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Abstract

The mitochondria associated membranes (MAMSs) of the endoplasmic reticulum (ER) are
the points of contact between the ER, which is the organelle responsible for lipid and
secreted protein synthesis and calcium storage, and the mitochondria, which are
organelles responsible for cellular energy production. The MAM has many roles
including the transfer of lipids and metabolites between these two organelles, as well as
the mediation of calcium signaling between the ER and mitochondria. Calcium transfer
at MAMs is of vital importance as it regulates mitochondrial metabolism and apoptosis,
or programmed cell death. Although the MAM has been well-characterized in recent
years, very little is currently known about how proteins target there and how these
contact sites are maintained. In this thesis, | have identified a novel MAM targeting
mechanism, palmitoylation, using a chimeric mutagenesis strategy. | have also identified
two proteins, TMX and calnexin, which use this signal to target to MAM. Furthermore, |
have characterized the role of calnexin at MAM by overexpressing wildtype and non-
palmitoylatable calnexin in calnexin knockout cells. This led to the discovery that
calnexin plays a role in ER-mitochondria calcium transfer and may affect structural
changes at MAM during cellular stress. These findings have implications for the study of
diseases where mitochondrial metabolism and deregulated cell death are factors, for

example cancer and neurodegenerative disease.



Acknowledgements

| particularly wish to thank my supervisor Thomas Simmen for providing me with a safe
and happy work environment, and excellent mentorship. | benefitted immensely from his
dedication to this project and his guidance, and especially from his enthusiasm for this
work in the face of challenges that seemed insurmountable to me at the time. | also thank
my colleagues in the Simmen Lab, as well as colleagues and friends in the departments of
Cell Biology and Biochemistry and beyond, for their help and support. They have truly
shared in the ups and downs of graduate school life and research with me. A heartfelt
thank you to Mom, Dad, Meredith and Alison, the Zimmermann family, and to my

partner Aaron and his family, for their encouragement.



Table of Contents
List of Tables

List of Figures

List of Abbreviations

Chapter 1: INtrodUCION .....ccvooveiiccece e 1
1.1 The Endoplasmic Reticulum (ER) ........cccovueiieiieieiieseee e 2
1.2 Contact sites of ER with other organelles...........c.cooviiiiiiiiiinis 6

1.3 The mitochondria associated membrane (MAM) is the site of apposition of ER

WIth MITOCNONAITA .....eviiiccee e 9
1.3.1 Lipid trafficking at the MAM ... 10
1.3.2 Calcium trafficking and signalling at the MAM ...........ccccoiiiinniiiie, 11
1.3.3 Apoptotic calcium signalling at the MAM ... 13
1.3.4 The role of chaperone proteins at the MAM.............cccceeviie i, 14
1.3.5 The relationship between oxidative protein folding and calcium signalling at
TNE MAIM ... et re e 16
1.3.6 Tools for studying the MAM ... 17
1.3.7 Mechanisms of MAM formation ..........cccccecceveiieiinininieeee e 21
1.3.8 MAM-enriched proteins and their targeting mechanisms................cccccoc..... 24
1.4 Protein palmitoylation, its regulation and its importance in transmembrane

protein targeting and trafficking ...........ccocviiiiii 26
1.4.1 Detection of protein palmitoylation ............cccccevieiiiiiici e, 27
1.5 The MAM in human health and diSEase ............ccccvrvririniierenene e 28
1.5.1 AlZNEIMET DISBASE ....veeiveerieeiieiieeiie e stee e eiesiee e eeesree e eeesreesreenseeneesseeneens 28
1.5.2 Viral trafficking of MAM Proteins .........cccooeveriiineniseeee e 30
1.5.3 The MAIM N CANCET ....cuveiiieiieite ettt 33
1.6 GOal Of thiS theSIS.. ..o 34
Chapter 2: Materials and Methods ... 36
2.1 MALEIIALS ...ttt reeae s 37
A N A (T T =] | £ PP 37
2.1.2 Commonly used BUTFEIS ........coeiic e 39

2.1.3 Plasmid vectors and oligonucCleotides...........ccoovveriniiiiieiiie s 40



2.1.4 Antibodies used in this StUAY ........ccccveiiiiiieiiiie e 44

2.1.5 Cell lines used in this StUAY.........ccoueviiiiiiieie e 47
2.2 MEENOUS. ...ttt ae s 47
2.2.1 Mammalian cell culture teChNIQUES .........ccoiieiiiiiiiiiieieee e 47
2.2.1.1 Maintenance of Cell lINES .........cccoviiiiiiiiie e 47
2.2.1.2 Transient transfection of Cell INeS..........cocoviiiiiiiiiiiii s 47
2.2.2 Molecular biology teCNNIQUES ..........eiiiiiiiieie e 48
2.2.2.1 Polymerase chain reaction (PCR) ........cccoiiririiniiiieieese e 48
2.2.2.2 PCR-based splicing by overlap extension............cccccvvveveiveivevesiieseeinns 48
2.2.2.3 RESHICHION IGEST ...c.vecvieiiieciece e 50
2.2.2.4 Separation of DNA fragments by agarose gel electrophoresis ................. 50
2.2.2.5 Extraction of DNA from agarose gel ... 50
2.2.2.6 DNA HQALION......ciiiiiiiic ettt sra et reenne s 50
2.2.2.7 DNA SEQUENCING ....cvierieiteeireeieseesteeeesteesteaeessaesaeasaesteensesssesraesseansesseessens 51
2.2.2.8 BACTErial CUITUIE .....c.viieieciieieee e 51
2.2.2.9 Preparation of competent cells for transformation.............cccccocceveninnnnnne 51
2.2.2.10 Bacterial transformation............c.cooveieiierene i 51
2.2.2.11 Isolation of plasmid DNA from bacteria (mini prep and midi prep) ..... 52
2.2.3 Basic biochemical teChNIQUES ..........ccooviiiiii e 52
2.2.3.1 Preparation of whole Cell IySates ... 52
2.2.3.2 Protein preCipitation ..........ccecveieeie et 53
2.2.3.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-

X e = PO 53
2.2.3. 4 WESLEIN BIOL .....eiieieice et 53
2.2.4 Cell Fractionation teChNIQUES .........cccecvviiiiiiiie e 54
2.2.4.1 Differential centrifugation fractionation ............cccccccevvvivii e 54
2.2.4.2 Optiprep gradient fractionation ...........ccoceveiiienieiinieseee e 54
2.2.4.3 Percoll MAM fraCtionation ............cccoueiieeienieiiere e seesie e e 55
2.2.4.4 Detergent-resistant membrane fractionation.............cccccoeviiieiie i, 56
2.2.5 Indirect Immunofluorescence MICrOSCOPY ... ..coveivrereeiiieeiiesiiee e erree e 56

2.2.5.1 Preparation of slides and data acqUISITION............ccccovvrieiiieiene s 56



2.2.5.2 Image quantifiCation ..........ccccoeiieiieieiiece e 57

2.2.6 Biotin labelling and pulldown of surface proteins.........c.ccccoeevveveiiieiiennns 57
2.2.7 Immunoprecipitation eXPErimeNtS .........cocerererereriseeieeee e 58
2.2.7.1 Immunoprecipitation of Calnexin ... 58
2.2.7.2 Immunoprecipitation of FLAG-tagged proteins.........cccoceevevvevviiieseennnns 58
2.2.8 Labelling and detection of palmitoylated proteins...........ccccocvvveveiiieiienns 58
2.2.9 Calcium measurements by flow Cytometry.........cccocoveveniiiniienenieniens 59
Chapter 3: Calnexin’s MAM localization depends on PACS-2...................... 62
3.1 Introduction and rationNale .............ccoeviiiiinieiene e 63
B2 RESUIES ...ttt 64
3.2.1 Calnexin is enriched on MAM, and this enrichment is partially dependent on
PACS 2 ..ottt r et e et e e rens 64
3.2.2 Calnexin’s MAM enrichment and its interaction with PACS-2 are dependent
0N PhOSPRONYIALION......c.eiiice e 66
3.3 Discussion and fUture PErsPECLIVES .........c.ccuervererererereseseeeeie e 66

Chapter 4: Calnexin and TMX localize to MAM via a palmitoylation signal ..

............................................................................................................................... 71
4.1 Introduction and rationale ............ccoiiiiiiiiici e 72
A2 RESUIES ...t 73
4.2.1 TMX, but not TMX4, targets t0 MAM .......cocvoiiiieieee e 73
4.2.2 TMX’s transmembrane and cytosolic tail domains are necessary and
sufficient for MAM targeting.........cccooveiieieiie i 75
4.2.3 A juxtamembrane palmitoylation site serves as TMX’s MAM targeting
SIGNAL ...t 76
4.2.4 Palmitoylation also contributes to calnexin’s MAM localization................ 78
4.2.5 Tac reporter constructs confirm VSV G chimeric protein results ................ 80

4.2.6 2-Bromopalmitate, a palmitoylation inhibitor, displaces both TMX and
calnexin from the MAM ........ciiiece e ae s 81

4.2.7 Palmitoylation may be a targeting signal for other MAM localized proteins



4.3 Discussion and future PerspeCtiVES .........cccvieeiveieieeie e 83

Chapter 5: Palmitoylation affects calnexin’s chaperone and calcium

SIGNAITIING TUNCEIONS ... 104
5.1 Introduction and rationale .............coceoveiiiiiiiiiic e 105
5.2 RESUIS ...t 107
5.2.1 ER stress affects calnexin’s localization and its interaction with ER binding

Partners ... 107
5.2.2 ER stress regulates calnexin’s palmitoylation state ...........ccccoeeerienennnnn. 108

5.2.3 Calnexin’s palmitoylation state affects its interaction with binding partner
SERCAZD ... 109

5.2.4 Calnexin’ palmitoylation state alters ER calcium signalling to mitochondria

5.2.5 Calnexin’s palmitoylation state affects its interaction with binding partner

ERp57. Surface levels of client protein LDL-R depend on calnexin’s

PAIMITOYIATION STALE ... s 112
5.3 Discussion and fUture PersPeCHIVES .........ccoververererieresireeeeee e 114
Chapter 6: PerSPECLIVES ......cc.ccveiiieie et 126
6.1 SUMMArY Of RESUILS ......cueoiiiiiiiece e 127

6.2 Palmitoylation acts as a switch that regulates calnexin’s interactions and
FUNCEIONS ...ttt esreenteeneeareesreenae s 128
6.3 What is the mechanism by which ER stress can regulate palmitoylation?... 130

6.4 Does calnexin play a role in MAM formation or lipid transfer at the MAM?

6.5 Palmitoylation is a novel MAM targeting mechanism that applies to several

MAM localized proteins. How does this mechanism fit in with the other known

MAM targeting MechaniSMS?.........cccviiiiiiicic e 133
6.6 What is the function of TMX at the MAM? ..o 136
6.7 Optiprep gradient fractionation adds to the various existing methods of
STUAYING IMAIMM ...t e e aneas 138

