in CD signal at 231 nm were recorded from 20-70°C. Ty,
values were determined by fitting the thermal denaturation curves to an equation describing a two-state
denaturation process using SigmaPlot.

Tab. 5: Effect of Ca** and oligosaccharide on the thermal stability of lectin-deficient S-Cnx. T, values were
determined by fitting the thermal denaturation data (Fig. 33) to an equation describing a two-state denaturation
process using SigmaPlot. Results are average values from three different experiments with a standard deviation
below 1 %.

[Ca®] 0 mM 0.4 mM 0.4 mM

[G1M3] 0 uM 0 uM 20 uM
T (°C)

S-Cnx 48.5 51.5

LD-S-Cnx 39.7 46.6 46.3

To address the possibility that the triple amino acid exchange within the lectin site could have
impaired S-Cnx’s chaperone function, the potency of LD-S-Cnx in suppressing the thermal

aggregation of FL was examined. As illustrated in Fig. 34, FL aggregation was comparably
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reduced in the presence of S-Cnx or equimolar concentrations of the lectin deficient mutant.
Also the ability of hydrophobic peptides to compete with S-Cnx in aggregation suppression of

FL upon disruption of the lectin site was still observed.

FL alone

+ S-Cnx

+ LD-S-Cnx

+ LD-S-Cnx + 6KAAW
+ LD-S-Cnx + KHP

Relative light scattering
A RRE

Time (min)

Fig. 34: Aggregation suppression potency of lectin-deficient S-Cnx. S-Cnx constructs were equilibrated in 20
mM Hepes, pH 7.4, 150 mM NaCl, and 0.4 mM CacCl, in the presence or absence of the indicated peptides (20
uM) for 1 h at 37°C. FL was diluted into the various samples to a final concentration of 3 uM and its aggregation
at 37°C was monitored by light scattering measurements at 360 nm for 1 h. Data points were measured every 6 s,
but plotted at 5 min intervals.

Thus, having shown the structural integrity of the triple mutant and its unaltered aggregation
suppression function independent of the lectin site, the ability of LD-S-Cnx to bind
radioiodinated KHP peptide was tested. Upon incubation of lectin-deficient S-Cnx with '*I-
KHP peptide, LD-S-Cnx displayed full capability of binding to '*I-KHP peptide (Fig. 35).

In the second approach, the tetrasaccharide G;M3, was tested as a potential competitor of
the S-Cnx-KHP peptide interaction. As depicted in Fig. 35, binding of this oligosaccharide to
the lectin site of S-Cnx at a concentration 20-fold greater than that of the KHP peptide, had no
effect on the formation of the S-Cnx-'*I-KHP complex.

Collectively, these findings demonstrate that the peptide-binding site of S-Cnx is distinct

from the lectin site.
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Fig 3s: Lectin-
independent binding
of S-Cnx to
radioiodinated KHP
peptide. S-Cnx or LD-
S-Cnx (5 puM) were
equilibrated with 1 uM
'P[LKHP-peptide in 20
mM Hepes, pH 7.4,
+ 20 uM unlabeled KHP 150 mM NaCl, and 0.4
mM CaCl, for 1 h at
ﬁ 37°C with or without
i 20 uM unlabeled KHP
peptide or 20 uM G M;
oligosaccharide as
indicated. After
=l = recovery of the Hisg-
tagged constructs on
nickel-agarose  beads,
proteins were washed and eluted with buffer containing 250 mM imidazole. Radioactivity in the eluates was
determined by gamma counting and was expressed as a percentage of '*’I-KHP-peptide bound to intact S-Cnx
(~132,000 cpm). All samples were measured in triplicates with a standard deviation indicated by error bars.
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3.3.5 Characteristics of hydrophobic peptide binding to S-Cnx

As a means to investigate the affinity and stoichiometry of peptide binding to S-Cnx, the
intrinsic fluorescence spectra of S-Cnx upon incubation with KHP peptide, YSN peptide
(YSNENMETM) and 6KSGG peptide were compared. The YSN peptide was included as a
control because it contains a single tyrosine and exhibits weak intrinsic fluorescence, as does
the KHP peptide which possesses two tyrosine residues. Furthermore, like 6KSGG, the YSN
peptide did not compete with S-Cnx in the aggregation suppression assay with FL and was
not expected to bind to S-Cnx (data not shown). Fig. 36.A shows that, following subtraction
of the weak peptide emission spectrum, neither the YSN peptide nor the 6KSGG altered the
fluorescent emission spectra of S-Cnx. By contrast, S-Cnx fluorescence was enhanced
significantly in the presence of the KHP peptide, indicative of a conformational change
associated with complex formation.

The change in fluorescent emission at the peak wavelength of 333 nm was used to produce
titration profiles with increasing peptide concentration as shown in Fig. 36.B. For the KHP
peptide, saturable binding to S-Cnx was observed. By contrast, the non-hydrophobic 6KSGG
and YSN peptides did not exhibit any binding to S-Cnx over the entire concentration range,
confirming the specificity of the assay. Drawing two lines of best fit through the initial linear
and saturation portions of the KHP peptide binding isotherm allowed the determination of the

equivalence point (428, 429), resulting in a stoichiometry of 1.6 pumol of KHP peptide bound
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S-Cnx alone
+ 6KSGG
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Fig. 36: Interaction of peptides with S-Cnx as assessed by intrinsic fluorescence. (A) Intrinsic fluorescence
emission spectra of S-Cnx. Various peptides (20 uM) were incubated with S-Cnx (0.8 uM) in 20 mM Hepes, pH
7.4, 150 mM NaCl, and 0.4 mM CaCl, for 1 h at 37°C. The excitation wavelength was set to 280 nm and the
intrinsic fluorescence was measured every 1 nm from 290 to 390 nm at 37°C. For clarity, emission values were
plotted every 5 nm. All fluorescence measurements were corrected by subtracting the contribution of the
respective peptide to fluorescence intensity. (B) Titration of S-Cnx with various peptides. S-Cnx (0.8 uM) was
equilibrated in 20 mM Hepes, pH 7.4, 150 mM NaCl, and 0.4 mM CacCl, for 1 h at 37°C prior to the addition of
peptides. Further 10 min equilibration periods were applied between each titration step at 37°C. Changes in
intrinsic fluorescence were recorded at 333 nm with an excitation wavelength of 280 nm. Results were expressed
as the change in fluorescence (AF) divided by the maximum change in fluorescence between 0 uM and 20 uM
KHP peptide (AF.x). The data were fitted to an equation describing single site binding using SigmaPlot. The
indicated K value represents the average of three independent measurements with a standard deviation of 18 %.
Dashed lines represent lines of best fit used for determination of KHP peptide binding stoichiometry to S-Cnx
(equivalence point = 1.3 uM KHP peptide; stoichiometry = 1.6:1).
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per pmol of S-Cnx. Furthermore, the data could be readily fit to an equation describing single
site binding with a K4 of 0.93 uM for KHP peptide binding to S-Cnx.

Collectively, these binding experiments with hydrophobic peptides that inhibit S-Cnx’s
aggregation suppression function strongly suggest that the capacity of S-Cnx to suppress the
aggregation of non-glycosylated client proteins resides within its globular domain at a

probable single site distinct from the site of oligosaccharide binding.

3.3.6 The arm domain of S-Cnx influences interactions with large client

proteins

Given that the polypeptide-binding site of S-Cnx resides within its globular domain, it could
be speculated that the observed influence of the extended arm domain on the suppression of
FL aggregation (Fig. 27) might be due to steric effects on the client protein. To investigate
this possibility, the influence of the arm domain on the binding affinity of S-Cnx for client
polypeptides of differing size was examed. For a small client peptide, the 2.6 kDa KHP
peptide was used. As a client polypeptide of intermediate size, the 14 kDa reduced and
carboxymethylated a-lactalbumin (R-CMLA) was employed, which remains soluble despite
assuming a non-native, extended conformation with limited secondary structure (430). It
competes with S-Cnx in suppressing the aggregation of FL and thus was considered likely to

interact with the chaperone (Fig. 37).

Fig. 37: Non-native a-
lactalbumin  influences
the aggregation

or absence of R-CMLA
(10 uM) at 37°C, FL (3
uM) was added to the
respective  samples and
light scattering was
monitored at 360 nm for 1
h at 37°C. Data points
were recorded every 6 s
and shown every 5 min.

(o)) . .

£ suppression function of
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S -O— FL alone incubation of S-Cnx (4
g : * g‘gMLA uM) in 20 mM Hepes, pH
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For a large client polypeptide, the thermally unfolded FL (61 kDa) was used.

Initially, the binding affinity of S-Cnx and the truncated Aarm2 mutant for the small KHP
peptide was compared. The Aarm2 construct was used rather than the globular domain
because it was easier to purify in large quantities from E. coli and it exhibited almost the same
reduction in potency, relative to S-Cnx, as the globular domain in the suppression of FL
aggregation (Fig. 27).

