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Abstract

Protein misfolding diseases represent a major medical challenge. Although the genetic
mutations that cause many misfolding diseases have been identified, there are no cures yet
available for most of these diseases. Among the examples in which the underlying cellular and
molecular mechanisms are well understood are diseases due to misfolding of integral membrane
proteins that normally function as ion channels at the plasma membrane. Synthesis of integral
membrane proteins begins at the endoplasmic reticulum (ER). In the case of wild type (WT)
forms that are properly folded, they exit the ER and traffic along the secretory pathway to the
cell surface. If the ion channel is misfolded, due to mutations in the protein, it is retained by the
endoplasmic reticulum quality control (ERQC) system and sent for endoplasmic reticulum-
associated proteasomal degradation (ERAD). Molecular chaperones play a role in both protein
folding and degradation. The chaperones assist in the proper folding of the cytosolic domains of
the ion channels and participate in targeting the misfolded forms for ERAD. Because of the dual
function of chaperones, diseases due to misfolding and impaired trafficking of ion channels can
be considered to be the result of inefficient chaperone folding activity and/or over activity of the
ERAD. An interesting possibility is that manipulation of these chaperones could help alleviate
the symptoms of ion channel misfolding diseases through promoting mutant channel folding and
thereby rescuing trafficking leading to restored function. The heat shock protein 70 (Hsp70)
chaperone has a key role in the quality control of many proteins, and its activity is regulated by a
variety of co-chaperones. The aim of this thesis is to understand the role of the Hsp70 chaperone
system in the quality control of two ion channel misfolding diseases: long QT syndrome type 2

(LQT?2), which is a cardiac disorder due to mutations in the potassium channel, human ether-a-
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go-go related gene (hERQG) protein, and cystic fibrosis (CF), which is due to mutations in the
chloride channel, cystic fibrosis transmembrane conductance regulator (CFTR) protein. The
initial aspect involved the characterization of the role of the Hsp70 co-chaperones, DNAJA1 and
DNAJA2, in hERG biogenesis. Both DNAJA1 and DNAJA2 induce hERG proteasomal
degradation through the E3 ligase, C-terminus of Hsp70 interacting protein (CHIP), whereas
only DNAJA1 promotes hERG folding. A second aspect assessed the importance of another
Hsp70 co-chaperone, Bcl2-associated athanogene 1 (Bagl), in hERG biosynthesis. In brief, it
was found that Bagl induces hERG misfolding and thereby proteasomal degradation by
increasing its ubiquitination through the ER-membrane anchored E3 ligase, translocation in renal
carcinoma, chromosome 8 gene (TRCS8), which cooperates with its cytosolic E2 enzyme,
Ube2g2. We also identify a novel role for Bagl in shifting hERG degradation pathway away
from CHIP towards other E3 ligases that act independently of Hsp70. After assessing the role of
the Hsp70 system in hERG synthesis, the focus of the thesis was shifted to an examination of the
importance of this chaperone system for CFTR. We found that both DNAJAT and DNAJA2 are
required for CFTR maturation while only DNAJA2 promotes its proteasomal degradation
through CHIP. Hsp70 also induces CFTR degradation, however, through the lysosomes. We
propose a model in which specific DNAJ activities, or the lack of it, regulate the degradation of

hERG and CFTR in cells.
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Resumeé

Les maladies associées aux anomalies de repliement des protéines représentent un défi
médical majeur. Bien que les mutations génétiques qui causent de nombreuses maladies de
repliement aient été identifiées, il n’existe présentement aucun remede disponible pour la plupart
de ces maladies. En particulier, les maladies dues au mauvais repliement des protéines
membranaires intégrales, qui fonctionnent en tant que canaux ioniques dans la membrane
plasmique, représentent un exemple de maladies dans lesquels les mécanismes cellulaires et
moléculaires responsables sont bien compris. La synthése des protéines membranaires intégrales
commence au niveau du reticulum endoplasmique (RE). Dans le cas des formes de type sauvage
qui sont bien pliées, les protéines sortent du RE et trafiquent le long de la voie de sécrétion vers
la surface cellulaire. Si le canal ionique est mal repli¢, en raison de mutations dans la protéine, il
est retenu par le systétme de controle de qualit¢é du RE et envoyé pour la dégradation par le
protéasome associée au réticulum (ERAD). Les chaperons moléculaires jouent un réle a la fois
dans le repliement des protéines et dans leur dégradation. Les chaperons aident au repliement
correct des domaines cytosoliques des canaux ioniques et participent a cibler les formes mal
repliées pour ERAD. En raison de la double fonction des chaperons, les maladies dues a un
mauvais repliement et a ’altération du trafic des canaux d'ions peuvent étre considérées comme
le résultat de I’inefficacité de l'activité de pliage des chaperons et/ou de la suractivit¢ de ’ERAD.
Par conséquent, une possibilité intéressante serait la manipulation de ces chaperons pour aider a
soulager les symptomes des maladies dues aux anomalies de repliement des canaux ioniques par
la promotion de pliage des canaux mutés, sauvant ainsi leur trafic et restaurant leur fonction. La

protéine de choc thermique 70 (Hsp70) est un chaperon qui a un réle clé dans le contrdle de



qualit¢é de nombreuses protéines, et son activité est régie par une variété de co-chaperons.
L'objectif de cette thése est de comprendre le role du systtme de chaperon Hsp70 dans le
controle de qualité de deux maladies reliées a I’anomalie de repliement de canaux ioniques: le
syndrome du QT long de type 2 (LQT2), qui est un trouble cardiaque due a des mutations dans le
canal de potassium éther-a-go-go humain (hERG); et la fibrose kystique (FK), qui est due a des
mutations dans le canal de chlorure, la protéine dénommée régulateur de conductance
transmembranaire de la fibrose kystique (CFTR). L'aspect initial a impliqué la caractérisation du
role des co-chaperons de la protéine Hsp70, DNAJA1 et DNAJA2, dans la biogenese de la
protéine hERG. Tandis que chacune de DNAJA1 et DNAJA?2 induit la dégradation de hERG par
le protéasome a travers la ligase E3, CHIP (C-terminus of Hsp70 interacting protein), seul
DNAJALI favorise le pliage de hRERG. Un deuxi¢me aspect a été d’évaluer l'importance d'un autre
co-chaperon de Hsp70, la protéine Bcl2-associé athanogeéne 1 (Bagl), dans la biosynthése de
hERG. En bref, on a constaté que Bagl induit le mauvais repliement de hERG et de ce fait, sa
dégradation par le protéasome, en augmentant son ubiquitination par la ligase E3 ancrée dans la
membrane du RE, la protéine TRCS, qui coopére avec 1'enzyme cytosolique E2, Ube2g2. En plus,
nous avons ¢galement identifi¢ un nouveau réle pour Bagl dans le déplacement de la voie de
dégradation de hERG loin de CHIP vers d'autres ligases E3 qui agissent indépendamment de
Hsp70. Apres 1'évaluation du réle du systéme Hsp70 dans la synthése de hERG, I’objet de la
these a été déplacé vers ’examen de I'importance de ce systeme de chaperon pour la protéine
CFTR. Nous avons constaté¢ que les protéines DNAJAI et DNAJA2 toute les deux, sont
nécessaires pour la maturation de CFTR alors que seul DNAJA2 favorise sa dégradation par le
protéasome a travers CHIP. Hsp70 induit également la dégradation de la protéine CFTR,

cependant, a travers les lysosomes. Nous proposons donc un modéle dans lequel I’activité de
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certaines DNAJ spécifiques, ou 'absence de celle-ci, régule la dégradation de hERG et de CFTR

dans les cellules.
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Original Contributions to Knowledge

Chapter 2:

In chapter 2, I showed the importance of Hsc/p70 chaperones in hERG folding. Next, I
identified the role of the cytosolic Hsp70 co-chaperone, DNAJA1 in hERG folding. This role is
unique among the type I Hsp40 proteins. I also characterized the mechanistic requirements of
another cytosolic Hsp70 co-chaperone, DNAJA2, to promote hERG degradation, which led to
the conclusion that the internal protein mechanisms of the DNAJs required for folding are also

required for degradation.

Chapter 3:

In chapter 3, I characterized the role of the nucleotide exchange factor (NEF), Bagl, in
hERG biogenesis. In my experiments, I showed that Bagl reduces hERG interaction with
Hsc/p70 resulting in its misfolding and inducing its proteasomal degradation. This is a novel
mechanism by which Bagl promotes substrate degradation. It was previously suggested that
Bagl promotes degradation of Hsc/p70 substrates by providing a link to the proteasome through
its ubiquitin-like (UBL) domain, but we find no evidence for that. On the contrary, our data
suggests that the UBL domain is dispensable for the Bagl effect on hERG. Furthermore, I
identified a novel ERAD pathway for hERG, the Ube2ge/TRC8 pathway, that was not

implicated before in quality control but rather in regulated ERAD.
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Chapter 4:

In chapter 4, I characterized the role of the Hsp70 chaperone system in CFTR biogenesis.
First, I demonstrated the role of Hsc/p70 and its associated type I Hsp40 co-chaperones in CFTR
folding and quality control. Through knockdown experiments, I showed that contrary to its effect
on hERG, Hsc/p70 seems to be involved primarily in CFTR degradation. Next, I demonstrated
that the Hsp70 co-chaperones, DNAJA1 and DNAJA2, are both required for CFTR folding.
However only DNAJA2 promotes its proteasomal degradation through CHIP. These findings are
novel in that the role of these DNAJ co-chaperones was not previously addressed in CFTR

biosynthesis.
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Contribution of Authors

As permitted under the “Guidelines for Thesis Preparation” provided by the Graduate and
Postdoctoral Studies Office, Chapters 2, 3, and 4 of this thesis include manuscripts either
published or to be submitted for publication. They have been reformatted to give a uniform

layout of the thesis. The contributions of authors are listed below:

Chapter 2:
The contents of this chapter have been published:

Walker VE, Wong MJ, Atanasiu R, Hantouche C, Young JC, Shrier A. Hsp40 chaperones
promote degradation of the HERG potassium channel. J Biol/ Chem. 285(5): 3319-29, 2010.

Baaklini I, Wong MJ, Hantouche C, Patel Y, Shrier A, Young JC. The DNAJA2 substrate
release mechanism is essential for chaperone-mediated folding. J Biol Chem. 287(50): 41939-54,
2012.

The contributions made by collaborators for this chapter:

This chapter is the result of different collaborations with a previous PhD student in our
lab, Valerie Walker, and a member of the Young lab, Imad Baaklini. First, Valerie Walker
showed the DNAJs, DNAJA1, DNAJA2, and DNAJA4, promote hERG proteasomal degradation
through CHIP (Figures 2.3 and 2.6). Then, I showed that Hsc/p70 is important for hERG folding
(Figure 2.1) and DNAJA1 but not DNAJA?2 is the co-chaperone that assists Hsc/p70 in its pro-
folding activity (Figure 2.2). This showed the functional differences between the DNAJs. Next,
as part of Imad Baaklini’s project, where he wanted to understand the mechanism of function of
the DNAJs, I performed experiments on hERG with DNAJA2 mutant constructs that he provided.

Therefore, to understand the mechanism by which DNAJA2 promotes hERG degradation, I



performed pulse chase experiments in an overexpression system of both hERG and the different
DNAJA2 constructs. Overall, these experiments showed the importance of DNAJA2 internal
structures in inducing hERG degradation (Figure 2.5). I analyzed all experiments that I
performed. Michael Wong and Roxana Atanasiu performed other experiments for the paper,

which are not included in this thesis.

Chapter 3:
The contents of this chapter will be submitted for publication:
Christine Hantouche, William C. Valinsky, Jason C. Young and Alvin Shrier. Bagl shifts hERG
degradation towards the Ube2g2/TRCS8 pathway at the endoplasmic reticulum. Manuscript.
The contributions made by collaborators for this chapter:

I designed, performed and analyzed all experiments in this study except for the patch
clamp experiments (Figure 3.1D), which were conducted by William Valinsky. I wrote the initial
draft of the manuscript, which was edited by Drs. Young and Shrier. Together they supervised

this project and provided critical review and revision of the manuscript.

Chapter 4:
The contents of this chapter will be submitted for publication:
Patrick Kim Chiaw, Christine Hantouche, Yogita Patel, Alvin Shrier and Jason C. Young. Dual
roles of Hsp70 and DNAJA?2 in the degradation of CFTR. Manuscript.
The contributions made by collaborators for this chapter:
This chapter is in collaboration with a member of the Young lab, Patrick Kim Chiaw,

who performed the experiments related to Hsp70 under various conditions (Figures 4.4, 4.5, 4.6),
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and Yogita Patel, who characterized the Hsp70-T636D mutant (Figure 4.5B). I addressed the
DNAJ aspects of the project and the pulse-chase experiments on CFTR with manipulation of
Hsc/p70 (Figures 4.1, 4.2, 4.3). I helped in establishing the new assay, using inducible CFTR in

HEK293 Tet-On cells, that we used in this study. I analyzed all experiments that I performed.
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Chapter 1

General Introduction

Proteins are the most abundant and structurally versatile macromolecules in living
systems. They serve crucial functions in essentially all biological processes. Protein synthesis
occurs on ribosomes as linear chains of up to several thousand amino acid building blocks linked
together by peptide bonds. The linear amino acid sequence, encoded by the DNA, determines the
final three-dimensional conformation and specific function unique to the protein. Given the
fundamental role proteins play in all cellular functions, it is not surprising that the cells have
evolved an elaborate machinery of molecular chaperones to preserve the functionality of their
proteome. !

Molecular chaperones ensure protein folding efficiently and on a biologically relevant
timescale. Both the chaperone system and the degradation machinery constitute the main
elements of protein quality control (PQC) for the maintenance of protein homeostasis, or
proteostasis. > These components function as a coordinated proteostasis network (PN) to achieve
proteome maintenance and prevent accumulation of aberrantly folded species. Proteins are in a
constant kinetic competition between protein folding, which leads to function, and misfolding,
which leads to loss-of-function or aggregation. Therefore, a major role of the PN is to optimize
the efficiency of folding and to minimize misfolding, which would compromise function thereby

leading to a variety of diseases that are classified as protein misfolding diseases.



Protein misfolding diseases arise due to increased protein degradation, which leads to
loss-of-function, where mutated proteins unable to fold are removed by degradation as is the case
in cystic fibrosis (CF) and long QT (LQT) syndrome, or inefficiency in degradation, where
aberrantly folded proteins aggregate and form intra- and extra-cellular toxic deposits that are
increasingly recognized as the root cause of cytotoxicity in a range of neurodegenerative
disorders such as Alzheimer’s and Parkinson’s. >

In light of the growing number of protein misfolding diseases, understanding the
precisely balanced nature of the PN in order to pharmacologically correct imbalances in the

system is of great medical interest. '

1.1. Components of the Proteostasis Network

Proteostasis is maintained by a range of factors that form complex networks including:
- Molecular Chaperone System

- Degradation Machinery

1.1.1. Molecular Chaperone System

Molecular chaperones are proteins that interact with and assist the folding of other
proteins through binding and release cycles without being part of the final native structure.
Chaperones cooperate in the folding of a wide range of newly synthesized proteins, as well as
refolding aberrantly folded states. * In addition to protein folding and refolding, chaperones are
involved in several other cellular processes, including protein targeting, oligomeric complex

assembly, protein trafficking, assistance of proteolytic degradation, and signal transduction. '



There are several conserved families of chaperones structurally unrelated to each other
that form cooperative pathways and networks in cells. These are known as heat shock proteins
since many (though not all) chaperones are upregulated under conditions of conformational
stress where there is an increased propensity for misfolding. The heat shock protein (HSP)
families were originally classified according to their molecular weight (HSP40, HSP60, HSP70,
HSP90, HSP100 and the small HSP (sHSP)). * The HSP70s, HSP90s and the chaperonins
(HSP60s) are multicomponent molecular machines that participate broadly in protein biogenesis.
They promiscuously recognize hydrophobic stretches of amino acids exposed in non-native
proteins and promote folding through ATP- and cofactor-regulated cycles of binding and release.
These HSPs are involved in protein folding processes as well as degradation pathways. The
HSP100s are hexameric chaperones classified as AAA+ (ATPase associated with various
cellular activities) ATPases in that they couple ATP binding and hydrolysis to various protein-
remodeling activities including (un)folding of proteins and disassembly of protein complexes on
one hand and protein degradation and quality control on the other. > Members of the sHSP family
exhibit chaperone-like activity through preventing protein aggregation. sHSPs are important for
stress tolerance. These are also involved in protein folding as well as degradation. ® Overall, the

cellular chaperone machinery forms complex networks that are indispensible for proteostasis.

In the following sections, we will illustrate the basic mechanisms of the main cytosolic protein
folding machineries:
- The HSP70 System

- The HSP90 System



1.1.1.1. The HSP70 System

The HSP70 family comprises a set of abundant molecular chaperones that are engaged in
a plethora of protein folding processes in almost all cellular compartments. Historically, HSP70
chaperones were identified by induction under heat shock during which they provide an essential
protection against stress conditions by preventing the aggregation of misfolded proteins and
assisting the refolding of partially unfolded proteins. HSP70 proteins also have essential house-
keeping functions under normal non-stress conditions. ' They assist the folding of newly
synthesized proteins as they emerge from ribosomes, transport proteins across organellar
membranes, disassemble oligomeric protein structures, facilitate proteolytic degradation of
unstable proteins, and in some cases control the activity of regulatory proteins. * All of these
cellular functions of HSP70 proteins rely on their basic mechanism, which is to bind and release
short hydrophobic segments of an unfolded substrate in an ATP-hydrolytic reaction cycle. '
While binding stabilizes the unfolded state, controlled release may result in the progression along
the folding pathway. ®

Although much of our knowledge of the biochemical functions of HSP70 is derived from
studies of the Escherichia coli HSP70 homolog, DnaK, the outlines of the mechanism appear to
be conserved across species. The orthologous cytosolic HSP70 forms in eukaryotes — the
constitutively expressed Hsc70 (HSPAS) and heat shock inducible Hsp70 (HSPAI) in humans,
the HSP70 homolog in Saccharomyces cerevisiae Ssal, and DnaK — all share a common

71314 The HSP70 proteins function primarily as monomers, although they can

mechanism.
transiently contact regulatory co-chaperone proteins. As a common structural feature, all HSP70

members consist of two major domains: an N-terminal highly conserved nucleotide-binding

domain (NBD) with ATPase activity and a more variable C-terminal substrate-binding domain



(SBD) joined by a conserved linker. The fundamental HSP70 ATP hydrolysis reaction cycle has
been well established. In the ATP-bound state, an Hsp70 has low affinity for polypeptide
substrate with accelerated on and off rates for the peptide. Meanwhile, when in the ADP-bound
state, Hsp70 binds substrate with high affinity. '"'>!”

Crystallographic studies of Hsp70 domains provided an initial molecular basis for the

elucidation of this cycle. '*"

The NBD consists of two lobes separated by a deep central cleft,
and nucleotide binding occurs at the base of the cleft. Each lobe can be further subdivided into
two subdomains la and 1b in the first lobe and 2a and 2b in the other with 1a and 2a linked to
form the base of the nucleotide-binding pocket. A cleft surface between la and 2a on the
opposite side from the nucleotide pocket may be a regulatory interaction site. Flexibility among
the subdomains allows their conformational changes from ATP to ADP or nucleotide-free states,
with conserved amino acids forming the active site where nucleotide binding and catalysis
occurs. '° The SBD also contains two subdomains, a B-sandwich base with a hydrophobic groove
where polypeptide binding takes place and an o-helical structure forming a lid over the
polypeptide binding site (Figure 1.1A). The SBD therefore binds short hydrophobic stretches in
an extended conformation exposed within an accessible polypeptide backbone in non-native
substrates. '° To fulfill the ATPase reaction cycle, chemical energy from ATP hydrolysis in the
NBD must be coupled to mechanical work that results in the opening and closing of the SBD.
Whereas ATP binding seems to promote flexibility between the base and lid of SBD inducing
conformational changes that open up the polypeptide-binding site, peptide binding in the SBD
can also transmit changes to the NBD increasing the rate of ATP hydrolysis. ' The conserved
2021

interdomain linker has an essential role in the allosteric regulation between the two domains.

Recent structural studies on the ATP-bound state revealed that the SBD subdomains, the 8 sheet



Figure 1.1. The Hsp70 and Hsp40 type I machinery. A, Schematic of Hsp70 domains with

s e 18,19
original structures shown below

B, Schematic of type I Hsp40 domains with original
structures shown below **** C-E, Structures of Hsp70 two-domain constructs: C, ATP-bound

open conformation of Hsp70 **; D, domains separated in the ADP-bound state ** Colours of the

domains are as in A. (Figure 1.1 modified from *°)
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and o-helical 1id, are detached from one another and contact different subdomains of the NBD
(Figure 1.1A). This interaction reveals the mechanism of allosteric regulation between the two
domains. It occurs sequentially and is influenced by protein substrate binding. **

In the cytosol of human cells, both Hsc70 and Hsp70 are normally expressed, but only
Hsp70 is greatly upregulated in the heat shock response. Other cytosolic HSP70 proteins are only
expressed under stress, or in specific tissues. '* There is some evidence that Hsc70 and Hsp70
may have certain biological differences (see below regarding hERG and CFTR). However, they
cannot be distinguished from each other in other studies and biochemical differences between
them have not been established. They will be referred to generally as Hsc/p70. The Hsp70
knockout mice were viable, presumably because Hsc70 could substitute, but they displayed
genomic instability and increased radiosensitivity, which implies that Hsp70 plays an essential
function in maintaining the stability of the genome under stress conditions. >’

Initial studies on E. coli DnaK identified two key Hsp70 co-chaperones as regulators of
chaperone action. Both characterized co-chaperones, DnalJ and GrpE, act at different steps of the
DnaK ATPase cycle and regulate its affinity for substrate by regulating its ATPase activity. Dnal,
the first member of the HSP40 family discovered, accelerates the rate of hydrolysis of ATP by
DnaK thereby inducing substrate binding by Hsp70. In opposition, GrpE binds DnaK and acts as
a nucleotide exchange factor (NEF) resulting in the exchange of ADP for ATP, thereby
weakening the DnaK-polypeptide interaction, which results in complex dissociation (Figure
1.2A). *** Furthermore, DnalJ has chaperone activity of its own although it is not an ATPase and
does not have an intrinsically regulated cycle of binding and release. Dnal has the ability to bind
unfolded polypeptide, recruit DnaK, and activate its ATPase activity resulting in substrate

transfer onto the Hsp70 chaperone and DnaJ dissociation from DnaK-substrate complex. '*'>*



Figure 1.2. Hsc70 ATPase cycle and the NEF, Bagl. A, Hsc70 in the ATP-bound state does
not bind substrate polypeptide, while in the ADP-bound state substrate is tightly bound. Hsp40-
family chaperones including DJA1 and DJA2 bind substrate, activate ATP hydrolysis and
substrate binding by Hsc70, and dissociate from the complex. Nucleotide exchange factors
(NEFs) including Bagl promote the release of ADP, re-binding of ATP, and the release of
substrate from Hsc70. B, Domain organization of BaglL, BaglM and BaglS isoforms. All
contain a ubiquitin-like (UBL) domain and a BAG domain with NEF activity. Both BaglL and
BaglM contain a TRSEEX motif. BaglL contains a nuclear localization signal (NLS). (Figure

1.2A modified from 30)
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In the following sections, we will discuss the two key HSP70 co-chaperones:
- HSP40 Family
- NEF Family
We will also briefly discuss another class of HSP70 co-chaperones that possess tetratricopeptide-

repeat (TPR) clamp domains, the TPR-containing proteins.

1.1.1.1.1. HSP40 Family

All members of the HSP40 family of molecular chaperones have a highly conserved J-
domain that regulates the activity of Hsp70s. It is the contact site with the Hsp70 chaperones and
stimulates their ATPase activity. The J-domain, a ~70 amino acid sequence, is comprised of four
helices (I-IV) with a loop region between helices Il and III that contains the functionally
significant and highly conserved histidine, proline, and aspartic acid tripeptide (the HPD motif)
(Figure 1.1B). *'** There are at least 41 J-domain containing proteins in the human genome and
they are classified into three classes depending on their different domains: type I, type II and
type IIL. >

In Dnal, the N-terminal J-domain is followed by a glycine and phenylalanine (G/F) rich
linker, a central domain that possesses two zinc-finger motifs and known to bind client proteins,
and a C-terminal homodimerization domain (Figure 1.1B). HSP40 proteins preserving this
domain architecture are classified as type I family members. ** In humans, there are three
cytosolic type I co-chaperones: DJA1 (DNAJA1/Hd;j2/dj2/HSDJ), DJA2 (DNAJA2/dj3/HIRIP4)
and DJA4 (DNAJA4/Hdj4). DJA1 and DJA2 are constitutively expressed, while DJA4 is less
abundant and may be specialized. >>7 These type I HSP40s often have a conserved cysteine

farnesylation site at their C-termini. Type I HSP40s generally promote folding with DJA1 and
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DJA2 being the predominant co-chaperones dedicated for this role. The biological functions of
type I J-domain co-chaperones are discussed in further details below. Ydjl is the type I Hsp40 in
S.cerevisiae, and is the most studied eukaryotic form.