5.8 CONCIUSTONS ...t eeennsnsennnnnennennnnnns 139



Chapter 7: References



List of Tables

Table 2.1 Commercial sources of chemicals and reagents ............ccccooeveiennnnnne 37
Table 2.2 ENZYMES ..o 38
Table 2.3 Molecular size Standards............cccooeiiiiniiiiiie s 38
Table 2.4 MulticOmMPONENE SYSIEMS .....ccvveveeieieeiie e 38
Table 2.5 Detection and analysiS SYStEMS.........cccoviiiiriiiinieierese e 39
Table 2.6 Common buffers and SOIULIONS .........c.cocveiiiiiiiiieie e 39
Table 2.7 PlasmidS ......cccciiiiiiiiieiiciseie e e 40
Table 2.8 Oligonucleotides and contruct design..........cccccvevevieeveerccicse e 40
Table 2.9 Primary antibodies ..o 44
Table 2.10 Secondary antiDOAIES ..........cccveiiiieiiiiieieree e 47
Table 2.11 Cell LINES ..cuviiiiiieiiecie sttt 47
Table 6.1 MAM-localized proteins and their targeting mechanisms................. 135



List of Figures

Figure 1.1: ER subdomains and selected marker proteins ............cccccovvvecvnenen. 35
Figure 2.1: Strategy for the creation of TMX/TMX4 chimeric mutants ............. 61
Figure 3.1: Identification of three possible ER transmembrane PACS-2
INEEIACTONS ...ttt bbbttt bbbt ne e 68
Figure 3.2: Optiprep gradient fractionation of control HeLa cells and HeLa cells
depleted by SIRNA OF PACS-2 ..o 69

Figure 3.3: Optiprep gradient fractionation of HelLa cells overexpressing wildtype

calnexin, calnexin SSAA and calnexin SSDD..........ccccoviiiiiininieie e 70
Figure 4.1: Quality control of TMX and TMX4 antibodies ............c.ccocoveivrennee. 85
Figure 4.2: TMX family MEMDEIS ......c.coiiiiiiieieee e 87
Figure 4.3: Intra-ER localization of TMX family members in A375P and HelLa

CRIIS et 88
Figure 4.4: TMX 10calizes t0 MAM ...t 89

Figure 4.5: TMX colocalizes with mitotracker and MAM marker calnexin by
IMMUNOTIUOrESCENCE MICIOSCOPY ...c.veeveirieiiieiieetie st ete sttt 90

Figure 4.6: Immunoelectron microscopy of HeLa and A375P cells labelled with

anti-TMX and TMX4 antibodies conjugated to gold particles.............cccccocvrinene 91
Figure 4.7: The TMX transmembrane and cytosolic domains are necessary and
sufficient for MAM targeting.........cccvoveiieiiiie i 93
Figure 4.8: A juxtanuclear palmitoylation signal mediates the MAM enrichment
(01 IV OSSPSR 95
Figure 4.9: Palmitoylation mediates calnexin’s MAM enrichment..................... 97

Figure 4.10: Analysis of Tac fusion construct localization by Optiprep
(o4 [0] 0T o USROS 99
Figure 4.11: The palmitoylation inhibitor 2-Bromopalmitate reduces
colocalization of TMX and calnexin signal with mitochondria...............cc..c...... 100
Figure 4.12: 2-Bromopalmitate decreases co-fractionation of calnexin and TMX
WIth MAIM MATKEIS ..ottt sttt 101



Figure 4.13: Palmitoylation also affects the intra-ER localization of MAM
protein Hemeoxygenase-1 (HO1) and VDAC1/2 but not GRP75..........c.c.c........ 102
Figure 4.14: Model depicting how palmitoylation regulates the intra-ER

localizations of TMX and CalneXin........ccccooceiieiieniieneenese e 103
Figure 5.1: Calnexin changes localization following ER stress ..........c.ccccue..... 117
Figure 5.2: Thapsigargin treatment also displaces calnexin from MAM .......... 118

Figure 5.2: Analysis of calnexin phosphorylation and palmitoylation during an
ER Stress tIME COUISE ......cuviuiiiitiniieiiriieiieitetetenteste sttt et sre b 119

Figure 5.4: ER stress and palmitoylation affect calnexin’s interaction with

SERCAZD ...ttt ettt sttt e e sae et e eseeseenaeeneenes 120
Figure 5.5: Serine 583 phosphorylation of calnexin mutants ...............c..c......... 121
Figure 5.6: Palmitoylated calnexin regulates ER calcium signaling ................. 122

Figure 5.7: ER stress and palmitoylation affect calnexin’s interaction with ERp57



List of Abbreviations
AB
ACAT
AD
APP
APT
ATP
BiP
BSA
Caz2+
CDP
CNX
COPI/N
DGAT
DHHC
DMEM
DMSO
DNA
DRM
DTT
EDEM

elF2

Amyloid beta protein

Acyl-CoA: cholesterol acyltransferase
Alzheimer Disease

Amyloid precursor protein

Acyl Protein Thioesterase

Adenosine Triphosphate

Binding immunoglobulin protein

Bovine serum albumin

Calcium

Cytidine diphosphate

Calnexin

Coat Protein complexes I and 11
Diglyceride acyltransferase

Aspartic acid-Histidine-Histidine-Cysteine
Dulbecco’s Modified Eagle Medium
Dimethyl Sulphoxide

Deoxy ribonucleic acid

Detergent Resistant Membrane
Dithiothreitol

ER degradation enhancing mannosidase-like protein

Eukaryotic translastion initiation factor 2A



EM

ER
ERAD
ERES
ERGIC
ERMES
Erol
FAD
FBS
Grp
HO-1
HRP
INCL

IP3

kDa
LDL-R
LRP6
MAM
MEF
MFN

MRNA

Electron microscopy

Endoplasmic reticulum

ER associated degradation

ER exit sites

ER Golgi intermediate compartment
ER mitochondria encounter structure
ER oxidoreductase

Flavin Adenine dinucleotide

Fetal Bovine Serum

Glucose regulated protein
Hemeoxygenase-1

Horseradish Peroxidase

Infant Neuronal Ceroid Lipofuscinosis
Inositol triphosphate
Immunofluorescence microscopy
Kilo Dalton

Low density lipoprotein receptor
Low density lipoprotein receptor-related protein 6
Mitochondria associated membrane
Mouse embryonic fibroblast
Mitofusin

Messenger ribonucleic acid



PACS-2
PAT
PBS
PCR
PDI
PPT
PtdCho
PtdEtn
Ptdins
PtdSer
SERCA
ShRNA
SiRNA
SDS-PAGE
SOCE
SRP
TAE
TEMED
TBS(-T)
TG

Tm

TMX

Phosphofurin acidic cluster sorting protein 2
Protein acyl transferase

Phosphate Buffered Saline

Polymerase Chain Reaction

Protein Disulphide Isomerase

Protein palmitoyl thioesterase

Phosphatidyl choline

Phosphatidyl ethanolamine

Phosphatidyl inositol

Phosphatidyl serine

Sarco/Endoplasmic reticulum Ca®* ATPase
Short hairpin ribonucleic acid

Small interfering ribonucleic acid

Sodium Dodecyl Suphate Polyacrylamide
Electrophoresis

Store Operated Calcium Entry

Signal recognition particle

Tris base, Acetic acid, EDTA
Tetramethylethylenediamine

Tris buffered saline (Tween 20)
Thapsigargin

Tunicamycin

Transmembrane thioredoxin

Gel



UPR Unfolded protein response

VDAC Voltage dependent anion channel



Chapter 1: Introduction

Portions of this chapter have been published:

Lynes, E.M. and T. Simmen. (2011) Urban planning of the endoplasmic
reticulum (ER): How diverse mechanisms segregate the many functions of the
ER. Biochim Biophys Acta. 1813: 1893-905.

Simmen, T., Lynes, E.M., Gesson, K., and G. Thomas. (2010) Oxidative protein
folding in the endoplasmic reticulum: Tight links to the mitochondria-associated
membrane (MAM). Biochim Biophys Acta. 1798: 1465-73.



Chapter 1: Introduction

1.1 The Endoplasmic Reticulum (ER)

The endoplamic reticulum (ER) is a cellular organelle with one continuous
membrane, but very diverse functions. Initial observations of the ER by electron
microscopy and biochemical methods led identification of two types of ER
(Dallner et al., 1963; Palade and Siekevitz, 1956). The rough ER is covered in
ribosomes, which translate mMRNA into protein, suggesting that the ER is
important for protein synthesis. Indeed, the ER is very abundant in cell types that
produce a lot of protein, termed professional secretory cells. These include
pancreatic B cells, which secrete insulin (Marchetti et al., 2007), and the plasma
cells of the immune system, which produce and secrete immunoglobulins
(Tagliavacca et al., 2003). As ribosomes begin translation, a signal sequence in
the nascent polypeptide destined for the secretory system is recognized by the
signal recognition particle (SRP). The SRP is in turn recognized by SRP
receptors on the rough ER membrane, and this interaction mediates the binding of
the ribosome to the translocon, a complex of ER transmembrane proteins that
facilitate the translocation of nascent polypeptides into the ER lumen or into the
ER membrane (Egea et al., 2005). Unlike proteins that are translated in the
cytosol, proteins targeted to the ER are destined to become integral membrane
proteins, or be secreted from the cell (Palade, 1975). Inside the ER lumen, the
signal peptidase complex, which associates with translocons, cleaves the
hydrophobic signal sequence (Kalies et al., 1998).

Once safely in the ER lumen or membrane, the oxidizing environment within the
ER, along with various chaperone proteins, help the polypeptide to fold and reach
its native state. The oxidizing environment in the ER lumen is maintained by the
tripeptide glutathione, which is the major redox buffer in the cell, and the ratio of
reduced glutathione (GSH) to oxidized glutathione (GSSG) has been measured at
1:1-1:3 in the ER lumen, as compared to 30:1-100:1 in the cytosol, although it is

unclear how this discrepancy is maintained across the ER membrane (Bass et al.,



2004; Hwang et al., 1992). The chaperone protein Protein Disulphide Isomerase
(PDI) takes advantage of the oxidizing environment within the ER to mediate the
formation and isomerisation of disulphide bonds between cysteines (Tu and
Weissman, 2004). Another example of a chaperone is Grp78, or BiP, which
localizes to the translocon (Hamman et al., 1998), where it can immediately
interact with nascent proteins. At the expense of ATP, BIiP associates with
hydrophobic regions of unfolded proteins, which should normally be buried
within the protein structure, preventing unfolded proteins from forming

aggregates (Kleizen and Braakman, 2004; Knarr et al., 1995).