As shown in Fig. 38, incubation of the hydrophobic KHP peptide with the Aarm2 mutant
resulted in an enhancement in the fluorescence emission spectrum and a titration curve closely
resembling the results from fluorescence experiments of S-Cnx with the peptide (Fig. 36).
The calculated K4 for KHP binding to the Aarm2 mutant (0.7 pM) indicates an affinity very
similar to the one measured for the S-Cnx-KHP interaction (0.93 uM). This is consistent with
the radioactive peptide binding assay in which the '*I-KHP peptide bound equally well to all
globular domain-containing S-Cnx constructs regardless of the length of the arm domain (Fig.

30).

A

Fig. 38: Interaction of peptides with
Aarm2 as assessed by intrinsic

7.4, 150 mM NaCl, and 0.4 mM CaCl,
for 1 h at 37°C. Changes in intrinsic
fluorescence were measured with an
excitation wavelength of 280 nm from
290 to 390 nm at 37°C. Data points were
recorded at 1 nm intervals but plotted
Wavelength (nm) every 5 nm. All fluorescence
contributions of the various peptides were
taken into account when the respective
fluorescence spectra were corrected for
background intensities. (B) Titration of
Aarm?2 with various peptides. Aarm2 (0.8

Q
§ fluorescence. (A) Intrinsic fluorescence
2 Aarm? alone emission spectra of Aarm2. Aarm2 (0.8
S +6KSGG puM) was equilibrated with various
< e peptides (20 uM) in 20 mM Hepes, pH
2
ks
[
2

0 310 330 350 370 390

j a2 s EKSGG uM) was preincubated in 20 mM Hepes,
L & Aarm2+YSN pH 7.4, 150 mM NaCl, and 0.4 mM
% m Aarm2+KHP CaCl, for 1 h at 37°C. Subsequently

peptide titration was performed at 37°C
where a 10 min equilibration period was
allowed at each titration step. Intrinsic
fluorescence was monitored at 333 nm

B —— with an excitation wavelength of 280 nm.
0 4 8_ 21620 Results were plotted as the change in
[Peptide] (uM) fluorescence (AF) divided by the

maximum change in fluorescence
between 0 uM and 20 uM KHP peptide
(AFmax)- The titration curve was fit to an equation describing single site binding using SigmaPlot. The Ky value
was derived by calculating the average of three independent experiments with a standard deviation of 24 %.
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To examine the binding of R-CMLA and FL to S-Cnx and its truncated arm mutants,
surface plasmon resonance (SPR) was employed using sensor chips derivatized with the client
proteins and S-Cnx constructs as the injected analytes. In the case of FL, experiments were
performed at 30°C, a temperature where it undergoes slow unfolding as assessed by light
scattering measurements (data not shown). Fig. 39.A shows sensorgrams obtained when
various concentrations of S-Cnx were injected over immobilized R-CMLA, the intermediate

sized client protein. Binding was readily detected and could be fit to an equation describing

Fig. 39: Binding of
S-Cnx and Aarm?2
deletion mutant to
reduced and
carboxymethylated
a-lactalbumin
measured by surface
plasmon resonance.
Sensorgram overlay
for the binding of (A)
S-Cnx or (C) Aarm2
to immobilized R-
Time (s) [S-Cnx] (uM) CMLA. S-Cnx and
the Aarm2 deletion
150 - mutant were
equilibrated in 20
100 [+ mM Hepes, pH 7.4,
150 mM NaCl, and a
free [Ca®"] of 0.4 mM
for 1 h at 25°C and
then injected at the

30 same temperature
—— Ks = 33.5 uM over the surface of a
0} —ed ol

! 1 1 N I I I I I I I R-CMLA-COnj ugated
0 25 50 75 100 125 0 10 20 30 40 50 sensor Chlp at

Time (s) [Aarm2] (uM) increasing con-
centrations (0, 0.25,
0.75, 1, 3, 5, 10, 15,
20, 30, 50 uM, bottom to top). Binding isotherms for the interaction of (B) S-Cnx and (D) Aarm2 with R-
CMLA. Changes in RU at 68 s of the sensorgram overlays were plotted against the respective S-Cnx construct
concentrations. The data were fit to an equation describing single site binding using SigmaPlot. The depicted Ky
values are averages derived from three different measurements with a standard deviation below 7 %. For
comparison, the change in RU observed with the isolated arm domain (white triangle) at 50 uM is included in
panel B.
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single site binding with a K4 = 20.2 uM (Fig. 39.B). Interestingly, when the experiment was
repeated with the truncated Aarm2 mutant of S-Cnx, a 1.7-fold reduction in binding affinity
was observed (K4 =33.5 uM, Fig. 39.D and Tab. 6). No binding of the isolated arm domain to
R-CMLA could be detected (Fig. 39.B). The reduction in binding affinity accompanying

truncation of the arm domain became even more pronounced when the large FL client protein
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was examined. For these experiments, the complete set of S-Cnx mutants was tested. As

shown in Fig. 40.A and B, binding of S-Cnx to FL was observed with a K4 of 1.6 uM.
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However, further SPR experiments with S-Cnx deletion mutants, depicted in Fig. 40.C-H and

summarized in Tab. 6, revealed a progressive loss of binding affinity occurring as the arm
domain was increasingly truncated from 15 % (Aarml; K4 = 3.4 uM), to 30 % (Aarm2; K4 =
4.7 uM), to 100 % (glob; K4 = 6.1 uM).

Tab. 6: Dissociation constants (uM) for binding of S-Cnx constructs to various client polypeptides.

KHP? R-CMLA" FL®
S-Cnx 0.93 20.2 1.6
Aarml 34
Aarm2 0.7 33.5 4.7
glob 6.1

? K4 values were obtained from fluorescence experiments.
® K4 values were determined by SPR measurements.

This trend closely mirrored the progressive reduction in potency of the mutants in the
aggregation suppression assay (Fig. 27). Again, no specific binding to the isolated arm
domain was detected (Fig. 40.B); the low signal observed was non-specific, exhibiting no
evidence of saturation up to 160 uM (not shown).

Importantly, the magnitude of the reduction in binding affinity when comparing S-Cnx
with the Aarm2 mutant correlated with the size of the client polypeptide tested (Tab. 6). There
was no loss in binding affinity with the small KHP peptide, a 1.7-fold reduction with the
intermediate-sized R-CMLA client protein and a 3-fold reduction with the large FL client
protein. Since there was no specific binding of any of the client polypeptides to the isolated
arm domain, the results are consistent with the arm domain contributing to S-Cnx binding
affinity through steric constraint of the larger client proteins. Such a mechanism should also
be detectable by changes in client protein dissociation rate constants obtained from the surface
plasmon resonance data. However, it was not possible to fit the dissociation component of the
binding curves to obtain these rate constants, presumably due to the multiple conformational

states of the non-native substrates immobilized on the sensor chips.
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4 Discussion

In general, molecular chaperones distinguish correctly folded from incompletely folded client
proteins during their maturation process through binding to hydrophobic polypeptide
segments that are exposed in non-native conformational states. This transient interaction,
through regulated cycles of binding and release, stabilizes folding intermediates, prevents
their aggregation, and thereby promotes more efficient folding (52). This concept is well
described for the Hsp60 and Hsp70 chaperones (221), especially for the ER resident protein
BiP as a member of the latter family (431).

Among the remaining ER chaperones that participate in the folding and quality control of
nascent proteins, Cnx and Crt form one of the most exhaustively studied chaperone systems.
They are characterized by a unique mode of client protein recognition via their lectin sites.
Since inhibition of lectin-oligosaccharide interactions resulted in a reduced and/or abolished
association of Cnx with many glycoproteins (277), it has been concluded that this membrane-
bound chaperone functions solely as a lectin. This view is supported for example by findings
that binding between Cnx and monoglucosylated RNase B is based only on lectin-
oligosaccharide interactions independent of the conformational state of RNase B (375, 377).

Alternatively, other studies have suggested that Cnx may possess a polypeptide-binding
site, in addition to its lectin site, that confers the ability to recognize non-native protein
conformations in a manner similar to classical chaperones. Early support for this view came
from observations demonstrating interactions between Cnx and proteins completely lacking
Asn-linked oligosaccharides (244, 310, 380, 432, 433). Subsequent support for a dual mode of
binding stems from assays revealing the potency of Cnx to suppress the aggregation of non-
glycosylated client proteins (283, 393). However, utilization of a polypeptide-binding site
during Cnx’s folding-promoting role has been somewhat controversial, since aggregation
assays were typically performed under non-physiological conditions, likely to alter the
structural integrity of Cnx.