Type II proteins contain an N-terminal J-domain with an adjacent G/F linker, but diverge
in the rest of the protein, lacking the zinc-finger motifs and possessing a distinct
homodimerization domain. Some type II Hsp40s support folding while others promote
degradation. The major human cytosolic type II protein is DJB1 (DnaJB1/Hdj1/dj1/Hsp40),
which is normally expressed at low levels but strongly induced upon heat shock. DJB1 was
discovered early on and was considered as a main element in protein folding; **** however, data
suggests that it has moderate activity compared to DJA1, which was discovered later. Other type
IT HSP40s, such as DNAJB2, DNAJB6 and DNAJBS, target client proteins to degradation.
These chaperones were shown to prevent toxicity associated with polyglutamine-containing
proteins and/or poly-Q peptides. **** Sisl is the equivalent protein in S. cerevisiae, but has
functions under normal growth conditions. *>~**

Type III proteins lack all the conserved regions except for the J-domain and contain
various unrelated domains, which are thought to direct HSP70 proteins for specialized functions.
For example, CSPa is a type III HSP40 chaperone involved in various neurodegenerative
diseases. It is present on synaptic vesicles, ** exocrine vesicles * and endocrine vesicles in
neurons. * CSPa has various presynaptic targets such as BK channels, *** dynaminl, ** and
SNAP25. ! Other possibly interesting CSPo. client proteins include voltage-dependent Ca*"
channels, heterotrimeric G proteins, syntaxin and synaptotagmin. >> Another example of a
specialized type III J-domain protein is auxilin, which is involved in uncoating of clathrin-coated

. 53
vesicles.
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Despite the differences in their conserved regions, both type I and type II proteins
function similarly and bind non-native substrates. In contrast, type III proteins cannot bind

substrate and therefore should not function as molecular chaperones on their own. >***

Next, we will focus on the main type I Hsp40 co-chaperones, DJA1 and DJA2.

1.1.1.1.1a. Type I HSP40 Family

DJAT was the first type I HSP40 family member to be identified in the human cytosol.
DJA1 immuno-depletion from rabbit reticulocyte lysate indicated that DJAI is required for
efficient mitochondrial import of a precursor protein, pre-ornithine transcarbamylase, from the
cytosol. Purified DJA1 was also thought to promote the folding of denatured luciferase by
activating Hsc70. *> DJAI, in association with Hsc70, prevented aggregation of a cytosolic
fragment of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel,
and was proposed to assist channel folding. >° Later study showed that DJA1 interaction with
Hsp70 is required to promote client substrate progesterone receptor conformational maturation
through the Hsp90 pathway. >°

A second member of the type I HSP40 family in the mammalian cytosol is DJA2, which
is expressed at similar levels as DJA1. DJA2 was also reported to function with Hsc70 in
promoting mitochondrial import as well as luciferase refolding. *° A third type I HSP40 protein
is DJA4, which seems to have more specialized functions, as its expression is tissue-specific
where it is found mostly in the heart and testes of mice. >’ In vivo experiments were done on

DJAT1 knockout mice, which were viable but had greatly reduced fertility. This sterility was

attributed to defects in spermatogenesis due to overactivity in signaling by the androgen receptor,
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which is a known substrate of the cytosolic HSP40-HSP70 system. These results showed a
unique role for DJA1 in male spermatogenesis, as DJA2 and DJA4 could not substitute for this
function. Thus, the different type I HSP40 chaperones are not functionally equivalent in vivo and
have distinct biological and biochemical properties. >’ This functional diversity was also shown
in a more recent study discussed below, where DJA1 but not DJA2 was involved in the folding
of the cardiac potassium channel, human ether-a-go-go-related gene (hERG) protein.
Nevertheless, all three HSP40s induced its degradation. Another recent paper found that DJA1
and not DJA2 was required for the function of activation-induced deaminase during B-cell
development. **

Furthermore, all three human cytosolic type I HSP40 co-chaperones were found to be
complexed with a mitochondrial precursor protein that is imported through translocases of outer
membrane 70 (Tom?70) in an Hsc70-dependent manner. >° Co-precipitation experiments showed
that the binding of the DJAs to substrate was through the central region of the C-terminal domain
and the truncation of the J-domain inhibits mitochondrial pre-protein import in organelle. All
three HSP40s were able to stimulate Hsp70 ATPase activity to the same extent. While DJA1 had
little activity in luciferase refolding in vitro, DJA2 was able to promote refolding by Hsc70 to the
greatest extent, and DJA4 had an intermediate effect. Nevertheless, DJA1 was more active than

DJA2 in promoting luciferase expression in cell culture

, although those effects were
complicated by transcriptional effects. Then, to further study the substrate binding patterns and
Hsc70 ATPase stimulation of DJA1 and DJA2, different chimeras of the proteins were used. A
chimera with the J-domain and G/F linker of DJA1 attached to the central and C-terminal region

of DJA2 was able to bind substrate and induce Hsc70 ATPase activity, but could not assist

Hsc70-mediated folding. ® This suggests that the J domain, G/F linker, and substrate-binding
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domain within DJA1 and DJA2 may have to function together for proper protein activity
indicating that there are interactions between the different structural units. Next, using a cell
culture assay that reported directly on Hsc/p70-mediated folding, knockdown and overexpression
experiments confirmed that DJA2 but not DJA1 was effective in promoting luciferase refolding.
Then to address the functional mechanisms of DJA1 and DJA2, a recent study from our lab
showed that the subdomain attached to the zinc finger motif, which is conserved in these type I
HSP40s, is essential for folding activity and release of substrate triggered by the Hsc70 ATPase.
Differences in the transfer kinetics are thought to contribute to the functional differences
between DJA1 and DJA2. Interestingly, another chimera with the J domain of DJAT fused to the
G/F linker and central/C-terminal region of DJA2 now had some activity in assisting folding,

suggesting that the linker may interact more closely with the substrate-binding region.

1.1.1.1.2. NEF Family

The human and S. cerevisiae co-chaperone NEFs are structurally unrelated to the E. Coli
NEF GrpE. This is surprising given the conservation in HSP70 and HSP40 proteins. In the
human cytosol, NEF co-chaperones belong to three structurally unrelated families: the Bag
(Bcl2-associated athanogene) family, the HSP110 family and HSPBP1 (HSP70 binding protein
1) (Figure 1.1E and Figure 1.1F). ©

The Bag family consists of a multifunctional group of proteins that are involved in
diverse functions ranging from apoptosis to tumorigenesis. While S. cerevisiae have one Bag-
type NEF (Snll), humans have five Bag family members (Bagl to Bag5) that are in the cytosol
and/or nucleus. Bagl is the founding member of this family and the best studied. Its biological

functions will be discussed in greater detail below. The Bag proteins are all distinguished by a
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common conserved region near the C-terminus, termed the BAG domain, that mediates direct
interaction with the NBD of Hsc/p70 and regulate its ATPase activity. In addition to the
conserved BAG domain, the Bag proteins have several other divergent domains that are likely to

1364 For example Bagl

modulate target specificity and Bag protein localization within the cells.
is thought to play a role in substrate degradation because it possesses a ubiquitin-like (UBL)
domain that is suggested to mediate interaction with the proteasome.  Contrary, Bag2 was
shown to have an opposing effect by inhibiting the degradation of a client protein CFTR. °° Bag3
has a WW domain and a proline-rich region, which mediates its interaction with inactive
phospholipase C-y (PLCy) and modulates its activity.”” Bag4 signals transduction pathways
implicated in apoptosis by binding to the receptors that signal cell death, TNFR1 and DR3.
Bag5 associates with the E3 ubiquitin ligase Parkin and promotes associated substrate
ubiquitination and thus degradation. *°

Three cytosolic mammalian members belong to the HSP110 NEF family:
Hsp110/Hsp105 (HSPHI), Apgl (HSPA4L), and Apg2 (HSPA4). The main family member in
the cytosol of human cells is Hsp110, and the counterpart Ssel in S. cerevisiae. Homologous to
Hsp70, the HSP110 proteins consist of a NBD connected by a flexible linker region to a SBD
that is thought to bind substrate. Contrary to Hsp70 though, the HSP110 NBD lacks ATPase
activity. ° Therefore HSP110 proteins may function as “holdases” which prevent aggregation. '~
73

Human HspBP1 was initially identified as an inhibitor of Hsc70 but it was later found to

have NEF activity despite being different than the Bag domain; its S. cerevisiae ortholog is Fesl1.

74-77
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In the following section, we will focus on the NEF that belongs to the Bag family, Bagl.

1.1.1.1.2a. Bag Family NEFs

The Bagl protein was originally identified as a Bcl-2 binding partner that potentiates its
anti-apoptotic function. " It was later found to stimulate nucleotide exchange on and modulate
chaperone activity of both mammalian cytosolic Hsc70 and Hsp70 by binding their ATPase

. 9-81
domains. ’

Bag]l exists in the mammalian cytosol as multiple isoforms produced from a single
mRNA by alternative translation start sites. Three major Bagl isoforms are expressed in human
cells: BaglL (~ 50 kDa), BagIM (~ 46 kDa) and Bagl S (~ 36 kDa) (Figure 1.2B). **® A fourth
Bagl isoform of 29 kDa has also been identified but is often present in very low abundance or
undetected. ® The different isoforms are distinguished by the lengths of their amino termini.
Various domains have been identified in this region and their presence or absence in distinct
isoforms determines functional diversity as well as subcellular localization. A nuclear
localization signal (NLS) is present in the unique N-terminus of BaglL but is absent in BaglM
or BaglS. Consequently, BaglL localizes predominantly to the nucleus, whereas BaglM and
BaglS are mainly found in the cytosol. * In addition, BaglL and BaglM possess a DNA-
binding motif that is characterized by a cluster of lysine and arginine residues and is not

sequence-specific, but BaglS lacks this sequence. >**

BaglS also lacks the functionally
uncharacterized hexapeptide motif TRSEEX, whereas different numbers of this motif are present
at the N-termini of BaglL and BaglM. Despite this heterogeneity at the N-terminus, the various
Bagl isoforms share a common C-terminus. All isoforms contain a UBL domain structurally

related to the degradation marker ubiquitin, and a conserved region of about 110 aa termed the

BAG domain. * Although the precise function of the UBL domain is unknown, it has been
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suggested to interact with the proteasome thereby providing a link between the chaperone system
and degradation machinery. ® Meanwhile, the BAG domain plays a key role in mediating Bagl
functions since it contacts Hsc70 ATPase domain and regulates its chaperone activity. "' Bagl
increases Hsc70 ATPase activity by stimulating the release of bound ADP from Hsc70 after an
initial Hsp40-induced conversion of the chaperone into the ADP-bound form. ”° The crystal
structure of the Bag domain in complex with the Hsc70 NBD reveals that Bagl, which forms a
three-helix bundle, interacts with Hsc70 ATP-binding pocket through the second and third
helices. This binding is electrostatic mainly mediated by residues Glu®'?, Asp**, Arg”’, and
GIn** in BaglM. *” These residues are highly conserved in all Bag proteins, and their individual
substitution with alanine results in Bag mutants that are deficient in stimulating Hsc70 ATPase
activity and therefore substrate release, consistent with a reduced affinity for the Hsc70 ATPase
domain. **

The identification of Bagl as an NEF for Hsc/p70 and a proteasome-binding protein
provides a framework for understanding the various functions of Bagl. Many cellular functions

89,90
h, ™

were assigned for Bagl ranging from protection from cell deat to neuronal differentiation,

59 {onali i i '
8393 and stress signaling **. Bagl interaction with a

*! cell motility, °* transcription regulation,
wide range of substrates enables it to impact all of these biological processes. For example its
interaction with protein kinase Rafl is of particular relevance for its stress signaling effects. **
Steroid hormone receptors are another group of important Bagl binding partners. >
Furthermore, Bagl induces opposing effects on different substrates for example it protects Tau
protein from degradation ** while it promotes BCR-ABL proteasomal ** and CFTR lysosomal

100

degradation. Bagl has also been reported to affect the ubiquitin-proteasome system as a

whole, as its knockdown reduced the degradation of a GFP reporter fused to various degradation
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signals. Knockdown of the related NEF Bag3 had the opposite effect but impaired autophagic
degradation. Because the only similarity between Bagl and Bag3 is in their BAG domains, and
Bag3 contains several other domains with different functions, functional differences between the

NEFs might be due to the domains and interactions specific to each. '*!

1.1.1.1.3. TPR-Domain Co-chaperones

Another class of co-chaperones interacts with Hsc/p70 through their TPR clamp domains,
which recognize the C-terminal IEEVD motif of Hsc/p70. These, however, do not directly affect
Hsc/p70 ATPase cycle. '® One TPR clamp co-chaperone, C-terminus of HSP70-interacting
protein (CHIP), has an E3 ubiquitin ligase activity and mediates Hsc/p70 substrate degradation
through the proteasome. '**'** Another TPR domain protein, HSP-organizing protein (Hop),

links Hsc/p70 to Hsp90, which is essential to complete the folding of a subset of substrates. '*>'%

1.1.1.2. The HSP90 System

1.1.1.2.1. Hsp90 Structure and ATPase Cycle

The Hsp90 system functions downstream of the Hsp70 chaperone system in many cases,
and plays an important role in the final maturation and conformational regulation of numerous
signaling molecules and transcription factors. '*’ In humans, the highly conserved Hsp90
chaperone family includes two cytosolic Hsp90 isoforms, Hsp90a and Hsp90p, both of which are

. . . . 108,109
constitutively expressed and stress inducible. "

Hsp90 forms a homodimer, with each subunit
consisting of three domains, an N-terminal domain that binds ATP, an extended central region

with binding sites for client proteins and certain co-chaperones, and a C-terminal dimerization

domain with an MEEVD motif that anchors TPR-domain co-chaperones. "-'°>'%1%112 Hgp90
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appears to recognize its substrates in a near native state and thus at a late stage of folding.
Similar to Hsp70, Hsp90 homodimer undergoes an ATP-driven reaction cycle that is
accompanied by extensive conformational rearrangements. In the ATP-bound state, the N-
terminal domains dimerize forming the Hsp90 molecular clamp. This results in a compaction of
the Hsp90 homodimer in which the individual subunits twist around each other. In this closed
state, Hsp90 is thought to support a substrate polypeptide along its side. After ATP hydrolysis,
the N-termini dissociate resulting in the release of bound substrate and Hsp90 returns to its open
V-shaped conformation. '*''" Inhibition of ATP binding and hydrolysis either by mutagenesis
of the NBD or by specific inhibitors such as geldanamycin and radicicol, demonstrated the

functional requirement of the Hsp90 ATPase. '°

1.1.1.2.2. Hsp90 Co-chaperones

Hsp90 operates as part of a highly evolved multi-chaperone machinery in the cytosol. It
interacts with a variety of co-chaperone proteins that modulate different steps of the ATP-

102

regulated reaction cycle. "~ The largest class of these co-chaperones possess a TPR domain and

compete for binding to the MEEVD sequence motif at the extreme C-terminus of Hsp90. ''*'"
The TPR domains have been identified fused to a range of other domains containing additional
enzymatic activities such as peptidyl-prolyl isomerase (PPlase) domains (immunophilins and

cyclophilins) and serine/threonine phosphatase 5.'*

Hsp90-binding TPR domains are also found
attached to other TPR domains, which recognize Hsp70, and thus form a link between Hsp90
and Hsp70 (Hop and TPR2/DnalJC7). Hsc70 and Hsp70 contain a related motif at their C-termini,
IEEVD, which is recognized by their specific TPR domains. ''*'*' Another TPR-containing

cofactor is CHIP, which was shown to link Hsp90 to the degradation machinery through
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controlling substrate ubiquitination and proteasomal degradation, in parallel to its function with
Hsc/p70. '

Other co-chaperones unrelated to the TPR-domain containing proteins bind the mature
Hsp90 complexes. The Hsp90 cofactor, p23, facilitates substrate protein maturation by
stabilizing the closed ATP-bound conformation of Hsp90. As a result, p23 partially inhibits ATP
hydrolysis, which is indispensible for the release of bound polypeptide. The activator of Hsp90
ATPase (Ahal) stimulates ATP hydrolysis by Hsp90, although effects on substrate binding or

release have not yet been directly addressed. *'%%122712¢

1.1.2. Degradation Machinery

The ER, which is the site of entry for proteins destined to the secretory pathway, provides
an oxidizing environment that facilitates nascent protein folding and assembly into their native
structures with the help of a distinct set of molecular chaperones, folding factors, and covalent
modifications. '*’ Approximately one third of newly synthesized proteins in eukaryotes are
targeted to the secretory pathway. Therefore, the folding environment in the ER must be able to
accommodate a range of substrates that vary in their structural features, oligomerization state and
rate of folding. This diversity underlies the requirement for a stringent protein quality control
machinery that ensures proper folding and prevents the accumulation of misfolded and
potentially toxic proteins. The importance of proper quality control (QC) is evidenced by the
numerous human diseases that can arise from protein misfolding in the secretory pathway. '**
Endoplasmic reticulum-associated degradation (ERAD) consists of a collection of QC

mechanisms charged with clearance of aberrantly folded proteins in the ER. ERAD substrates

that have been integrated in the ER membrane or translocated into the lumen are
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polyubiquitinated and eventually degraded by the ubiquitin-proteasome system (UPS). Substrate
ubiquitination requires the cooperation of three enzymes, a Ub-activating enzyme (E1), a Ub-
conjugating enzyme (E2), and a Ub-ligase (E3). However, translocating substrates from the ER
lumen or membrane to the cytosol for degradation poses a topological problem of access since
substrates are in a different compartment than the degradative proteolytic system. Therefore, the
ERAD machinery spans the ER membrane and degradation is mechanistically coupled to
translocation of substrates across the ER bilayer to the cytosol.

ERAD encompasses a sequence of events that can be divided into four distinct coupled
steps: In the first step, substrate is recognized in the crowded ER environment (Substrate
Recognition). This is followed by substrate dislocation across the ER lipid bilayer into the
cytosol (Substrate Dislocation). On the cytosolic side of the ER membrane, the substrate is
polyubiquitinated by membrane integrated E3 ligases (Substrate Polyubiquitination) and finally

degraded by the 26S proteasome (Substrate Degradation) (Figure 1.3). '

1.1.2.1. Substrate Recognition

1.1.2.1.1. ERAD Substrates

ERAD substrates include misfolded proteins that have failed to reach their native
structure due to mutations, translational misincorporation, or substoichiometric amounts of a
binding partner. Certain folded, perfectly functional proteins are also targeted for degradation.
This is part of regulatory ERAD through which the abundance of certain proteins is controlled in
response to metabolic signals. Some viruses can also exploit the ERAD machinery to target host

proteins towards destruction and thus evade detection by the immune system. Moreover, some
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Figure 1.3. Steps involved in ERAD. ERAD can be divided into four distinct steps. Step 1:
Substrate Recognition: Molecular chaperones and lectins residing in the ER lumen interact with
misfolded substrates and bind adaptor proteins that link aberrantly folded proteins to the
dislocation machinery. Step 2: Substrate Dislocation: Substrates are thought to be transferred
across the ER lipid bilayer through dislocons that form proteinaceous pores. This process is
coupled to the energy derived from ATP hydrolysis by p97/VCP. Step 3: Substrate
polyubiquitination: Once in the cytosol substrates are ubiquitinated by E3 ubiquitin-ligases. Step
4: Degradation: In the final step substrates are degraded by the 26S proteasome. (Figure 1.3

modified from '*7)
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bacterial toxins use the ERAD components to escape the ER lumen and reach the cytosol where

they ultimately act.

1.1.2.1.2. N-Glycans as Sensors of Glycoprotein Folding

The vast majority of proteins that traverse the eukaryotic secretory pathway are
glycoproteins. As they enter the ER lumen, these proteins are modified at asparagine (Asn)
residues found in the Asn-X-Ser/Thr sequence by the addition of branched core oligosaccharides
composed of three glucose, nine mannose, and two N-acetylglucosamine residues, Glc;—Mang—
GlcNAc,. The glycan moieties play a central role in the QC system, which surveys the
conformational maturation of the proteins where those that are properly folded are sent to the ER
exit sites from which they are deployed to other compartments in the secretory pathway, while

those that are misfolded are directed for destruction through ERAD.

Early glycan processing
enzymes such as glucosidases I and II, deglucosylate the glycan moieties to Glc,—Mang—
GlcNAc,. The lectin chaperones calnexin (CNX) or calreticulin (CRT) specifically bind the
single glucose moiety, and facilitate the oxidative folding of newly synthesized proteins through
recruitment of the thioredoxin (protein disulfide isomerase) ERp57. Further deglucosylation
removes the remaining glucose residue from the N-glycan, thereby allowing the release of the
glycoprotein from CNX/CRT, enabling the protein to progress to the ER exit sites. Proteins that
have failed to acquire their native structure are substrates of an enzyme UDP-
glucose/glycoprotein glucosyl transferase (UGGT) that reglucosylates incompletely folded
glycoproteins on the Many—GIcNAc; glycan, and therefore returns them to CNX/CRT for further

rounds of oxidative folding. This cycle retains improperly folded glycoproteins in association

with the folding machinery in the ER and underlies the mechanism of oxidative folding of
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proteins with very different folding rates. "'

If a glycoprotein fails to fold, as a result of a
mutation for example, it escapes the CNX/CRT cycle and is directed towards ERAD. This
escape is due to the action of ER-resident mannosidases, which progressively trim terminal
mannose residues from core glycans, triggering the binding of a second set of mannose specific
lectins that engage the protein in ERAD. "** Sequential removal of terminal mannose residues by
ERManl, " EDEMI1, "¢ EDEM3, "% or Golgi-resident ManlCl1 9 results in
glycoproteins with deglucosylated, demannosylated glycans which therefore cannot be

reglucosylated by UGGT. This glycan signature differentiates terminally misfolded proteins

from their folding competent counterparts.

1.1.2.1.3. Mannose-Specific Lectins Couple Glycoprotein Structure to ERAD

The soluble ER-resident proteins OS-9 and XTP3-B use their glycan-binding domains,
the mannose-6-phosphate receptor homology (MRH) domains, to interact with trimmed
oligosaccharides produced by ERManl/EDEMI1-3 in misfolded glycoproteins. '**'*' 0S-9 and
XTP3-B share little sequence homology beyond the MRH domain, which suggests that they may
not serve as functional paralogs. Individual downregulation of these lectins has generally no or

mild effects on stabilization of ERAD substrates, 35143143

Knockdown of both lectins, however,
slowed the degradation of model lumenal ERAD substrates, which suggests that OS-9 and
XTP3-B are interchangeable and functionally redundant. '**

Although the vast majority of secretory pathway proteins are N-linked glycoproteins and
glycans represent a common feature for recognition, naturally occurring non-glycosylated

misfolded proteins are also directed towards ERAD. Therefore, features in addition to

oligosaccharide removal may target misfolded proteins to ERAD. Indeed, both ERAD factors
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OS-9 and XTP3-B bind non-glycosylated proteins and contribute to their diversion to
degradation. A recent study revealed that an amyloidogenic mutant of the naturally
nonglycosylated protein transthyretin (TTR-D18G) induces exposure of a cryptic N-
glycosylation site that triggers posttranslational STT3B-dependent N-glycosylation and EDEM3-

mediated N-glycan-dependent ERAD. '*

Therefore, it is plausible that posttranslational
glycosylation may shift the degradation of non-glycosylated proteins from an N-glycan-
independent to an N-glycan-dependent ERAD pathway. Alternatively, ERAD of glycoproteins
may depend on a dual recognition signal provided by both trimmed glycans and unfolded
segments within a substrate. '*> XTP3-B and 0S-9 associate with BiP, the ER lumenal Hsp70
form, an interaction that may allow these lectins to identify misfolded regions independent of N-

141

glycan recognition.  In addition to their glycan recognition capacity, XTP3-B and OS-9 may

also bind polypeptide. *® In mammals, Grp94, the Hsp90 homolog in the ER, interacts with OS-
9 ' although with very few identified substrates requiring this chaperone interaction so far.

146147 1t is therefore plausible that Grp94 together with OS-9 and XTP3-B may play a role in

ERAD substrate recognition.

1.1.2.2. Substrate Dislocation

Despite being structurally different, all ERAD substrates whether lumenal or membrane
embedded must be dislocated to the cytosol to be degraded by the UPS. Since many ERAD
substrates are extremely hydrophobic proteins, it is crucial to tightly couple these two processes
of dislocation and degradation. This coupling is reflected by the fact that membrane-integrated
ubiquitin ligases are at the center of the ERAD machinery, where they link substrate dislocation

to degradation, and are thought to form part of the channels or dislocons through which
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substrates are translocated. ERAD substrates are recruited to the dislocons through adaptor

proteins that recognize a variety of features that characterize substrates committed to degradation.