The N-linked glycosylation of proteins at asparagine residues also begins in the
ER, a process which is continued when mature, folded proteins progress through
the secretory system to the Golgi and eventually the plasma membrane, or into the
extracellular space. Folding of glycosylated proteins in the ER is assisted by the
transmembrane lectin chaperone calnexin and its luminal homologue calreticulin
(Lederkremer, 2009). Calnexin and calreticulin bind to the sugar moiety of
unfolded glycoproteins, retaining them in the ER in proximity with other
chaperones, such as the PDI-like protein ERp57 (Elliott et al., 1997). In addition
to the production of secretory and membrane proteins, chaperone proteins in the
ER are responsible for quality control, or ensuring that misfolded proteins do not
aggregate in the ER or progress through the secretory system (Sitia and
Braakman, 2003). This includes of the binding and sequestration of misfolded
protein aggregates, for example by BiP or the calnexin/calreticulin system, and
the export or retrotranslocation of misfolded proteins to the cytosol for
degradation by the proteasome, a process termed ER-associated degradation
(ERAD) (Lederkremer, 2009). The degradation of misfolded proteins is thought
to take place at the ER quality control compartment (ERQC), a juxtanuclear ER
subdomain which forms when cells are subjected to ER stress (Kamhi-Nesher et
al., 2001). Targeting of misfolded glycoproteins for ERAD is mediated by the
mannosidase EDEM1, which trims the sugar moiety of N-glycosylated proteins,

freeing them from the calnexin cycle (Ruddock and Molinari, 2006).



A large proportion of the ER, as observed by electron microscopy, is not covered
in ribosomes, however, and is termed the smooth ER. Aside from the absence of
ribosomes, there are several other morphological differences between rough and
smooth ER. While rough ER tends to form sheets mediated by the presence of
Climp63 (Shibata et al., 2010), smooth ER is often more tubular, with a high
degree of membrane curvature maintained by a group of proteins called reticulons
(Voeltz et al., 2006). The smooth ER is also highly branched, with 3-way
junctions between tubules maintained by the atlastin family of GTPases. When
these proteins are deleted or their GTPase activity is abrogated, these junctions
fail to form (Hu et al., 2009; Orso et al., 2009). Smooth ER has been identified as
the site of phospholipid biosynthesis (Higgins, 1974). Consequently, smooth ER
is particularly abundant in cells that are active in lipid metabolism; for example,
testicular and ovarian cells that produce steroid hormones from cholesterol, and
hepatocytes, which break down lipid-soluble toxins into soluble compounds that
can be eliminated in urine. Indeed, the smooth ER is also enriched in proteins that
mediate drug detoxification such as epoxide hydroxylase (Galteau et al., 1985)
and cytochrome P4502E1, which is induced by ethanol consumption (Takahashi
et al., 1993). Phospholipids are synthesized on the cytosolic leaflet of the ER
membrane, and are assembled from soluble cytosolic precursors. Flippase
enzymes then catalyze the translocation of newly made phospholipids across the
bilayer (Sharom, 2011). The smooth ER is also the site of cholesterol synthesis.
Proteins involved in cholesterol synthesis reside in the ER membrane and are
regulated by a negative feedback loop triggered by cholesterol levels in the ER
membrane (Radhakrishnan et al., 2008).

The ER is also the biggest intracellular store of calcium (Hales et al., 1974;
McGraw et al., 1980). Measurements of the concentration of calcium within the
ER have been variable and range from 100 to 700 uM, or about 1000 times higher
than that of the cytosol (Meldolesi and Pozzan, 1998; Miyawaki et al., 1997).

This difference in calcium concentration across the ER membrane is maintained
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by sarco- endoplasmic reticulum calcium ATPase pumps (SERCA) that pump
calcium into the ER lumen from the cytosol in exchange for ATP (Gunteski-
Hamblin et al., 1988). Calcium enters the cytosol via channels on the plasma
membrane, for example the arachidonic acid-regulated Ca(2+)-selective channels
(ARC channels) (Shuttleworth et al., 2007). Influx of calcium from the
extracellular space directly into ER, termed store-operated calcium entry (SOCE),
can also occur at sites of contact between the ER and the plasma membrane
(Marchant, 2005). Many of the ER chaperones that mediate protein folding are
also calcium binding and buffering proteins (Michalak et al., 2002), and calcium
is an important signalling molecule that can trigger many diverse signalling
pathways when released from the ER. Calcium release occurs after inositol
triphosphate receptors (IP3R), which act as gated calcium channels on the ER
surface, are activated via the phospholipase C (PLC) pathway. This pathway is
triggered when Ggy,-protein coupled receptors, which include the serotonin (Albert
and Tiberi, 2001) and histamine (Kuhn et al., 1996) receptors, on the plasma
membrane are stimulated, activating PLC. PLC then cleaves phosphatidlyinositol
4,5-bisphosphate in the plasma membrane into diacylglycerol and inositol 1,4,5-
triphosphate (IP3), which diffuses into the cytosol and binds to IP3; receptors
(Berridge, 2009). Calcium release from the ER can trigger an extraordinary range
of downstream signalling pathways governing diverse cell processes such as
neural plasticity and exocytosis, depending on the cell type and stimulus
(Berridge, 2009). For this reason, calcium homeostasis within the ER must be
under tight spatial and temporal control. In order to visualize calcium stores in
the ER, cells were fixed for electron microscopy using compounds that
precipitatated calcium. These precipitates were found specifically in the smooth
ER of adipocytes and neurons, demonstrating that the smooth ER is especially
important for calcium storage and signalling (Hales et al., 1974; McGraw et al.,
1980). Calcium was unevenly distributed within the smooth ER, with greater
concentrations found at sites of contact of the smooth ER with lipid droplets
(Hales et al., 1974). Calcium handling proteins such as IP3 receptors, calcium

ATPases and the calcium binding protein calsequestrin, are unevenly distributed

5



within the ER as well, and their localizations do not completely overlap by
immunofluorescence microscopy (Takei et al., 1992). This heterogeneity in this
distribution of calcium and calcium binding and handling proteins may provide a

mechanism for directing the varied downstream effects of calcium signalling.

1.2 Contact sites of ER with other organelles

Although the basic subdivisions of the rough ER and smooth ER have long been
identified, it is only recently that it has come to light that the ER is further
subdivided (Sitia and Meldolesi, 1992). Aside from protein and lipid synthesis
and calcium storage, the ER has several lesser-known functions which are related
to and facilitated by contact sites with other organelles (Levine and Rabouille,
2005). These contact sites are summarized in Figure 1.1. The most obvious and
best-recognized of these is the formation of the nuclear envelope, which
delineates the nucleus of the cell and is contiguous with the rough ER membrane
(Anderson and Hetzer, 2007). Likewise, the perinuclear space is contiguous with
the ER lumen. Like the rough ER, the outside of the nuclear envelope is covered
in ribosomes, but it is distinguished from the remainder of the ER by the presence
of nesprins (Zhang et al., 2001). Nesprins rely on an interaction with the inner
nuclear envelope proteins to localize to the outer nuclear envelope. There, they
act as a bridge between the cytoskeleton and the nucleus, mediating nuclear

anchoring and migration (Mellad et al., 2011).

The remainder of ER interorganellar contact sites involve the smooth ER. The
transitional ER (tER) is the site of apposition of the ER and Golgi apparatus
(Bannykh et al., 1996). This is where ER exit sites (ERES) form and where
properly folded and glycosylated proteins leave the ER to progress through the
Golgi apparatus and the remainder of the secretory system. Budding and
vesiculation of the ER membrane occurs due to the recruitment of coat proteins
from the COPII family, which polymerize at ERES and drive membrane
deformation (Duden, 2003). The initial formation of ERES is dependent on the

localization of Sec16 to the cytosolic side of the ER membrane (Watson et al.,
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2006) via a positively-charged central domain of the protein, which may interact
with a certain subset of polar phospholipids or a receptor protein at ERES
(Hughes et al., 2009; Ivan et al., 2008). Knockdown of Secl6 leads to the
dissolution of ERES (Bhattacharyya and Glick, 2007). Several studies now point
to the lipid composition of the ER membrane as being important in mediating
ERES formation, vesicle budding and ER-Golgi trafficking. COPII component
Sarl, a GTPase, has been shown to activate phopholipase D at ERES, causing
phosphatidic acid to accumulate at ERES, which is required for vesiculation
(Pathre et al., 2003). Furthermore, phosphatidyl inositol 4-phosphate also
preferentially accumulates at ERES, and knockdown of the enzyme that catalyzes
the formation of this phospholipid, Ptdins (4) Kll-alpha, reduces ERES formation
(Blumental-Perry et al., 2006).

Secl6 recruits the other components of the COPII coat to the ER membrane.
These include the GTPase Sarl, which recruits the Sec23-24 heterodimer. Sec23-
24 has several functions; it has a concave surface that could induce membrane
curvature, Sec23 is a GTPase activating protein that activates Sarl, and Sec24
binds cargo either directly or through adaptor proteins. A heterotetramer, Sec13-
31, binds to Sec 23-24 and forms the outer COPII coat. The mechanisms whereby
cargo that is destined for the ERGIC and Golgi is targeted to ERES for packaging
into COPII vesicles are not yet fully defined. Receptor proteins such as ERGIC53
and Bap31l that interact with the COPII coat may be responsible for recruiting
specific proteins to the vesicles (Lambert et al., 2001; Moussalli et al., 1999). In
addition, palmitoylation of certain membrane proteins has been shown to target
them to ERES (Abrami et al., 2008; Lam et al., 2006). The COPI coat mediates
the retrieval of ER resident proteins and membranes from the ERGIC back to the
ER. COPI interacts with the cytosolic adaptor protein PACS-2, which is involved
in the formation of another contact site between the ER and mitochondria, which

will be discussed in section 1.3.7 (Simmen et al., 2005).



The ER is also the point of origin for peroxisomes, which are organelles that play
a role in lipid metabolism, mediating the degradation of fatty acids (Wanders et
al., 2010). Peroxisomes can originate at the pre-peroxisomal compartment of the
ER and some proteins destined for peroxisomes traffic first through the ER (Mast
et al., 2010; Tam et al., 2005). Specifically, Pex19p and Pex3p are required for
the import of peroxisomal matrix and membrane proteins. If fluorescently-tagged
Pex3p is re-expressed in cells that do not make peroxisomes due to mutations in
Pex3p or Pex19p and followed by live-cell microscopy, it traffics first through the
ER, and then buds off into newly-made peroxisomes, in a Pex19p-dependent
manner (Hoepfner et al., 2005). Without Pex19p, Pex3p becomes trapped in the
ER (Hoepfner et al., 2005). Although the mechanisms of vesicular budding at the
pre-peroxisomal compartment are not fully elucidated, one component of the
CORPII coat has been found to localize there (Marelli et al., 2004).

Another lipid metabolism-related organelle originating at the ER is the lipid
droplet, where excess triacylglycerol (TG) is stored (Kalantari et al., 2010).
Electron micrographs of lipid droplets reveal that they are often in contact with
both ER membranes and mitochondria (Walther and Farese, 2009). Lipid droplets
originate at sites where DGAT2, an ER protein which catalyzes the final step in
TG synthesis, is active (McFie et al., 2011). Several ER proteins, for example the
oxidoreductases ERp29 and peroxiredoxin 4, as well as BiP and Calnexin, are
found on lipid droplet surfaces, which suggests that lipid droplets might originate
from ER (Hodges and Wu, 2010). The integral membrane protein
methyltranserase-like 7B (AAM-B) is first targeted to the ER, then to lipid
droplets via an N-terminal hydrophobic sequence (Zehmer et al., 2009). Members
of the PAT family, the most well-characterized of which is perilipin, also target to
the surface of lipid droplets in a COPI and COPII-dependent manner, implying
that there is a vesicular trafficking mechanism linking the ER and lipid droplets
(Bickel et al., 2009; Soni et al., 2009). However, unlike most other organelles,

lipid droplets are surrounded only by a single leaflet of phospholipids, posing



some problems for understanding how they arise (Farese and Walther, 2009), and

most models proposed are very speculative.