Therefore, as the first objective of this thesis work, an aggregation assay needed to be
developed, that would allow the elucidation of the lectin-independent aggregation suppression
function of Cnx under conditions prevalent within the lumen of the endoplasmic reticulum.
The outcome of this newly established aggregation assay, in combination with further
biochemical and biophysical studies, gave new insights into how the aggregation suppression
function of Cnx is influenced by Ca®" and ATP and provided strong evidence that Cnx

displays a significant non-glycoprotein chaperone function.
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While progress has been made in characterizing the lectin site of Cnx, the nature of its
polypeptide-binding site has not been determined. Elucidation of this site would provide
important insights into how this chaperone discriminates between native and non-native client
proteins. Early studies assigned the aggregation suppression function of Cnx to its globular
domain, although this activity may have been compromised by partial unfolding under non-
physiological experimental conditions. Consequently a second objective of this thesis work
was to better localize the polypeptide-binding site and to understand how the globular and
arm domains of Cnx contribute to its overall chaperone function.

To achieve this objective, several deletion mutants were created during the further course
of this work. After establishing their structural integrity, the mutants were tested for their role
in aggregation suppression of a non-glycosylated client protein under physiological conditions
of the ER. For the first time several peptides were effectively used as competitors of Cnx in
an aggregation suppression assay thereby strengthening the specificity of this newly
established assay system. Furthermore, binding experiments with peptides and non-native
proteins of increasing size allowed new insights concerning the location and further
characteristics of the polypeptide-binding site and revealed how the arm domain of Cnx

contributes to its aggregation suppression function.

4.1 Potent lectin-independent chaperone function of calnexin under

physiological conditions of the ER

4.1.1 The new FL aggregation assay

Since abnormal conformations of proteins, such as misfolding, misassembly, and aggregation,
have been determined as the main cause in the genesis and progression of several human
diseases including Alzheimer’s disease (434, 435), Parkinson’s disease (436), Creutzfeld-
Jacob disease (437), amyotrophic lateral sclerosis (ALS) (438), and cystic fibrosis (439), there
is a great need to develop assay systems that allow the identification and characterization of
agents promoting the folding of proteins, stabilizing their native conformation, and
suppressing their aggregation. In this context, aggregation suppression assays have been
widely used to examine the chaperone activity of a multitude of proteins (386-388, 440-442).
Herein, the aggregation of a client protein can be induced by several factors including the

action of elevated temperatures, the application of reducing agents, and the acidification of the

79



DISCUSSION

protein solution. Alternatively, induction of aggregation of denatured proteins can be
observed through reduction of the concentration of the denaturing agent by rapid dilution.

First evidence supporting the concept that Cnx can utilize a polypeptide-binding site to
select for exposed hydrophobic sites on incompletely folded proteins and suppress their
aggregation, a hallmark of every molecular chaperone, stemmed from work by Ihara et al.
(283). In this study, Cnx revealed the ability to prevent the aggregation of an unfolded protein
as shown for denatured SBA lacking monoglucosylated oligosaccharides. It also appeared to
function as a bona fide molecular chaperone by protecting citrate synthase (CS) and malate
dehydrogenase (MDH), both mitochondrial proteins lacking Asn-linked oligosaccharides,
against thermal denaturation. Subsequently, similar findings were also obtained for Crt (284).
Aggregation of all three client proteins required induction by elevated temperatures and
experiments were therefore performed at the non-physiological temperature of 45°C.
Consequently, the validity of the obtained results have been questioned considering the low
melting temperature of Crt of 46.4°C in the presence of 1 mM Ca®" (281). Further studies,
strengthening a polypeptide-based mode of interaction for Cnx by suppressing the
aggregation of model proteins such as CS, MDH, and, HLA-A2 heavy chains (Tab. 7), also
suffered from the drawback of a potential altered conformation of Cnx through the applied
elevated temperatures (45-47°C) or depletion of Ca*" (280, 297, 393).

It was therefore highly desirous to establish an aggregation assay wherein the model
protein would aggregate under physiological conditions prevalent within the lumen of the ER
without affecting the structural integrity of Cnx. The thermolabile, non-glycosylated protein
firefly luciferase appeared to be a promising candidate. FL is a structurally (443) and
biochemically (444-446) well characterized enzyme that catalyzes the oxidation of firefly
luciferin in the presence of Mg-ATP and molecular oxygen, resulting in an electronically
excited oxyluciferin species accompanied by light emission upon the return to the ground
state.

Besides its wide utility in biotechnological and molecularbiological applications due to its
ability to generate bioluminescence, FL has been frequently used in aggregation or refolding
assays (408, 447-454). Herein, aggregation of FL has been induced by dilution from a

denaturant or by thermal induction at temperatures greater than 37°C (Tab. 7).
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Tab. 7: Commonly used model proteins in thermal aggregation suppression assays.

Protein Buffer conditions Temperature Reference
Alcohol dehydrogenase 5\ r i Hcl p 7.4 42°C (455)
(yeast)
Carbonic anhydrase B . o
(bovine erythrocytes) 50 mM Tris-sulfate, pH 7.5 63°C (456)
Catalase °
(bovine liver) 50 mM Na phosphate, pH 7.0 55°C (457)

10 mM Tris, pH 7.2, 150 mM NaCl, 2-5 mM CacCl, or (280, 283,

Citrate synthase*

(porcine heart mitochondria) 10-40 mM Hepes, pH 7.5, with or without 40-45°C 297,392,
P 150mMNaCl, 5 mM CaCl 440)
Coat protein °
(tobacco mosaic virus) 50-100 mM phosphate buffer, pH 7.0-8.0 42-52°C (458, 459)
BL-Crystallin .
(lenses of rats) 50 mM phosphate buffer, pH 7.2 65°C (460)
v-Crystallin o
(lenses of rats) 50 mM phosphate buffer, pH 7.2 65°C (460)

- in*
HLA-A2 heavy chain 10 mM Tris, pH 7.2, 150 mM NaCl, 5 mM CaCl, 47°C (393)

(soluble, human)
10 mM Tris, pH 7.2, 150 mM NaCl, 2 mM CacCl,, or 10-

%
?Agiitiflji}gfﬁi?isoen dria) 50 mM Hepes, pH 7.5, with or without 45°C 22681(;’ 283,
P 150 mM NaCl, 5 mM CaCl,
25 mM Tris, pH 7.8, 50 mM KCI, 2 mM MgATP, ImM
. . DTT or 28-40 mM Hepes, pH 7.5-7.6 with or without
Firefly luciferase i o (388, 454,
(North American firefly) 120 mM K acetate, 1.2 mM Mg acetate, 2.2 mM DTT, 42-43°C 462)

1 mM ATP, 8.8 mM creatine phosphate,
3.5 units/ml creatine kinase

* Client protein used to characterize the aggregation suppression function of Cnx.

In the present studies, the aggregation behavior of FL was tested under the physiological
temperature of 37°C. Not surprisingly, given its low thermal stability (T, = 34.4°C) (463), FL
revealed a distinct aggregation profile with a characteristic lag period of 7-8 min (Fig. 7).
These observations are in good agreement with thermal aggregation curves of FL at 42°C
(442), where kinetic analysis indicated that this aggregation occurred by a nucleation-
dependent mechanism. In this mechanism, aggregates possess the ability to seed and
propagate aggregation of further molecules. The known instability of FL can prove
challenging as it often compromises precision in analytical applications (463), but the storage
and handling conditions designed herein (2.2.16) permitted the establishment of a stable user-
friendly aggregation assay. Since aggregation of FL alone was unaffected by several additives
such as Ca”", nucleotides, and various peptides, this new assay offered the opportunity to
characterize the lectin-independent aggregation suppression function of S-Cnx under
physiological conditions of the ER. Thus, potential unfolding of S-Cnx through elevated
temperatures or aggregation inducing agents could be avoided, a feature which might also be

beneficial for the characterization of other chaperones in the future.

81



DISCUSSION

4.1.2 The aggregation suppression function of S-Cnx is influenced by Ca**

During efforts to test the capacity of S-Cnx to suppress the aggregation of the non-
glycosylated client protein FL under physiological temperature and Ca®" concentrations of the
ER lumen, important novel insights were obtained. First of all, S-Cnx is fully capable of
suppressing the aggregation of thermally denatured FL through lectin-independent
interactions at 37°C (Fig. 7). Therefore, this is an intrinsic property of S-Cnx and not merely a
consequence of thermally induced unfolding of S-Cnx at the 43-45 °C temperatures used in
previous aggregation suppression studies (280, 283, 392). In fact, in this thesis work, no
evidence for thermally induced conformational changes in S-Cnx could be detected by CD at
temperatures from 20°C up to 45°C (Fig. 9, 1 mM Ca®"). Furthermore, the aggregation
suppression function of S-Cnx at 37°C is influenced by Ca®" concentration. Whereas most
previous studies employed Ca”" concentrations in the range of 1-2 mM (283, 393), it was
observed that aggregation suppression is significantly enhanced at the 0.4 mM concentration
typical of the resting ER lumen and further enhanced at lower concentrations.