1.1.2.2.1. SELIL Is an Adaptor that Links Glycan Recognition to the Dislocon

Most substrates committed to ERAD through the lectins OS-9 or XTP3-B are soluble
lumenal glycoproteins although some are membrane integrated with lumen-exposed domains.
SELIL is an ER-resident glycoprotein that links ERAD-substrate recognition factors within the
lumen to HRD1, a transmembrane protein proposed to form part of the dislocon and possesses a
RING finger domain at the cytosolic side with E3 ubiquitin ligase activity. '** SEL1L associates
with 0S-9 and XTP3-B, ''® EDEMI, '* and EDEM3. **'* SELIL is therefore part of the
HRDI ubiquitin ligase complex that provides a scaffold through which many ERAD components
associate including Derlin-1, Derlin-2, AUP1, UBXDS, VIMP, and Herp, L1014 which
consequently recruits the p97/VCP complexes required for dislocation. Reduction of the levels of
SELIL inhibits the degradation of both lumen-resident and membrane-integrated ERAD
substrates irrespective of their glycosylation state. '**'*>*1>*15 Similar to its yeast ortholog
Hrd3p, SELI1L is absolutely required to transfer substrates from ER lectins to the E3 ubiquitin
ligase HRD1. '**"*158 SEL1L, therefore, serves as a critical component of the ERAD machinery

that links substrate recognition with its dislocation.

1.1.2.2.2. Erlins May Be Intramembrane Substrate Adaptors

Erlinl and Erlin2 are stomatin, prohibitin, flotilin, and HfIC/HfIK (SPFH) domain-
containing proteins that form a heteromeric ER membrane complex of ~2MDa. The Erlinl/2

complex binds to inositol 1,4,5-triphosphate receptors (IP3R) after their stimulation and recruits
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the E3 ubiquitin ligase RNF170, which mediates IPsR ubiquitination and degradation in response

to Ca”'-dependent signals that promote receptor downregulation. '*°'°!

Erlin1/2 role as adaptors
is not only limited to linking RNF170 and IP;Rs. They also associate with other E3 ligases such
as gp78, HRDI, and TRCS. "**'** Another ER membrane protein TMUBI (transmembrane and
Ub-like domain-containing 1) bridges gp78 to Erlin2 and mediates sterol-induced ERAD of the
cholesterol biosynthetic enzyme 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoAR).
Knockdown of either gp78 or TMUBI1 impairs sterol-induced ubiquitination and degradation of

162

endogenous reductase. Therefore, Erlinl/2 are key ERAD pathway components in

mammalian cells that act as a substrate recognition factors.

1.1.2.2.3. Insigs Are Client-Specific Adaptors

HMG-CoAR sterol-accelerated degradation is also achieved through the sterol-induced
interaction of the reductase with an ER membrane protein Insig-1. When sterol levels are high,
formation of the HMG-CoAR:Insig-1 complex results in the recruitment of gp78, which
ubiquitinates the reductase leading to its dislocation to the cytosol through the VCP/p97-Ufd1-

Npl4 complex and ultimately its proteasomal degradation. 1%

Both Insig-1 and related Insig-2
also bind another E3 ubiquitin ligase TRC8, which leads to sterol-induced ubiquitination and
proteasomal degradation of the reductase, HMG-CoAR. 166,167 Insig-1, but not Insig-2,
degradation is in turn sterol-regulated. When sterol levels are high, Insig-1 binds to another ER
membrane protein SREBP cleavage-activating protein (SCAP), which protects Insig-1 and

prevents it from ubiquitination through gp78. Consequently, this results in an increase in HMG-

CoAR ERAD through the E3 gp78 ubiquitin ligase complex. Conversely, when sterol levels are
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low, Insig-1 remains unprotected by SCAP and is degraded, preventing HMG-CoAR degradation
and permitting cholesterol biosynthesis. '*®

Similar to mammals, the yeast HMG-CoAR homologue, Hmg2, is subjected to sterol-
regulated degradation controlled by the Insig-like proteins, Nsgl and Nsg2, and requires the E3
ligase Hrd1. '®'"° Nevertheless, contrary to the case in mammalian cells, Hmg2 binding to Nsgl
promotes Hmg2 stabilization, which implies that substrate recognition is mechanistically
different in the two systems. '’

Another enzyme of the sterol biosynthetic pathway that is subject to regulated ERAD in
both yeast and mammals is squalene monooxygenase (SQLE). The sterol dependent degradation
of this monooxygenase is mediated by the yeast E3 ligase Doal0 or its mammalian homologue

172173 Therefore, sterol biosynthesis is tightly controlled

Teb4 and Insigs seem to be dispensible.
through two different branches of the ERAD pathway.
The ubiquitin ligases, whether together with the Insigs or on their own, play an important

role in the regulation of the sterol biosynthetic pathway and reestablishment of membrane lipid

homeostasis through tightly regulating the ERAD of different sterol biosynthetic enzymes.

1.1.2.2.4. F-Box Proteins Capture Dislocated Glycoproteins in the Cytosol

Fbx2/Fbsl and Fbx6/Fbs2 are members of the F-box protein family that act as adaptors
that recognize high mannose N-glycans in ERAD substrates and link then to SCF (Skp1-Cullin-
Fbox) E3 ubiquitin protein ligases. ''*'"> Glycoproteins are usually deglycosylated upon
cytosolic exposure through the action of an amidase NGlyl/PNGase. '’° Some N-glycans,
however, evade the NGlyl and are therefore recognized by F-box proteins as a backup

recognition mechanism for cytosolically exposed glycoproteins.
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1.1.2.2.5. Viral-Encoded Adaptors

Some viruses use their host ERAD machinery to target specific folded proteins to
degradation by substrate-specific adaptors. For example, the human immunodeficiency virus
(HIV-1) encodes the adaptor glycoprotein Vpu, which targets CD4 to ubiquitination and
degradation through the SCF ubiquitin ligase complex. '""'® Another example is the human
cytomegalovirus (HCMV), which encodes two adaptor proteins US2 and US11, both of which
are classified as immunoevasins since they bind to newly synthesized major histocompatibility
complex (MHC) class I heavy chains (HC) and induce their degradation, thereby enabling virus-

179

infected cells to evade the immune system. MHC class I molecules are composed of two

subunits: MHC class I HC and B2-microglobulin (B2m), which if properly assembled together
are trafficked to the cell surface. In case MHC class I HCs fail to assemble with f2ms, they are
targeted for degradation through the E3 ligase HRD1 and E2 Ub-conjugating enzyme UBE2J1.
%0 However, the presence of HCMV-encoded US2 adaptor protein reroutes MHC class I HC
degradation to another ERAD pathway that involves the TRCS (translocation in renal carcinoma,

181,182

chromosome 8 gene) E3 Ub-ligase complex. When the immunoevasin US11 is involved,

150 1 183
b

MHC class I degradation depends on a complex that contains SEL1L, " Derlin- and other

HRDI1 cluster components such as UBE2J1, AUP1, and UBXDS. 151

1.1.2.2.6. The Enigmatic Dislocon

Different proteins are required for substrate dislocation and therefore were suggested to
form the dislocon based on their multitransmembrane domains and their immediate interaction
with ERAD substrates. These include the Derlins 1-3, '*'** signal peptide peptidase, '*> Sec61,

186187 and the E3 ligase HRDI1. '** Current focus is on either the Derlins or HRDI, all of which
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have multiple transmembrane helices. Recently, crosslinking in live yeast was used to show that
a misfolded lumenal protein interacted with the transmembrane interior of Derl, the yeast
homolog of Derlin-1, as a necessary first step in its dislocation. Derl binding occurred after
interactions with Hrd3 (yeast SEL1L) and before ubiquitination by Hrd1, overall suggesting that

Derl is the disolocon in the complete Hrdl complex. '**

In contrast, another recent study
reconstituted the same model protein into artificial liposomes containing only purified yeast
Hrdl, and dislocation was observed upon addition of an El ubiquitin activating and an E2
conjugating enzyme, Cdc48 (yeast VCP/p97), Ufd1l and Npl4. Hrd1 was the only transmembrane
protein in the liposomes, and therefore it was proposed to be the minimum dislocation machinery.
'% Further studies will be needed to reconcile these ideas. In addition, it is possible that different
substrates require specific dislocons, for example, signal peptide peptidase is involved in MHC

class I HC dislocation degradation is induced by US2, but not by loss of f2m. '**'*>

1.1.2.2.7. What drives dislocation?

VCP/p97 is a homohexameric AAA+ ATPase protein that is essential for ERAD. p97
couples the energy from ATP hydrolysis to substrate unfolding and extraction from the ER
membrane and is thought to be crucial for dislocation of most ERAD substrates. '°° This is
illustrated by the stabilization of nearly all ERAD substrates tested upon removal or inhibition of
p97. "1 p97 is cytosolic, however, so it does not have the opportunity to bind lumenal
proteins before they are partially translocated across the membrane. It is possible that long
polyUb chains provide the first interactions with p97, through its cofactors Ufd1 and Npl4. '*°

The energy required to initiate protein translocation prior to this remains enigmatic although it is
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possible that p97 produces this effect through inducing conformational changes in

transmembrane components of the dislocation complex.

1.1.2.3. Substrate Polyubiquitination and Degradation

1.1.2.3.1. Ub E3 Ligases Implicated in ERAD

Two main ER resident transmembrane really interesting new gene (RING) domain E3
ligases, HRD1 ""*"7 and gp78, '® primarily define mammalian ERAD. Other E3 ligases are
involved in the degradation of more specific substrates. These E3 ligases include
TEB4/MARCHS6, ' RNF5/RMAL, *****' TRCS, '*"'*2 RFP2/TRIM13, ***** Kf-1/RNF103, **
Nixin, *” and RNF170. '®' Other cytosolic E3 ligases are also implicated in ERAD. These
include Parkin, **® CHIP, ' SCF complexes with the F-box proteins Fbx2, Fbx6 '"*!" and p-
TrCP1/2, * Smurfl, **® and Nrdpl ** have also been implicated in ERAD. Furthermore,
another 15 ER localized membrane-spanning E3s with a RING-finger domain await

confirmation for a role in ERAD. 2%

1.1.2.3.2. Cooperativity among E3 Ub-Ligases

Several ligases are required for complete processing of an ERAD substrate. There are
different possibilities for this cooperativity. Multiple E3s might act in parallel when they have
the same specificity for the substrate, either simultaneously to ubiquitinate the substrate at
different sites, cooperatively where one is required first for an initial monoubiquitination
followed by an elongation through what has been termed an E4 activity, or through sequential
rounds of substrate ubiquitination and de-ubiquitination. *'° For example, TRC8 and gp78

cooperate to degrade HMG-CoAR through sterol-induced binding to Insig-1/2. ' Alternatively,
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RMA1 and CHIP act sequentially on different regions of misfolded CFTRAF508. **° RMAI
might also act as an E3 important for primary ubiquitination of CFTRAF508 that is followed by

201 There is also evidence that two

ubiquitin chain extension by gp78, in an E4-like activity.
discrete rounds of ubiquitination are required between dislocation and degradation. The
deubiquitinating enzyme YODI1 removes polyUb from several model substrates, allowing
VCP/p97 to act by threading the polypeptides through its central pore. The substrates then must
be re-ubiquitinated by E3 or E4 activities to be targeted to the proteasome. *''

In addition to substrate ubiquitination, E3s could also ubiquitinate each other as a
negative feedback mechanism where monoubiquitination represents a form of ERAD tuning that
regulates the activity of an existing E3 pool and polyubiquitination regulates the size of an

available pool of E3s through degradation. '°%2021213

1.1.2.3.3. Multiple Adaptors Recruit VCP/p97 to Components of the ERAD
Machinery

VCP/p97 is involved in a variety of cellular processes through its different associations
with a large number of interaction partners and is tightly coupled to proteasomal degradation of
misfolded ER proteins. The p97 cofactors required for most ERAD substrates are Ufd1 and Npl4,

which recognize polyUb. 190,191

However, there are cases in which p97 acts without Ufd1l and
Npl4, for example in US2-induced degradation of MHC class I HC. *'* Multiple membrane-
embedded ERAD components have p97-binding motifs. These include UBX domains (UBXD2
21> and UBXDS '), VIM motifs (gp78 *'” and VIMP '*), SHP boxes (Derlin-1 and Derlin-2 *'®),

and unknown cytosolic domains of HRD1 and VIMP. "
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In addition to its role in substrate dislocation, p97 acts as a scaffold that links the
extracted substrates to cofactors in the cytosol that further modify and process them. For
example, the deglycosylating enzyme PGNase interacts with p97 through its PUB (PNGase/UBA
or UBX) domain and is therefore recruited to the dislocation complex to remove N-glycans from

220 VCP/p97 also associates with

ERAD substrates thereby facilitating proteasomal clearance.
de-ubiquitinating enzymes (YODI1, VCIP135, Uspl9, and Ataxin-3), and a dedicated E4

ubiquitin extension enzyme (Ube4a) that have been implicated in ERAD.

1.2. Protein Misfolding Diseases

After having explained the components of the PN in details in the previous sections, we will
discuss the involvement of this machinery in two protein misfolding diseases that we study in
our lab:

- Cystic Fibrosis

- Long QT Syndrome.

1.2.1. Cystic Fibrosis

1.2.1.1. CFTR Structure and Function

CF, the most common autosomal recessive lethal genetic disease in the Caucasian
population with an incidence of approximately 1 in 2000 Caucasians, is due to loss of function
mutations of the CFTR protein. **** CFTR is a polytopic transmembrane glycoprotein that
belongs to the superfamily of ATP-binding cassette (ABC) transporters. It functions as a CI’

channel regulated by cAMP-activated phosphorylation at the plasma membrane of secretory
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epithelia in the airways, intestine, pancreas, testis and exocrine glands, as well in some non-
epithelial cell types. The 1480 aa CFTR polypeptide chain is composed of two membrane-
spanning domains (MSD1 and MSD2) with six transmembrane domains each, two nucleotide-
binding domains (NBD1 and NBD2) that bind to and hydrolyze ATP, and a regulatory R domain
with phosphorylation sites that regulate channel gating (Figure 1.4A). *** The loop between TM7
and TMS contains two N-linked glycosylation sites. Although approximately 2000 different CF-

causing CFTR mutations have been identified (http://www.genet.sickkids.on.ca/cftr) deletion of

the phenylalanine residue at position 508 (AF508), is by far the most common and is present in
one or both alleles in nearly 90% of CF patients in some populations. *** CFTR mutations result
in a loss-of-function phenotype by inhibiting the translation of the full-length protein or
disrupting CFTR folding and stability as well as CI" channel function. As discussed below, the

AF508 mutation interferes with CFTR folding and trafficking. **'

1.2.1.2. Classes of CFTR Mutations

CFTR mutations are divided into five distinct classes based on the specific defect they
cause in CFTR biogenesis or trafficking. This division is critical when considering multiple CF
therapies. Class I mutations affect biosynthesis leading to elimination of CFTR production and
thus prevents proper synthesis of full-length, normal CFTR protein. Class II mutations affect
protein maturation/post-translational processing resulting in lack of functional CFTR at the cell
surface due to defects in folding or trafficking. Class III mutations affect Cl" channel
regulation/gating producing a channel that traffics to the cell surface but does not respond to
cAMP. Class IV mutations affect CI" conduction leading to complete or partial inhibition of CI

conduction. Class V mutations result in a reduction in synthesis of a normal CFTR transcript
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Figure 1.4. hERG and CFTR Structure. A, Schematic of CFTR chloride channel that
has 2 membrane-spanning domains (MSD1 and MSD2), 2 nucleotide-binding domains
(NBD1 and NBD2) and a regulatory R domain. B, Schematic of a hERG subunit that
consists of a Per-Arnt-Sim (PAS) domain, 6 transmembrane domains and a cyclic
nucleotide binding domain (cNBD); hERG functional channels form tetramers. C,
Schematic of the secretory pathway adapted from Alberts, B. et al., Molecular Biology of

the Cell, 5th edn., 751. (Garland Science,2008).
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therefore producing less normal CFTR. **>**° Another class was also suggested which affects
protein stability at the cell surface leading to increased CFTR protein turnover at the cell surface,

but this may overlap mechanistically with Class II.

1.2.1.3. CF Physiology

CF is a complex multisystem disease that affects epithelia in several organs and results in
various pathologies such as chronic lung infection with progressive deterioration of lung function,
pancreatic insufficiency, hepatobiliary disease, male infertility, and meconium ileus in infancy.
2 The life expectancy of individuals with CF has enhanced considerably over the past few

decades. Currently, the median predicted age of survival for patients with CF is around 40 years

in the US, with pulmonary disease as the main reason of morbidity and mortality (Cystic Fibrosis

Foundation 2012 Patient Registry Report at http://www.cff.org/). Various therapies aimed at
treating CF symptoms have emerged including antibiotics, anti-inflammatories mucolytic drugs,
inhaled hypertonic saline, pancreatic enzyme replacement, and lung transplantation. **’ New
mechanism-based therapies that treat the key mechanisms in CF disease pathogenesis or target
the underlying defects involved in CFTR loss-of-function are currently in development. This
however requires a thorough understanding of how loss of CFTR function leads to CF disease, in
particular CF airway disease.

The origin of lung pathology is not well understood, which has generated multiple
theories supporting diverse pathogenic mechanisms including reduced airway surface liquid
(ASL) volume. Over the past decade mounting evidence from research data on cultured human
bronchial cells and mouse models as well as human clinical trials suggests that CF lung disease

is initiated as a result of airway surface dehydration. **® The airways are lined with a thin film of

39



fluid, the ASL, that possesses two components, the periciliary liquid (PCL) or the sol layer,
which surrounds the cilia and lines the surface epithelial cells, and the mucous component above
it, which traps inhaled particles. The role of the PCL is to provide a low-viscosity watery
microenvironment to permit proper cilia function in clearing inhaled particulate matter trapped
by the mucous. This is a vital process that plays a major role in defending the lung against

229

infection. “~ In normal airways, the length of the PCL is approximately that of the outstretched

cilia (~7 pm), whereas the height of the mucous layer varies considerably (7 to 70 um in vivo).
29231 I contrast, in CF lungs, the PCL almost disappears and the mucous sits on the cilia and
prevents them from beating properly thereby rendering them ineffective at clearing the airways,
resulting in the arrest of mucociliary clearance. This provides an environment for infection
particularly by Pseudomonas aeruginosa. These organisms are difficult to eliminate in CF

. . T 228
patients, but are harmless in normal individuals.

In CF lungs, the reduction in ASL volume
leading to pulmonary disease pathogenesis is due to a deficiency in CFTR function, which
results in ion transport imbalance in the airways. This imbalance is a result of reduced CI
secretion into the airway lumen by epithelial cells and unregulated Na™ absorption through the
epithelial Na® channel (ENaC). The result is an increase in Na' absorption from the apical
surface leading to a concomitant decrease in water in the airway and thus ASL dehydration
(Figure 1.5A). **

Despite our incomplete knowledge of the mechanisms of CF pathogenesis, it is widely
accepted that restoring AF508-CFTR surface expression by correcting its folding alleviates CF
organ pathology. AF508 mutation belongs to the Class II group of mutations. F508 is located in

NBDI1 of CFTR and its deletion results in protein misfolding, which limits its escape from the

ER and reduces its stability at the cell surface thereby resulting in its degradation. Given the
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Figure 1.5. Underlying mechanisms for CF and LQT?2. A, Schematic showing the mechanism
by which loss of CFTR function leads to pulmonary disease in CF patients. B, Schematic
showing the temporal relation between cardiac action potential (phases 0-4) and the QT interval

on the surface electrocardiogram (ECG). The QT interval is prolonged in LQT patients.
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cooperative folding mechanism of CFTR, AF508 mutation not only leads to local misfolding in
NBDI1 but also induces global misfolding by interfering with intramolecular domain-domain

. . 221,232-234
Interactions. =

1.2.1.4. CFTR Biosynthesis

CFTR biogenesis starts with its co-translational insertion into the ER membrane where
N-linked glycosyl groups are added at two asparagine residues 894 and 900 on a consensus Asn-
X-Ser/Thr sequence located in the 4th extracellular loop thus constituting the core-glycosylated
form also known as band B of 140-150 kDa. If it is properly folded, this immature form of
CFTR is transported to the Golgi apparatus by COPII (coat protein II)-coated vesicles. Once in
the Golgi, CFTR acquires different modifications at its glycan moiety to produce the fully
glycosylated mature form, also known as band C, of about 170—180 kDa. *** Mature CFTR is
then trafficked to the apical membranes of epithelial cells where it forms functional interactions,
such as with PDZ (PSD-95, Dlg, ZO-1) domain proteins, and becomes activated. *** However, if
newly synthesized CFTR is improperly folded, it is recognized by the ERQC machinery, retained

at the ER and sent for ERAD through the UPS (Figure 1.4C). 2%’

1.2.1.4.1. CFTR Chaperone System

1.2.1.4.1a. ERQC Machinery

A significant fraction of newly synthesized WT CFTR (up to 70% in many cell models)
as well as inefficiently folded AF508 CFTR (~99%) is degraded by the UPS after being
dislocated from the ER to the cytoplasm. Molecular chaperone and co-chaperone complexes can

sense the folded state of CFTR and either assist folding or promote ubiquitination-dependent
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degradation. How the result is determined is still unclear, but the biophysical details and dwell-
time of the chaperone-CFTR interaction are most likely the key factors. Cytosolic chaperone
complexes composed of Hsc/p70 and Hsp90 in concert with a subset of their co-chaperones,
such as DJA1 *°, HspBP1 ***, Hop >, and p23 **, comprise the two main cytosolic folding
machineries that monitor the folding state of the cytosolic domains of CFTR. **'*** Hsp90 has
been directly shown to be required for the folding and trafficking of CFTR, and its co-

240,241
“* Th

chaperones Ahal and p23 act to inhibit and promote CFTR trafficking, respectively. e

functional evidence for Hsc/p70 is less direct: DJA1 assists Hsc70 in stabilizing the NBD1

domain, and is important for CETR trafficking in cells. >>***

The lumenal chaperones CNX and
CRT retain CFTR folding intermediates at the ER until their folding cycle or degradation is
completed, but do not appear to actively promote CFTR folding. **** Furthermore, N-linked
core glycans physically stabilize the native CFTR conformation. **’

Ubiquitination, a necessity for CFTR ERAD, depends on the rate of ubiquitin conjugation
and de-ubiquitination. Different E3 ubiquitin ligases are involved in the co- and post-
translational ubiquitination of misfolded CFTR. These recognize misfolding in different ways,
with chaperone involvement through different mechanisms. The transmembrane E3 ubiquitin

200

ligase Rmal recognizes misfolded CFTR co-translationally and targets it for ERAD. © gp78,

another transmembrane E3 ligase, assists possibly by extending polubiquitin chains on CFTR
initiated by RMA1. **! The ER-associated Hsp40 protein DnaJB12 cooperates with cytosolic
Hsc70 to promote RMAI activity. *** Alternatively, the cytosolic E3 ligase CHIP targets

misfolded CFTR post-translationally for degradation, and requires Hsc70 binding to CFTR.

104,200

UCH-L1 (ubiquitin C-terminal hydrolyse-L1) and Usp19 (ubiquitin specific protease 19)

248,249

catalyze polyUb cleavage, thereby stabilizing misfolded CFTR. The cytosolic E3 ligases
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Nedd4-2 and Fbsl are also involved in misfolded CFTR ERAD, and appear to be chaperone-

. 175,250
independent. '

1.2.1.4.1b. Peripheral QC Machinery

In addition to being detected by the ERQC, which promotes its ERAD, misfolded CFTR
is also recognized by a peripheral quality control (PQC) system that promotes its endocytosis and
lysosomal degradation. CHIP was also shown to be a key factor in misfolded CFTR PQC, in
concert with a distinct set of chaperones and co-chaperones such as Hsc70, DJAI, and Bagl. '
In addition the E3 ligase c-Cbl was also implicated in WT CFTR endocytosis. > Conversely,

activation of Usp10, a deubiqitination enzyme, stabilizes WT CFTR by assisting its recycling. ***

1.2.2. Long QT Syndrome

1.2.2.1. Long QT and Cardiac Action Potential

LQT syndrome is an autosomal dominant congenital cardiac disorder characterized by an
abnormal lengthening of the QT interval on the surface electrocardiogram (ECG) (>450 ms in

men and >460 ms in women) (Figure 1.5B). 233

The incidence of congenital LQTS is estimated at
about 1:3000 in the general population. Affected individuals have an increased propensity to
ventricular arrhythmias such as torsades de pointes (TdP), which may lead to syncope, seizures

and sudden death mainly precipitated by emotional or physical stress. *>*

The QT interval on the
ECG reflects the depolarization and repolarization phases of the ventricular action potential,
which is determined by the concerted interplay of several ion channels. >>> The action potential in

human ventricular myocytes can be divided into five distinct phases (phases 0 to 4) during which

different ion channels are active. During phase 0, there is an activation of an inward Na" current
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(Ina), Which is responsible for a rapid depolarization of the membrane. Repolarization is much
slower and is accomplished in three phases. During phase 1, activation of a repolarizing transient
outward K" current (Ito) allows K' to escape the cell and result in reduction of intracellular
voltage. Phase 1 repolarization is achieved rapidly and is followed by phase 2 also called the
plateau, which has a much slower repolarization rate. Phase 2 reflects a balance between the
depolarizing inward Ca®" current (I¢,) conducted by L-type Ca”" channels and the repolarizing
outward K currents, the slow delayed rectifier K™ current (Ixs) and the rapid delayed rectifier K
current (Ix,). Phase 3 repolarization occurs as a result of the predominance of the delayed
rectifier K currents, the rapidly activating Ig,, the slowly activating Ixs and the ultra rapid
rapidly activating Ik, after inactivation of L-type Ca*" channels. This repolarization phase ends
the action potential and restores resting level membrane potential (phase 4). In phase 4, the
Na'/K" ATPase restores the ionic balance, and the inwardly rectifying (Ixi;) channels, which

allow the escape of K' ions, maintain the negative intracellular voltage.
p g g

1.2.2.2. Long QT and hERG

Mutations in the genes encoding these ion channels or their accessory subunits are linked
to various types of LQTS. *® One prominent form, LQTS type 2 (LQT2), is due to mutations in
the human ether-a-go-go related gene (hERGI), also known as KCNH2, which encodes the
Kv11.1 protein o-subunit that underlies the rapidly activating delayed rectifier K" current (Ik,).
»7 Alternate transcripts of KCNH2 in the human heart encode two subunits, hERGla and
hERGI1b. The major isoform, hERG1a, is a 1,159 amino acid protein contains six transmembrane
(TM) domains (S1-S6) with TM helices S1-S4 contributing to the voltage sensor and S5-S6

forming the pore domain. The functional hERG channel is tetrameric and the pore domain from
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each of the four subunits forms the ion-conducting pathway. In addition to the membrane-
spanning region, the hERGl1a has large N- and C-terminal cytosolic domains. hERG1a contains a
Per-Arnt-Sim (PAS) domain at the N-terminus and a cyclic nucleotide binding domain (cNBD)
at the C-terminus (Figure 1.4B). Regulation of channel function is thought to be through these
divergent N- and C-terminal cytosolic domains. The second isoform, hERG1b, has a unique N-
terminus as compared to hERGla in that it lacks the PAS domain, which results in a shorter

258 While heterotetramers of

isoform that is similar to hERGla except at the N-terminus.
hERGla and 1b have been reported to more closely resemble native Ix, than hERGla
homotetramers, the expression levels of hERG1b in adult heart remain in question. In addition,
accessory B-subunits including MIRP1 (KCNEZ2) have been proposed to modulate hERG channel
activity but their physiologic role is uncertain. >

Genetic analyses have identified over 459 putative hERG mutations, which cause loss-of-
function phenotype due to multiple mechanisms such as defective intracellular protein folding
and trafficking, altered channel gating and kinetic properties, or altered channel permeability or

260261 Trafficking deficiency has emerged as the most common mechanism for LQT2

selectivity.
disease. *%* Protein trafficking defects are of particular interest since some trafficking-deficient

mutants display WT characteristics when normal trafficking is restored. **'

1.2.2.3. hERG Biosynthesis

As with other polytopic membrane proteins, hERG channel proteins are synthesized in
the ER before being exported to the Golgi apparatus and then to the cell surface (Figure 1.4C).