The ER is also associated with plasma membrane, and this contact site is termed
the Plasma Membrane associated membrane, or PAM. This interaction is the site
of non-vesicular traffic of sterols and phospholipids from the ER to the plasma
membrane.  Sleight and Pagano demonstrated that the transport of newly
synthesized phosphatidylethanolamine to the plasma membrane was unaffected
by drugs that halted vesicular traffic in the cells (Sleight and Pagano, 1983),
which led to the hypothesis that lipid trafficking was happening either
spontaneously between closely apposed membranes, or via lipid trafficking
proteins such as those from the steroidogenic acute regulatory protein related lipid
transfer (START) family (Wirtz, 2006). Sterol trafficking also occurs at sites of
ER-plasma membrane contacts, and is mediated by lipid transfer proteins from the
oxysterol binding protein homologue (OSH) family (Raychaudhuri et al., 2006;
Schulz and Prinz, 2007). The PAM is also important in the influx of calcium to
the ER from the extracellular space via store-operated calcium entry (SOCE).
SOCE is mediated by calcium-release activated calcium (CRAC) channels, which
are formed by the oligomerization of Orail (Prakriya et al., 2006). The ER
protein STIM1 is sensitive to the calcium concentration in the ER lumen, and
regulates CRAC channels accordingly. Upon depletion of ER calcium stores,
STIML1 translocates to the PAM, oligomerizes and interacts with Orail, causing
CRAC channel assembly and activation (Roos et al., 2005; Zhang et al., 2005).
As with Orail, STIM1 can also interact with transient receptor potential cation
(TRPC) channel subunits, causing them to assemble into SOCE channels as well
(Yuan et al., 2007).

1.3 The mitochondria associated membrane (MAM) is the site of apposition
of ER with mitochondria
The subject of this thesis is the interaction between the ER and the mitochondria,

called the mitochondria associated membrane (MAM). It has long been observed
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by electron microscopists that the ER and the mitochondria are in close contact
with each other, but not fused (Copeland and Dalton, 1959). More recently, the
subdomain of the Endoplasmic Reticulum (ER) that makes close contacts with the
mitochondria has been termed the Mitochondria Associated Membrane or MAM.
Protein tethers have been shown by electron tomography to maintain the distance
between the two organelles at the MAM between 10 and 25 nm (Csordas et al.,
2006). The MAM is a dynamic structure; live cell microscopy wherein the
interplay between the ER and mitochondrial networks is observed has shown that
the sites of contact between the two organelles are constantly in flux. The
following sections will discuss the functions of the MAM, tools for studying the

MAM, mechanisms of MAM formation and protein targeting to the MAM.

1.3.1 Lipid trafficking at the MAM

The first function of the MAM to be elucidated was its role in facilitating lipid
transfer from the ER to mitochondria (Rusinol et al., 1994; Vance, 1990). MAM
is enriched in proteins involved in lipid biosynthesis and trafficking, such as
phosphatidyl serine synthase 1 and 2 (Stone and Vance, 2000), acyl-coA synthase
4 (FACL4) (Lewin et al., 2001), acyl-coA cholesterol acyl transferase (ACAT),
and acyl-coA:diacylglycerol acyltransferase (DGAT) (Rusinol et al., 1994). The
MAM has been found to play an important role in aminoglycerophospholipid
synthesis. Phosphatidylethanolamine (PtdEtn) and phosphatidylcholine (PtdCho)
can be synthesized via two pathways: the Phosphatidlyserine (PtdSer)
decarboxylase pathway, wherein PtdSer is converted to PtdEtn by
decarboxylation, and the Kennedy pathway, wherein ethanolamine or choline are
directly incorporated into phopholipids using CDP ethanolamine or CDP choline
as an intermediate. In the PtdSer decarboxylase pathway, PtdSer is synthesized
on the cytosolic surface of the ER, but requires transport to the mitochondria and
inner mitochondrial membrane enzyme PtdSer decarboxylase 1 to complete the
synthesis of PtdEtn (Voelker, 2003). PtdCho can be synthesized by the
methylation of PtdEtn by PtdEtn N-methyltransferase, which is found on the ER

membrane. Therefore, transfer of PtdEtn back to the ER after synthesis in the
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mitochondria is necessary for this pathway to occur (Vance, 1991). It has been
observed that newly synthesized phospholipids, in contrast to pre-existing
phospholipids in the ER and mitochondrial membranes, are more readily
translocated between ER and mitochondria and involved in these pathways
(Vance, 1991). The importance of the de novo pathway is illustrated by
observations that when PtdSer decarboxylase 1 is inhibited, PtdSer accumulates in
the MAM fraction, as well as the fact that the majority of PtdEtn is synthesized
through this pathway in some cell types (Shiao et al., 1995).

The mechanisms whereby lipids are transported between the ER and the
mitochondria are the subject of active research. Many studies support the
collision model of lipid transfer, where transfer occurs due to the juxtaposition of
the ER and mitochondrial membranes, as transfer occurred in the absence of
cytosolic proteins (Vance, 1991). ATP enhances lipid transfer between isolated
microsomes and mitochondria in mammalian cells (Voelker, 1989) but not in
yeast (Achleitner et al., 1999). Although lipid transfer occurs in vitro in the
absence of cytosolic proteins (Voelker, 1989) S100B, a calcium-binding protein
with an EF hand domain, enhances lipid transport at MAM (Kuge et al., 2001).
Voelker et al have also demonstrated that in yeast, a ubiquitin-ligase, Met30p,
regulates transport of PtdSer from MAM to mitochondria (Schumacher et al.,
2002). The transfer of lipids between the ER and the mitochondria requires an
intact MAM. After the treatment of crude mitochondrial fractions containing
MAM with proteases, there was a marked reduction in lipid transfer (Achleitner et
al., 1999). Voss et al found that ER shaping proteins, which maintain the tubular
structure of the smooth ER, facilitated lipid transfer between ER and
mitochondria (Voss et al., 2012), suggesting that MAM contacts where lipid
transfer is taking place consist of smooth ER.

1.3.2 Calcium trafficking and signalling at the MAM
As previously mentioned, calcium, which is stored at high concentration in the

ER, is a very important second messenger within the cell (Hales et al., 1974;
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McGraw et al., 1980). It has long been postulated that different pools of calcium
in the cell might be in communication with one another (Schulz et al., 1989), and
it has since been demonstrated that one of the important roles of the MAM is to
facilitate calcium signalling and homeostasis (Filippin et al., 2003; Rizzuto et al.,
1993). The close proximity between the ER and the mitochondria allows for even
small changes in the cytosolic calcium level in proximity of the mitochondria,
termed calcium puffs, to have a profound effect on signalling (Rizzuto et al.,
1998). In fact, calcium signalling at the MAM has been described as having an
almost synaptic quality (Csordas et al., 1999). Recent studies have shown that
agonist-induced release of calcium caused a cessation of the movements of both
the mitochondrial and ER networks (Brough et al., 2005). Moreover, Yi et al
demonstrated that upon release of calcium, mitochondria move closer to the ER
(Yi et al., 2004). Once released from the ER through the IP3R, calcium crosses
the outer mitochondrial membrane through the voltage-dependent anion channel,
or VDAC (Bathori et al., 2006) and is subsequently taken up into the
mitochondrial matrix through the inner mitochondrial membrane by the recently
identified mitochondrial calcium uniporter (MCU) (De Stefani et al., 2011).
There is some evidence calcium signalling between ER and mitochondria goes
both ways, in that mitochondrial uptake of calcium can in itself regulate calcium
release from IP3 receptors in smooth muscle cells (Olson et al., 2010).

Transfer of calcium from the ER to the mitochondrial matrix is essential for
maintaining the enzymatic reactions that occur in oxidative phosphorylation
(Cardenas et al., 2010). In particular, calcium is an important factor for the
activation of pyruvate dehydrogenase (PDH), isocitrate dehydrogenase, and a-
ketoglutarate dehydrogenase, which catalyze the formation of NADH, driving the
tricarboxylic acid (TCA) cycle and ATP production. In cells treated with
xestospongin-B to abrogate IP3R activity, or in cells treated with the MCU
inhibitor Ru360, PDH became hyperphosphorylated and inactive, leading to the
activation of autophagy, a cell survival response to a lack of nutrients (Cardenas

et al., 2010). In addition, mTOR has recently been shown to positively regulate
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IPsR (Fregeau et al., 2011; Regimbald-Dumas et al., 2011), which further ties the

cell’s nutritional status to calcium signaling.

1.3.3 Apoptotic calcium signalling at the MAM

In addition to its important role in mitochondrial metabolism, ER-mitochondrial
calcium transfer at the MAM is also essential for apoptotic calcium signalling
(Pinton et al., 2008; Szabadkai and Rizzuto, 2004). Recent studies have shown
that interrupting MAM leads to less efficient induction of cell death after
apoptotic insult to the cell (de Brito and Scorrano, 2008; Simmen et al., 2005).
Moreover, it has also been observed that ER-mitochondrial linkages become
tighter and more numerous during stress conditions such as drug induced ER
stress or nutrient deprivation (Csordas et al., 2006). Mitochondrial uptake of
calcium during apoptosis is dependent on the VDACL isoform, which forms a
complex with IP3 receptors on the ER that is strengthened during apoptosis
induction (De Stefani et al., 2012). A massive mitochondrial uptake of calcium
causes changes in mitochondrial morphology and permeability transition pore
opening, leading to the loss of mitochondrial membrane potential and ATP-
producing capability (Bernardi and Rasola, 2007). When cytochrome C is
released from the mitochondria, it has two apoptotic effects; it both participates in
the formation of the apoptosome as well as binding to IP3 receptors on the ER,
causing the release of even greater amounts of calcium from the ER, which
amplifies the apoptotic signal (Boehning et al., 2003). The ER and mitochondria
are therefore mutually dependent on one another during the activation of cell
death pathways.