The importance of Ca®" in maintaining the structural integrity of both S-Cnx and Crt has
been well documented. Crt possesses a single high affinity Ca®"-binding site (Kq = 11 puM)
and as many as 17 low affinity sites (K4 = 2 mM) (295). In the case of S-Cnx, the crystal
structure revealed a single binding site for Ca®" (282). Presumably, it is this site that is shown
in the present study that binds Ca*" with a K4 = 0.1-0.2 mM. For both chaperones, complete
chelation of Ca”" results in a marked increase in protease susceptibility ((281, 296, 412) and
Fig. 11) and a loss of lectin function (286). Moreover, the removal of Ca®" results in
destabilization of Crt with a decrease in melting temperature from 46.4 to 40.2°C (281). A
similar destabilization is shown for S-Cnx in the absence of Ca®*, with a decrease in melting
temperature from 49.5 to 39.5°C (Fig. 10). This was accompanied by a quenching of
tryptophan fluorescence (Fig. 12) and an increase in hydrophobic exposure as measured by
bis-ANS binding (Fig. 13). Collectively, these findings indicate a loss of native structure for
both S-Cnx and Crt upon Ca”" removal, with an increase in conformational flexibility and
likely exposure of the hydrophobic core.

In contrast, the reduction of Ca”" to the 0.4 mM level typical of the resting ER had barely
detectable conformational consequences on S-Cnx. Compared to 1 mM Ca®’, there was no
discernible change in thermal stability or susceptibility to protease digestion. Only a slight
quenching of intrinsic fluorescence (Fig. 12.B) and increase in surface hydrophobicity (Fig.

13.B) could be detected. Nevertheless, a substantial enhancement of the ability of S-Cnx to
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suppress the aggregation of FL was observed as the Ca’" concentration was reduced from 1.0
to 0.4 mM (Fig. 7). These findings support the view that the aggregation suppression function
of S-Cnx is associated with the native conformations it is likely to assume within the lumen of
the resting ER.

The relevance of lower Ca®" concentrations to Cnx function is less clear. Although the
ability of S-Cnx to suppress FL aggregation increases continuously as Ca®" is reduced from
0.4 mM down to the 50 uM level typical of the empty ER (Fig. 7), the associated loss of
native structure and likely exposure of the hydrophobic interior suggest that the increased
aggregation suppression may merely be a consequence of interactions arising from such
exposure.

Are low Ca*"-induced structural changes in S-Cnx and enhanced interactions with folding
glycoproteins likely to occur under physiological conditions? Most studies examining
stimulus-induced changes in intracellular Ca®" utilize Ca®"-free medium or SERCA pump
blockers to facilitate the detection of changes in ER Ca”" levels (31). Under such conditions,
reductions in free ER Ca®" from 0.3-0.5 mM to 50-100 uM are commonly observed with ~30
s required to empty or refill ER stores. This suggests that there is ample opportunity for Cnx
to undergo low Ca**-induced structural changes because it was observed in vitro that only a
few seconds are required to completely dissociate Ca*" from this chaperone (data not shown).
However, more recent experiments examining sarcoplasmic reticulum Ca”" dynamics during
muscle contraction in living mice have shown that Ca®" levels fall by only 50 uM following
nerve stimulation or by ~100 uM following combined nerve and B-adrenergic stimulation.
Also, cycles of Ca®" release and recovery are extremely fast, on the order of 0.1 s (464). It is
unlikely that such transient and modest fluctuations would have substantial impact on Cnx
structure. However, until more in vivo experiments are performed on a variety of cell types
under normal and pathological situations, the potential regulatory impacts of ER Ca*" on Cnx

structure remains an open question.
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4.1.3 ATP induces the exposure of enhanced surface hydrophobicity of S-

Cnx and increases its aggregation suppression potency

The ability of both S-Cnx and Crt to bind ATP is well established, although neither chaperone
possesses ATPase activity (283, 284, 296, 412). Using photo cross-linking, Ou et al.
demonstrated the binding of ATP, ADP, AMP, and GTP to S-Cnx and the fact that these
interactions require Mg®" (412). They also reported an increased sensitivity to protease
digestion in the presence of ATP, although Vassilakos et al. were unable to reproduce this
finding previously (286).

In the present study, it was found that ATP is capable of binding to S-Cnx in the presence
of 1 mM Ca®" with a Kq = 2.9 mM (Fig. 19) and that this interaction does not require Mg*"
ions. It is not clear what form of ATP is binding to S-Cnx in the conducted experiments
shown in chapter 3.2.3 and 3.2.4, but given the dissociation constants for metal binding to
ATP (465, 466) and the composition of the buffers used, Ca-ATP, Na-ATP, and free ATP are
all candidates.

Whatever the form of ATP that binds, it had no significant impact on the thermal stability
of S-Cnx or in its maintenance of a tightly folded conformation (Figs. 15-17). Rather, it was
associated with a substantial increase in surface hydrophobicity (Fig. 18 and Fig. 19), an
effect that correlated with a strong potentiation in the ability of S-Cnx to suppress FL
aggregation (Fig. 14). These findings suggest that ATP binding regulates the exposure of a
localized hydrophobic polypeptide-binding site on S-Cnx.

Remarkably, ATP-binding affinity was increased 4-fold to a K4 of 0.7 mM when Ca*" was
reduced to the luminal ER concentration of 0.4 mM (Fig. 22.B). This reduced the
concentration of ATP required to obtain the suppression of FL aggregation such that near
maximal suppression could be achieved at 0.5 mM rather than 2 mM ATP (Fig. 14 and Fig.
21). Although this appears to be a very high effective concentration of ATP, it is likely that
the ER lumen contains ATP in the millimolar range similar to that of the cytosol. ER
membranes contain a robust ATP transporter (413), and several ER proteins are known
ATPases, including the chaperones BiP and Grp94. It is noteworthy that Grp94 also exhibits
very weak ATP binding (467, 468) with a Ky likely to be in the 0.1-0.5 mM range
(Christopher Nicchitta, personal communication), as observed for its cytosolic homologue,
Hsp90 (469, 470).

Collectively, these findings suggest that S-Cnx is a highly effective chaperone capable of

suppressing client protein aggregation through non-lectin interactions under conditions
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prevalent in the ER. They also suggest that under various stress conditions when ATP levels
fall (471), the efficacy of Cnx in suppressing glycoprotein aggregation may be reduced. This

could be a contributing factor to the induction of the ER unfolded protein response (472).

4.2 Distict contributions of the lectin and arm domains of calnexin to its

molecular chaperone function

Based on the findings that S-Cnx successfully suppressed the aggregation of non-glycosylated
FL in a lectin-independent manner, likely through ATP-regulated polypeptide-based
interactions (Fig. 21), further attention was focused on the characterization of the putative
polypeptide-binding site and of domain contributions to the aggregation suppression function.
Several deletion mutants of S-Cnx (Fig. 23) were generated that consist of its arm or globular
domains alone as well as mutants that lack the distal 15 % (Aarml) or 30 % (Aarm2) of the

arm domain. These were tested for their binding and aggregation suppression properties.

4.2.1 Structural integrity of S-Cnx deletion mutants

Before usage of the deletion mutants of S-Cnx in results section 3.3 of this thesis, their
structural integrity was assessed by CD measurements (Fig. 24 and Fig. 25). The far-UV CD
spectra and melting temperatures for the Aarm1 and Aarm2 mutants were similar to those of
S-Cnx, indicating that truncation of as much as 30 % of the arm domain does not significantly
affect the secondary structure or stability of the chaperone. Not surprisingly, the individual
arm and globular domains exhibited far-UV CD spectra different from that of S-Cnx, with the
arm domain closely resembling that of the isolated arm domain of Crt (294). The thermal
stability of the globular domain was not significantly different from that of S-Cnx, whereas
the arm domain exhibited a melting temperature ~4°C less than that of S-Cnx. Notably, none
of the mutants exhibited any evidence of thermal denaturation at 37°C, the temperature
employed in subsequent aggregation suppression and peptide binding assays.

These findings contrast with those described previously for Crt where the isolated globular
and arm domains exhibited a 7.5°C drop and an 11.6°C drop, respectively, in melting
temperature relative to the intact molecule (281, 294). This suggests that excision of
individual domains from Crt has a greater destabilizing effect than for Cnx. Coupled with

previous demonstrations that the individual arm and globular domains of S-Cnx retain ERp57
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and oligosaccharide binding function, respectively (280), it can be concluded that the various
deletion mutants examined in this study retain a high degree of structural and functional

integrity.