263

During this process, hERG proteins undergo two critical glycosylation steps. The first step

occurs in the ER where the immature, newly synthesized hERG protein acquires N-linked core
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glycosylation. The second step takes place in the Golgi apparatus where the immature hERG
form acquires complex glycosylation. Then, the fully glycosylated mature hERG channel is

261

transported to the cell surface, where it functions. The hERG protein is detected as two

characteristic bands on western blot, a core-glycosylated immature band of ~135 kDa and a fully

glycosylated mature band of ~155 kDa. ***

The hERG polypeptide contains two sites for N-
linked glycosylation at the consensus sequence Asn-X-Ser/Thr, N598 and N629, both of which
are located in the extracellular S5-S6 linker. However, hERG is modified by the addition of high
mannose oligosaccharides only at the glycosylation site N598 and not at N629. The
glycosylation process is not required for assembly of functional hERG channels and their
trafficking to the cell surface since the mutant N598Q that is not glycosylated was observed to
form functional hERG channels at the cell surface. However, glycosylation plays a role in
channel stability once at the plasma membrane since non-glycosylated channels were degraded

faster than those that are glycosylated. **

1.2.2.3.1. hERG Chaperone System

1.2.2.3.1a. ERQC Machinery

Misfolded and incompletely assembled proteins are regularly formed in the ER during
protein synthesis. These aberrant proteins are recognized by the ER quality control (ERQC)
machinery and retained at the ER so as to undergo chaperone-induced correction or be targeted

for proteasomal degradation. **°

ER-associated and cytoplasmic chaperones comprise one of the main quality control

mechanisms. The cytosolic chaperones Hsp70 and Hsp90 are involved in hERG quality control.
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Hsp90 is required for hERG folding and hERG proteins that do not interact properly with Hsp90
may be diverted directly into the degradation pathway, while successful protein folding is
accompanied by dissociation of the channel-chaperone complexes. In that study, interaction of
Hsc/p70 with misfolded hERG was observed suggesting it could be involved, although its
function was not tested. *°® Another co-chaperone of Hsp90, FKBP38 is also involved in hERG
biogenesis. > Work from another group found that Hsp70 specifically stabilized hERG and
slowed its degradation. Furthermore, induction of the heat shock response partially rescued the
trafficking of several LQT2 mutants of hERG. **® However, the heat shock response causes

109,269,270 . . .
269.270 and information on which

upregulation of a number of chaperones and co-chaperones,
are most effective in assisting hERG is still lacking.
Surprisingly little is known about the degradation of hERG at the ER. It was presumed to
be ERAD of incorrectly folded proteins, as polyubiquitinated hERG was detected upon Hsp90
266

inhibition. ©° Degradation of hERG was then shown to be by proteasomes, to involve dislocation

to the cytosol and EDEM recognition of mannose glycans, the outline of a typical ERAD

pathway. *”'

Mutants of hERG deficient in trafficking were found to accumulate on the ER
lumenal chaperones calnexin and calreticulin, where they could potentiate an ER unfolded

rotein response. >’ However, important mechanisms such as the identity of the E3 Ub-ligase or
p P p y g

ligases required, and the possible dislocation pathway, remain to be addressed.
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1.3. Objectives and Perspective

Molecular chaperones play a role in both protein folding and degradation. The
chaperones assist in the proper folding of transmembrane polytopic ion channels and participate
in targeting the misfolded forms for ER-associated degradation (ERAD). Because of the dual
function of chaperones, diseases due to misfolding and impaired trafficking of ion channels can
be considered to be the result of inefficient chaperone folding activity and/or over activity of the
ERAD. An interesting possibility is that manipulation of these chaperones could help alleviate
the symptoms of ion channel misfolding diseases through promoting mutant channel folding and
thereby rescuing trafficking leading to restored function.

The heat shock protein 70 (Hsc/p70) chaperone has a key role in the quality control of
many proteins, and its activity is regulated by a variety of co-chaperones. The overall objective
of this thesis is to understand the role of the Hsp70 chaperone system in the quality control of
two ion channel misfolding diseases: long QT syndrome type 2 (LQT2), which is a cardiac
disorder due to mutations in the potassium channel, human ether-a go-go related gene (hERG)
protein, and cystic fibrosis (CF), which is due to mutations in the chloride channel, cystic fibrosis
transmembrane conductance regulator (CFTR) protein.

Chapter 2 examines the role of the Hsc/p70 co-chaperones — the human cytosolic type |
Hsp40s, DNAJA1, DNAJA2 and DNAJA4 — in hERG folding and degradation in association with
the E3 ubiquitin ligase, CHIP. A detailed analysis determined that these DNAJ co-chaperones are
key modulators of both the folding and degradation pathways of hERG as demonstrated by their
ability to reduce hERG trafficking in a proteasome-dependent manner. Moreover, DNAJAI is
specifically important for hERG folding.

Chapter 3 identifies a novel role of another co-chaperone — the nucleotide exchange factor,
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Bagl — in regulating hERG functional expression, by acting on Hsc/p70. Bagl induces hERG
misfolding and thereby proteasomal degradation by increasing its ubiquitination through the ER-
membrane anchored E3 ligase, translocation in renal carcinoma, chromosome 8 gene (TRCS),
which cooperates with its cytosolic E2 ubiquitin conjugating enzyme, Ube2g2. This is a novel
role for Bagl in shifting hERG degradation pathway away from CHIP towards other E3 ligases
that act independently of Hsc/p70.

Chapter 4 details the role of the Hsp70 chaperone system in CFTR biogenesis. Both
DNAJA1 and DNAJA2 are required for CFTR maturation while only DNAJA2 promotes its
proteasomal degradation through CHIP. Hsp70 also induces CFTR degradation through CHIP,
however, through the lysosomes.

Finally, in chapter 5 the significance of these results is discussed and ideas for future

experiments are proposed.

51



Chapter 2

Mechanisms of Hsp40 co-chaperones
in hERG biogenesis
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2.1. Abstract

Loss-of-function mutations in the human ether-a-go-go related gene (hERG, or KCNH2)
potassium channel are the cause of cardiac long QT syndrome type 2 with heightened risk of
arrhythmias. The majority of these mutations interfere with hERG trafficking from its site of
synthesis at the endoplasmic reticulum (ER) to its functional location at the cell surface. Instead,
the hERG mutants are retained as misfolded proteins and degraded. Cytosolic chaperones are
thought to assist the folding of the cytosolic domains of hERG, but the role of the chaperone
Hsc70/Hsp70 remains unclear. Here, we identify Hsc70/Hsp70 and the Type 1 Hsp40 co-
chaperones as major regulators of hERG trafficking and degradation. Using siRNA knockdown,
we find that Hsc70/Hsp70 and DNAJA1 (DJA1/Hd;j2) are both necessary for hERG folding and
trafficking. However, overexpression of DJA1, DNAJA2 (DJA2) and DNAJA4 (DJA4) inhibited
hERG trafficking, by promoting its proteasomal degradation at the ER. Mutants of DJA2
defective in its protein folding function were also ineffective in degradation. The degradation of
hERG assisted by the DJAs appeared to be through the E3 ubiquiting ligase CHIP, which
depends on interactions with Hsc70/Hsp70. Thus, we propose a novel role of the DJAs in

degradation as well as folding, determining the balance of protein quality control.
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2.2. Introduction

A key challenge in cell biology is to understand protein folding and the role of

273
3 The ER serves as

chaperones in this process for export from the endoplasmic reticulum (ER).
a specialized protein-folding machine where lumenal secreted proteins or transmembrane
proteins are transported, processed and folded before being targeted to their final destination. *’*
Proteins are exported from the ER for delivery to the Golgi in vesicles formed by the coatamer

complex II (COPII) machinery. >

The molecular mechanisms underlying the protein folding
processes at the ER, involving the various ER lumenal and cytosolic chaperone machineries,
remain to be fully elucidated. The ER operates a quality control system involved in two
competing pathways of folding and degradation. Therefore, the ER-associated folding pathways
(ERAF) are counterbalanced by ER-associated degradation (ERAD) pathways, where misfolded
proteins are recognized at the ER, retrotranslocated into the cytosol and targeted for proteasomal
degradation. *’**"” Various loss-of-function misfolding diseases arise when proteins do not fold
properly, fail to incorporate into COPII budding vesicles for export and are recognized by the
ERQC machinery and sent for degradation.

Long QT syndrome is a cardiac disorder associated with an increased risk of ventricular
arrhythmias that can lead to syncope and sudden death. One prominent form of long QT
syndrome, LQT2, is linked to loss-of-function mutations in the human ether-a-go-go-related
gene (hERGI), also known as KCNH2. hERG encodes the Kvll.l protein o-subunit that
underlies the rapidly activating delayed rectifier K* current (Ix,) in the heart. *’ The hERG a-
subunit consists of a cytosolic Per-Arnt-Sim (PAS) domain at the N-terminus, a conserved

transmembrane (TM) core with six transmembrane helices, a predicted cyclic nucleotide-binding

domain (CNBD) in the cytosol, and a C-terminal coiled-coil (CC) region. The hERG channel,
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like other secretory membrane proteins, is integrated into the ER membrane during its synthesis,
and is then assembled into tetramers. During insertion, hERG is N-glycosylated, resulting in the
core-glycosylated (CG) 135 kDa form. The channel is then exported through the Golgi complex,
where it is further fully glycosylated (FG) to the mature 155 kDa form, and eventually inserted
into the PM by exocytosis. >

Transport of hERG involves both lumenal and cytosolic chaperones that facilitate folding
and export from the ER. Chaperone components that are currently thought to significantly affect
hERG ERAF pathways include calnexin *’*, found in the lumen of the ER, as well as the
cytosolic chaperones Hsc70/Hsp70 and Hsp90. *®® Hsp70 and Hsp90 are ATP-dependent
chaperones that undergo ATP-regulated cycles of binding to and release of substrate
polypeptides. A range of co-chaperones regulates the Hsp70 and Hsp90 ATPase cycles, or link
the chaperones to specific activities or locations. In humans, Hsc70 is constitutively expressed
and Hsp70 is induced by stress, but is also expressed under normal conditions. '* Because they
often cannot be distinguished experimentally, they will be referred to in general as Hsc/p70.

An early study used the Hsp90-specific inhibitor geldanamycin and found that it
prevented hERG maturation and increased its degradation. Transfection of Hsp70 increased the
overall expression levels of both the CG and FG hERG without having an effect on trafficking
efficiency. In this study they also showed a prolonged interaction of Hsc/p70 and Hsp90 with
mutant hERG. Therefore, Hsp90 and possibly Hsc/p70 act as part of hERG quality control at the
ER. *® Another component of hERG quality control at the ER is calnexin whose increased
interaction with mutant hERG retains it at the ER and prevents it from further progressing

278

through the secretory pathway. Furthermore, heterologous overexpression of Hsp70

suppressed hERG ubigqitination and increased Ik,. Upregulation of Hsp70 by heat shock
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decreased mutant hERG degradation. **°

The latter effect was not observed with Hsp70
expression alone. Because heat shock induces and represses the expression of a number of genes,
particularly co-chaperones, the effect on hERG mutants almost certainly involves co-chaperone
regulators of Hsc/p70.

To identify potential co-chaperones involved in hERG biogenesis, we initially conducted
a proteomics analysis of hERG interactors. This revealed a number of putative hERG-interacting
co-chaperones including FKBP38 and DNAJA1 (DJA1). We established the role of the Hsp90
co-chaperone, FKBP38, in hERG biosynthesis. FKBP38 is a membrane-anchored co-chaperone
of Hsp90 at the ER and contains a peptidyl-prolyl isomerase activity as well as an Hsp90-binding
TPR domain. We found that its knockdown impaired hERG trafficking, in agreement with the
importance of co-chaperones. *°” Other co-chaperones were found to be associated with hERG
such as DJA1, which is a member of the Hsp40 family. Hsp40 proteins are Hsp70 co-chaperones
that activate its ATPase activity and direct Hsp70 towards substrate.

DJA1, and closely related DNAJA2 (DJA2), are the major Type 1 Hsp40 co-chaperones
in humans. The Type 1 proteins are the most highly conserved throughout evolution, and are
thought to be the most active in assisting protein folding by Hsc/p70. They share a similar
architecture with an N-terminal J-domain that activates Hsc/p70 connected by a partially
conserved linker to a middle/C-terminal (MC) domain that binds substrate and forms a
homodimerization interface. Human DJA1 and DJA2 were found to be functionally distinct
despite their homology, and the mechanistic basis for this difference is still under investigation.
26,36,60,61

It is unknown which Hsp40 co-chaperones are involved in hERG synthesis. Therefore,

we tested whether DJA1 and DJA2, being the most abundant cytosolic Hsp40 proteins as well as
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Type 1, are part of the chaperone machinery involved in hERG biogenesis. First, we established
the importance of Hsc/p70 in hERG folding. Knockdown of Hsc/p70 resulted in decreased hERG
trafficking and increased degradation. Next, we showed how DJA1 and DJA2 each contribute to
hERG folding or degradation. Knockdown of DJA1 but not DJA2 impaired hERG trafficking,
suggesting a specific requirement for DJA1 to support Hsc/p70-mediated folding of hERG. We
also identified a role of both DJA1 and DJA2 in regulating the degradation of hERG. The DJAs
prolonged hERG association with Hsc70 leading to ubiquitination by an E3 ligase CHIP, and

ERAD of hERG.

2.3. Results

2.3.1. Hsc/p70 is essential for hERG folding

To identify the role of Hsc/p70 in hERG biogenesis, we performed combined siRNA
knockdown of Hsc70 and Hsp70 in HeLa cells stably expressing hERG with an extracellular HA
epitope. There was a 50% decrease in both Hsc70 and Hsp70 upon siRNA transfection. By
western blot, we detect the CG immature form of hERG as a 135 kDa band and the FG mature
form as a 155 kDa band. The levels of both CG and FG hERG were markedly decreased by
Hsc/p70 knockdown, CG hERG to around 70% of the control non-silencing siRNA and FG
hERG to around 50% (Figure 2.1A).

The strong effect on the FG form suggested that trafficking was impaired, and pulse-
chase experiments were conducted to test this. In this method, a pool of CG hERG is
radiolabeled then followed over time by immunoprecipitation. In the control, around 55% of the

initial pool of CG is converted into FG over the course of 4.5 h (Figure 2.1B, right graph). The

57



rest remains in the CG form, ~ 40% (Figure 2.1B, left panel), or gets degraded, ~ 5%. The
kinetics and amount of FG hERG formation was substantially lower upon depletion of Hsc/p70
than in controls. There was only ~ 30 % FG formation with Hsc/p70 knockdown, although the
turnover of CG hERG was less affected (Figure 2.1B). Altogether, it appears that Hsc/p70 is an

essential chaperone for hERG.

2.3.2. DJA1 1s the Hsp70 co-chaperone involved in hERG

folding

Since DJA1 was identified in our proteomics screen and it works with Hsc/p70, we
wanted to determine its role in comparison with DJA2 in hERG biogenesis. Therefore, we started
by asking what effect the reduction of DJA expression, by siRNA knockdown, would have on
hERG trafficking. The HeLa cell line stably transfected with HA-tagged hERG was used.
Knockdown of DJA1 but not DJA2 impaired hERG trafficking, as determined by western blot
analysis of FG relative to CG hERG, suggesting a specific requirement for DJA1 to support
Hsc70-mediated folding of hERG (Figure 2.2A).

Then we confirmed the effect of DJAl on hERG biogenesis through pulse-chase
experiments. These showed a decrease in the kinetics of FG formation to about 40% of initial
CG levels upon depletion of DJA1, as compared to non-silencing control in which there is ~ 55%
FG hERG formed (Figure 2.2B). Thus, both western blot and pulse chase results show that DJA1

is important for hERG folding.
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2.3.3. DJA proteins inhibit hERG trafficking

Depleting the cells of DJA chaperones resulted in less trafficked hERG with DJA1
siRNA. We then asked what the effect of excess DJA proteins would be on hERG trafficking.
Therefore, we transfected myc-tagged DJA1, DJA2 or the lower abundance Type 1 Hsp40
DNAJA4 (DJA4) in HEK293 (GripTite). ® Overexpression of either one of these Hsp40 proteins
resulted in a dramatic reduction in mature FG hERG without affecting the immature CG form as
compared to control conditions (Figure 2.3A). DJA2 and DJA4 had a slightly stronger effect than
DJAL.

We hypothesized that their effect on inhibiting hERG maturation might be mediated
through Hsc/p70 and thereby requires the J-domain. Therefore, we used DJA1 and DJA2 mutant
proteins lacking the J-domain. Overexpression of DJA1-AJ or DJA2-AJ in HEK293 (GripTite)
co-transfected with hERG had no effect on hERG trafficking (Figure 2.3B). Thus, the J-domain
of these co-chaperones is necessary for the inhibition of hERG maturation, which signifies the
importance of the interaction with Hsc70. Nevertheless, overexpressing Hsc70 alone did not
have a similar effect as with the DJA proteins (Figure 2.3B), which suggests that the DJAs are
required to activate Hsc70 and result in this trafficking inhibition of hERG.

Next, to test whether the DJAs inhibit hERG maturation by inducing its ERAD, we
treated HEK293 (GripTite) cells co-transfected with hERG and the DJAs with 25 uM of the
specific proteasome inhibitor lactacystin for 24 hours. If the DJAs promote hERG proteasomal
degradation, then proteasome inhibition should restore mature hERG levels. Indeed, treatment
with lactacystin increased the amount of both FG and CG hERG to similar levels as DMSO

vehicle control treated cells, whether they were vector or DJA-transfected (Figure 2.3C).
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Therefore, the DJAs seem to inhibit hERG trafficking by inducing its proteasomal degradation at

the ER, that is, its ERAD.

2.3.4. DJA2 mutants and hERG trafficking

We then wanted to test whether the folding activity of the DJAs is a requirement for
trafficking inhibition and degradation. Therefore, we performed experiments with a range of
DJA2 mutants that we constructed and found to have different defects. The mutants were first
characterized using our well-established luciferase refolding assays both in vitro and in HEK293
cells. In addition, the mutants were also tested in vitro for the ability to bind substrate and release
it in the presence of Hsc70 and ATP. The mutants are shown schematically in Figure 2.4 with a
summary of the mechanistic results, and described in detail below.

As previously mentioned, DJA2 has an N-terminal J-domain that is linked through a

26,36,60,61

partially conserved linker to the Type 1 MC domain. The MC domain furthermore

contains two zinc finger motifs and a substrate-binding site. This architecture is shared with the
well-characterized DnaJ from Escherichia coli and Ydjl from Saccharomyces cerevisiae. >
The function of DJA2 is expected to depend on structures within the MC domain since mutations
or removal of the zinc ions in DnalJ and Ydjl show the importance of the zinc finger motifs in

279281 The zinc-binding domains were suggested to be required to promote substrate

function.
transfer from the DJAs to their Hsp70 partners. > A crystal structure of a fragment of the Ydjl
MC region showed that this L-shaped molecule constitutes of three subdomains: a substrate-
binding subdomain (middle 1 or m1l), a subdomain of unknown function (m2) protruding from

the zinc fingers, and a C-terminal subdomain (Figure 2.4). > Another crystal structure of Ydjl

revealed a dimerization interface extending from the end of the C-terminal subdomain. *** DJA2
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is expected to have similar domain architecture and Figure 2.4 shows a homology model of
DJA2 based on Ydjl structure. The proximity of the m2 region to the J-domain suggests a
functional interaction between them possibly to allow substrate transfer to Hsc70, but up to now
there was there was no experimental evidence for this.

After showing that DJA2 overexpression reduces hERG trafficking by inducing its
degradation, we used various DJA2 mutants to see whether the folding activity of DJA2 is a
requirement for degradation. The constructs used were: DJA2-AJ, which lacks the J-domain and
could only bind substrate but is unable to release substrate or promote refolding. DJA2-Am2,
which lacks the m2 region; this mutant is non-functional in refolding, yet it binds substrate, but
cannot release it. Other experiments showed that the m2 region has a specific role in substrate
transfer from DJA2 to Hsc70. DJA122 has the J-domain of DJA1 and the rest of DJA2. It is
functional in refolding, substrate binding and release. DJA221, which has the homodimerization
domain of DJAI attached to the rest of DJA2 is non-functional in refolding but can bind
substrate and release it (Figure 2.4).

We started by examining the kinetics of hERG trafficking and degradation with pulse
chase experiments in HEK293 cells transiently overexpressing both hERG and each of the
different DJA2 mutants. Similar to the experiments in HeLa cells, CG hERG is pulse labeled
then chased at different time points up to 6 hrs during which it converts into FG, remains as CG
or gets degraded. With the vector control the amount of CG decreases to ~ 60% of CG starting
material while the amount of FG increased to ~ 35% of initial CG (Figure 2.5A, B) and the rest ~
5% is degraded. The rate of degradation is the reduction in the total amount of hERG remaining.
Upon the transfection of DJA2 the amount of FG formed decreases to 15% while the CG is

moderately affected and the amount that is degraded increases to ~25%. This is consistent with
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DJA2 increasing hERG degradation. Interestingly, contrary to DJA2 the mutants tested — DJA2-
Am2, DJA-122, DJA-221, and DJA2-AJ — were non-functional in reducing hERG trafficking and
promoting its degradation (Figure 2.5A, B, C). These results suggest that the m2 region is
important for DJA2 degradation functions, exchanging the C-terminal domains is also disruptive,
and deleting the J-domain abolishes the DJA2 functions in degradation as well. Furthermore,
since most of these mutants were also non-functional in refolding, we can conclude that the

requirement for folding is also a requirement for degradation.

2.3.5. The DJA proteins and CHIP reduce hERG stability

After having established that DJA1 and DJA2 reduce hERG trafficking and increase its
proteasomal degradation and that these functions require Hsc/p70, we asked which E3 ligase is
involved in the process. A first hypothesis was the cytosolic E3 ligase, CHIP, which contacts
Hsc/p70 to ubiquitinate substrates bound by the chaperone. Therefore, we decided to test CHIP.
We used pulse chase experiments with or without the overexpression of DJA1, DJA2, or CHIP
in HEK293 (GripTite) cells. In vector control transfected cells, hERG first appeared as the CG
form and a fraction subsequently shifted to the FG form after acquiring complex
oligosaccharides around two hours after synthesis (Figure 2.6A). This FG band was still visible
after 24 hours of chase time confirming the relative stability of mature hERG. The abundant CG
form progressively weakened, apparently due to degradation as well as conversion to the FG
form at the cell surface. Measured immediately after radiolabelling (t=0 h), similar quantities of
CG hERG were synthesized under control conditions or in the presence of DJA1, DJA2, or CHIP
(Figure 2.6A). In control cells, the CG form was reduced to around 30% after 24 h of chase.