Cell death can initiate at the ER when ER homeostasis has been disrupted, either
by the accumulation of unfolded proteins or the depletion of calcium from the ER
lumen. In mice, a member of the caspase family called caspase-12 is associated
with the cytosolic face of the ER and is activated specifically by ER stressors, but
not by extrinsic or mitochondrial cell death triggers (Nakagawa et al., 2000). A

caspase-12 homologue has not been found in humans. However, caspase-8,

13



which has very limited substrate specificity, has been associated with the
apoptotic cleavage of ER-localized proteins (Breckenridge et al., 2002). The
formation of apoptotic complexes has also been reported at the MAM. The ER
protein Bap31 is cleaved by caspase-8 upon activation of cell death receptors at
the cell surface to create a pro-apoptotic fragment called p20, which releases
calcium from the ER (Breckenridge et al., 2003a; Breckenridge et al., 2002). This
leads to mitochondrial fission and release of cytochrome c to the cytosol
(Breckenridge et al., 2003b). Calnexin has been proposed to act as a scaffold for
this complex formation (Guerin et al., 2008), and in its absence, Bap31 cleavage
is impaired (Groenendyk et al., 2006). Bap31 is also involved in the formation of
another complex during apoptosis onset. Fisl, a mitochondrial fission protein,
and Bap31 associate (Iwasawa et al., 2011), bridging the MAM and recruiting
caspase-8. Furthermore, the pro-apoptotic translocation of Bid to mitochondria
and cleavage of Bid to t-Bid is also mediated by caspase-8 and requires the
presence of PACS-2, a protein involved in MAM formation (Simmen et al.,
2005).

1.3.4 The role of chaperone proteins at the MAM

The chaperone protein whose MAM localization is best characterized is the
Sigmal receptor (Hayashi and Su, 2007). Sigmal receptors form a complex with
IPsR at the MAM, stabilizing them and protecting them from degradation, and
prolonging calcium signalling from ER to mitochondria in the event of ER stress.
Sigmal receptors also form a complex with the ER chaperone BiP, which
dissociates as the ER calcium concentration drops during ER stress. Furthermore,
the Hayashi and Su also demonstrate that the Sigmal receptor has an anti-
aggregation and chaperone activity in a citrate synthase refolding assay.
Recently, a novel splice variant of Sigmal receptor has been characterized, giving
more insight into the functions of the protein. Unlike full-length Sigmal receptor,
the truncated variant does not interact with IP3 receptors at the MAM, although it

does interact with its full-length version. Expression of the truncated form of
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Sigmal receptor has a detrimental effect on mitochondrial metabolism and

increases the cell’s susceptibility to apoptosis (Shioda et al., 2012).

There is evidence of several other chaperone proteins localizing to MAM or
having MAM related functions. As part of the Sigmal receptor study, other ER
chaperones including BiP and calreticulin were found to localize to MAM
(Hayashi and Su, 2007). Calnexin and calreticulin, which are lectin chaperones
involved in quality control of glycoprotein synthesis in the ER, have both been
demonstrated to play roles in modulating SERCA2b function and calcium
signalling (Li and Camacho, 2004; Roderick et al., 2000). Furthermore,
calreticulin also acts as a calcium buffer within the ER lumen and can inhibit IP3
receptor mediated calcium signalling (Camacho and Lechleiter, 1995). A
cytosolic chaperone protein, Grp75, is also known to associate with IP3 receptors
and VDAC at the MAM, mediating ER-mitochondria contacts. However, it is
unclear whether Grp75 has any chaperone function in this complex (Szabadkai et
al., 2006). Several chaperone proteins involved in oxidative protein folding also
localize to MAM and play important roles there, and they will be discussed in the

next section.

Importantly, many chaperone proteins such as BiP and calnexin depend on ATP
for their folding functions (Braakman et al., 1992; Wada et al., 1994).
Furthermore, many of the other functions that the ER performs are powered by
ATP, including the import of calcium by SERCA2b (Gunteski-Hamblin et al.,
1988), protein synthesis, translocation, folding, and retrotranslocation, and lipid
transport (Voelker, 1989). Consistent with the dependence of many ER enzymes
on ATP availability, low glucose conditions or inhibition of the mitochondrial
electron transport chain cause ER stress and block the production of secretory
proteins (Kozutsumi et al., 1988; Osibow et al., 2006). Overexpressing
mitochondrial adenine nucleotide translocase, which mediates export of ATP
from the mitochondrial matrix to the rest of the cell, has been shown to reduce ER

to mitochondria calcium transfer (Wieckowski et al., 2006), which demonstrates

15



the mutual dependence of the various signalling and transport events occurring at
the MAM.

1.3.5 The relationship between oxidative protein folding and calcium
signaling at the MAM

Oxidative protein folding, or the formation of disulphide bonds between cysteines
in a protein’s sequence, is one of the many important functions of the ER. One of
the defining characteristics of the ER is that the lumen is far more oxidizing than
the cytoplasm. This allows a special group of chaperone proteins known as
oxidoreductases mediate disulphide bond formation and isomerization between
cysteines, allowing for the proper folding of the protein into its native
conformation. Protein Disulphide Isomerase (PDI) is the most well-known of this
group of chaperone proteins (Klappa et al., 1997), using its CXXC motif to form
mixed disulphides with substrates that have reduced free cysteines or incorrect
disulphide bonds (Horibe et al., 2004; Walker and Gilbert, 1995). A key
component of this system is Erola, the oxidoreductase that mediates the
reoxidation of PDI after its enzymatic reaction (Cabibbo et al., 2000; Pagani et al.,
2000). Erolo accomplishes this using its CXXCXXC active site and
subsequently transferring electrons from cysteines to molecular oxygen using its
flavin adenine dinucleotide (FAD) prosthetic group.

We have recently demonstrated that Erola is a MAM-enriched protein (Gilady et
al., 2010). Retention of Erola at the MAM requires normoxic and oxidizing
conditions, although the exact mechanism of Erola’s MAM targeting is unknown.
During hypoxia, or when the cell is treated with reducing agents, Erolo was
released from MAMSs and secreted from the cell (Gilady et al., 2010). Erola has
also recently been shown to regulate calcium signaling at the MAM (Anelli et al.,
2003), which is consistent with studies demonstrating that it can stimulate the
function of IP3 receptors during apoptosis (Li et al., 2009), and also has a calcium
binding domain. Furthermore, Erol proteins require FAD for their function and

depend on the availability of free FAD in the ER lumen (Tu and Weissman,
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2002). FAD is synthesized from riboflavin by FAD synthase in the mitochondrial
matrix, where it is a key cofactor in the tricarboxylic acid cycle and oxidative
decarboxylation (Barile et al., 2000). The importance of the relationship between
FAD production in the mitochondria and Erol function in the ER is illustrated by
the finding that riboflavin deficiency impairs oxidative protein folding and protein
secretion (Depeint et al., 2006; Manthey et al., 2005). Although the carrier
protein required for transfer of FAD from the mitochondria into the ER in
mammalian cells is unknown, these proteins have been identified in yeast
(Protchenko et al., 2006). However, it is not known whether FAD carriers
localize to MAM.

Two members of the PDI family are involved in the regulation of calcium
signalling at the ER by virtue of their interactions with SERCA2b and the IP3
receptor. ERp57 is well known for its interaction with calnexin, which allows it
to mediate disulphide bond formation in a specific subset of glycoproteins (Jessop
et al., 2007). However, it also interacts with SERCA2b’s ER luminal cysteines
under oxidizing conditions in the ER lumen, thus inhibiting SERCA2b’s calcium
pumping function (Li and Camacho, 2004). Conversely, ERp44 interacts with the
luminal cysteines of IP; receptor type | when conditions in the ER lumen are
reducing or luminal calcium concentration is low, inhibiting calcium signalling
(Higo et al., 2005). This redox dependent control of ER calcium homeostasis
serves to keep input and output of calcium under tight control, and illustrates the
interdependence of the ER redox state and ER calcium concentration. In addition
to its role in modulating SERCA2b function, ERp57 also modulates store
operated calcium influx via its interaction with STIM1 at ER-plasma membrane

contact sites (Prins et al., 2011).

1.3.6 Tools for studying the MAM
A variety of imaging methods, biochemical fractionation methods and functional
assays have been used to study the MAM, each having their own particular

strengths and drawbacks. As previously mentioned, the earliest observations of
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the MAM were made by electron microscopy (Copeland and Dalton, 1959). The
resolution of electron microscopy is sufficient to distinguish the ultrastructure of
the cell, and measure the distance between the ER and mitochondrial membranes.
Electron microscopy can be enhanced by immunostaining techniques, called
immuno EM, using antibodies conjugated to gold particles of varying sizes, and
can therefore be used to study protein localization to the MAM. Disadvantages of
electron microscopy include the impossibility of visualizing live cells, the
incompatibility of certain antibodies with fixation techniques, and the propensity
of fixation techniques to distort cellular membranes. Even more information
about intracellular structures can be obtained by electron tomography, which
images by sections of a sample that can then be reconstituted into a 3D image.
Using this technique, Csordas et al were able to demonstrate the proteinaceous
tethers that hold the MAM in place (Csordas et al., 2006).

Fluorescence microscopy and live-cell fluorescence microscopy have been widely
used to study ER-mitochondrial contact sites. Fluorescent dyes and targeted
fluorescent proteins such as aequorins (Rizzuto et al., 1998) can be used in order
to study the interplay between the two organelles, and learn how contact sites are
affected by overexpressing or knocking down a specific protein, drug treatments,
or other parameters. Immunostaining techniques using fluorescently tagged
antibodies can also be used to visualize the colocalization of specific ER proteins
with mitochondria. Colocalization of ER and mitochondria or of ER proteins with
mitochondria can be measured by establishing a Mander’s coefficient describing
overlap between two fluorescent signals (Manders et al., 1996) As the resolution
limit of fluorescence microscopy is greater that the span of the MAM, these
experiments must be very cautiously interpreted and are not sufficient to establish
the MAM localization of a protein. However, dimerization-dependent fluorescent
proteins can be used to visualize contact sites between organelles. In this
technology, two non-fluorescent monomers are targeted to mitochondria and
MAM, respectively, by creating chimeras of the fluorescent monomers with a

mitochondria and MAM-localized protein. Contact sites between the two
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organelles lead to dimerization and fluorescence of the monomers (Alford et al.,
2012). One of the big advantages of fluorescence microscopy is that it can be
used to study MAM in live cells, which is important because ER-mitochondria
contact sites are dynamic. Confocal fluorescence microscopy can be an especially
valuable technique when used in conjunction with electron tomography as in an
elegant study of ER-mitochondria contacts and mitochondrial fission (Friedman et
al., 2011).