4.2.2 The globular domain of S-Cnx mediates Ca**-induced conformational

changes

The biophysical studies described above also provided the opportunity to examine which
domain of S-Cnx is responsible for the structural stabilization that accompanies Ca®" binding,
detected as an increase in thermal stability (Fig. 9 and Fig. 10), increased resistance to
exogenous proteases (Fig. 11), enhanced intrinsic fluorescence (Fig. 12), and reduced binding
of the hydrophobic probe bis-ANS (Fig. 13) in chapter 3.2. There is some uncertainty
concerning the site(s) of Ca*" binding in Cnx with an early report documenting high affinity
binding to the arm domain with lower affinity binding within the globular domain (473). By
contrast, the crystal structure revealed only a single putative binding site within the globular
domain (282).

The thermal melting curves of the various deletion mutants of S-Cnx in the presence and
absence of Ca’" were compared (Fig. 25), and it was observed that all constructs containing
the globular domain exhibited a marked decrease in thermal stability upon complete removal
of Ca®" (Tab. 5). However, the thermal stability of the arm domain was unaffected, which
stands in accordance with intrinsic fluorescence measurements, where Ca”'-induced intensity
changes were detected for all S-Cnx constructs with exception of the arm domain (Fig. 26).
These findings cannot rule out Ca®" binding to the arm domain, but they do demonstrate that
the structural stabilization that accompanies Ca*" binding is an exclusive property of the
globular domain.

These findings are consistent with the identification of a putative Ca*’-binding site within
the globular domain of the S-Cnx crystal structure (282) and also with the findings of Bouvier

and co-workers (294) who localized the Ca**-responsive region of Crt to its globular domain.
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4.2.3 The polypeptide-binding site of S-Cnx resides in the globular domain

at a location distinct from the lectin site

Examination of the various deletion mutants for their abilities to suppress the aggregation of
non-glycosylated FL under physiological ER conditions revealed that the arm domain itself
possessed no aggregation suppression capacity (Fig. 27). However, shortening or complete
removal of the arm domain resulted in a progressive impairment of chaperone function such
that the globular domain alone exhibited about 25 % aggregation suppression potency relative
to intact S-Cnx. These findings indicate that the region primarily responsible for the
chaperone function of S-Cnx resides within its globular domain with the extended arm
domain somehow contributing to optimal aggregation suppression.

To clarify the role of the arm domain in the polypeptide-based chaperone function of S-
Cnx, hydrophobic peptides were used as client protein mimetics to localize and characterize
the unfolded polypeptide-binding site(s) on S-Cnx. These peptides were effective competitors
in the aggregation suppression assay (Fig. 28), indicating that they were reporting on the
relevant function of S-Cnx.

Subsequent peptide binding experiments, using assays based on CD spectral changes (Fig.
29) or the recovery of radioiodinated peptide-S-Cnx complexes (Fig. 30), revealed that
peptides bound equally well to S-Cnx constructs regardless of the length or even the presence
of the arm domain. Indeed, no binding to the isolated arm domain could be detected. This
demonstrates that the site through which S-Cnx exerts its aggregation suppression function
resides exclusively within the globular domain and, because peptide binding could not be
competed with mono-glucosylated oligosaccharide and was unaffected by lectin-inactivating
mutations (Fig. 35), that this site is at a location distinct from the lectin site. Further analysis
of the peptide binding isotherm revealed a probable single binding site with a K4 of 0.9 uM
for peptide KHPYAYLAAAIAAEVAGTTALKLSK (Fig. 36).

4.2.4 The arm domain of S-Cnx contributes to its chaperone function by

physical sequestration of a client protein

If the arm domain does not possess a binding site for non-native polypeptides, how does it
enhance by as much as 4-fold the aggregation suppression potency of S-Cnx? Using direct

binding assays with client polypeptides ranging in size from a 2.3-kDa peptide to 14-kDa R-
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CMLA to 61-kDa FL, it was shown that the arm domain increasingly contributes to S-Cnx
binding affinity as a function of client polypeptide size (Tab. 6). Furthermore, with the large
FL client protein, binding affinity also increased as a function of arm length. However, the
isolated arm domain itself exhibited no specific binding to any of these client proteins
suggesting that its contribution to binding affinity occurs through steric constraint of the
larger client proteins (Fig. 41). It can be envisioned that as a glycoprotein folding intermediate
interacts with both lectin and polypeptide-based binding sites on the globular domain of S-

Cnx, it enters the cavity between the arm and globular domains.

glob Aarm?2 Aarm1 S-Cnx

Fig. 41: Model for the contribution of the arm domain of S-Cnx to its binding affinity. The binding affinity
of S-Cnx to a small client polypeptide as exemplified by the KHP peptide is unaffected by the length of the arm
domain. Following binding to the globular domain, larger client proteins (R-CMLA, FL) can be physically
sequestered by the arm domain, thereby allowing this conformationally flexible domain to enhance the binding
affinity of S-Cnx as a function of client protein size.
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Electron microscopic studies have revealed that the arm domain appears to be highly
flexible, adopting a variety of curved shapes (294). Furthermore, in the S-Cnx crystal
structure, the arm domain of each molecule within the crystal lattice is wrapped around the
globular domain of an adjacent molecule (282). Consequently, the arm domain could enhance
the aggregation suppression function of S-Cnx by physically sequestering a folding
glycoprotein. This may have the combined effect of increasing the binding affinity as well as
removing the folding glycoprotein from the vicinity of other aggregation-prone folding
intermediates. Thus, aggregation suppression of client proteins would occur by a combination
of direct binding of S-Cnx to exposed hydrophobic patches as well as physical sequestration.
That such physical sequestration may be important for client protein interaction in living cells
is supported by recent findings from Zhang et al., indicating that partial truncation of the arm
domain of Crt prevented its interaction with MHC class I molecules, despite the continued

presence of its lectin and polypeptide-binding sites (187).

4.3 Working model for the molecular chaperone mechanism of calnexin

The emerging picture from this thesis work on S-Cnx and recent work on Crt is that, despite
being unique among chaperones in utilizing oligosaccharide recognition as a mode of
substrate interaction, they share important features in common with other classical chaperone
families.

It is well established that chaperones of the Hsp70, Hsp60, Hsp40, and small heat shock
protein families recognize hydrophobic segments of incompletely folded client proteins and
that this interaction can be modeled with client mimetic peptides that are largely hydrophobic
in character (218, 416-422, 474). The current peptide binding studies presented in chapter 3.3
demonstrate that the globular domain of S-Cnx also possesses a site capable of binding
hydrophobic peptides with micromolar Kq4, an affinity that is similar to that exhibited by the
Hsp70 chaperones BiP and DnaK (422, 475). In the case of Crt, this binding specificity was
elaborated further by Houen and co-workers (390) who showed that Crt prefers peptides
composed mainly of hydrophobic residues and a minimum length of five amino acids.

In addition, both the Hsp70 and Hsp60 chaperones employ strategies to either partially or
completely sequester client proteins from other folding proteins. Upon ATP hydrolysis, the a-
helical lid of Hsp70 chaperones closes over bound client protein and reduces the client protein

dissociation rate by 200-fold (223, 476). For Hsp60 chaperones, client proteins enter a
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chamber that, in another ATP-dependent reaction, is enclosed by the Hspl0 co-chaperone
“lid”, thus completely sequestering the folding protein (221).

This study provides the first evidence that the arm domain of S-Cnx, and presumably that
of Crt as well, plays an analogous role in client protein sequestration that enhances the overall
aggregation suppression function of these chaperones. Since protein folding takes place in the
unbound form upon dissociation from the chaperone, ATP regulated client protein binding
represents a common feature of chaperones including members of the Hsp60 and Hsp70
families mentioned above (477), whose ATPase activity is essential for a functional binding-
release cycle. Considering that no ATPase activity has been detected so far for Cnx (283), it
can be questioned how polypeptide-based interactions can be integrated into a folding-
promoting chaperone cycle? Also contrary to the Hsp60 and Hsp70 chaperones is the finding
that increased binding to a client protein occurs in an ATP-bound state, a characteristic that
Cnx only shares with Hsp90 (478). While the relatively weak ATPase activity of Hsp90 is
stimulated by unfolded client proteins or peptides (479), a similar stimulatory effect has not
been observed yet for Cnx by any client protein or other ligands. Furthermore, despite
extensive attempts using pull-down experiments to identify a possible co-chaperone, of which
several have been shown to promote ATPase activity or nucleotide exchange/dissociation in
classical chaperone cycles, none of the consistently recovered proteins appeared to be a
promising candidate to function in the expected co-chaperone capacity (Y. Noguchi and D. B.
Williams, unpublished). However, given the extremely weak ATP-binding affinity (K4 = 0.7
mM) under physiological Ca*" conditions of the ER measured in this study (Fig. 22.B)
coupled with a high ER-luminal ATP concentration, it is likely that Cnx is in equilibrium
between ATP-occupied and ATP-unoccupied states. Since ATP binding exposes a
hydrophobic binding site on S-Cnx (Fig. 18 and Fig. 19) and potentiates its aggregation
suppression potency (Fig. 14), it can be proposed that the ATP-bound state of Cnx is the
predominant form that mediates client protein association. Furthermore, the enhancing effect
of ATP dominates over the inhibitory effect of occupying the lectin site with
monoglucosylated oligosaccharide in aggregation suppression assays with non-glycosylated
client proteins (283). Thus, this evidence collectively suggests a chaperone mechanism of
Cnx, where both lectin and polypeptide-binding sites can be engaged during interaction with a
folding glycoprotein (Fig. 42). Dissociation of ATP is accompanied by a shift of the
polypeptide-binding site to a lower affinity state and continued occupancy of the lectin site