DJA1 and DJA2 induced a moderate decrease in CG levels relative to control conditions while
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CHIP caused the largest decrease in CG hERG at 24 h of chase (Figure 2.6B). The FG form of
hERG was most apparent in the control cells, peaking at 4 h of chase at around 16% of the
amount of CG hERG present at t=0 (Figure 2.6C) whereas transfection of DJA1 and DJA2
caused a reduction of peak FG hERG levels to about 7% and 9% of initial CG hERG at 4 h chase.
The effect of CHIP on FG hERG was not evident until the 4 h chase point and was most
noticeable at 10 h of chase. Again, these results correlate with those obtained under steady state
conditions where overexpression of the DJAs reduced the expression of the mature FG form of
hERG. Overall, these results suggest that the major effect of the DJAs was to prevent the
formation of mature hERG, and to increase degradation of the polypeptide by Hsc/p70

complexes with CHIP.

2.4. Discussion

Our results identify the Hsc/Hsp70 chaperone system as an important regulator of hERG

0 %% its function

trafficking. Although previous work had suggested an involvement of Hsc/p7
had not been directly addressed. Our knockdown experiments now demonstrate that Hsc/p70 is
indeed necessary for hERG maturation, as well as the Hsp40 co-chaperone DJA1. Interestingly,
DJA2 is not required for hERG. Moreover, overexpression of DJA1, DJA2 and DJA4 promoted
ERAD of hERG, apparently by the CHIP E3 ubiquitin ligase. The internal mechanisms of the
DJAs required to support Hsc/p70-mediated folding are also required for their degradation role.
It is possible that polyubiquitination by CHIP is directly or indirectly influenced by Hsp40 co-
chaperones.

DJA1 has been studied to some degree, but the other Type I Hsp40s are much less

characterized biologically. Early work using purified proteins was unclear about differences
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between DJA1 and DJA2 *°, but more recently, we found in vitro evidence of mechanistic and
functional differences between the Type I proteins. °“®' Our above results show that DJA1 is
specifically required for hERG maturation, consistent with the idea of functional diversity
between the Hsp40 co-chaperones. Furthermore, our results are the first positive identification in
live cells of a protein dependent on DJAI. In the only other study at the time our experiments
were performed, the activity of the androgen receptor was found to be hyperactivated in a DJAI
knockout mouse 7, and could not be firmly established as a substrate of DJA1. In parallel to our
degradation experiments using DJA2, we confirmed using knockdown that DJA2 and not DJA1
was required for luciferase refolding in cells (Figure 2.4, and data from Imad Baaklini and
Michael Wong). As well, DJA2 has been shown by another group to support the folding of

trimeric G proteins. *%

We expect that more DJA1- and DJA2-dependent proteins will be
identified using the powerful knockdown or knockout approach.

While all three DJAs promote degradation of hERG, they differ in efficiency, even
accounting for expression levels in transfections. DJA4 and DJA2 are more active in degradation
than DJA1. This may be explained by the role of DJAI in hERG folding, such that a higher
expression threshold must be reached before DJA1 has a negative impact, compared to the other
DJAs. In addition, there may be intrinsic biochemical or biophysical properties of the DJAs that
also contribute, as illustrated by our experiments with DJA2 mutants. Separately, we had found
that each mutant had specific characteristics: DJA2-Am2 defective in the transfer of substrate to
Hsp70, DJA-221 in the stability of the C-terminus, and DJA-122 with only a mild decrease
refolding function with Hsc70 (Imad Baaklini). However, all of these were less effective than

wild-type at inhibiting hERG trafficking, suggesting that each abnormal characteristic impaired

the degradation process. Therefore, the wild-type DJAs most likely also differ in some
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characteristics, for example affinities of substrate binding or internal flexibility, that underlie
their divergent ability to assist both the folding and degradation of different proteins.

The requirement for Hsc70 and/or Hsp70 to assist hERG folding is not unexpected, and
had been proposed based on interaction studies with misfolded hERG. **® However, functional
identification of substrates dependent on Hsc70/Hsp70 has been limited due to the lack of
reliable inhibitors, in contrast to Hsp90, for which specific inhibitors are widely available.
Depletion by siRNA is the best alternative, and although knockdown is not complete, our results
were quite clear. Differences between Hsc70 and Hsp70 have been postulated, although the

mechanistic basis is still unknown. 2**

Because knockdown of Hsc70 alone induces Hsp70
expression to an equivalent level in HeLa and HEK293 cells (data not shown), while Hsp70 can
be depleted by siRNA without inducing Hsc70, interpreting individual knockdown results can be
difficult. In the future, gene knockouts may provide clearer answers. A mouse having both of its
inducible Hsp70 genes knocked out has been generated, with various stress-related phenotypes.
>’ MEFs from such a mouse compared with wild-type controls could serve as experimental

models. Furthermore, cardiomyocytes from the mice could allow the study of hERG/mERG in a

native environment.
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Figure 2.1. Hsc/p70 is essential for hERG folding. A, HeLa cells stably expressing hERG were
transfected with siRNA duplexes against both Hsc70 and Hsp70, or non-silencing control. CG
and FG hERG were detected as 135 kDa and 155 kDa bands, respectively, by western blot, and
quantified relative to the amount of each in control cells. Knockdown of Hsc/p70 was confirmed
by western blot. B, cells transfected as above were metabolically radiolabelled for 45 min and
chased for the indicated times, and lysates were immunoprecipitated using hERG-specific
antibodies. CG and FG hERG were detected by SDS-PAGE and autoradiography, and quantified
relative to the initial amount of CG hERG. Unless otherwise specified, data are shown as mean +

SD and are representative of at least three independent experiments, * p<0.05.
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Figure 2.2. DJAL1 is the Hsp70 co-chaperone involved in hERG folding. A, HeLa cells stably
expressing hERG were transfected with siRNA duplexes against DJA1 or DJA2, or non-
silencing control (ns). At the indicated days after transfection, CG and FG hERG were detected
by western blot, and quantified relative to the amount of CG hERG in control cells on that day. B,
cells were transfected as above with siRNA against DJA2 or non-silencing control. At 3 days
after transfection, pulse-chase experiments were performed as in Figure 2.1. Unless otherwise
specified, data are shown as mean + SEM and are representative of at least three independent

experiments, * p<0.05.
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Figure 2.3. DJA proteins inhibit hERG trafficking. A, HEK293 (GripTite) cells were
transiently transfected with hERG and type I Hsp40 co-chaperones DJA1, DJA2 or DJA4, or
vector control. CG and FG hERG were detected by western blot, and quantified relative to the
amount of CG hERG in control cells. B, cells as above were transfected with hERG and DJA1-
AJ, DJA2-AJ, which are type I Hsp40s lacking the J-domain, or Hsc70, or vector control. C, the
experiment in A was performed with the addition of 25 pM of the proteasomal inhibitor,
lactacystin, or vehicle control overnight before analysis. Unless otherwise specified, data are

shown as mean = SEM and are representative of at least three independent experiments, * p<0.05.
p Y p p
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Figure 2.4. DJA2 mutants and functional defects. Top left, proposed arrangement of domains
in DJA2 based on Ref. 13. Top right, a homology model of DJA2 was generated by SwissModel
using the middle fragment of Ydjl (INLT) as template. The N and C termini, ml and m2
subdomains, zinc-binding sites (Zn-1 and Zn-2), and partial C-terminal (C-term) dimerization
region are marked. The positions of the Am2 deletion and the C-terminal exchange with DJA1
are indicated by dashed lines. Bottom left, diagram of the domain arrangements in the DJA1 and
DJA2 primary sequence, and mutants used in this study. The J domain (J), linker (1k), m1 and
m2 sequences, zinc-binding sites (Zn-1 and Zn-2), and C-terminal dimerization sites are marked.
Bottom right, summary of the results on refolding of firefly luciferase with Hsc70 in HEK293

cells and with purified proteins.
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Figure 2.5. DJA2 mutants and hERG trafficking. A, HEK293 cells were transfected with
hERG and wild-type DJA2 or its indicated mutant, or vector control. Pulse-chase experiments
were performed as in Figure 2.1. B, quantitation of CG and FG hERG in A, relative to the initial
amount of CG hERG. C, the final amounts of CG and FG hERG at 6 h chase in B were plotted as
a bar graph. D, Western bot showing expression of DJA mutants. Unless otherwise specified,
data are shown as mean + SD and are representative of at least three independent experiments,

** p<0.01 in comparisons with the wild-type DJA2 results.
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Figure 2.6. The DJA proteins and CHIP reduce hERG stability. A, HEK293 (GripTite) cells
were transiently transfected with hERG and DJA1, DJA2 or CHIP, or vector control. Pulse-chase
experiments were performed as in Figure 2.1. B, quantitation of % CG hERG in A, relative to the
initial CG amount. C, quantitation of % FG hERG in A, relative to the initial CG amount. Unless
otherwise specified, data are shown as mean = SEM and are representative of at least three

independent experiments, * p<0.05.
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Chapter 3

Bag]1 shifts hERG degradation
towards the Ube2g2/TRCS
pathway at the ER
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3.1. Abstract

Cardiac long QT syndrome type 2 is caused by mutations in the hERG (KCNH2)
potassium channel. Many such mutations result in misfolding of the protein, and its retention and
degradation at the endoplasmic reticulum (ER), instead of normal trafficking to the cell surface.
Molecular chaperones are thought to assist the folding of the hERG cytosolic domains. Here, we
identify a novel role of Bagl in regulating hERG functional expression, by acting on the
chaperone Hsp70/Hsc70. Bagl promotes the degradation of hERG by the ubiquitin-proteasome
system, and Bagl knockdown increases hERG levels and channel activity. As a nucleotide
exchange factor for Hsp70/Hsc70, Bagl decreased the chaperone’s interaction with hERG,
leading to impaired folding. In addition, Bagl decreased the involvement of the CHIP E3
ubiquitin ligase in hERG degradation. Instead, hERG degradation is shifted to membrane-
associated E3 ligases. The E2 conjugating enzyme Ube2g2 and its partner E3 ligase TRCS are
identified as primarily responsible for CHIP-independent degradation of misfolded hERG. We
propose that Bagl is a key regulator of hERG quality control at the ER, through its modulation

of the Hsp70/Hsc70 chaperone essential for folding.
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3.2. Introduction

Long QT syndrome is an inherited cardiac disorder characterized by prolongation of the
electrocardiogram QT interval due to a delay in ventricular action potential repolarization. This
leads to an increased risk of ventricular arrhythmias that can cause syncope, seizures and sudden
death. One prominent form of the disease, long QT syndrome type 2 (LQT2), is linked to
mutations in the human ether a go-go-related gene type 1 (HERGI), also known as KCNH2,
which encodes the a-subunit of the Kv11.1 channel that conducts the rapid component of the
delayed rectifier K current (Ik;) in the heart 7%,

Molecular genetic studies have identified more than 200 LQT2-associated mutations that
result in loss of hERG channel function. The most common mechanism for the loss of function
phenotype is impaired hERG trafficking from the endoplasmic reticulum (ER) to the plasma
membrane. Mutant channels, which fail to fold properly or form functional tetramers, are
recognized by the ER quality control machinery, retained, and sent for ER-associated
proteasomal degradation (ERAD) 2%,

The quality control mechanisms that account for chaperone-mediated hERG folding as
well as the selective degradation of misfolded hERG are still poorly understood. The hERG
polypeptide contains N- and C-terminal cytosolic domains around a central transmembrane
region that tetramerizes to form the channel pore, implicating cytosolic and transmembrane
factors in quality control. An early study showed that Hsp90 is necessary for hERG trafficking,
and Hsp90 inhibition results in hERG degradation ***. We found that Hsp70 (and its
constitutively expressed form Hsc70, both are normally expressed) is important for hERG

biosynthesis, as knockdown of its major co-chaperone DnaJA1/Hdj2 impairs trafficking **’. The

Dnal-family co-chaperones activate ATP hydrolysis and substrate binding by Hsp70, but
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individual Dnals are biologically distinct ©. DnaJA2 promotes hERG degradation, by non-
productively increasing interactions with Hsp70 and its associated E3 ubiquitin ligase CHIP
30.62.287

The nucleotide exchange factor (NEF) co-chaperones of Hsp70 counteract the Dnals.
They promote the release of ADP and re-binding of ATP by Hsp70 along with the dissociation of
bound substrate. Bagl is the most well studied and the first to be discovered **"***, Bagl can
enhance or inhibit chaperone-mediated folding, in a substrate- and concentration-dependent
manner ****7* Furthermore, Bagl has been implicated in proteasomal degradation. The Bagl
isoforms, from alternative translation initiation sites, contain a ubiquitin-like (UBL) domain that
interacts with proteasomes; Bagl-Hsp70 complexes could deliver substrates to proteasomes >*°.
More recently, Bagl was reported to increase degradation of polyglutamine-expanded
Huntingtin by preventing nuclear accumulation *'. Also, Bagl knockdown caused defects in the
degradation of reporters recognized by a PEST sequence, the N-end rule and a ubiquitin fusion.
Interestingly, the Bagl function in proteasomal degradation is thought to balance the role of

! However, the importance of the UBL domain has not been

related Bag3 in autophagy '
demonstrated, and the mechanisms of Bagl effects on degradation remain unclear.

Although CHIP promotes hERG degradation, it may not be the only E3 ubiquitin ligase
involved, or even the most important. In contrast to soluble CHIP, other ERAD E3 ligases are
transmembrane, typically localized to the ER, and do not interact with Hsp70 or other
chaperones. The best characterized are HRD1 and gp78, which form complexes with other
membrane proteins to recognize, ubiquitinate and dislocate a number of misfolded proteins into

the cytosol ***"7*2 1In addition, several other transmembrane E3 ligases are known. RMAI

cooperates with gp78 to degrade mutant CFTR chloride channel *****'. TRCS is involved in
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degrading major histocompatibility complex (MHC) class I heavy chain, 3-hydroxy-3-methyl-
glutaryl-coenzyme-A (HMG-CoA) reductase, and heme oxygenase, by itself or in combination
with gp78 '%%181:2 The E3 ligases relevant for a particular substrate cannot be predicted and
must be empirically addressed. We know very little about the nature of the E3 ligases involved in
hERG ERAD - their identities, division of labour, and supporting mechanisms.

To identify key regulators of hERG chaperone-mediated folding and degradation, we
addressed the effect of Bagl on hERG biosynthesis. We found that Bagl induces hERG
misfolding and thereby proteasomal degradation by increasing its ubiquitination through the
membrane anchored E3 ligase TRCS8, which cooperates with its E2 enzyme Ube2g2. We
postulate from our experiments with Bagl that there is a shift in the hERG degradation pathway

away from CHIP towards other E3 ligases that act independently of Hsp70.

3.3. Results

3.3.1. Bagl regulates hERG expression

Bagl exists as three isoforms due to alternative translation initiation sites from a single
mRNA. These are: BaglL, BaglM, and BaglS which differ in their N-termini, but they all have
a C-terminal Hsp70-binding BAG domain and a UBL domain, which was proposed to bind to the
proteasome. BaglL is predominantly nuclear with BaglM and BaglS in the cytosol and nucleus
288290 The shorter isoforms were most likely to interact through Hsp70 with hERG (Figure 3.1A).

To investigate the role of Bagl in hERG biogenesis, we performed siRNA knockdown of

Bagl, which depletes all isoforms, in Hela cells stably expressing wild-type hERG. We detected

hERG by Western blot as two bands: a 135 kDa core-glycosylated (CG) immature form and a
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155 kDa fully-glycosylated (FG) mature form that had trafficked through the Golgi. Bagl
knockdown increased the total amount of CG and FG hERG, compared to non-silencing controls
(Figure 3.1B). Upon treatment with the proteasome inhibitor MG132, Bagl knockdown no
longer caused a difference in the amounts of hERG (Figure 3.1B), suggesting that the depletion
of Bagl protected hERG from proteasomal degradation.

In the opposite experiment, we overexpressed BaglM, which results in the expression of
both isoforms BaglM and BaglS, together with hERG in HEK293 cells. As expected, increased
Bagl levels led to a decrease in both the CG and FG forms of hERG relative to controls. The
decrease of total hERG caused by Bagl was restored by MG132, indicating that it was
proteasome dependent (Figure 3.1C). Quantitative RT-PCR ruled out changes in hERG mRNA
expression as the basis for the effects of either Bagl knockdown or overexpression (not shown).
Thus, Bagl appears to promote the proteasomal degradation of hERG.

The FG form of hERG represents the channel in the late secretory pathway but not
necessarily in a functional state at the cell surface. To directly test if Bagl affected functional
hERG, we conducted patch clamp measurements of hERG channel currents. As above, HelLa
cells stably expressing hERG were depleted of Bagl by knockdown, and HEK293 cells were
transfected with hERG and Bagl. In agreement with the Western blot results, Bagl knockdown
and overexpression caused a substantial increase and decrease, respectively, in hERG tail current
density relative to the corresponding controls (Figure 3.1D). Bagl regulation of degradation may
thus be a major determinant of hERG activity.

To address which domains of Bagl were important for its effects on hERG, two mutants
of BaglM were tested: a deletion mutant (C-Bagl) contained only the BAG domain and lacking

the UBL domain; and a point mutant (R237A) unable to bind Hsp70 (Figure 3.1A) *”***. When

83



overexpressed, C-Bagl behaved identically to wild-type Bagl in promoting degradation of
hERG, whereas Bagl-R237A was ineffective (Figure 3.1C). The expression levels of the Bagl
mutants were adjusted to be comparable to that of wild-type Bagl, and Bagl1-R237A generated
the same distribution of isoforms as wild-type. We therefore conclude that Bagl acts on hERG

primarily through its activity as a NEF co-chaperone of Hsp70.

3.3.2. Bagl promotes degradation of immature hERG

Degradation of immature CG hERG is by proteasomes at the ER, whereas mature FG

3 The effects of Bagl were restored by

hERG is degraded by the endosome-lysosome pathway
proteasome inhibition, suggesting that the regulated degradation is mostly of CG hERG. The
changes in FG hERG upon Bagl manipulation were likely due to changes in the amount of CG
hERG able to traffic out of the ER. To address this directly, pulse-chase experiments were
conducted in HEK293 cells co-expressing hERG and Bagl. Over a 6 h time course, the level of
CG hERG decreased to around 60% of the starting amount of total hERG in control cells, and the
FG form increased to around 30% of initial hERG (Figure 3.2A). This was consistent with
previous results showing relatively inefficient trafficking of hERG **’. When Bagl was
overexpressed, the final levels of CG and FG hERG were both markedly lower than in the
control (Figure 3.2A). Indeed, the final amount of total hERG added to around 90% of initial in
the control, and 70% upon Bagl overexpression. This difference is due to proteasomal
degradation as established above, and suggests that the turnover rate of immature hERG is faster

upon Bagl overexpression. The resulting loss of immature hERG would then result in less

mature form.
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Quality control clearance of mature hERG involves Hsp70 and CHIP >

, and Bag1 could
also affect this process, adding to the loss of mature hERG due to ERAD. We therefore
performed cycloheximide chase experiments to determine the effects of Bagl on each form of
hERG. Using the same cell lines as above, we found that CG hERG decreased to around 80% of
initial levels over 6 h in control cells, and FG hERG remained essentially constant (Figure 3.2B).
Bagl overexpression resulted in a decrease of CG hERG to around 60% and of FG hERG to
around 80%, relative to initial amounts (Figure 3.2B). Thus, Bagl appears to favour both the
degradation of CG hERG at the ER and the turnover of FG hERG by lysosomes, but with a
proportionally larger effect on the ERAD pathway.

Polyubiquitination by E3 ligases is a key step in selecting proteins to be degraded by
proteasomes. It was possible that Bagl was affecting hERG degradation by regulating the
polyubiquitin state of the channel. To address this, hERG was immunoprecipitated and
polyubiquitinated forms detected by Western blot, and then quantified with respect to the amount
of total hERG. In cells depleted of Bagl by knockdown, the relative amount of polyubiquitinated
hERG was decreased to around 80% of that in control cells (Figure 3.2C). Conversely, the
overexpression of Bagl increased polyubiquitinated hERG by around 50% above the control
(Figure 3.2C). These results suggest that Bagl affects the recognition of hERG by E3 ubiquitin
ligases, leading to hERG degradation.

We confirmed the roles of the Bagl domains in hERG polyubiquitination and turnover by
repeating the above experiments with the C-Bagl and Bagl-R237A mutants. In all of the assays,
the effects of C-Bagl were indistinguishable from those of wild-type Bagl, whereas Bagl-

R237A had no effect at all and resembled the controls (Figure 3.2A-C). So, the UBL domain of

Bagl is not involved in regulating hERG degradation, but the Hsp70 interaction is essential.
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3.3.3. Bagl disrupts chaperone complexes with hERG

Because Bagl is a NEF co-chaperone of Hsp70, it could promote the dissociation of
Hsp70 from hERG ¥'. Alternatively, complexes containing Bagl and CHIP, perhaps independent
of Hsp70, may direct polyubiquitination of hERG **°. To test these hypotheses we performed
hERG immunoprecipitations (IPs) from cells overexpressing Bagl or its mutants, and detected
co-precipitated Hsp70/Hsc70 and CHIP. In IPs from HEK293 cells transfected with hERG alone,
both Hsp70/Hsc70 and CHIP were found complexed with hERG, and no signal for any of these
proteins was detected in IPs from untransfected negative controls (Figure 3.3A). Notably,
overexpression of Bagl or C-Bagl clearly decreased the amount hERG-associated Hsp70/Hsc70
and CHIP to less than 80% of the control, after adjusting for the amount of total hERG in each
IP; as expected, Bagl-R237A had no effect (Figure 3.3A). These results support the first
hypothesis, that Bagl disrupts complexes of Hsp70 with hERG, and thereby interactions with the
CHIP E3 ligase.

The diminished Hsp70 interaction with hERG suggested that the chaperone would be less
able to assist hERG folding. Our previous work indicated that Hsp70 was important for hERG
based on the requirement for the DnaJA1 co-chaperone **”. We confirmed the role of Hsp70 by
combined knockdown of Hsp70 and Hsc70. By Western blot detection, the levels of both CG
and FG hERG were markedly decreased by Hsp70/Hsc70 knockdown, CG hERG to around 70%
of the control and FG hERG to around 50% (Figure 3.3B). The strong effect on the FG form
suggested that trafficking was impaired, and pulse-chase experiments were conducted to test this.
Indeed, the kinetics and amount of FG hERG formation was substantially lower upon depletion
of Hsp70/Hsc70 than in controls, although the turnover of CG hERG was less affected (Figure

3.3C). Altogether, it appears that Hsp70/Hsc70 is an essential chaperone for hERG.
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Next, we tested for evidence of hERG misfolding upon Bagl overexpression and loss of
Hsp70 binding, by using limited proteolysis. Total light membrane fractions were prepared from
HEK293 cells co-expressing hERG and Bagl, and treated with increasing concentrations of
trypsin. In control cells with hERG alone, FG hERG was more resistant to digestion than CG
hERG, consistent with a population of immature CG hERG being only partially folded (Figure
3.3D). Upon Bagl overexpression, CG hERG was even more sensitive to digestion, and could
barely be detected at the highest trypsin concentration (Figure 3.3D). FG hERG was also more
sensitive with Bagl, although not as dramatically. These results support a mechanism in which
the co-chaperone Bagl regulates Hsp70 interactions with hERG and therefore hERG folding; the
misfolding of hERG that results from excess Bagl leads to polyubiquitination by quality control
E3 ligases.

A question is raised by the behavior of CHIP, the only E3 ligase known to be involved in
hERG ERAD. We previously showed that CHIP co-expressed with hERG induced its
degradation **) and now confirmed this using knockdowns of CHIP. As predicted, CHIP
depletion caused notable increases in both FG and CG hERG compared to controls (Figure 3.3E).
The somewhat larger effect on FG hERG was likely a result of the dual function of CHIP in
hERG ERAD and clearance from the plasma membrane. However, our results show that
although CHIP contributes to hERG degradation, it is dissociated from hERG by the activity of
Bagl and therefore cannot be responsible for the subsequent increase in polyubiquitination of
misfolded hERG caused by Bagl. Instead, we propose that some other E3 ligase must be

involved, and was likely to be anchored at the ER and dedicated to ERAD.
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3.3.4. The E2 conjugating enzyme Ube2g2 functions in hERG

ERAD

To identify which E3 ligase might be responsible, we began by addressing the upstream
step, which is the E2 conjugating enzyme. The generation of polyubiquitinated substrates
requires three enzymes. The ubiquitination system begins with an El activating enzyme, which
transfers ubiquitin onto an E2 conjugating enzyme that coordinates with an E3 ligase to
ubiquitinate the substrate. CHIP and the transmembrane E3 ligases at the ER have U-box and
RING finger domains, which bind E2 enzymes and activate the transfer of ubiquitin from the E2
directly onto the substrate ***’. While there are many transmembrane E3 ligases, including a
number which are uncharacterized or only predicted, only two E2 enzymes are predominantly
involved. Ube2g2/Ubc7 does not have a membrane anchor but is known to act with HRDI,
TEB4, gp78 and TRC8 ""'?**%* 'Ube2j1/Ubc6e has a transmembrane anchor and acts with
RMA1 and HRD1 "% Importantly, neither E2 functions with CHIP, which acts with
Ube2d1/UbcH5a and Ube2n/Ubc13 among others *°7>%.