Biochemical fractionation methods have also been used to study the MAM and its
lipid and protein composition. MAM was first biochemically isolated from rat
liver cells in 1990 (Vance, 1990). In this method, tissue is first homogenized and
differential centrifugation fractionation is used to obtain a crude mitochondrial
fraction, which includes mitochondria and some ER membranes. The ER
component of the crude mitochondrial fraction is then separated from
mitochondria by Percoll density fractionation. This ER fraction has been found to
have a different lipid and protein composition than the rest of the ER (Vance,
1990). This technique has since been adapted for use with mammalian cells
(Wieckowski et al., 2009). A great deal of care must also be taken in selecting the
appropriate  homogenization method, Percoll percentage and centrifugation
parameters for the cell line or tissue used, lest the MAM fraction become
contaminated with rough ER. Careful use of marker proteins is also required in
order to establish the efficacy of the fractionation. Another difficulty with the
Percoll fractionation technique is the large amount of starting material that must
be used in order to visualize the MAM band after Percoll fractionation. In order
to circumvent this difficulty, a number of studies have simply compared crude
mitochondrial fractions to microsomal fractions, ignoring the mitochondrial
component of the crude mitochondrial fraction (Delom et al., 2007). This can be
useful when it has already been established that the protein being studied is not

present in mitochondria.
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In addition to microscopical methods to study ER-mitochondrial contacts and
biochemical methods to isolate the MAM, several assays to analyze the primary
functions of the MAM have been developed. Firstly, calcium-sensitive
fluorescent dyes or proteins can be used to measure calcium levels (Bononi et al.,
2012; Rizzuto et al., 1998). By targeting these dyes or proteins to the ER or
cytosol, the release of calcium from the ER upon stimulation of IP3 receptors or
disabling SERCAZ2b pumps can be measured. In order to measure the uptake of
calcium by the mitochondria after it has been released from the ER, a
mitochondrially-targeted protein or fluorescent dye can be used, such as GEM-
GECOL1 (Zhao et al., 2011), aequorin (de Brito and Scorrano, 2008) or Rhod?2
(Fonteriz et al., 2010). Alternatively, cytosolic calcium levels can be measured
with or without disabling the mitochondrial calcium uniporter with ru360. The
difference between the two measurements can be used to assess the effect of
mitochondrial calcium buffering (De Stefani et al., 2012). Using fluorescent dyes
or targeted fluorescent proteins, the transfer of calcium from the ER to
mitochondria can be visualized and even quantified by flow cytometry,

fluorimetry, and live cell microscopy.

The translocation of PtdSer to the mitochondria, where PtdSer decarboxylase is
located, during the synthesis of PtdEtn is dependent of ER-mitochondria
apposition. Therefore, the biochemical analysis of lipid synthesis can also be
used to measure MAM function. To measure the decarboxylation of newly
synthesized PtdSer to PtdEtn or IlysoPtdEtn by mitochondrial PtdSer
decarboxylase, isolated MAM and mitochondria are co-incubated with tritiated
serine, then lipids are isolated from the membranes and the incorporation of
radioactivity into each lipid is measured (Shiao et al., 1998; Vance, 1991). The
incorporation of radioactivity into the decarboxylation products PtdEtn and
lysoPtdEtn is compared with the total radioactivity incorporated into PtdSer,
PtdEtn and lysoPtdEtn combined, to give an indication of phospholipid
translocation to mitochondria. MAM can also be pre-labelled with tritiated

PtdSer, then incubated with mitochondria before calculating the percentage of
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translocation-dependent decarboxylation that occurs (Shiao et al., 1998). Acyl-
CoA: cholesterol acyltransferase 1 (ACAT1) is the enzyme that catalyzes the
conversion of cholesterol to cholesterol ester, and is also enriched in MAM (Lee
et al., 2000; Rusinol et al., 1994). For this reason, analysis of cholesterol levels
has also been used to study MAM function (Area-Gomez et al., 2012).

1.3.7 Mechanisms of MAM formation

Several proteins have been found to play a role in maintaining the structural
integrity of the MAM. These include tethering protein complexes that form a
physical link between the ER and mitochondrial membranes. One example of a
tethering complex is the ER-Mitochondria Encounter Structure (ERMES)
complex that was identified in yeast by an elegant screening study (Kornmann et
al., 2009; Kornmann and Walter, 2010). The screen identified yeast mutants with
phenotypes that could be rescued by expressing an artificial protein tether
between the ER and mitochondria. ERMES is composed of four proteins: two
integral outer mitochondrial membrane proteins, Mdm10 and Mdm34, one ER
transmembrane protein Mmm1, and a cytosolic protein, Mdm12. When the
components of the ERMES complex are mutated, metabolic flow through the
aminoglycerophospholipid biosynthesis pathway was slowed, but not completely
abrogated, indicating that ERMES plays a role in lipid transfer at MAMs but is
not entirely responsible (Kornmann et al., 2009). ERMES mutants also display a
variety of mitochondrial phenotypes including enlarged, spherical mitochondria
and compromised respiratory growth. The size and number of ERMES
complexes in yeast can be regulated by the calcium-sensitive GTPase Geml
(Kornmann et al., 2011). The human orthologue of Gem1, Miro-1, also localizes
to sites of ER-mitochondria contact marked by ERMES (Kornmann et al., 2011).
Interestingly, Miro-1 is an atypical Rho GTPase that is responsible for
mitochondrial trafficking and the morphology of the mitochondrial network
(Fransson et al., 2006).
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Recently, Nguyen et al. found that Gem1 and ERMES are not in fact involved
with lipid transfer and their role is confined to tethering ER to mitochondria and
regulating mitochondrial morphology. They provide evidence that the lipid
transfer defects discovered upon deletion of ERMES components are rather a
secondary consequence of the loss of ER mitochondrial tethering (Nguyen et al.,
2012). Indeed, current models of the role of ERMES complex at the MAM
suggest that ERMES merely increases the efficiency of soluble lipid transporters
such as oxysterol-binding proteins and ceramide transporters (D'Angelo et al.,
2008). However, their studies do confirm the importance of the ERMES complex
as a stable ER-mitochondrial tether, and reiterate the importance of this tethering
to various MAM functions including lipid transfer and regulation of the ER and

mitochondrial networks.

The identification of ER-mitochondria tethering complexes has not been limited
to yeast. Homologues of ERMES complex members have been discovered in
Neurospora Crassa, however, unlike in yeast, the main functions of the proteins
were the assembly of B-barrel proteins in the outer mitochondrial membrane, and
control of mitochondrial morphology (Wideman et al., 2010). Three members of
the ERMES complex, Mdm12p, Mdm34p and Mmm1p, contain synaptotagmin-
like, mitochondrial and lipid-binding protein (SMP) domains with extremely
diverse functions (Lee and Hong, 2006). Interestingly, SMP domains have been
implicated in targeting proteins to membrane contact sites in yeast (Toulmay and
Prinz, 2012). Along with the ERMES complex at the MAM, SMP domains play a
role in targeting proteins to the nucleus-vacuole junction (NVJ) and ER-plasma
membrane contact sites, or PAM. Although human homologues of the ERMES
complex members have not been identified and the search for functional
orthologues containing SMP domains is ongoing, several unrelated tethering
complexes have been identified in mammalian cells. The VDAC-GRP75-IP;R
complex has mitochondrial, cytosolic and ER components, respectively, and was
discovered by subjecting the purified MAM fraction of rat liver cells to 2D blue
native PAGE followed by SDS-PAGE. These results were then corroborated by
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coimmunoprecipitation experiments (Szabadkai et al., 2006). The findings extend
the function of this complex from merely a structural tether to playing a role in
calcium transfer from ER to mitochondria. Furthermore, another tethering
complex forms between Bap31 on the ER and mitochondrial fission protein Fisl,
which bridges the MAM under resting conditions. During apoptosis, caspase-8 is
recruited to the complex causing the formation of the pro-apoptotic Bap31l

fragment, p20 (Grimm, 2012; Iwasawa et al., 2011).

Mitofusins (MFN) 1 and 2 are GTPases that are involved in mitochondria
tethering and fusion. MFN2 is of particular interest because it has lower GTPase
activity and is therefore thought to have a greater role in tethering than in fusion
(Ishihara et al., 2004), and because MFN2 knockout mouse embryonic fibroblasts
(MEFs) display altered ER morphology along with the expected fragmented
mitochondrial network. Percoll MAM fractionation demonstrated that MFN2 was
in fact found in MAM membranes as well as on mitochondria, whereas MFN1’s
distribution was confined to mitochondria. Depletion of MFN2 led to a reduction
of the juxtaposition of the ER with mitochondria as well as a loss of ER-
mitochondrial calcium signalling and defects in the morphology of the ER and

mitochondrial networks (de Brito and Scorrano, 2008).

Other proteins have been shown to play less direct roles in the formation and
maintenance of MAM. The Phosphofurin acidic cluster sorting protein (PACS)-2
has been shown to play a role in the formation of MAM (Simmen et al., 2005).
Although the mechanism by which it happens is unknown, PACS-2 works in
conjunction with the cytosolic protein coat COPI, which mediates retrieval of
vesicles from the cis-Golgi to the ER (Beck et al., 2009), suggesting that the ER-
Golgi trafficking may play a role in the distribution of proteins to the MAM.
Depleting cells of PACS-2 using siRNA led to a decrease in the apposition of the
ER with the mitochondria, as observed by immunofluorescence microscopy and
electron microscopy. Furthermore, absence of PACS-2 altered calcium signals

from the ER and interfered with the uptake of calcium by mitochondria, delaying
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the induction of apoptosis. The GTPase Rab32 also regulates the composition of
the MAM by an unknown mechanism, and active Rab32 has been shown to
relocalize MAM proteins to the periphery of the cell and alter cellular calcium
signalling (Bui et al., 2010). There is also some evidence that the mitochondrial
fission protein Drpl is involved in controlling the apoptotic response to calcium
signalling by fragmenting the mitochondrial network and preventing the uptake of
calcium by mitochondria (Szabadkai et al., 2004). The authors reason that as the
number of ER-mitochondria contact sites remained constant even as the
mitochondrial network fragmented, more mitochondria would be isolated from
the ER.

Nogo B is a member of the reticulon family of proteins, which controls the
formation of tubular smooth ER. Sutendra et al. (2011) have observed that Nogo
B expression is increased in the pulmonary arteries of patients suffering from
pulmonary arterial hypertension (PAH), a disease that features overproliferation
of vascular cells, which narrows the arteries and increases arterial pressure.
Abnormally high levels of Nogo B in response to hypoxia disrupted the formation
of ER mitochondria contacts, which resulted in a decrease of mitochondrial
calcium and subsequent downregulation of mitochondrial metabolism, as
described in section 1.3.2. The authors postulate that as in the Warburg effect
observed in tumour cells, this alteration in mitochondrial metabolism is
responsible for the overproliferation of vascular cells observed in PAH
(Dromparis et al., 2010). In mouse models of hypoxia-induced PAH, Nogo B is
required for the disruption of MAMSs, mitochondrial metabolism phenotype and
subsequent development of the disease (Sutendra et al.,, 2011). These data

strongly suggest that Nogo B plays a role in the regulation of MAM formation.

1.3.8 MAM-enriched proteins and their targeting mechanisms
The proteins related to the MAM functions described above as well as many
others are known to be found in MAM, and furthermore, some are specifically

enriched in this subcompartment. The physical characteristics of MAM and of
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these proteins that lead to this specific enrichment are not yet well understood. As
the MAM functions that have been described so far are important for cell
functions and MAM-resident proteins are essential for these functions, a better
grasp of MAM targeting mechanisms is crucial to understanding the cell biology
of the MAM.