results in further destabilization and eventually disruption of polypeptide binding.
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Fig. 42: Model for the dual-binding mode of calnexin during chaperone cycles with a folding glycoprotein.
In this revised “dual-binding” model, Cnx functions as a lectin and as a classical chaperone similar to the
mechanism described for BiP in Fig. 2. While lectin-based interactions are controlled by the concerted activity of
glucosidase II and UGGT, polypeptide-based interactions are regulated by a low affinity ATP-binding site,
whose occupied and unoccupied forms are in equilibrium. ATP binding to Cnx leads to a shift of its polypeptide-
binding site to a high affinity state, promoting association with non-native polypeptide segments. Dissociation of
ATP causes the polypeptide-binding site to assume a low affinity conformation. Further destabilization of
polypeptide binding by continued lectin-oligosaccharide engagement and the relatively low affinity of the latter
interaction permits release of the folding glycoprotein. Cycles of binding and release occur until a native
conformation is attained. Besides recruitment of ERp57, productive glycoprotein folding is promoted through
off-pathway aggregation suppression, which is achieved by binding of Cnx to hydrophobic non-native areas via
its polypeptide-binding site as well as physical sequestration by the arm domain.

The remaining lectin-based association is also probably weak with respect to the low Ky of 1-
2 uM in the case of Crt (480) and leads finally to complete dissociation of the
chaperone/client protein complex. If folding and subunit assembly is not achieved rapidly, the
presence of non-native features allows UGGT to act on the folding glycoprotein and promotes
rebinding to the high affinity ATP state of Cnx. Such cycles of binding and release continue
until all recognition sites for UGGT and Cnx are buried in the native conformation of a
completely folded client protein. To what degree cyclic lectin- and polypeptide-based
interactions appear in a synchronized or sequential manner might largely depend on whether
the folding sensors, UGGT and Cnx, exhibit a binding preference to similar or different
folding states of a client protein.

Having demonstrated the capacity of S-Cnx to mediate classical chaperone functions by
utilizing a polypeptide-binding site during interaction and physical sequestration of a client

protein, one might wonder why Cnx assisted protein folding necessitates lectin function at all?
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One reason is that, in concert with polypeptide-based interactions, lectin-oligosaccharide
interactions may enhance the overall binding avidity for glycoproteins, as S-Cnx suppressed
significantly more effectively the aggregation of monoglucosylated SBA compared to its
deglucosylated form (283). This effect can also account for the observations that S-Cnx’s
performance in suppressing the aggregation of a client glycoprotein was much more efficient
compared to BiP’s, an advantage that was lost when confronted with a non-glycosylated client
protein (392). Whether the binding to a glycoprotein solely through its lectin site and
additional sequestration by the arm domain of Cnx are sufficient to suppress aggregation is
unclear. As another reason, lectin function may be also beneficial by allowing Cnx to interact
more flexibly with a wider spectrum of client proteins. For example, in the case of RNase B,
lacking nearly any recognizable hydrophobic polypeptide determinants, binding to Cnx relies
exclusively on lectin-oligosaccharide interactions and contributes to assisted folding by
recruiting ERp57 (375, 377). It is also conceivable that the addition of relatively large glycan
moieties to certain well conserved areas of a nascent glycoprotein facilitates its initial
interaction with Cnx and places less accessible hydrophobic segments during later stages of
the folding process in close proximity to the polypeptide-binding site.

The results of several studies are indicative of the organization of ER chaperones and
folding enzymes into subsets of low affinity complexes (481, 482), probably to allow them to
collaborate more efficiently. Herein, it is possible that the unique mode of client protein
recognition through a lectin site, in addition to a classical polypeptide-binding site, helps to
orchestrate the activity of Cnx relative to those of other chaperones in the lumen of the ER.
For example, monoglucosylated oligosaccharides are generated with a half time of
approximitly 5 min (483). Considering this, it can be envisioned that the lectin site, whose
engagement is associated with a marked increase in overall binding affinity of Cnx, ensures
binding to glycoproteins during later stages of their folding process. Thereby, competition
with BiP, which might bind to earlier folding stages during its initial interactions with nascent
polypeptides, can be prevented.

However, it is noteworthy that significant variability in the aggregation suppression
potency of BiP and S-Cnx was shown with various de- and non-glycosylated client proteins
(392). The findings demonstrate inherent differences in the intrinsic properties of Cnx’s and
BiP’s polypeptide-binding sites which are expected to contribute to their capacity to cooperate
in protein folding by flexibly interacting with the different types of non-native determinants
exposed on the multitude of client proteins. In fact, sequential as well as simultaneous

association with several client proteins have been documented in vivo for Cnx and BiP (63,
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244, 302, 304, 306, 319). Furthermore these chaperones have been identified in an
heterogeneous network of weakly associated ER chaperones including GRP94 and Crt by
pulse-chase and chemical cross-linking experiments (484). This feature of several molecular
chaperones cooperating to promote protein folding was also demonstrated for Cnx in vitro. S-
Cnx was found to be essential to maintain monoglucosylated a-mannosidase or non-
glycosylated CS in a folding competent state during their thermal denaturation, whereas
subsequent ATP-dependent refolding required the participation of BiP and the Sec63p J
domain (392).

The in vitro experiments presented in this thesis work clearly demonstrate that the
chaperone function of S-Cnx under physiological conditions of the ER lumen employs a dual
mode of client protein recognition that allows Cnx, and probably Crt as well, to occupy a

unique niche within the complex quality control system of the ER.

4.4 Future perspectives

Results obtained during the course of this thesis work provide compelling evidence that S-
Cnx utilizes polypeptide-based interactions, in addition to lectin-mediated interactions, to
suppress client protein aggregation under physiological conditions of the ER.

Since aggregation suppression and peptide binding experiments with various deletion
mutants of S-Cnx allowed the localization of polypeptide binding to the globular domain at a
site distinct from the lectin site, it would be of particular interest to determine the exact
localization of the polypeptide-binding site. This could be achieved by using the hydrophobic
KHP peptide, which revealed specific binding to S-Cnx with a K4 of 0.9 uM (Fig. 36). One
possibility would first require the successful cross-linking of the KHP peptide to the globular
domain of S-Cnx before identification of modified protein segments by tryptic digestion and
subsequent sequence analysis by mass spectrometry to reveal which portion of S-Cnx
contributes to peptide binding. Solving the structure of a complex between the KHP peptide
and the globular domain of S-Cnx by NMR spectroscopy or X-ray crystallography represents
an alternative approach that might facilitate precise mapping and a more detailed
characterization of the polypeptide-binding site. Furthermore, residues within the putative
polypeptide-binding site could be mutated and the resulting mutants, if exhibiting structural
integrity as assessed by CD, examined for their aggregation suppression and peptide-binding

capacities.

93



DISCUSSION

Having shown a preference of the polypeptide-binding site of S-Cnx for peptides
hydrophobic in character, additional determinants in the polypeptide sequence for specific
binding might exist that are crucial for the mechanism by which Cnx discriminates between
native and non-native client proteins. This also appears to be an interesting aspect in the light
of differing client protein selection of Cnx and Crt beyond their different topologies (301,
320, 327). To determine such binding motifs, solid-phase peptide arrays can be employed that
allow one to scan through libraries of up to ~13 residue immobilized peptides derived from
the complete sequence of Cnx and Crt client proteins. Incubation of a peptide array with S-
Cnx or Crt and subsequent detection of interaction by Western Blotting should permit a
consensus motif specific for S-Cnx and Crt to be determined after comprehensive screening of
peptide libraries and additional variants of positive peptides. This technique has allowed the
successful identification of the peptide-binding specificity in the case of the bacterial DnaK
(Hsp70), DnaJ (Hsp40), and SecB molecular chaperones (422, 485, 486). Similar solid-phase
binding assays have also been used by Houen and co-workers to characterize the polypeptide-
binding site of Crt (390, 391). However, the observed polypeptide-based interactions of Crt
are suspect since its structural integrity might have been affected by the applied non-
physiological conditions. Extensive screening of over 4000 peptides during past attempts of
the Williams laboratory to elucidate the peptide-binding specificities of S-Cnx and Crt were
generally compromised by problems associated with an apparent non-specific dominance of
electrostatic interactions. Considering that those experiments were conducted under non-
optimal conditions (I mM Ca®’, 22°C), and bis-ANS binding experiments (Fig. 22)
demonstrated a marked increase of the exposure of S-Cnx’s polypeptide-binding site at 0.4
mM Ca**, 37°C, and in the presence of ATP, further studies under the newly established
conditions might allow the delineation of specific binding motifs for S-Cnx and Crt. The
validity of this method could be tested by using high affinity peptides as direct competitors in
the FL aggregation assay.