Depletion of Ube2g2 and Ube2jl should impair the function of their associated E3
ligases and narrow the set of candidates acting on hERG. In HeLa cell stably expressing hERG,
knockdown of Ube2g?2 led to a notable increase of about 30% in the CG hERG levels, and the
FG form was also increased. In contrast, knockdown of Ube2j1 had no effect on either form of
hERG (Figure 3.4A). This indicates that Ube2g2 is solely involved and has no overlapping
function with Ube2j1 in hERG ERAD.

We then asked whether the ERAD mediated by Ube2g2 was related to the hERG

misfolding caused by excess Bagl. Furthermore, we sought evidence for our proposed
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mechanism, that Bagl caused CHIP dissociation from hERG and favored degradation by
Ube2g2-associated E3 ligases. Therefore, experiments were performed in which Bagl was
overexpressed at the same time that CHIP or Ube2g2 was depleted by knockdown. HEK293
cells were co-transfected with hERG, Bagl and the relevant siRNAs, and the amounts of CG and
FG hERG were quantified relative to those in control transfected cells. As established, Bagl
overexpression alone decreased hERG levels and CHIP knockdown increased them. However,
CHIP knockdown had no effect on the loss of CG or FG hERG due to Bagl overexpression
(Figure 3.4B). In contrast, Ube2g2 knockdown alone increased hERG amounts, but also upon
Bagl overexpression (Figure 3.4B). Indeed, FG hERG levels were restored close to those in the
controls, and CG hERG a bit below. It therefore appears that Bagl promotes hERG degradation
but by shifting the E3 ligase away from CHIP to another that depends on Ube2g2, most probably

a transmembrane E3 ligase.

3.3.5. The E3 ligase TRCS8 degrades hERG at the ER

We conducted an siRNA screen of various E3 ligases that are interactors of Ube2g2:
HRDI, TEB4, gp78 and TRC8. We also included RMA1, which depends on Ube2jl, as a
predicted negative control. Of all these, only knockdown of TRCS led to an increase in CG
hERG (Figure 3.5A). Interestingly, MHC class I heavy chain is degraded by TRC8 when
induced by cytomegalovirus US2, but by HRD1 when it is misfolded by lack of assembly under

180181 “suggesting that quality control of that substrate is by HRD1. In addition,

normal conditions
the importance of TRC8 for the degradation of HMG CoA reductase is under debate, as a liver-

specific knockout of gp78 in mice restores HMG CoA reductase in contrast to

knockout/knockdown studies showing no effect of either gp78 or TRC8 **'*%. For hERG,
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though, depletion of HRD1 or gp78 had no significant effect. Therefore, we postulate that TRCS8

is the Ube2g2-associated E3 ligase that is responsible for degradation of misfolded hERG.

3.4. Discussion

Our data suggest a model in which the ERAD pathway by which immature hERG is
cleared depends on the degree of hERG misfolding. This in turn depends on how the
Hsp70/Hsc70 ATPase cycle, necessary to support hERG folding, is tuned by the NEF Bagl. At
least for hERG, endogenous Bagl appears to be limiting, because Bagl depletion stabilized the
channel. The negative effects of Bagl could be traced to the dissociation of Hsp70/Hsc70 from
hERG, which reduces the ability of the chaperone to promote hERG folding so that more
incorrectly folded hERG accumulates. At the same time, the CHIP E3 ubiquitin ligase is less
able to modify hERG. Instead, misfolded hERG is selected for degradation by the Ube2g2-linked
ER-associated E3 ligase TRCS.

Bagl is generally thought to promote proteasomal degradation, in contrast to Bag3,

which acts in autophagy '°"**"*!

. However, the molecular mechanisms that link Bagl to the
ubiquitin-proteasome system have been unclear. Our results show no role for the Bagl UBL
domain in hERG degradation, so the direct interaction between the domain and 26S proteasome
does not contribute. We also find that Bagl reduces the interaction of CHIP with hERG,
indicating that Bagl-CHIP complexes are not recruited to the substrate, as is the case for
glucocorticoid receptor in the nucleus °”. Instead, the Bagl interaction with Hsp70 is required,
which causes the release of hRERG from Hsp70. Therefore, Bagl promotes hERG degradation by
interfering with its chaperone-mediated folding. This conclusion parallels what has been reported

304

for Bagl and CFTR in cell-free systems . Moreover, Bagl favours the recognition of hERG by
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quality control E3 ligases other than CHIP, and which are not dependent on the Hsp70 system.
From that point of view, CHIP is a relatively inefficient E3 ligase compared to the others at the
ER, because its degradation function always competes with the pro-folding activity of Hsp70.
Interestingly, for soluble cytosolic proteins, CHIP is also known to not be the only quality
control E3 ligase, and others including most prominently UBR1, are also independent of Hsp70
or Hsp90 *»3" It is possible that Bagl similarly shifts the degradation of cytosolic proteins
away from CHIP to UBRI.

hERG is now the fourth established substrate of TRCS, after HMG-CoA reductase, MHC

166,181.293 "TR(C8 seems to act on each of these substrates under

class I and heme oxygenase
different circumstances. HMG-CoA reductase is specifically degraded in response to high
intracellular cholesterol levels, in a mechanism that involves formation of a complex with Insig-1,
Insig-2, AUP1, gp78 and TRCS leading to degradation of both HMG-CoA reductase and Insig-1
163.164.2% MHC class I degradation by TRCS is also in response to specific disruption by viral
US2, but not by USI1 "', How heme oxygenase degradation is initiated is unknown, but its
interaction with TRCS seems to be through the transmembrane region ***. We propose that TRCS
recognizes misfolded hERG as a quality control E3 ligase. This mode of action is clearly
different from that with HMG-CoA reductase and likely MHC class I-US2, but may account for
the degradation of heme oxygenase. Our limited proteolysis data on hERG do not identify a
misfolded domain. However, the hERG tetramer is closely packed and most likely cooperatively
folded, so it would not be surprising if folding problems in the cytosolic domains cause

disruption in the transmembrane regions, and vice versa. We expect that there will be other

misfolded proteins cleared from the ER by TRCS.
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Cellular regulation of hERG levels has implications for its physiological function. The
biosynthetic folding of hERG depends on both the Hsp70 and Hsp90 chaperones, and disruption
of these chaperone systems in cardiac muscle could lead to loss of hERG function among other
defects. In addition, hERG is found to be upregulated in many cancer types, where it increases
proliferation by accelerating cell cycle progression *”*. Inhibitors of Hsp90, and more recently of

Hsp70, are being developed as potential therapies in various cancer types >*>'!

. It is quite
possible that a reduction in overexpressed hERG due to degradation is one of the mechanisms
contributing to the anti-oncogenic activity of these inhibitors. The therapeutic advantages of

chaperone inhibitors compared to hERG channel blockers will have to be addressed for different

cancers.
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Figure 3.1. Bagl regulates hERG expression. A, diagram of BaglM transfection constructs
used in this study. The UBL and BAG domain boundaries are marked with residue numbers, and
the position of the R237A mutation disrupting Hsp70 interaction is shown with a star. B, Bagl
knockdown increases hERG levels. HeLa cells stably expressing hERG were transfected with
siRNA duplexes against Bagl (targeting all isoforms) or non-silencing control. CG and FG
hERG were detected as 135 kDa and 155 kDa bands, respectively, by western blot, and
quantified relative to the amount of each in control cells. Knockdown of Bagl was confirmed by
western blot; the bands corresponding to endogenous BaglL, BaglM and BaglS are marked.
Lower panel, the experiment was performed with MG132 treatment. C, Bagl overexpression
decreases hERG levels. HEK293 cells were transfected with hERG and the indicated Bagl
construct or vector control. CG and FG hERG were detected and quantified as above. Bands
corresponding to BaglM, BaglS and C-Bagl are marked. Endogenous Bagl is not visible.
Lower panel, the experiment was performed with MG132 treatment (n=1). D, Bag1 regulates cell
surface hERG current. HEK293 cells were transfected with hERG, GFP and either Bagl or
vector control. Separately, HEK293 cells were transfected with hERG, siGLO and either siRNA
against Bagl or non-silencing control. Transfected cells were identified fluorescence microscopy.
Voltage response curves from patch clamp measurements are shown. Unless otherwise specified,
data are shown as mean + SD and are representative of at least three independent experiments, *

p<0.05.
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Figure 3.2. Bagl promotes degradation of immature hERG. A, pulse-chase kinetics of hERG
upon Bagl overexpression. HEK293 cells were transfected with hERG and the indicated Bagl
construct or vector control. Cells were metabolically radiolabelled for 45 min and chased for the
indicated times, and lysates were immunoprecipitated using hERG-specific antibodies. CG and
FG hERG were detected by SDS-PAGE and autoradiography, and quantified relative to the
initial amount of CG hERG. B, cycloheximide chase kinetics of hERG upon Bagl
overexpression. HEK293 cells transfected as above were treated with cycloheximide to stop
translation for the indicated times. CG and FG hERG were detected by western blot, and
quantified relative to the initial amount of each. C, Bagl affects the amounts of polyubiquitinated
hERG. HeLa cells stably expressing hERG were transfected with siRNA against Bagl or non-
silencing control (n=1). In parallel, HEK293 cells were transfected with hERG and the indicated
Bagl construct or vector control. hERG was immunoprecipitated as above, and
polyubiquitinated material detected with a ubiquitin-specific antibody. Quantitation of
polyubiquitinated hERG was adjusted for the total amount of immunoprecipitated hERG, shown
below the ubiquitin blot, and plotted relative to the amount of polyubiquitinated hERG in control
cells. Unless otherwise specified, data are shown as mean + SD and are representative of at least

three independent experiments, * p<0.05.
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Figure 3.3. Bagl disrupts chaperone complexes with hERG. A, Bagl affects chaperone
complexes. HEK293 cells were transfected with hERG and the indicated Bagl construct or
vector control, and hERG immunoprecipitated as in Figure 3.2. Co-precipitating Hsc70/Hsp70
and CHIP were detected by western blot; Hsc70 and Hsp70 were equally detected by the
antibody used here. Quantitation of Hsc70/Hsp70 and CHIP was adjusted for the total amount of
immunoprecipitated hERG, and plotted relative to the amounts in the control. B, Hsc70/Hsp70 is
necessary for hERG maturation. HeLa cells stably expressing hERG were transfected with
siRNA against both Hsc70 and Hsp70, or non-silencing control. CG and FG hERG were detected
by western blot, and quantified relative to the amount of each in control cells. C, cells as in B
were examined for hERG kinetics by pulse-chase as in Figure 3.2. D, Bagl induces misfolding
of hERG. HEK293 cells were transfected with hERG and either Bagl or vector control. Total
light membrane fractions were isolated and treated with the indicated amounts of trypsin for 10
min at 37°C. CG and FG hERG were detected by western blot and quantified relative to the
amount without trypsin treatment (n=1). E. CHIP contributes to hERG degradation. The
experiment in B was repected except with siRNA against CHIP. Unless otherwise specified, data
are shown as mean = SD and are representative of at least three independent experiments, *

p<0.05.
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Figure 3.4. The E2 conjugating enzyme Ube2g2 functions in hERG ERAD. A, HeLa cells
stably expressing hERG were transfected with siRNA against the indicated protein, or non-
silencing control. Knockdown of the proteins was confirmed by western blot. CG and FG hERG
were detected by western blot, and quantified relative to the amount of each in control cells. B,
HEK293 cells were transfected with hERG and either Bagl or vector control, as well as siRNA
against Ube2g2 or CHIP or non-silencing control. CG and FG hERG were detected and
quantified as above. Unless otherwise specified, data are shown as mean = SD and are

representative of at least three independent experiments, * p<0.05.
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Figure 3.5. The E3 ligase TRC8 degrades hERG at the ER. A, HeLa cells stably expressing
hERG were transfected with siRNA against the indicated protein, or non-silencing control.
Knockdown of the proteins was confirmed by western blot. CG and FG hERG were detected by
western blot, and quantified relative to the amount of each in control cells. Unless otherwise
specified, data are shown as mean = SD and are representative of at least three independent

experiments, * p<0.05.
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Chapter 4

Dual roles of Hsp70 and DNAJA?2 1n
the degradation of CFTR
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4.1. Abstract

Loss of function of the cystic fibrosis transmembrane conductance regulator, the CFTR
chloride channel, is usually caused by misfolding and degradation of the protein due to mutation.
The Hsc70/Hsp70 chaperone system is thought to assist CFTR folding, but also its degradation at
both the endoplasmic reticulum (ER) and cell surface. Here, we address how these opposing
functions are balanced. We find that the co-chaperone DNAJA2 as well as DNAJA1 is necessary
for CFTR, but that Hsc70/Hsp70 restricts the amount of mature CFTR. Overexpressed DNAJA2,
but not DNAJAI, specifically caused degradation of CFTR by Hsc70/Hsp70 and the E3
ubiquitin ligase CHIP at the ER. Excess Hsp70 also promoted CFTR degradation, but mostly
through the lysosomal pathway. This role of Hsp70 required CHIP, but not complex formation
with HOP and Hsp90. Thus, the endogenous levels of DNAJA1 and DNAJA2 appear to be
optimized for CFTR. Furthermore, we propose that DNAJA2 is a major determinant of ER-
associated degradation of newly synthesized CFTR, whereas Hsp70 is the corresponding

determinant of mature CFTR degradation from the cell surface.
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4.2. Introduction

Cystic Fibrosis (CF) is an autosomal recessive genetic disease due to loss of function
mutations in the cystic fibrosis transmembrane conductance regulator, CFTR (gene ABCC7).
CFTR is a CI ion channel located at the apical membrane of polarized epithelial cells lining

airways and glands *'**"

. The deletion of the phenylalanine 508 (AF508) is the most common
CF-causing mutation, which underlies the channel folding defects that impede almost all nascent
forms from progressing through the biosynthetic pathway and consequently are degraded at the
ER ***. Therefore, understanding the mechanisms of CFTR biogenesis, folding and degradation
is critical for unraveling the molecular basis of CF pathogenesis and the development of new
therapeutics.

CFTR is a member of the ATP-binding cassette (ABC) transporter superfamily that
contains 1480 amino acid residues and forms five subdomains; two membrane-spanning domains
(MSD1 and MSD2) with six transmembrane domains each, two nucleotide-binding domains
(NBD1 and NBD2), and a regulatory (R) domain *'*. CFTR synthesis at the endoplasmic
reticulum (ER) takes approximately 10 minutes and requires co- and post-translational folding
events that involve the cooperative assembly of N- and C-terminal membrane and cytosolic
subdomains ******° CFTR assembly progresses through the formation of different folding
intermediates most of which are destined for the degradation pathway since CFTR folding is
inefficient *"°.

The F508 residue is located on the surface of NBD1 and is important for proper domain

folding 2****°. Additionally, deletion of F508 is predicted to perturb interaction with NBD2 and

with the intracellular loops exposed by MSD1 and MSD2. These contact sites are crucial for
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maturation of intact CFTR **. Therefore, the great majority of CFTR AF508 is unable to fold
correctly, and is sent prematurely for ER-associated proteasomal degradation (ERAD) >
Molecular chaperones assist the folding and assembly of the cytosolic domains of CFTR.
The ATP-dependent Hsc70/Hsp70 and Hsp90 chaperones are thought to be the most important
30224240241 'Hqc70/Hsp70 is activated by the J domains of DNAJ co-chaperones, to support
folding but also a variety of other processes *®. Hsc70 and its co-chaperone DNAJAI (also
called DJA1/Hdj2) act early on at the level of the ER to assist co-translational folding of NBD1
> This step is followed by the action of the ER lumenal chaperone, calnexin, which may act
after Hsc70 and appears to be critical in the stabilization of MSD2 and NBD2 domains of CFTR
316317 N-glycosylation at residues N894 and N900 are required for recruiting calnexin and
promoting nascent CFTR folding as well as structurally stabilizing transmembrane regions of
MSD2 in the ER membrane **’. The Hsp90 system is involved probably in the later steps of

241

CFTR folding as Hsp90 inhibition blocks CFTR maturation and accelerates its degradation . In

addition, downregulation of the Hsp90 cochaperone Ahal rescues CFTR AF508 allowing its

accumulation at the cell surface %

. The importance of Hsp90 and its co-chaperones in CFTR
biogenesis is well established, yet the exact contribution of Hsc70 or Hsp70 and its co-
chaperones in the early steps of CFTR biogenesis is still in question.

Molecular chaperones are also involved in CFTR degradation. The cytosolic E3 ubiquitin
ligase CHIP interacts with Hsc70/Hsp70 to promote misfolded CFTR ubiquitination and ERAD

1% In addition to the ER cytosolic Hsc70-CHIP complex, there is an ER membrane-associated

complex that involves the E3 ligases RMA and gp78 that cooperate to ubiquitinate CFTR ***"",
Ubiquitinated CFTR is sent for proteasomal degradation through a pathway that involves derlin-

12, BAP31 °"® and p97 *". It is not entirely clear how CFTR degradation is divided between
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the CHIP and RMA1-gp78 E3 machineries. However, RMA1 has been proposed to act co-
translationally to sense the folding status and assembly of NBD1 and the R domain while Hsc70-
CHIP may act post-translationally after NBD2 synthesis to detect folding defects that involve
terminal steps in CFTR assembly **. However, binding sites for Hsc70 in NBD1 and NBD2
during folding remain to be determined. The RMA1 E3 ligase complex recognizes misfolded
cytosolic domains in CFTR through the help of Hsc70 and a transmembrane ER resident co-
chaperone, DNAJB12 ***. It is not clear which DNAJs promote the binding of Hsc70-CHIP to
CFTR leading to degradation. The dual function of Hsc70/Hsp70 in folding and degradation also
raises the question as to the extent of its contribution to each of these opposing processes during
CFTR biosynthesis.

The Hsc70-CHIP complex also functions in CFTR cell surface quality control by
promoting lysosomal degradation of CFTR that is misfolded at the plasma membrane (PM).
Hsp90 is also implicated in this function, as well as the co-chaperone HOP which connects
Hsp90 with Hsc70/Hsp70 '®°. The mechanisms involved are less clear than for ERAD, but the
parallels with ER quality control are notable. However, a similar question arises about the
relative contribution of Hsc70/Hsp70 to degradation at the PM compared to the ER, whether
CFTR at the PM is maintained by Hsc70/Hsp70, and the role of any of the DNAJ co-chaperones.
Furthermore, our previous results found that DJA1 was biologically distinct from its close
homolog DNAJA2 (DJA2) in terms of which proteins they assist in folding, but that both could
promote CHIP-mediated degradation of the immature hERG potassium channel at the ER ***%,

Here, we examined the overall importance of the Hsc70/Hsp70 chaperone system for
CFTR. Using knockdown and overexpression experiments, we found that both DJA1 and DJA2

are required for CFTR maturation. Remarkably, Hsp70 negatively affected mature CFTR
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amounts. We then assessed the roles of DJA1, DJA2 and Hsp70 in ERAD and lysosomal
degradation of CFTR. We propose a model in which specific DNAJ activities, or the lack of it,

regulate the degradation of CFTR in cells.

4.3. Results

4.3.1. Optimum levels of Hsp70 and DJAs are required for

mature CFTR

The Hsp70 chaperone system was expected to be most important for CFTR during its
folding at the ER. Thus, we first examined the kinetics of CFTR maturation using radiolabel
pulse-chase experiments. HeLa cells, stably expressing CFTR with an external HA epitope tag
1% were labeled with a 15 min pulse and chased for 3 h. In agreement with previous reports,
immature core-glycosylated band B CFTR, around 140 kDa, diminished to a low amount
compared to its starting level (Figure 4.1A). Mature fully-glycosylated band C CFTR at around
170 kDa rose in amount, representing a substantial amount of the initial band B material, as
expected (Figure 4.1A). Hsc70 (gene HSPAS) and Hsp70 (genes HSPA1A and HSPA1B) are the
most abundant cytosolic forms of the chaperone family. To address their importance for CFTR,
the expression of both was knocked down using a mixture of three siRNA duplexes. The total
population of Hsc70 and Hsp70 was depleted to around 50% of non-silencing control (data not
shown). Unexpectedly, knockdown of Hsc70/Hsp70 increased the amount of band C CFTR
compared to the non-silencing control, while band B was not affected (Figure 4.1A).

The reverse experiment was then conducted. HEK293 cells transiently transfected with

HA-tagged CFTR and Hsp70 or vector control, were similarly examined by pulse-chase
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experiments. Hsp70 was used because its expression was much higher than that of Hsc70 when
co-transfected with CFTR, and at a level comparable to total endogenous Hsc70 and Hsp70 (data
not shown). In control experiments, the expected decrease in band B and increase in band C was
observed. However, Hsp70 overexpression markedly reduced the amount of band C that
appeared during the chase, whereas band B was unaffected (Figure 4.1B). Thus, the knockdown
and overexpression results were consistent with each other and both suggested that Hsc70/Hsp70
suppressed mature CFTR levels.

These results were striking, and were further investigated by testing the major DNAJ-
family co-chaperones DJA1 and DJA2. Pulse-chase experiments on CFTR were conducted as
above with knockdown of either DJA. Depletion of DJA1 clearly decreased the amount of
mature band C produced, and remarkably, DJA2 depletion had the same effect (Figure 4.1C).
Immature band B was not strongly affected by either knockdown. We then compared the effects
of DJAI or DJA2 overexpression with that of Hsp70. In this case, DJA2 overexpression also
decreased band C levels, and caused a small increase in band B over the chase (Figure 4.1D). In
contrast, DJA1 had no effect on bands B or C.

The DJA1 and DJA2 results parallel those with the hERG potassium channel **’, but with
a different pattern. Knockdown experiments showed that DJA1 was specifically required for
mature hERG, and that DJA2 was not. Now, for CFTR, it appears that both DJA1 and DJA2 are
important for maturation. Also, the results demonstrate that both DJA1 and DJA2 overexpression
promoted hERG ERAD. It is therefore possible that DJA2 specifically has a function to direct
CFTR to ERAD. By extension, Hsp70 overexpression could also promote CFTR degradation.
The increase in mature CFTR upon Hsp70 knockdown suggests that endogenous cellular levels

of the chaperone already favour CFTR degradation. Nevertheless, some level of Hsp70 must be
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required for CFTR folding and maturation, as DJA1l and DJA2 are only known to act in
coordination with Hsc70/Hsp70. Taken together, we propose that optimum levels of
Hsc70/Hsp70 and its DJA co-chaperones are needed for mature CFTR, and that CFTR is highly

sensitive to disruption of the chaperone system.

4.3.2. DJA2 promotes ERAD of CFTR

The effects of DJA depletion could be attributed to impaired folding, but the loss of
mature CFTR caused by excess DJA2 could be more complex. First, increased ERAD of newly-
synthesized CFTR could result in less mature form. Second, the pulse-chase data showed that
DJA2 increased immature CFTR levels moderately, so DJA2 could instead be delaying traffic
out of the ER. A third possibility is that DJA2 could affect clearance of mature CFTR in
lysosomes. To address these questions efficiently, we used HEK293 cells transfected with
doxycycline-inducible CFTR, with DJA2 co-expressed under a constitutive promoter. This
allowed us to turn on CFTR expression in an environment with a defined pre-existing population
of DJA2, compared to vector control. The advantage of the method is that both band B and C can
be observed in a single experiment. After 6 h of induction, a large amount of band B CFTR was
detectable, along with a clear band C. Cycloheximide (CHX) was then added and over a 3 h
chase, band B levels decreased greatly but band C levels only moderately (Figure 4.2A, B). The
rate of band B decrease was identical to that observed by pulse-chase (Figure 4.2B), and the
starting amount of band C before the chase was around 20% of band B (Figure 4.2A, top left
panel). Thus, in its main parameters, the “induction-chase” method recapitulates the pulse-chase
in HEK293 cells (Figure 4.1B,D) such that immature CFTR decreases to around 10% of initial

amounts over 3 h, and maturation of CFTR is around 20% after induction. Furthermore, during
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the CHX chase, band C is in dynamic equilibrium between anterograde trafficking and lysosomal
degradation, so effects on both rates can be observed.

As a first experiment, we tested the effect of DJA2 on CFTR. At 6 h of induction, DJA2
overexpression did not greatly change the total amount of band B and C observed. However,
during the CHX chase, DJA2 caused a notably steeper decrease in band C levels compared to
vector control (Figure 4.2A,B) in overall agreement with the pulse-chase results. A small
increase in band B levels was visible but was not significant. To confirm that the effect was
specific to the co-chaperone function of DJA2, a deletion mutant lacking the J domain (DJA2-
AJ) * was also tested, with the same results as vector control (Figure 4.2A,B).

We then addressed whether DJA2 promoted ERAD of CFTR by adding the proteasome
inhibitor MG132. In control cells, MG132 moderately increased the amounts of both bands B
and C (Figure 4.2C). However, when DJA2 was expressed, MG132 restored band C levels to
those originally observed in control cells (Figure 4.2D). The increase in band B upon MG132
addition was the same whether vector or DJA2 was transfected (Figure 4.2C,D). For DJA2-AJ,
only the same increase in band C as for vector control was observed with MG132 (Figure 4.2E).
As expected, DJA1 overexpression had no effect on band B or C kinetics (data not shown).
These results show that DJA2 promotes degradation of immature CFTR by proteasomes at the
ER. The effects of DJA2 on mature band C must then be due to the decrease in immature CFTR
available for forward trafficking.