There is good evidence that specific targeting mechanisms exist for several
MAM-localized proteins. Acyl-CoA:diacylglycerol acyltransferase (DGAT)2 is
an enzyme that catalyzes the final step in triacylglycerol (TG) synthesis. This
process is highly spatially regulated, and different aspects of TG synthesis and
storage take place on different membranes, including those of the ER and
mitochondria. When cells are stimulated with oleate to produce TG, DGAT2
localizes to the surface of lipid droplets, where mitochondria are also found.
Efforts to determine the subcellular localization of DGAT2 by biochemical
fractionation pointed to the MAM. A cryptic mitochondrial localization signal
was found within the cytoplasmic tail of DGAT2: while full-length DGAT2 is a
transmembrane ER localized protein, a 67-amino acid fragment of its cytosolic N-
terminus targeted RFP to mitochondria. This fragment contained a sequence
consisting of 3 positively —charged amino acids that were necessary to target RFP
to mitochondria (Stone et al., 2009). The authors hypothesize that this sequence
within the tail of DGAT2 retains the protein at the MAM by tethering it to
mitochondria. If this is the case, DGAT2 may also play a role in the structural
integrity of the MAM, by physically linking ER and mitochondria, although this
was not tested.

It has long been known that MAM contains many lipid synthesis and transfer
enzymes, such as phosphatidyl serine synthase and acetyl-CoA:cholesterol
acyltransferase (ACAT1) and DGAT2, however, it was not known whether the
actual lipid content of the MAM was different from that of the rest of the ER.
The lipid composition of the MAM was compared to that of the rest of the ER
following biochemical fractionation of MAM from microsomes (Hayashi and
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Fujimoto, 2010). It was found that MAM contained higher amounts of
cholesterol and ceramide than the microsomal fraction. It is not certain whether
the presence of the lipid synthesis enzymes influences the lipid composition of the
MAM, but it has been determined that lipid microdomains at the MAM determine
the targeting of certain proteins, specifically the Sigma-1 receptor and 1P3 receptor
(Hayashi and Fujimoto, 2010). There is also considerable evidence that the MAM
consists of detergent-resistant microdomains (Area-Gomez et al., 2012; Hayashi
and Fujimoto, 2010; Lynes et al., 2012; Sano et al., 2009). Hayashi and Fujimoto
demonstrated that the localization of Sigma-1 receptor to MAMs depends on the
cholesterol content of the membrane (2010). There is evidence that lipid
microdomains at the ER-plasma membrane interface regulate store-operated
calcium entry by clustering STIM1 at the PAM in proximity with store-operated
calcium channels (Pani et al., 2008). It is therefore plausible that lipid rafts or
microdomains with high cholesterol content are performing a similar function in
calcium signalling at the MAM. However, Fugimoto et al. demonstrated that
treatment of MAM and mitochondria with methyl-b-cyclodextrin, which depletes
cholesterol from membranes, actually increased ER-mitochondria apposition and
the MAM translocation-dependent production of PtdEtn from radiolabelled
PtdSer (Fujimoto et al., 2012). Clearly more investigation is required to
determine the role of lipid microdomains and cholesterol content in MAM

targeting and function.

1.4 Protein palmitoylation, its regulation and its importance in
transmembrane protein targeting and trafficking

The palmitoylation of transmembrane proteins has been implicated in protein
targeting to lipid microdomains (Charollais and Van Der Goot, 2009), such as the
ones found at the MAM. Palmitoylation is a post-translation lipid modification
that involves the attachment of palmitate, a 16-carbon long chain fatty acid, to
cysteine residues within a protein. Palmitoylation is a reversible process that is
mediated by a growing family of putative palmitoyl acyltransferases (PAT),

polytopic membrane proteins that are characterized by a DHHC motif (Asp-His-
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His-Cys) within a cysteine-rich domain. Although there is no consensus sequence
for palmitoylation, palmitoylated cysteines are often found next to other lipid
modification sites, such as myristoylation sites, within a region of hydrophobic or
basic amino acids, and adjacent to or within transmembrane domains (Salaun et
al., 2010). Protein palmitoylation often has consequences for the trafficking of
that protein; there are several examples of transmembrane proteins that require
palmitoylation to be trafficked into ER exit sites, including Chs3 (Lam et al.,
2006) and LRP6 (Abrami et al., 2008). Defects in protein palmitoylation have
been implicated in human disease, particularly neurological and psychiatric
disease (Young et al., 2012).  Three proteins that mediate the removal of
palmitate have also been identified: acylprotein thioesterases 1 and 2 (APT1 and -
2) and protein palmitoyl thioesterase PPT1. APT1 and 2 have been shown to play
a role in palmitoylation cycling for several proteins, notably H-Ras (Dekker et al.,
2010), but have not found to be implicated in human disease. PPT1, on the other
hand, is localized to lysosomes and deletions or mutation of the gene have been
shown to be responsible for infantile neuronal ceroid lipofuscinosis (INCL) (Kim
et al., 2006). Although PPT1 localizes to lysosomes, there is compelling evidence
that its absence causes abnormal accumulation of palmitoylated proteins in the
ER, ER stress and apoptosis, which may be the mechanism underlying the
neurodegeneration seen in INCL. Interestingly, in another model of neuronal
ceroid lipofuscinosis MAMs were defective, leading to a redistribution of certain
mitochondrial proteins to the ER, and a decrease in expression and activity of

certain MAM-specific phospholipid biosynthetic enzymes (Vance et al., 1997).

1.4.1 Detection of protein palmitoylation

There are two main methods whereby protein palmitoylation can be detected in
the cell. The original method involves palmitate analogues radioactively labelled
with either [*H] or [**°1] (Berthiaume et al., 1995). The disadvantages of these
methods are exposure of lab personnel to radiation and the length of time required
to detect palmitoylated proteins by autoradiography, as long as 3 months. More

recently, an alternative, safer, non-radioactive method has been developed, which
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also accelerated the detection of palmitoylated proteins. In this method, a
palmitic acid analog, w-alkynyl palmitate, is incorporated in proteins. The
palmitic acid analog can then be detected by click chemistry, as described by Yap
et al. (Kostiuk et al., 2009; Yap et al., 2010) and in the Materials and Methods
section (Chapter 2).

1.5 The MAM in human health and disease

1.5.1 Alzheimer Disease

As the MAM is the interface between the ER and mitochondria and mediates
calcium signalling between the two organelles, it follows that MAM functions and
MAM proteins are implicated in human disease, particularly those disease where
apoptosis is implicated, such as cancer and neurodegenerative disease. Perhaps
the best-studied example is Alzheimer Disease (AD) (Area-Gomez et al., 2009;
Area-Gomez et al., 2012; Schon and Area-Gomez, 2012). The key feature of AD
is the death of hippocampal and cortical neurons, which leads to the loss of
cognitive and physical abilities, and inevitably, death (Goedert and Spillantini,
2006). Although the reasons for neuronal cell death are not yet completely
understood, there are many changes at the cellular level that feature in AD. In
normal cells, the amyloid precursor protein (APP), a type | transmembrane protein
and is subject to cleavage by a- and B-secretases, at the plasma membrane or in
endosomes, which generate non-pathogenic fragments. The normal role of APP
in neurons is not well understood, although the most convincing evidence shows
that it is involved in the formation and repair of synapses (Priller et al., 2006). In
AD, there is an abnormal increase in APP processing by the y-secretase enzyme
complex, forming Amyloid-B (APB), which is secreted from cells causing
extracellular plaques consisting primarily of AP to form. However, the
localization of APP processing by y-secretase has been the subject of some
debate. Mutations in APP and the presenilin proteins that lead to altered
processing of APP or the increased production of AP are thought to underlie the
inherited or familial form of AD (Goedert and Spillantini, 2006).
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Most interestingly in the context of MAM research, calcium homeostasis
(Bezprozvanny and Mattson, 2008) and mitochondrial function is altered in
neurons affected by AD (Wang et al., 2009; Wang et al., 2008), as well as lipid
metabolism (Stefani and Liguri, 2009). Recently, it was reported that presenilins-
1 and -2, which form part of the y-secretase enzyme complex that cleaves amyloid
precursor protein, localize to the MAM, along with APP (Area-Gomez et al.,
2009). It was already known that y-secretase activity is concentrated in lipid rafts
and that amyloidogenic processing of APP occurs in lipid rafts (Ehehalt et al.,
2003; Vetrivel et al., 2004), but until recently, it was thought that lipid rafts were
mainly found in the plasma membrane. This created a spatial paradox in the
model of AD progression, as APP and vy-secretase colocalize to the greatest
extent in the ER and Golgi, and y-secretase cleavage of APP is thought to occur in
pre-Golgi compartments, perhaps in the ERGIC (Annaert et al., 1999; Cupers et
al., 2001). However, more recently several groups have shown that MAM has
lipid raft characteristics (Area-Gomez et al., 2012; Hayashi and Fujimoto, 2010;
Sano et al., 2009), partially resolving this paradox. Area-Gomez et al. (2012) also
demonstrated that presenilins may have an alternative role in AD pathology, in
addition to their role in APP cleavage to AB. They reported that deletion of one or
both presenilins increased ACAT1 activity and cellular cholesterols levels and
increased the rate of phospholipid synthesis. In addition, the morphology of ER-
mitochondrial contacts in presenilin knockout cells changed, becoming much
larger, which could explain the increase in lipid transfer and synthesis observed.
Interestingly, deletion of the presenilins also caused a proliferation of lipid
droplets (Area-Gomez et al. 2012), which prompts a comparison with DGAT2,
which is also a link between MAM and lipid droplets (Stone et al., 2009), and
localizes to both. Zampese et al also reported that knockdown of presenilin-2, but
not presenilin-1, or expression of PS2 mutants form in familial AD, increased ER
mitochondrial contacts and calcium signalling at MAMs (Zampese et al., 2011).

The authors also demonstrated that mitofusin-2 (MFN2), a MAM-tethering and

mitochondrial fusion protein (de Brito and Scorrano, 2008), and the presenilins
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have opposing and related functions. This is not too surprising, as overproduction
of AP has been shown to fragment the mitochondrial network and redistribute it to
the perinuclear area (Wang et al., 2008). MFN2 deficient cells had reduced v-
secretase activity, although presenilin localization remained unchanged.
Furthermore, while knocking down MFN-2 reduced the apposition of ER and
mitochondria and disrupted calcium signaling at the MAM (de Brito and
Scorrano, 2008), deletion of presenilins in this background restored MAMs,
indicating that MFN-2 and presenilins may have opposing actions. Conversely,
MFN2 knockdown in presenilin knockout cells corrected the increased MAM
phenotype seen in presenilin knockout cells (Area-Gomez et al. 2012). Although
many questions remain regarding the role of presenilins at the MAM, these
findings open up an exciting new horizon in AD research and help to explain the

calcium and lipid homeostasis defects seen in the disease.