Although no ATPase activity has been detected for Cnx and Crt and there are no obvious
nucleotide-binding motifs in their sequences, their aggregation suppression potencies were
significantly enhanced by ATP (283, 284) in agreement with Fig. 14 of this thesis. In
addition, the establishment of the first direct binding assay for ATP to S-Cnx using changes in
surface hydrophobicity as a readout (Fig. 19 and Fig. 22.B) revealed a weak but saturable
interaction, indicative of the existence of an ATP-binding site. The assignment of this site to
the arm or globular domains of S-Cnx using the direct binding assay should not present

tremendous difficulty since the required domain constructs are already created. For further
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identification of residues involved in ATP binding photo-crosslinking of the positive tested
domain to [y-"*P]-8-azido ATP could serve as a promising tool. This technique has already
been used successfully for S-Cnx by Ou et al. (412) and for Crt by the Williams laboratory
(unpublished results) despite problems such as low crosslinking affinity and incipiently non-
specific crosslinking to multiple sites in the protein. Subsequently, residues crosslinked to [y-
32p]-8-azido ATP could be determined by the combination of proteolytic digestion and mass
spectrometry as already described for peptide binding above. Identified residues could be
mutated and their contribution to ATP binding assessed by testing respective S-Cnx mutants
in aggregation suppression and direct binding assays.

Bearing in mind that the aggregation suppression ability of S-Cnx is influenced by Ca*"
and ATP binding as well as by physical sequestration of a client protein between the arm and
globular domains, it is conceivable that ligand binding also affects the chaperone function by
modulating the alignment of the two domains relative to each other. Such conformational
changes could be described as a closing and opening of the arm domain over the client protein
and this mechanism could be detected by examining the distance between the arm and
globular domains in the presence and absence of various ligands. A technique that offers
considerable promise in elucidating molecular distances is Forster resonance energy transfer
(FRET), a very useful type of fluorescence spectroscopy (487-489). FRET represents a
radiationless transfer of energy and only occurs between a donor and acceptor fluorophor
when their separating distance is less than 10 nm (490), resulting in reduced and enhanced
emission intensity of the donor and acceptor, respectively. In many cases FRET has been
successfully applied to analyze protein interactions (491-495), protein folding (496-498), and
to measure changes in inter- and intramolecular distances during ligand induced
conformational changes as shown for the small HdeA chaperone and the large GroEL-GroES
chaperone complex in bacteria (499, 500). The incorporation of fluorophores at appropriately
chosen positions in the arm and globular domains of S-Cnx may also provide ligand
dependent distance information and exciting insights into a putative open and closing
mechanism of the arm domain.

To shed further light into the ongoing debate concerning the relative contributions of the
lectin site, the polypeptide-binding site, ATP binding, client protein sequestration, and ERp57
recruitment to the molecular chaperone and quality control function of Cnx, it would be of
particular interest to compare the functional consequences of various mutants selectively
deficient in these respective properties in living cells. Therefore, the previously described

Drosophila SC2 cells should serve as a promising in vivo system (326, 501). Although these
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cells comprise all the necessary compounds for lectin-based Cnx and Crt cycles (502-504)
endogenous Cnx and Crt do not interact with heterologous mouse class I molecules (501).
Consequently, SC2 cells allow the examination of MHC class I biogenesis in an operationally
Cnx- and Crt-deficient environment, as shown in initial studies with canine wild type Cnx
(326, 501). There are four aspects of MHC class I biogenesis that are promoted by Cnx;
folding of free H chain, assembly of H chain with Bom, ER retention of H chain-f,m
complexes, and stabilization of folded free H chains. Considering a significant enhancement
of these processes by Cnx (326, 327, 501), it is conceivable that this system is sensitive
enough to evaluate the impact of the respective mutations alone or in combination on the
chaperone function of Cnx during MHC class I biogenesis. Experiments with lectin-deficient
Cnx have already been conducted and revealed unimpaired interactions with MHC class [ H
chains, indicative of the utilization of a polypeptide-binding site in living cells (287).

The existence of several binding sites on Cnx raises the question of how regulatory effects
of ligand binding might contribute in detail to chaperone cycles of binding and release
involving both lectin- and polypeptide-based interactions. The latter interactions were clearly
enhanced in the presence of ATP as shown in aggregation suppression experiments (Fig. 14)
of this thesis, whereby such interactions were attenuated following occupancy of the lectin
site with Glc;Mans under non-physiological conditions (283, 284). In the presence of both
ligands, the enhancing effect of ATP appeared to be dominant. Also, resting ER Ca’"
concentrations were found to potentiate the ATP effect in aggregation suppression assays
(Fig. 21) in accordance with direct binding experiments revealing an increased binding
affinity of S-Cnx for ATP following reduction of the Ca*" concentration to the resting ER
level (Fig. 22.B). Besides the establishment of direct binding assays for Ca’’, ATP and
peptides in this thesis, further development of similar assays for oligosaccharides and ERp57
would be extremely valuable to systematically evaluate the effect of each ligand on the
binding affinities of each other ligands towards S-Cnx.

Based on such experiments giving new insights into how the various ligands might
modulate client protein interactions through either the lectin or polypeptide-binding site, it
might be possible to reconstitute functional chaperone cycles for S-Cnx in vitro. While in a
classical aggregation suppression assay there is no need for a chaperone to dissociate from the
client protein, the achievement of the native state requires folding in an unbound form and
therefore cycles of binding and release. To assess the ability of S-Cnx to promote client
protein folding to its mature conformation, three different client proteins could be used that

would constitute binding and release cycles of increasing complexity.
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In initial experiments S-Cnx could be confronted with a non-glycosylated client protein, to
focus only on polypeptide-based interactions and to gain important information concerning its
function to act as a classical chaperone. This could be attained by dilution of chemically
denatured FL into solution with or without S-Cnx under physiological Ca®" concentrations
and following analysis of FL activity at different time points. The refolding efficiency could
then be tested in the presence of different ligands using various combinations to evaluate their
regulatory role in functional cycles of binding and release.

Next, cycling of a non-glycosylated client protein with S-Cnx could be examined in the
more complex context of oxidative folding. Here, it would be of particular interest if S-Cnx is
capable of enhancing the oxidative folding process of a client protein through its recruitment
via the polypeptide-binding site and the simultaneous recruitment of ERp57 via the arm
domain. Hen egg white lysozyme contains four disulfides and might be a suitable candidate
for these experiments (170). Refolding can be assessed by monitoring a gain in enzyme
activity and refolding rates could be compared in the presence or absence of ERp57 and
appropriate ligands under physiological Ca’" concentrations and a mildly oxidizing
environment.

The ultimate goal would be the reconstitution of an S-Cnx cycle that facilitates refolding of
an unfolded monoglucosylated client protein through both lectin and polypeptide-mediaded
interactions. Such a system should probably consist of S-Cnx, glucosidase II, UGGT, ERp57,
reduced:oxidized glutathione, UDP-glucose, physiological Ca®* concentrations and ATP.
Since jack bean o-mannosidase exposes a single monoglucosylated oligosaccharide and forms
at least one disulfide bond, it represents an ideal client protein. In addition, S-Cnx has been
shown to suppress a-mannosidase aggregation following chemical denaturation/reduction in a
lectin- as well as polypeptide-dependent manner (287, 392). If S-Cnx also exhibited the
capacity to successfully refold this enzyme when allowed to act in a cyclic fashion, this would
be a superb system to assess in detail the contributions of the individual components to the

molecular chaperone function.
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5 Summary

Calnexin is a membrane-bound chaperone of the endoplasmic reticulum (ER) that participates
in the folding and quality control of newly synthesized glycoproteins. Binding to
glycoproteins occurs through a lectin site with specificity for Glc;MangGlcNAc,
oligosaccharides as well as through a polypeptide-binding site that recognizes non-native
protein conformations. The latter interaction is somewhat controversial because it is based on
observations that calnexin can suppress the aggregation of non-glycosylated client proteins at
elevated temperature or at low calcium concentrations, conditions that may affect the
structural integrity of calnexin. This thesis focuses on the ability of calnexin to interact with
client proteins in a lectin-independent manner under physiological conditions of the ER lumen

and provides new mechanistic insights into its molecular chaperone function.