A possible mechanism is that DJA2 directs the binding of Hsc70/Hsp70 complexes with
CHIP to CFTR. This would be consistent with the requirement for the J domain shown above, to
activate polypeptide binding by Hsc70. We thus examined the induction-chase kinetics of CFTR

upon CHIP knockdown. Depletion of CHIP alone modestly increased levels of band C but not
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band B during the chase (Figure 4.3A,B), although total levels of both were proportionally
higher compared to non-silencing controls. But, when DJA2 was overexpressed to decrease band
C amounts, CHIP knockdown restored band C to levels found in vector-transfected non-silencing
controls (Figure 4.3A,C). This was very similar to the effect of MG132 upon DJA2 transfection
(Figure 4.2D). We conclude that excess DJA2 specifically promotes ERAD of CFTR exclusively

through Hsc70-CHIP, leading to impaired forward trafficking.

4.3.3. Hsp70 promotes lysosomal degradation of CFTR

We then investigated the Hsp70 effects on CFTR. Hsp70 overexpression did not change
the amounts of band B and C after 6 h of induction, but during the 3 h CHX chase, Hsp70
overexpression led to a clearly faster decline in band C compared to vector control (Figure
4.4A,B). This was similar to the effect of DJA2 above, although Hsp70 had no effect on the
kinetics of band B disappearance. Because we had established that DJA2 and CHIP promoted
degradation of immature CFTR, it seemed likely that overexpressed Hsp70 acted the same way.
However, when we conducted the experiments in the presence of MG132, the proteasome
inhibitor had no significant effect on the loss of band C caused by Hsp70 (Figure 4.4A,D). This
was opposite to our observations with DJA2. While MG132 resulted in some increase in band B
levels on Hsp70 overexpression, the increase was the same as that in vector controls (Figure
4.4C,D). It appeared that Hsp70 suppresses mature CFTR through mechanisms other than ERAD.

Band C levels during the CHX chase depends on its rate of formation from band B, and
rate of disappearance due to lysosomal degradation. Because Hsp70 did not change the amounts
of band B during the chase, there was no evidence that forward trafficking of CFTR and

maturation into band C was slowed. Thus, we addressed the idea that excess Hsp70 directed
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mature CFTR to lysosomal degradation. The same experiment was performed but with addition
of chloroquine (CQ) to inhibit lysosomal proteases by raising the organellar pH. In vector-
transfected cells, CQ did not affect band B as expected, but caused a moderate increase in band
C during the chase (Figure 4.4E). When Hsp70 was overexpressed, CQ now prevented the fast
decline in band C, and restored band C levels to that in the control cells (Figure 4.4F). Therefore,
excess Hsp70 acts primarily to target mature CFTR for lysosomal degradation, and not immature
CFTR for ERAD. DJA2, when in excess, works with endogenous levels of Hsc70/Hsp70 to

favour ERAD of CFTR.

4.3.4. CHIP but not HOP-Hsp90 is required for mature CFTR

degradation

A role for Hsc70/Hsp70 in internalization and lysosomal targeting was previously found
for rescued, misfolded CFTR AF508 at the PM. siRNA screening showed that Hsc70 but not
Hsp70 was required, and that CHIP ubiquitination was the major mechanism. Furthermore, there
was evidence of roles for DJA1 and the co-chaperone HOP that links Hsc70/Hsp70 to Hsp90 '*°.
Here, our results on wild-type CFTR suggest that Hsp70 is important for its lysosomal targeting,
and there was no evidence of a role for DJA1. Hsc70 co-transfection levels in HEK293 were too
low for us to make reliable conclusions. Thus, the involvement of CHIP and HOP in Hsp70-
directed lysosomal degradation was examined.

As a first approach, we took advantage of a recent report of a phosphorylation site in
Hsc70/Hsp70 within its C-terminal binding motif for tetratricopeptide-repeat domain co-

chaperones, including CHIP and HOP. In particular, the phosphorylation at T636 on Hsp70
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320 .
. However, direct effects

impaired CHIP binding, as well as the phosphomimic mutant T636D
on Hsp70-mediated degradation were not addressed by that work, as cell proliferation related to
kinase activity was mostly examined. We constructed the Hsp70 T636D mutant and tested its co-
chaperone interactions by co-IP from HEK293 cells. Both wild-type and T636D mutant were
recovered in similar amounts using the FLAG tag, but there was a clear loss of CHIP and HOP
binding to the mutant, with about 40% remaining compared to wild-type Hsp70 (Figure 4.5A).
Consistent with the decreased HOP interaction, co-precipitating Hsp90 was also markedly
reduced with the mutant. Hsp110 was also detected, as a negative control, which binds to the N-
terminal ATPase domain of Hsp70 321322 and its interaction was unaffected (Figure 4.5A).
Hsp70-T636D thus appears to be uncoupled both from CHIP and the Hsp90 chaperone system.
To rule out any intrinsic functional defects in Hsp70 T636D, its chaperone activity was
confirmed. We previously showed that in HEK293 cells, the model reporter firefly luciferase
denatured by heat shock could be refolded to around 20% of initial activity by endogenous
Hsc70/Hsp70 and DJA2, and that refolding could be enhanced to around 50% of initial by

. 62,310
overexpression of Hsp70 °~

. The Hsp70-T636D mutant when overexpressed resulted in an
identical refolding yield to wild-type Hsp70 (Figure 4.5B). Therefore, any effects of Hsp70-
T636D must be due to its loss of interactions and not to other biochemical defects.

When Hsp70 T636D was overexpressed in CFTR induction-chase experiments, the
decline in band C was weak compared to that with wild-type Hsp70 (Figure 4.5C,D). The rate of
decrease was still greater than with vector control (Figure 4.5D), which may be due to the partial
loss of CHIP and HOP-Hsp90 binding to the Hsp70 mutant. The presence of MG132 did not

significantly change the kinetics of band C with Hsp70-T636D, and the increase in band B was

the same as that with vector control (Figure 4.5E and 4.4C). CQ treatment caused some increase
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in band C, as expected (Figure 4.5F). It appears that the co-chaperone interactions are important
for degradation of mature CFTR.

Next, the roles of CHIP and HOP were directly investigated by knockdown. As reported
above, CHIP knockdown increased band C somewhat during the CHX chase (Figure 4.3A,B),
but HOP knockdown had no visible effect on either band of CFTR (Figure 4.6A,B). Combined
Hsp70 overexpression and CHIP knockdown was tested, and notably, band C amounts were
restored to those in controls (Figure 4.6C,D). Again, HOP knockdown had no effect, indicating
that Hsp70 effects were exclusively through CHIP. As a further test, Hsp70-T636D was
overexpressed, and as predicted CHIP knockdown only marginally increased band C levels, with
HOP knockdown being ineffective (Figure 4.6C,E). Therefore, we conclude that excess Hsp70
suppresses mature CFTR amounts by promoting ubiquitination by CHIP, leading to degradation

in lysosomes. Moreover, Hsp70 complexes with HOP and Hsp90 appear not to be involved.

4.4. Discussion

Taken together, these results outline a dual role of the Hsp70 chaperone system in the
degradation of immature and mature CFTR. These quality control activities are on top of the
chaperone requirement for CFTR folding and trafficking, and depend on the expression levels of
specific chaperone components. Our model has three key points: First, not only DJA1, but also
DJA2 is necessary for CFTR maturation, and by extension Hsc70/Hsp70 is also important.
Second, DJA2 has a unique role in inducing the degradation of immature CFTR, through
Hsc70/Hsp70 and CHIP. Third, Hsp70 in excess promotes lysosomal targeting and degradation

of mature CFTR, again through CHIP. The model raises interesting questions about how CFTR
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may be recognized differently by the chaperones, and how chaperone manipulation could be
usefully pursued.

The degradation role of Hsp70 has the most important implications for the understanding
of cystic fibrosis. The knockdown data suggest that only a fraction of endogenous Hsc70 and
Hsp70 is necessary for CFTR folding and trafficking, supported by endogenous levels of DJAI
and DJA2. Because Hsc70 and Hsp70 are highly abundant in cells *, their levels are also unlikely
to be limiting for the folding of CFTR AF508. Instead, the excess endogenous Hsc70/Hsp70 may
naturally restrict the population of mature CFTR, wild-type and AF508, by favouring lysosomal
degradation. Moreover, excess Hsc70/Hsp70 does not strongly promote ERAD of CFTR, so acts
primarily on the mature form. Cellular concentrations of Hsc70/Hsp70 are substantially higher
than its DJA partners, and it is possible that the imbalance contributes to CFTR degradation. In
any case, Hsc70/Hsp70 is a promising drug target for cancer therapies, and there has been recent
progress in developing novel small molecules that modulate different aspects of its mechanism.
319311 The use of such an agent at low doses to achieve partial inhibition could be a promising
therapeutic approach to preserve CFTR AF508 at the PM in cystic fibrosis patients.

CFTR is now the first protein identified to require both DJA1 and DJA2 for folding.
These DNAJs are biochemically distinct, which underlies their different abilities to support
Hsc70-mediated folding of various proteins. ®*®* As already mentioned, we demonstrated that
DJA1 but not DJA2 was required for the hERG channel. **” DJAI is also specifically required
for Activation-Induced Deaminase °°, and for proper regulation of the Androgen Receptor °’.
Oppositely, we found that DJA2 but not DJA1 is necessary for luciferase refolding . DJA2 is
also known to be important for signaling through certain trimeric G proteins ***. These studies

suggest that each DJA may be optimal for Hsc70-mediated folding of certain types of structures,
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and it would be expected that some substrates would contain structures of both types so that both
DJAs are required. We believe that CFTR will be only the first example of other proteins
dependent on DJA1 and DJA2. As DJALI interacts with the CFTR NBDI during its synthesis
an intriguing speculation is that DJA2 acts at a later step, perhaps on NBD2.

The results on CHIP-mediated ERAD of CFTR also show that DJA2 and DJA1 are not
interchangeable. This is more unexpected than specific requirements for folding. The simplest
model would be that any DNAJ could promote ubiquitination by CHIP-Hsc70 complexes, as
folding of the substrate is not required. However, our previous data had some indications that the
process was more complex. Although both DJAs promoted hERG degradation, DJA2 was more
effective than DJA1, and another co-chaperone DNAJA4 still more **’. Furthermore, in a study
of DJA2 mutants with different mechanistic defects, all mutants, which could not promote
luciferase refolding, were also unable to drive hERG degradation . Finally, the ER-anchored
co-chaperone DNAJB12 promotes CFTR degradation through the RMAI1 pathway and not
through CHIP ***. Thus, while the exact roles of DNAJs in ERAD are still to be determined,
conformational changes in the substrate related to those during folding are likely to be involved.
The DJAs are harder to target pharmacologically than Hsc70 or Hsp70 because they do not have
enzymatic activities, and high-resolution structural information is lacking. Our results suggest

that overall, Hsc70 and Hsp70 have the most potential for research into future therapies.
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Figure 4.1. Optimum levels of Hsp70 and DJAs are required for mature CFTR. A, HelLa
cells stably expressing externally HA-tagged CFTR were transfected with siRNA against both
Hsc70 and Hsp70, or non-silencing control. Cells were metabolically radiolabelled for 15 min
and chased for the indicated times, and lysates were immunoprecipitated using HA-specific
antibodies. CFTR bands B and C were detected by SDS-PAGE and autoradiography at 140 kDa
and 170 kDa, respectively, and quantified by image phosphor analysis relative to the initial
amount of band B CFTR. B, HEK293 cells were transfected with HA-tagged CFTR and either
Hsp70 or vector control, and analyzed by pulse-chase as above. C, HeLa cells as above were
transfected with siRNA against DJA1, DJA2 or non-silencing control, and analyzed by pulse-
chase. D, HEK293 were transfected with CFTR and either DJA2 or vector control, and analyzed
by pulse-chase. Unless otherwise specified, data are shown as mean + SD and are representative

of at least three independent experiments, * p<0.05, ** p<0.01, ***p<0.001.
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Figure 4.2. DJA2 promotes ERAD of immature CFTR. A, HEK293 Tet-On 3G cells were
transfected with HA-tagged CFTR under an inducible TRE-Tight promoter, and either DJA2 or
DJA2-AJ under CMV promoters, or vector control. CFTR expression was induced by 1 pg/mL
doxycycline for 6 h, then 50 pg/mL cycloheximide was added and cells were analyzed at the
indicated chase times. One set of experiments were performed with the addition of 20 uM
MG132 at the same time as cycloheximide, and another set with vehicle control added. CFTR
bands B and C were detected by western blot (representative images are shown) quantified by
chemiluminescent detection and a digital camera. B, quantitation of A comparing DJA2 and
DJA2-AJ overexpression, with amounts of bands B and C plotted relative to their initial amounts
upon addition of cycloheximide. C, comparison of MG132 treatment with control. D,
comparison of DJA2 overexpression and MGI132 treatment with control. E, comparison of
DJA2-AJ overexpression and MG132 treatment with control. Unless otherwise specified, data

are shown as mean + SD and are representative of at least three independent experiments.
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Figure 4.3. DJA2 promotes CFTR degradation through CHIP. A, HEK293 Tet-On cells
were transfected with inducible CFTR and overexpressed DJA2 as in Figure 4.2, and either
siRNA against CHIP or non-silencing control. CFTR expression was induced and chased with
cycloheximide as in Figure 4.2. B, quantitation of A comparing CHIP knockdown with control.
C, comparison of DJA2 and CHIP knockdown with control. Unless otherwise specified, data are
shown as mean + SD and are representative of at least three independent experiments, * p<0.05,

% p<0.01.
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Figure 4.4. Hsp70 promotes lysosomal degradation of mature CFTR. A, HEK293 Tet-On
cells were transfected with inducible CFTR and overexpressed Hsp70, and then CFTR
expression was induced and chased with cycloheximide as in Figure 4.2. One set of experiments
were performed with the addition of 20 pM MG132 at the same time as cycloheximide, another
set with 200 uM chloroquine (CQ), and a control set with vehicle. B, quantitation of A
comparing Hsp70 overexpression with control. C, comparison of MG132 treatment with control.
D, comparison of Hsp70 overexpression and MG132 treatment with control. E, comparison of
CQ treatment with control. D, comparison of Hsp70 overexpression and CQ treatment with
control. Unless otherwise specified, data are shown as mean = SD and are representative of at

least three independent experiments, * p<0.05, ** p<0.01, ***p<0.001.

124



[Chase (hr] 0] 1] 2] 3] [Chase (hr) 0] 1] 2] 3] B

C "
Vector b fB Hsp70 " 53 =120 =120
+ Vehicle - IB:HA  + Vehicle N S . 8 8
o 1B:HA £ 100 Z 100
Vector L3 fg Hsp70 : <C E 80 “:Z 80
+MG132 a2 B:HA +MG132 . <B < 60 = 60
' IB: HA g 0 (&) 40 Fkk ——Vector
2 kK -=-Hsp70
Vector s <<C Hsp70 <C G 3 i
+ca - +CQ P E ® 20 ® 2
. - 1B: HA ‘ 1B: HA 0 0
0 1 2 3 0 1 2 3
b s IB: Flag Time (hr) Time (hr)
=1
8
1
G
x .
—e—Vector + Vehicle o —=—Vector + Veh!cle
—m-Vector + MG132 ° —=—Hsp70 + Vehicle
s - & -Hsp70 + MG132
0 1 2 3
Time (hr) Time (hr) Time (hr)
5120 140, . F S120 =
2 100 £ 120; - 100 g
s 80 5 100-.-.=,——\‘§\§ 5 80 5
£ 60 & 801 £ 60 g v i
@ O 60 —e—Vector + Vehicle m o IHE?;& : xz::z:z
T 40 2 - o 40 °
2 g 401 m -Vector + CQ g s - &-Hsp70 + CQ
m 20 m o] m 20 m
0 = 0O+— 0
0 1 2 3 0 1 2 3 0 1 2 3

Time (hr) Time (hr) Time (hr) Time (hr)



Figure 4.5. Hsp70-T636D is ineffective at promoting degradation. A, HEK293 cells were
transfected with FLAG-tagged Hsp70 or Hsp70-T636D, or vector control. Cells were lysed and
immunoprecipitated with FLAG-specific antibodies, and samples analyzed by western blot for
the indicated proteins. The amounts of co-precipitated proteins were quantified and adjusted to
the amounts of Hsp70 and Hsp70-T636D recovered. The amounts bound to Hsp70-T636D were
then plotted as a percentage of the amounts bound to wild-type Hsp70. B, HEK293 cells were
transfected with firefly luciferase and either Hsp70 or Hsp70-T636D, or vector control. Cells
were treated with cycloheximide and heat shocked at 45°C for 1 h to denature the luciferase, then
allowed to recover at 37°C for the indicated times. Luciferase enzymatic activity was measured
in cell lysates to monitor refolding, and plotted relative to the initial activity before heat shock.
Refolding with Hsp70-T636D was significantly above that with vector, but not different from
that with Hsp70. C, HEK293 Tet-On cells were transfected with inducible CFTR and
overexpressed Hsp70 or Hsp70-T636D, and then CFTR expression was induced and chased with
cycloheximide in the presence of MG132 or CQ or control, as in Figure 4.2. D, quantitation of C
comparing Hsp70 with Hsp70-T636D. E, comparison of Hsp70-T636D and MG132 with control.
F, comparison of Hsp70-T636D and CQ with control. Unless otherwise specified, data are shown
as mean = SD and are representative of at least three independent experiments, * p<0.05, **

p<0.01, **%p<0.001.
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Figure 4.6. CHIP but not HOP-Hsp90 is required for mature CFTR degradation. A,
HEK?293 Tet-On cells were transfected with inducible CFTR, and either siRNA against HOP or
non-silencing control, and then CFTR expression was induced and chased with cycloheximide as
in Figure 4.2. B, quantitation of A comparing HOP knockdown with control. C, the experiment
in A was expanded to include overexpressed Hsp70 or Hsp70-T636D, and siRNA against CHIP
or HOP or non-silencing control. D, comparison of Hsp70 overexpression and CHIP or HOP
knockdown with control. E, comparison of Hsp70-T636D overexpression and CHIP or HOP
knockdown with control. Unless otherwise specified, data are shown as mean + SD and are

representative of at least three independent experiments, * p<0.05.
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Chapter 5

General Discussion

5.1. HSP40 co-chaperones are regulators of hERG

biogenesis

In the first study, we demonstrated the importance of the Hsc/p70 chaperone system in
hERG biogenesis. First, we showed that Hsc/p70 is critical for proper hERG folding and
trafficking across the secretory pathway. Then, we identified the type I Hsp40, DJA1 that
interacts with Hsc/p70 to promote its folding activity. While only DJA1 was involved in hERG
folding, all the other type I Hsp40s, namely DJA1, DJA2, and DJA4, promoted hERG
proteasomal degradation through the E3 ubiquitin ligase CHIP. We carried our research further
to demonstrate the internal mechanisms by which the DJAs promote folding and degradation,
and we showed that whatever is required for degradation function of the DJA2 is also required
for the folding.

In luciferase refolding experiments from our lab, we showed that the folding activity of
DJA2 is dependent upon specific internal structures in the middle/C-terminal domain: that is, the
presence of an intact m2 region and the C-terminal dimerization interface, which cannot be
interchanged with that of DJA1. Is this also applicable for the folding activity of DJA1 with
regard to hERG? We expect the function of DJA1 in hERG folding to be impaired in case any of

the internal structures is deleted or replaced. Pure protein experiments found that the m2 region
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of DJAI as well as that of DJA2 was necessary for the transfer of substrate from the co-
chaperones onto Hsc70 ®, and this is most likely a universal requirement for DJA function. The
homodimerization region is important to maintain the conformation of both DJAs. Another point
we raised in that same study is the point at which DJA1 or DJA2 transfer substrate after inducing
Hsc/p70 ATPase activity. Using a non-hydrolyzable ATP mimetic and ATP transition state
analogues, we demonstrated that DJA2 substrate release might be coupled to the actual ATP
hydrolysis step while that of DJA1 might occur at a later stage of the ATPase reaction. This
distinction between DJA1 and DJA2 substrate release could be one of the underlying mechanism
that reflect the difference between these two co-chaperones in hERG folding.

The question remains as to which domains of hERG are dependent on the chaperones for
their folding. It is logical to assume that both cytosolic domains, the PAS and ¢cNBD, depend on
chaperone function, but it seems that the cNBD requires the chaperone system more than the
PAS domain. We tried unsuccessfully to purify the cNBD by constructing different truncations
and expressing them in bacteria (data not shown). However, the PAS domain was purified and its
structure solved by crystallography >, suggesting that it is not as dependent on the human
chaperones as the cNBD, which formed aggregates in bacteria in our trials. While there are no
reports of purified hERG ¢cNBD from other groups, structures of the cNBD from the closely
related mouse EAG1 (ether-a-go-go) channel have recently been solved. *****° Small differences
in protein sequence between the hERG and EAG1 domains may explain their different abilities
to fold.

We illustrated the importance of the Hsc/p70 system in hERG biogenesis and we
identified the co-chaperones at play, but to what extent are the Hsp90 system and its co-

chaperones required as well? Hsp90 was shown to be critical for hERG folding using inhibitor
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experiments. *°° However, none of its co-chaperones were tested. Nonetheless, we tested Ahal
and p23, both of which were shown to be involved in CFTR biogenesis, and in siRNA
knockdown experiments we found no significant effect of these co-chaperones on hERG
trafficking. This also underscores the different effects chaperones have on different substrates

and emphasizes the need to test substrates case by case.

5.2. Bagl shifts the hERG ERAD pathway to TRCS-

Ube2g?2

After identifying the players involved in hERG biosynthesis in the first part of the
Hsc/p70 cycle, we focused on the second part, which involves the NEFs. We showed that the
NEF, Bagl, promotes hERG proteasomal degradation by inhibiting the pro-folding action of
Hsc/p70 and therefore inducing hERG misfolding. hERG degradation however, does not seem to
be through the already characterized degradation pathway that involves Hsc/p70 and CHIP, but
rather through an ER-associated E3 ligase, TRCS8, whose function is independent of Hsc/p70.
Figure 5.1A demonstrates a model of hERG folding and degradation pathways and the players
involved in each of these processes.

There could be two types of hERG degradation, as part of the quality control or regulated
degradation, both of which may be due to TRCS either directly or indirectly. As part of the
quality control, TRC8 could be somehow recognizing misfolding in the hERG domains and
promoting its ubiquitination and ultimately degradation. Alternatively, TRC8 could be affecting
hERG indirectly by controlling cholesterol levels in the cell through regulated ERAD of HMG-

CoAR. HMG-CoAR catalyzes the conversion of HMG CoA to mevalonate, a rate-limiting step
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Figure 5.1. Model of hERG or CFTR biogenesis. A, Model of hERG ERAD and trafficking
depending on its folding. DJAT assists hERG folding by Hsc70 and subsequently Hsp90 together
with FKBP38, resulting in traffic to the cell surface and channel function. DJA2 promotes hERG
degradation by inappropriate complex formation with the Hsc70-dependent E3 ubiquitin ligase
CHIP. Bagl interferes with hERG folding by inducing the release of Hsc70, leading to
degradation by Hsc70-independent E3 ligases TRCS8 and its partner E2 ubiquitin conjugating
enzyme Ube2g2. B, Model of CFTR proteasomal degradation at the ER and lysosomal
degradation at the plasma membrane and its trafficking. The top panel shows the mechanisms of
chaperone folding and degradation at the ER. DNAJA1, DNAJA2 and Hsp70, then HOP, Hsp90,
p23 and FKBP38 assist CFTR folding (middle to right). If CFTR is properly folded it trafficks to
cell surface whereas if it improperly folded it is bound by DNAJA2 and Hsp70,
polyubiquitinated by E3 ligase CHIP, and directed for proteasomal degradation (ERAD, middle
to the left). Chaperone-independent E3 ligases RMA1 and gp78 also direct degradation of CFTR.
The bottom panel shows the quality control at the cell surface where functional mature CFTR
may be recognized by DNAJA1, Hsp70 and Hsp90 together with HOP. Hsp70 and CHIP
promote polyubiquitination, and targeting to lysosomes for degradation. (Figure 5.1B adapted

from *°)
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in cholesterol synthesis. Protein folding/trafficking can be directly or indirectly affected by
cholesterol and acute depletion of cholesterol from the ER membrane inhibits ER to Golgi

326 Furthermore, there is evidence that intracellular

transport of secretory membrane proteins.
cholesterol distribution specifically affects hERG. Decreasing ER cholesterol levels with
simvastatin, which inhibits HMG-CoA reductase activity, or shifting cholesterol to the
endosomes/lysosomes with imipramine, results in a decrease in mature hERG. **’ Therefore,
cholesterol levels within the cell are important for hERG trafficking and reducing the levels of
cholesterol through inhibiting HMG-CoAR activity, whether by inducing it degradation through
TRCS or by blocking it with a drug, leads to less hERG trafficking and increased ERAD. Finally,

182 although its

TRCS itself was originally postulated to contain a sterol-sensing element
function has not been established, and it is possible that cholesterol specifically inhibits TRC8
recognition of hERG.

To distinguish between these two kinds of hERG degradation, further experiments could
be performed. We propose co-IP experiments to show a direct interaction with hERG and TRCS.
TRCS8WT or RING finger mutant or deletion constructs could be used. The WT TRCS is
expected to promote hERG degradation while the ones lacking E3 ligase activity would have no
effect. All of these proteins are expected to interact with hERG, but we might be able to see it
more clearly with the mutant and ARING TRCS since these would be acting as hERG traps that
are unable to degrade it, but would remain bound to it instead. Another critical potential
experiment would be to knock down TRC8 with the overexpression of Bagl to promote hERG
misfolding. In such a case, where Bagl is inducing hERG misfolding, if TRCS is indeed the

main E3 ligase at the ER involved in hERG quality control, then the depletion of TRC8 should

inhibit hERG degradation. Finally TRC8 knockdown could be tested with the trafficking

135



deficient LQT2 hERG mutants, which are expected to be more severe misfolded. These
experiments can then be performed upon manipulation of ER cholesterol, such as by statin
inhibition of HMG-CoAR.

We showed that Bagl is involved in hERG ERAD, but another potential NEF that would
be interesting to test is Bag3. Bag3 has been shown to be involved in autophagy and lysosomal
degradation, but what effect would it have on hERG is unknown. Finally, an important question
to address is whether all NEFs are equivalent with regard to hERG or, like the DJAs, each have a
specialized function that differs from the other. Indeed knockdown of Hsp110 appeared to have
an opposite effect on hERG biosynthesis than Bagl knockdown (data not shown). In order to
understand the involvement of each of these NEFs, there should be a systematic study that makes

use of knockdown (or knockout) and overexpression experiments of each of these co-chaperones.

5.3. DNAJA2 and Hsp70 are determinants of CFTR

degradation

In the final study, we investigated the role of the Hsc/p70 system in CFTR synthesis.
Hsc/p70 has a dual role in CFTR folding and degradation at the ER and cell surface. First, we
showed that Hsc/p70 requires both DJA1 and DJA2 to promote CFTR folding, but when present
in excess, Hsc/p70 promotes CFTR proteasomal and lysosomal degradation through CHIP.
DJA2 is also involved in CFTR ERAD as well. Figure 5.1B demonstrates a model of CFTR
folding and degradation pathways, both at the ER and cell surface, along with the players

involved in each of these processes.
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Although we characterized the involvement of the Hsc/p70 and its co-chaperones in WT
CFTR biogenesis, there is question as to whether these pathways would be also applicable for
AF508 CFTR. Therefore, similar approaches should be used to assess the role Hsc/p70
chaperone machinery in relation to the mutant. However, comparative proteomics suggested that
the same chaperones and co-chaperones were associated with AF508 CFTR as with the WT.
240328 Thys, the mutant is likely to differ only in the amounts of Hsc/p70, DJAI and DJA2
required for its folding and possible rescue compared to WT.

From these experiments, we can predict that Hsp70 partial inhibiton to a level
comparable to that of the knockdown would be useful for CF patients. However, a major
challenge in developing Hsp70 inhibitors is specificity. Various inhibitors were designed and
tested including the adenosine-derived inhibitor, VER-155008, which inhibits Hsp70 chaperone
activity through targeting its ATP-binding domain. *** Another compound that also inhibits
Hsp70 ATPase activity by binding to the ATP-binding site is apoptozole. MKT-077, YKS, and
myricetin are yet other Hsp70 inhibitors that bind to different allosteric sites in the NBD of
Hsp70. *'*%%*! In addition, a compound that inhibits Hsp70 chaperone activity through
targeting its SBD is phenylacetylenylsulfonamide (PES, also known as pifithrin-p). *** Among
all these Hsp70 inhibitors, only apoptozole was tested for CFTR. This study showed that
apoptozole moderately rescues AF508 CFTR trafficking to the cell surface and increases its
chloride activity by inhibiting Hsc/p70, which leads to inhibition of CHIP binding and thus a

decrease in AF508 CFTR ubiquitination and degradation. ***

The other compounds remain to be
tested for their effect on CFTR biogenesis and the questions over their specificity, mechanism of

action and potency in cells remain to be answered.
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It is possible that CFTR stabilization, especially restoration of the AF508 mutant, will be
moderate even at the optimal condition for an individual Hsp70 inhibitor. As indicated by recent
reports, a combination of therapeutic strategies is more promising than one alone. >+
Therefore, different Hsp70 inhibitors with different mechanisms of action could be used together
in CF therapy to provide Hsp70 inhibition that is optimized to increase functional CFTR at the
plasma membrane. Furthermore, Hsp70 inhibitors could be used together with other small
molecule correctors of AF508-CFTR trafficking. These compounds stabilize CFTR structurally,
and therefore would be promising in combination with Hsp70 inhibition to block the degradation
but not folding of CFTR. They stabilize the AF508 mutant NBDI interactions with the other

parts of CFTR, but act on different parts of the structure. ***>%

How Hsp70 recognizes CFTR is
not known and some correctors may be more effective than others, if their mode of CFTR
stabilization already decreases Hsp70 binding, or even dependence on Hsp70 for folding. The
most promising corrector that could be used in combination with the Hsp70 inhibitors is VX-809
(Lumacaftor), which is in clinical trials as a combination therapy with a channel potentiator. ***

3% Others will be VRT-325, corr-4a and 15jf, which on their own provide less rescue of AF508

CFTR trafficking than VX-809. *7%

5.4. Hsc70 and Hsp70

The role of Hsc/p70 chaperones in ion-channel protein misfolding diseases is
complicated because of their opposing effects in promoting folding or assisting degradation at
the ER. Their roles in protein quality control at the plasma membrane are just beginning to be
studied. However, Hsc/p70 are expected to have different mechanisms of action at the ER

compared to the plasma membrane for different ion channels. In the case of AF508 CFTR, loss
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of CHIP function does not result in channel trafficking to the cell surface but inhibits its
internalization from the plasma membrane. An additional level of complexity in understanding
Hsc/p70 role in ion-channel misfolding diseases is added because of the potential biological
differences between these two chaperones. Hsc70 and Hsp70 were reported to have opposite
effects on the trafficking of the human epithelial sodium channel expressed in Xenopus oocytes,
and some evidence of this is found in mammalian cells. *****® Also, Hsp70 but not Hsc70 was
suggested to protect hERG from degradation. **® However, there is no known biochemical basis
for these differences. The origin of these reported biological differences in knockdown
experiments could be due to differences in Hsc70 and Hsp70 expression levels in different cell
lines. It is noteworthy to mention that in these relevant studies '****~**>* Hsc70 knockdown
induces Hsp70 expression and not vice versa (observed in our own experiments) so in order to
get full effects both should be silenced. However, the differences found in overexpression
experiments, which mask any endogenous expression variations, suggest that the chaperones are
indeed biologically distinct . Hsc70 and Hsp70 are remarkably identical with 87% sequence
identity and 94% similarity. It is possible, though, that even small differences in amino acid
sequence could cause variations in structure, biochemical properties or post-translational
modifications, which in turn may result in significant biological functional differences.
Furthermore, Hsc70 and Hsp70 might interact with different subsets of co-chaperones that
modulate their activity although there is so far no evidence for exclusive co-chaperone
interaction with Hsc70 or Hsp70. However, it is possible that some co-chaperones might
preferentially interact with one versus another due to differences in binding affinities or

abundance in the cell.
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Addressing the roles of Hsc/p70 in folding and degradation is central to understanding
how these chaperones could influence different ion channels involved in protein misfolding
diseases. Another point that needs to be addressed also is the overlapping or opposing functions
of the HSP40s and NEFs as their role in protein misfolding diseases is largely uncharacterized.
Therefore, primarily knockdown followed by overexpression experiments should be used to

systematically address these questions.

5.5. Small molecule inhibitors of Hsc/p70

Development of new specific Hsc/p70 inhibitors are promising as useful novel therapies
for various protein misfolding diseases. Small molecule activators of Hsc/p70 are also possible,

although the one reported has not been tested in mammalian cells. >

Drug therapy combined
with manipulation of chaperone levels could be also a powerful approach to influence CFTR or
hERG biosynthesis and thus rescue CF or LQT2 phenotypes. However, a concern to be
addressed is that Hsc/p70 inhibitors could affect several targets thus improving one disease while
worsening the other. For example, Hsc/p70 inhibition might decrease AF508 CFTR degradation
through CHIP while also preventing hERG folding through Hsc/p70 leading to LQT2
susceptibility in CF affected individuals. Some of these problems could be addressed during drug
testing with prioritization of the most affected organ-systems in addition to the main tissue being
treated. In other cases, enhanced Hsc/p70 function might have positive effects on mutant
channels in affected individuals. While specific DJAs will still be needed, they may synergize

with Hsc/p70 activators to stabilize the mutants. Furthermore, such activators may have greater

effects on mutant channels than on WT forms, which are more stably folded to begin with. Thus,
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doses of activators may be found which rescue mutant channels, without overly promoting the
degradation role of Hsc/p70 on other proteins.

Finally, an optimal situation would be to target the specific tissue affected due to the
genetic disease with small molecules that would enhance (or inhibit if necessary) the chaperone
function in those cells. However, the specificity required for this process is not yet available, but
novel approaches in drug delivery are supposed to address this challenge. Thus, there is a
potential of developing both drugs that inhibit or stimulate Hsc/p70 functions with each having

their own benefits depending on the physiological system that is targeted.
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Chapter 6

Experimental Procedures

6.1. Chemicals and Reagents

Unless otherwise stated, all chemical reagents were from Sigma-Aldrich Canada or
BioShop Canada. Restriction enzymes and other recombinant DNA reagents were from New
England Biolabs, Invitrogen, and Stratagene. The following commercially available antibodies
were used: Bagl (Santa Cruz), CFTR (M3A7) (Millipore), CHIP (Sigma), Derlin-1 (Sigma),
DJA1 (Thermo Fisher Scientific), Flag (M2) (Sigma, Mississauga, ON), GFP (JL-8) (BD Living
Colours, Clontech), Goat anti-rabbit IgG conjugated HRP (Jackson ImmunoReseach Laboratory),
Goat anti-mouse IgG conjugated HRP (Sigma), Gp78 (Abcam), Hemagglutinin (HA.11)
(Covance), hERG (Almone labs), His-tag (Bioshop), HRD1 (Abcam), Hsc70 (StressMarq),
Hsp70 (StressMarq), Hsc/Hsp70 (Stressgen), Luciferase (Sigma), myc (9E10) (Santa Cruz),
RMAT1 (Abcam), TRC8 (Abcam), Tubulin (Sigma-Aldrich), Ube2j1 (Abcam), Ube2g2 (Abcam),
Ub (P4D1) (Santa Cruz). Additional antibodies specific for DJA1 and DJA2 were raised in
rabbits against the synthetic peptides LVDFDPNQER and PEVPNIIGET. ® Protein G Agarose
Fast Flow beads were from EMD Millipore (Canada). The Express Protein labelling mix, [35S]-

used for pulse chase studies was from Perkin Elmer (Boston, MA).
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6.2. Plasmids

hERG-pcDNA3 with HA tag inserted after residue 443 in the extracellular S1-S2 loop
was a kind gift from Eckhard Ficker. **® CFTR-pcDNA with HA tag was kindly provided by
John Hanrahan. pTRE-Tight CFTR was generated as follows CFTR-3HA was cloned from
pcDNA into pTRE-TIGHT using Kpnl on the 5' end and Not I on the 3' end. Sequences of DJA1,
DJA2, and DJA4 were inserted into pcDNA3.1 myc-His C (Invitrogen) as described previously
69 as were DJA1- and DJA2-AJ (amino acids 98-397 and 100-412, respectively). To generate the
DJA2-Am2 construct, the m2 fragment from residue 158 to 199 of DJA2 was removed by PCR
and replaced with an EcoRI site encoding Glu-Phe. The mutant was constructed in pPROEX-
HTa and subcloned into pcDNA3.1 myc-His as BamHI-Notl fragments. For DJA-221
construction, the EcoRV site at amino acids Asp-299/1le-300 of DJA1 was removed by silent
mutation. EcoRV sites were reintroduced in DJA1 by silent mutation at Asp-238/Ile-239, and in
DJA2 at Asp-247/1le-248. The sequences encoding the N-terminal fragments were exchanged as
BamHI-EcoRV fragments in pPROEX-HTa and subcloned into pcDNA3.1 as BamHI-Notl
fragments. DJA-122 was constructed as follows: a BamHI site was inserted into DJA1 by point
mutation at Gly-75/Gly-76, mutating it to encode Gly-75/Ser-76. A BamHI site was inserted by
silent mutation into DJA2 at Gly-78/Ser-79. DJA1 and DJA2 were re-inserted into pPROEX-
HTa as Sall-Notl fragments to remove the BamHI site before the open reading frame. The C-
terminal fragments were exchanged as BamHI-NotI fragments in pPROEX-HTa and subcloned
into pcDNA3.1 as KpnI-NotI fragments. Hsp70 was amplified by PCR from pSV-Hsp70 **' and
inserted with an N-terminal FLAG tag into pcDNA3.1. Myc-tagged CHIP was a kind gift from

Jorg Hohfeld. *°
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6.3. siRNAs

All siRNA duplexes were from Dharmacon/Thermo Fisher Scientific with the following
target sequences:

- DNAJAI
5’-GTGAAGGACTGTAATCATA (Dharmacon Custom siRNA Designer) in the 3° UTR
ON-Target plus siRNA - SmartPool
5’-GGACAUACAGCUCGUUGAA
5’-GAUAGGACCUGGAAUGGUU
5’-GAUCAGUCCUAAAGAUAGA
5’-UAUCGUAGACCAUAUGAAA

- DNAJA2
5’-CCACAAAGCTTTACATCTT (Dharmacon Custom siRNA Designer) in the 3° UTR
ON-Target plus siRNA - SmartPool
5’-CUGAGAAGCGUGAGUUAUA
5’-GGAUGCCGCAGUAUCGUAA
5’-GACGUCAGAUUGUGGUGAA
5’-GAGAGGACAUGAUGCAUCC

- Hsc70 (HSPAS)

ON-Target plus siRNA - SmartPool
5’-CGUAAUACCACCAUUCCUA
5’-GAUAACAACCUGCUUGGCA
5’-GACCUUCACUACCUAUUCU

5’-UGAAACUGCUGGUGGAGUC
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- Hsp70 (HSPAIB)
5’-CCGAUAUGUUCAUUAGAAUUU (Dharmacon Custom siRNA Designer)
ON-Target plus siRNA - SmartPool
5’-GAUCAACGACGGAGACAAG
5’-GCUCCGACCUGUUCCGAAG
5’-GUCAAGAGGUCAUCUCGUG
5’-GCGAGAGGGUGUCAGCCAA

- Hsp70 (HSPAI1A)
5’-GCUUCAAGACUUUGCAUUUUU (Dharmacon Custom siRNA Designer)

- CHIP (STUBI)

ON-Target plus siRNA - SmartPool
5’-CGCUGGUGGCCGUGUAUUA
5’-GUGGAGGACUACUGAGGUU
5’-GAAGGAGGUUAUUGACGCA
5’-UGGAAGAGUGCCAGCGAAAA

- Derlin-1
ON-Target plus siRNA - SmartPool
5’-CAACAAUCAUAUUCACGUA
5’-GAGAGACCCUCAUACGCUA
5’-CAAUUAUGUUGCACGUACA
5’-GGGCCAGGGCUUUCGACUU

- Ube2jl

ON-Target plus siRNA - SmartPool
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5’-GCUCUUAUAUUCCGACGAA
5’-GAGUAUAAGGACAGCAUUA
5’-GAUGUCCUGUUGCCUUUAA
5’-GCCAUAGGUUCUCUAGAUU
- Ube2g2
ON-Target plus siRNA - SmartPool
5’-GAUGGGAGAGUCUGCAUUU
5’-GAGCUAACGUGGAUGCGUC
5’-GCGAUGACCGGGAGCAGUU
5’-CCACUUGAUUACCCGUUAA
- HRDI (SYVNI)
ON-Target plus siRNA - SmartPool
5’-GGAAAGGCCUCCAGCUCCU
5’-CAACAUGAACACCCUGUAU
5’-GAGAAGAGAUGGUGACUGG
5’-UCAUCAAGGUUCUGCUGUA
- gp78 (AMFR)
ON-Target plus siRNA - SmartPool
5’-GCAAGGAUCGAUUUGAAUA
5’-GGACGUAUGUCUAUUACAC
5’-GAAUUCGUCGGCACAAGAA
5’-GUAAAUACCGCUUGCUGUG

- TRCS (RNF139)
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ON-Target plus siRNA - SmartPool
5’-UGACAGGCGUCUUGGCUUU
5’-GGGAGCCGCUUACAAGAAA
5’-AGAGAGACUUUACUGUUUA
5’-GGGAAAAGCUUGACGAUUA
- RMAI (RNF5)
ON-Target plus siRNA - SmartPool
5’-GGCCAUGUCUUCAUCAGUG
5’-GCAAGAGUGUCCAGUAUGU
5’-UCAAUGCCCAUGAGCCUUU
5’GCGCGACCUUCGAAUGUAA
- Bagl
ON-Target plus siRNA - SmartPool
5’-CGAGUGAGGUGUAGCAGAA
5’-ACACUGAUCCUGCCAGAAA
5’-AAGCACGACCUUCAUGUUA
5’-GAAUAAAGAGCUUACUGGA
- Control non-silencing
ON-Target plus non-targeting siRNA Pool
5’-UGGUUUACAUGUCGACUAA
5’-UGGUUUACAUGUUGUGUGA
5’-UGGUUUACAUGUUUUCUGA

5’-UGGUUUACAUGUUUUCCUA
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- siGLO transfection indicator was from Dharmacon/Thermo Fisher Scientific

6.4. Cell Culture

HeLa and HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM),
high glucose and glutamine (Gibco-Invitrogen), supplemented with 10% fetal bovine serum, 1
mM sodium pyruvate, 100 units/ml Penicillin and 100 pg/ml Streptomycin. The cells were
cultured at 37°C in 5% CO,. Plasmid transfections were carried out using Lipofectamine 2000
(Invitrogen).

For western blots, unless otherwise indicated, cells were lysed two days after transient
transfection of plasmid, or three days after transfection of siRNA. For hERG experiments, cells
were washed two times with cold PBS and incubated in lysis buffer (0.5 % Nonidet P-40, 75 mM
NaCl, and 50 mM Tris, pH 8) plus a protease inhibitor cocktail (Roche) for a minimum of 15
minutes, or alternatively in PBS containing 1% Triton X-100 under identical conditions. For
CFTR experiments, cells were lysed in PBS containing 1% Triton X-100, 0.5% sodium
deoxycholate, and 0.1% SDS. Cells were homogenized by pipetting on ice with occasional
vortexing. Detergent insoluble material was sedimented at 16,000 x g for 20 minutes after which
the resulting supernatant was collected and the protein concentration was determined by
Bradford or bicinchonic acid assays (Pierce). Equal amounts of lysate were loaded on gels within
one experiment for analysis by standard SDS-PAGE and electro-transfer to nitrocellulose, and
the quality of transfer confirmed by Ponceau Red staining. Western blots were decorated with
primary and secondary antibodies under recommended conditions, and visualized using ECL,
ECL Plus or ECL Prime reagent (GE Healthcare) on film or for quantitation by a FluorChem

HD?2 digital camera and the FluorChem HD2 software (Alpha Innotech).
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For immunoprecipitations, HeLLa and HEK293 cells were lysed in in PBS containing 1%
Triton X-100, the lysates were adjusted to identical protein concentrations and volumes, and then
antibody and Protein G-Agarose Fast Flow (EMD Millipore) were added to the lysates for
incubation overnight at 4 °C. The beads were washed with PBS containing 0.1% Triton X-100
and eluted with SDS-PAGE loading buffer.

To detect polyubiquitinated hERG, N-Ethylmaleimide (NEM) (Sigma-Aldrich) was
added to lysis and wash buffers, then IPed samples using anti-hERG Ab were run on SDS-PAGE

and blotted with anti-Ub Ab (Santa Cruz).

6.4.1. Plasmid and siRNA Transfection

Typical plasmid transfections in HEK293 cells used 18 pg total DNA per 10 cm dish
containing 4x10° cells. 6 pg of hERG or CFTR plasmid were used together with 12 pg of
plasmid for the relevant chaperone, co-chaperone, or empty vector, and 18 pl Lipofectamine
2000. The exceptions were the pulse chase experiments with CFTR and DJA1 or DJA2
overexpression, where cells were transfected with 6 pg CFTR and 6 ng DJA1/DJA2.

Typical siRNA transfection 50 nM final siRNA concentration per 10 cm dish containing

3x10° cells transfected with 20 pl oligofectamine.

6.4.2. Pulse-chase Experiments

HEK293 cells or HeLa cells stably expressing hERG or CFTR were transfected in 10 cm
dish, and distributed into 6 cm dishes following the transfection. Two days after transfection, the

cells were starved for 1 h in DMEM lacking amino acids and serum, then labeled for 30 min for
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hERG and 20 min for CFTR with 100 puCi [*°S]-methionine/cysteine labelling mix (Perkin
Elmer). The cells were washed with PBS and incubated with regular medium for the indicated
times, and then lysed and immunoprecipitated as above with antibody against hERG (Almone

labs) or CFTR (Millipore). SDS-PAGE autoradiograms were analyzed by phosphorimager.

6.4.3. Limited Proteolysis

HEK293 cells transiently transfected with 6 pg hERG and 12 pg vector/Bagl were
collected from 4 x 10 cm dishes (with 4x10° cells) in PBS-1 mM Ca®"+ 1 mM Mg*", washed 3
times with PBS-Ca/Mg then once with sucrose washing solution (0.25 M sucrose, 10 mM
HEPES, 1 mM EDTA, pH 6.8 with 1M Tris) then resuspended in homogenization solution (0.25
M sucrose, 10 mM HEPES, 1mM EDTA, 10 pg/ml proteinase inhibitors cocktail, 1 mM DTT).
They were then subjected to pressure using the N, homogenization bomb. This was followed by
different rounds of centrifugation: first for 5 min at 4000 rpm, then for 10 min at 9000 rpm, and a
final ultracentrifugation step for 1 h at 23,000 rpm. The microsomal palette was collected and
resuspended in resuspension solution (0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.6
with 1 M Tris). The microsomal preparation was digested for 10 min in 37°C water bath with
different concentrations of trypsin (Worthington) and the reaction was inhibited with trypsin

inhibitor (Sigma Aldrich). Then the samples were run on SDS-PAGE and blotted for hERG.

6.4.4. Doxycycline Induction Experiments

HEK293 Tet-On 3G cells were transfected with 6 ug of pTRE-Tight CFTR and 12 pg of

chaperone plasmid or control vector per 10 cm dish containing 4x10° cells, and distributed into
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12 well dishes. One day after transfection, the cells were treated with 1 pg/ml doxycycline for 6
h to induce CFTR expression, and then with 50 pg/ml cycloheximide. Cells were lysed at the

indicated times after cycloheximide addition and analysed by western blot for CFTR.

6.4.5. Patch Clamp Experiments

Cells were plated in the perfusion chamber of an inverted microscope (Zeiss Axiovert

S100TV) and perfused using a gravity-based flow system (1-2 mL/min) containing a Tyrodes
solution (composition, mM: NaCl 135; KCl 5; CaCl, 1; MgCl, 1; Glucose 10; 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 5; pH to 7.4 with NaOH; 300 mOsm).
Borosilicate glass pipettes (Warner Instruments, Hamden, CT) were made using a
microprocessor-controlled, multi-stage puller (P97, Sutter Instruments). Tips with resistances
that fell between 1.5-3 MQ were backfilled using an internal solution (composition, mM: KCI
135; ethylene glycol tetraacetic acid (EGTA) 5; MgCl, 1; HEPES 10; pH to 7.2 with KOH; 300
mOsm). All experiments were performed at room temperature (21 °C-22 °C).
All voltage-clamp experiments were performed under the whole-cell configuration. Currents
were recorded using an Axon Instruments headstage (CV 203BU), attached to an Axopatch 200B
amplifier (Axon Instruments, USA), and displayed on a computer using pClamp 10.2/Digidata
1440A software (Axon Instruments, USA). Data was sampled at 20 kHz (every 50 ps) and
filtered at 2 kHz.

Prior to the formation of a multi-GQ seal, currents were corrected for pipette (fast)
capacitance. To determine whole-cell capacitance, capacitive currents were elicited by a 30 ms,
10 mV depolarizing pulse from a holding potential of -80 mV at 2 Hz after a whole-cell

environment was formed. A minimum requirement for data collection was that access resistance
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was below 10 MQ. All currents were corrected for whole-cell capacitance, series resistance, and
compensated to 80% using the Axopatch 200B amplifier.
hERG currents were elicited via a two component step protocol. The first component utilized
depolarizing steps (7 s) from —80 mV to +70 mV in 10 mV intervals, and the second component
stepped to —50 mV (2 s). The second component activated hERG tail currents that are presented
in current-voltage (I-V) relationships. Finally, the membrane was clamped back to —80 mV
holding potential for 1 s before the next depolarizing step.
All currents were analyzed in Clampfit 10.2. All data are represented as mean + standard

error mean (S.E.M.) in [-V relationships generated from Graphpad Prism 5.

6.5. Densitometry and Statistical Analysis

Densitometric analysis was carried out using the digital imagine program Imagel
(National Institutes of Health). Paired t tests were used to compare groups of data to determine

significance.
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