1) The successful development of a new aggregation suppression assay using the
thermolabile enzyme firefly luciferase permitted the demonstration that the soluble
ER-luminal domain of calnexin (S-Cnx) can indeed suppress the aggregation of a
non-glycosylated client protein at physiological temperature and at the normal
resting ER Ca”" concentration of 0.4 mM. However, gradual reduction of Ca** below
the resting level resulted in an increased aggregation suppression potency but was
accompanied by a progressive loss of native S-Cnx structure as assessed by thermal
stability, protease sensitivity, intrinsic fluorescence, and bis-ANS binding. These
assays permitted the characterization of a single Ca*"-binding site on S-Cnx with a

dissociation constant (K4) of 0.15 £ 0.05 mM.

2) Furthermore it was shown that the suppression of firefly luciferase aggregation by S-
Cnx is strongly enhanced in the presence of millimolar concentrations of ATP and
that the K4 for ATP binding to S-Cnx in the presence of 0.4 mM Ca*" is 0.7 mM. In
contrast to Ca’>*, ATP did not alter the overall stability of S-Cnx but instead triggered
the localized exposure of a hydrophobic site on the chaperone. These findings
exemplify that calnexin can act as a potent molecular chaperone that is capable of
suppressing the aggregation of client proteins through polypeptide-based interactions

under conditions that exist within the ER lumen.
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Since the luminal portion of calnexin consists of two domains, a globular domain,
which comprises the lectin site, and an extended arm domain, it was of great interest
to understand the function of these domains during interactions of calnexin with non-
native protein conformers. For this reason the aggregation suppression abilities of
various deletion mutants of S-Cnx were tested in the newly established aggregation
assay with non-glycosylated firefly luciferase. The arm domain alone showed no
capacity to suppress aggregation. However, stepwise truncation of the arm domain in
S-Cnx resulted in a progressive reduction in aggregation suppression potency to the
point where the globular domain alone exhibited 25 % potency. Thus aggregation
suppression appears to be primarily mediated by the globular domain, but the arm

domain is required for maximal function.

To characterize the putative polypeptide-binding site, hydrophobic peptides were
used that were effective competitors of the ability of S-Cnx to suppress firefly
luciferase aggregation. Direct binding experiments revealed a single site of peptide
binding in the globular domain (K4 = 0.9 uM) at a location distinct from the lectin

site.

Progressive truncation of the arm domain in S-Cnx had no effect on the binding of
small peptides but reduced the binding affinity of S-Cnx for large, non-native client
proteins. Because client proteins/peptides exhibited no binding to the isolated arm
domain, the findings support a model in which calnexin suppresses aggregation
through a polypeptide-binding site in its globular domain, with the arm domain

enhancing aggregation suppression by sterically constraining large client proteins.
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6 Zusammenfassung

Calnexin ist ein membranegebundenes Chaperon des endoplasmatischen Retikulums (ER),
welches mafgeblich an der Faltung und Qualititskontrolle von neu synthetisierten
Glykoproteinen beteiligt ist. Die Interaktion mit Glykoproteinen erfolgt sowohl iiber eine
Lektin-Bindestelle, die eine hohe Spezifitit fiir Glc;ManyGlcNAc,-Oligosaccharide aufweist,
als auch durch eine Polypeptid-Bindestelle, welche die Erkennung nicht-nativer
Proteinkonformationen ermdglicht. Die Existenz der besagten Polypeptid-Bindestelle gilt
jedoch als kontrovers. Thr Nachweis beruht vornehmlich auf Untersuchungen, durch die die
Unterdriickung der Aggregation von nicht-glykosylierten Klienten-Proteinen durch Calnexin
unter unphysiologisch hohen Temperaturen beziechungsweise niedrigen Calcium-
Konzentrationen gezeigt werden konnte, Bedingungen, die die strukturelle Integritit von
Calnexin beeintrachtigt haben konnten. Aus diesem Grund stand die Charakterisierung des
putativen Lektin-unabhéngigen Bindungsmodus von Calnexin mit Klienten-Proteinen unter
physiologischen Bedingungen des ER im Vordergrund dieser Arbeit und erlaubte neue

Einblicke in den Mechanismus der molekularen Chaperonfunktion.

1) Aufgrund der erfolgreichen Entwicklung eines neuen Aggregations-Suppressions-
Assays unter Verwendung des thermolabilen Enzyms Luziferase der nord-
amerikanischen Feuerfliege konnte gezeigt werden, dass die 16sliche ER-luminale
Doméne von Calnexin (S-Cnx) tatsdchlich die Aggregation eines nicht-glykosilierten
Klienten-Proteins unter physiologischen Bedingungen des ruhenden ER-Lumens
(37°C, 0,4 mM Ca”") unterdriicken kann. Die graduelle Reduktion von Ca®’
unterhalb von 0,4 mM resultierte in einer erhohten Potenz zur Supression der
Aggregation. Allerdings war diese Steigerung mit einem zuhnehmenden Verlust der
nativen Struktur von S-Cnx verbunden, was durch Messungen der thermalen
Stabilitdt, Protease-Sensitivitdt, intrinsischer Fluoreszenz und bis-ANS-Bindung
beobachtet werden konnte. Anhand dieser Experimente konnte eine singuldre Ca*'-
Bindestelle fiir S-Cnx mit einer Dissoziationskonstanten (K4) von 0,15 £ 0,05 mM

beschrieben werden.

2) Desweiteren konnte eine deutlich effizientere Unterdriickung der Luziferase-
Aggregation durch S-Cnx in Gegenwart von millimolarem ATP nachgewiesen

werden, wobei fiir die Interaktion zwischen ATP und S-Cnx bei einer Ca’'-
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Konzentration von 0,4 mM ein Kg-Wert von 0,7 mM mittels bis-ANS-
Bindungsstudien bestimmt werden konnte. Im Gegensatz zu Ca”" fiihrte die Bindung
von ATP zwar nicht zu einer nennenwerten Destabilisierung von S-Cnx, hatte jedoch
die lokale Exposition einer ansonsten grofitenteils verborgenen hydrophoben Region
zur Folge. Somit konnte gezeigt werden, dass Calnexin durchaus dhnlich wie ein
klassisches molekulares Chaperon fungieren kann, indem es die Aggregation von
Klienten-Proteinen durch Polypeptid-vermittelte Interaktionen unter physiologischen

Bedingungen des ER-Lumens unterdriicken kann.

In Anbetracht der Tatsache, dass das ER-luminale Segment von Calnexin aus zwei
Doménen besteht, einer globuldren Lektin- und einer ldnglichen Arm-Doméne, war
es von groflem Interesse, die Funktion der beiden Doménen wéhrend der Interaktion
von Calnexin mit nicht-nativen Klienten-Proteinen zu verstehen. Aus diesem Grund
wurde das Potential zur Aggregations-Suppression von  verschiedenen
Deletionsmutanten von S-Cnx in dem neu entwickelten Aggregations-Assay mit
nicht-glykosylierter Luziferase getestet. Wahrend die Arm-Doméne alleine nicht in
der Lage war, die Aggregation zu unterdriicken, resultierte die schrittweise
Verkiirzung der Arm-Domine von S-Cnx in einer progressiven Reduktion seiner
Eigenschaft als Aggregations-Suppressor zu agieren. So konnte nach vollstindiger
Entfernung der Arm-Doméne fiir die verbleibende globuldre Doméne lediglich 25 %
des urspriinglichen Aggregations-Suppressions-Potentials verzeichnet werden. Somit
scheint die Unterdriickung der Aggregation primédr durch die globuldre Doméne
vermittelt zu werden, wobei die Arm-Doméne fiir eine optimale Funktionsweise

erforderlich ist.

Um die putative Polypeptid-Bindestelle zu charakterisieren, konnten hydrophobe
Peptide verwendet werden, welche sich als effektive Kompetitoren im Aggregations-
Suppressions-Assay mit S-Cnx erwiesen. Durch direkte Bindungsexperimente lie3
sich eine singuldre Peptid-Bindestelle in der globulire Domine (K4 = 0,9 uM)

lokalisieren, bei der es sich nicht um die Lektin-Bindestelle handelt.

Die sukzessive Verkiirzung der Arm-Doméne von S-Cnx hatte keinen Einfluss auf
die Bindung von kleinen Peptiden, wohingegen eine verringerte Bindungsaffinitit

zwischen S-Cnx und groferen nicht-nativen Klienten-Proteinen festgestellt werden
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konnte. Da fiir die isolierte Arm-Domine keine Interaktion mit Klienten-
Proteinen/Peptiden nachgewiesen werden konnte, lie sich ein Modell erstellen,
wonach Calnexin Proteinaggregation durch seine Polypeptid-Bindestelle in der
globuliren Domine unterdriickt. Dabei erfolgt eine Potenzierung des
Suppressionsmechanismus durch die Arm-Doméne, indem diese groBere Klienten-
Proteine  sterisch sequestriert und vor unspezifischen intermolekularen

Wechselwirkungen schiitzt.
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