1.5.2 Viral trafficking of MAM proteins

There have been several reports that mitochondrially-targeted viral proteins are
synthesized in the ER and subsequently trafficked to the mitochondria through
MAMs. One example of such a protein is the Human Cytomegalovirus (HCMV)
UL37 exon 1 protein (pUL37x1) (Bozidis et al., 2008). HCMV impacts human
health because fetuses whose mothers are infected or who suffer a reactivation of
a prior infection during pregnancy are born congenitally infected, which can cause
brain abnormalities, and hearing and vision loss. UL37x1 is an immediate early
gene, meaning that it is among the first to be expressed following expression, and
it is one of several UL37 isoforms. Many immediate early proteins have anti-
apoptotic properties, and pUL37x1 is no exception; it is also known as VMIA, or
viral mitochondria-localised inhibitor of apoptosis. Like its name suggests,
pUL37x1/VMIA needs to traffic to the mitochondrial outer membrane in order to
fulfill its anti-apoptotic function. There, it sequesters Bax and prevents Bax-
mediated permeabilization of the mitochondrial membrane (Arnoult et al., 2004;
Poncet et al., 2004). However, all UL37 isoforms first traffic to the ER, where

they are inserted into the membrane by an N-terminal hydrophobic leader
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sequence (Williamson and Colberg-Poley, 2009). From there, three isoforms,
pUL37x1, pUL37NH2 and gpUL37COOH, traffic into MAM (Bozidis et al.,
2008; Mavinakere et al., 2006). However, from the MAM only pUL37x1 and
pUL37NH2 traffic to mitochondria, whereas pUL37COOH can migrate to the
Golgi apparatus. Williamson and Colberg-Poley (2010) identified a signal
sequence adjacent to the hydrophobic leader sequence that was required for
mitochondrial import. Also of interest is the fact that pUL37x1/VMIA stimulate
release of calcium stores from the ER, perhaps by interacting with calnexin or
SERCAZ2b. Indeed, pUL37x1/VMIA colocalized with both these proteins, in
immunofluorescence microscopy experiments, but not with the ER chaperone
PDI, which is not MAM-localized (Sharon-Friling et al., 2006). Although it is not
known whether this release of calcium occurred at MAMs, it is tempting to

speculate that that might be the case.

Hepatitis C Virus (HCV) causes hepatitis, which in chronically infected
individuals can lead to liver cirrhosis or hepatocellular carcinoma (Di Bisceglie,
1998). Translation of the HCV open reading frame results in a 3000 amino acid
polyprotein that is subsequently cleaved into 10 different proteins by both cellular
and viral proteases. The subcellular distribution of HCV core protein is fairly
ubiquitous; it has been found mainly in the cytosol, but with populations in lipid
droplets, in the nucleus, associated with the Golgi compartment, on the outer
mitochondrial membrane, and most interestingly, on rER in proximity to
mitochondria (Williamson and Colberg-Poley, 2009). Targeting to ER and
mitochondria depends on amino acid sequences containing an amphipathic alpha-
helix domain (Suzuki et al., 2005), but also on the expression level of the protein.
HCV core protein has been implicated in altering several cellular functions that
rely on MAM, such as lipid metabolism and apoptosis induction (Williamson and
Colberg-Poley, 2009), however, it is unknown whether HCV core protein relies

on transit through the MAM to achieve these effects.
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A third example is HIV-1 Viral Protein R (Vpr) (Huang et al., 2012). Vpr has
been implicated in the killing of CD4+ T lymphocytes that is a hallmark of HIV
by mediating DNA damage response, cell cycle arrest and apoptosis. Like
pUL37x1/VMIA, Vpr has been shown to traffic to mitochondria, but in contrast,
there it permeabilizes the outer mitochondrial membrane and increases
susceptibility of the cell to apoptosis. The mechanism of Vpr trafficking to
mitochondria is unclear. Vpr is integrated into the ER membrane and the outer
mitochondrial membrane (OMM) by its C-terminal transmembrane domain. Vpr
overexpression led to a reduction in the amount of MAM-tethering protein MFN2
and a reduction in mitochondrial membrane potential, as well as morphological
changes to the ER and mitochondria. The authors observed transport vesicles
containing Vpr forming at the MAM and fusing with the mitochondrial membrane
by time-lapse confocal fluorescence microscopy, and hypothesized that this could
be one mechanism mediating the transit of viral proteins from the ER to the
OMM.

Although the mechanisms whereby translocation of proteins from the ER
membrane to the mitochondrial outer membrane occurs are not known, several
intriguing possibilities have been suggested.  Lipid microdomains at the MAM
may be responsible for protein targeting to the MAM, and treatment with the
cholesterol-depleting drug methyl B cyclodextrin reduced trafficking of UL37
exon 1 to the MAM (Williamson et al., 2011), like in the case of the sigma 1
receptor (Hayashi and Fujimoto, 2010). These microdomains could also be
responsible for mediating trafficking between ER and mitochondrial membranes.
It is also possible that viral proteins somehow take advantage of mechanisms such
as transport proteins used to exchange lipids from the ER membrane to the
mitochondria (Williamson and Colberg-Poley, 2009). Interestingly, some
microscopical evidence of vesicular trafficking of Vpr between the MAM and
mitochondria has come to light, and perhaps this mechanism applies to other
protein traffic as well (Huang et al., 2012). Although the mechanism of this
vesicular trafficking is unclear, it requires the mitochondrial proteins ATAD3A,
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an ATPase, and the GTPases Drpl and MFN2, which is also involved in MAM
formation (Huang et al., 2012). As viral proteins are likely to take advantage of
the trafficking mechanisms used by endogenous proteins to target to MAM and
traffic through MAM to mitochondria, studying them could not only deepen our

understanding of viral illnesses, but also our understanding of MAM biology.

1.5.3 The MAM in cancer

It has long been suspected that MAM could be implicated in cancer progression,
given its involvement in regulating calcium signaling to the mitochondria and
apoptosis (Grimm, 2012). However, until recently there was little concrete
evidence that MAM proteins were playing a specific role in tumorigenesis, or that
the MAM requirement for apoptotic signaling between ER and mitochondria
translated into a role for MAM in cancer progression. However, upregulation of
several stress-inducible ER chaperones and oxidoreductases, such as BiP (Li and
Lee, 2006), has been found to play a role in protecting cancer cells from ER stress
and apoptosis, as the ER in tumour cells is subjected to stress from hypoxia and
increased demand for protein production (Grimm, 2012). For example, May et al.
have demonstrated that Erolo. mMRNA was upregulated in hypoxic tumours and
that siRNA-mediated reduction of Erolo expression reduced the secretion of
vascular endothelial growth factor (VEGF), reduced proliferation or the cells and

rendered them more susceptible to apoptosis (May et al., 2005).

The promyelocytic leukemia (PML) protein is encoded by a gene that is
translocated and fused to the retinoic acid receptor a in acute promyelocytic
leukemia (Ross et al., 2004). The two mutated proteins that results from the
translocation block the differentiation of hematopoietic cells, creating a great deal
of interest about the function of PML, and whether it is acting as a tumour
suppressor in healthy cells (Pinton et al., 2011). Although PML is usually
concentrated in nuclear bodies, a portion of its extranuclear population has
recently been found at MAMs (Giorgi et al., 2010). In the absence of PML, the

concentration of calcium in the ER is lower, and release of calcium from the ER
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after agonist or apoptotic stimulation was smaller. This could be rescued by an
exogenously expressed ER-targeted PML, but not a nuclear targeted version of
the protein. PML -/- MEFs were also found to be resistant to apoptosis (Giorgi et
al., 2010). These findings could explain the tumour suppression role of PML, and
how the loss of PML through translocation could contribute to the pathogenesis of

acute promyelocytic leukemia.

1.6 Goal of this thesis

Given the growing role attributed to the MAM in human health, it is important to
understand how the MAM is formed, how proteins target there, and how it
functions. Many ER chaperones have already been shown to localize to MAM
and play a role in the modulation of ER calcium homeostasis and signalling. The
aim of the work presented in this thesis is to identify MAM-enriched ER
chaperones and redox proteins, elucidate their mechanisms of MAM enrichment,
and determine their importance in cellular calcium handling. Given that the
cytosolic sorting protein PACS-2 was found to be important for MAM formation,
a study was undertaken to determine whether the PACS-2 interactor calnexin was
found on MAM and whether it was dependent on PACS-2 for its localization.
Subsequently, other possible PACS-2 interacting redox proteins, TMX and
TMX4, were examined for MAM enrichment. In this study, our aim was to
determine what further protein motifs or trafficking mechanisms, for example
palmitoylation, might be responsible for targeting the proteins we identified as
MAM-localized. Lastly, we sought to determine why the MAM-targeting of the
multifunctional chaperone protein calnexin is important, and what the functional
consequences of calnexin’s intra-ER targeting are. Given the important functions
of the MAM in cellular processes such as calcium and lipid trafficking, and in
viral disease, neurodegenerative disease and cancer, it is of vital importance to
understand how proteins traffic to MAM and how MAM localization affects

protein function.
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Figure 1.1: ER subdomains and selected marker proteins. Climp63 (yellow
rectangle) maintains the sheet-like morphology of the Rough ER, and ribophorins
(purple oval) mediate the interaction of ribosomes with the translocon; At the
nuclear envelope, nesprins (pink ovals) form a bridge between the nuclear lamina
and the cytoskeleton; the ER Quality Control Compartment (ERQC) forms during
ER stress and Derlinl and EDEM mediate export and degradation of misfolded
proteins; reticulons and atlastins maintain the reticulated, tubular structure of the
smooth ER, ER exit site (ERES) form at sites of Secl6 association with the
cytosolic face of the ER membrane; AAM-B traffics first to the ER, then to lipid
droplets; likewise, Pex3 traffics through ER to the pre-peroxisomal compartment
and on to peroxisomes; Stim1l and Orail oligomerize at the plasma membrane
associated membrane (PAM) to form a channel responsible for store-operated
calcium entry; DGAT2 and Erola target Mitochondria associated membranes
(MAM) via a cytosolic mitochondrial targeting sequence and ER redox
conditions, respectively. Please see the text for further details.
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Chapter 2: Materials and Methods
2.1 Materials

2.1.1 Reagents

Table 2.1 Commercial sources of chemicals and reagents

Reagent Source
2-Bromohexadecanoic Acid Fluka
25x Complete Protease Inhibitors Roche
6x DNA Gel Loading Buffer New England
BioLabs
Acetone BDH Chemicals
Acrylamide BioRad
Agarose Invitrogen
Ammonium Persulfate BioRad
Ampicillin Sigma
B-Mercaptoethanol BioShop
Bovine Serum Albumin Sigma
Bovine Serum Albumin, fatty-acid free Sigma
Bromophenol Blue BioRad
CHAPS Sigma-Aldrich

Dithiothreitol

Fisher Scientific

Dithiobis(Succinimidyl propionate) (DSP)

Thermo Scientific

Dulbecco’s modified eagle medium Gibco

Ethanol Commercial
Alcohols

EDTA EMD

EZ-Link Sulfo-NHS-LC-Biotin

Thermo Scientific

Fetal Bovine Serum

Gibco

Fluo8 AAT Bioquest
Glycerol BDH

HEPES Sigma
Histamine dihydrochloride Sigma

Hydrochloric Acid

Fisher Scientific

LB Agar, Miller

BD Biosciences

Luria Broth Base, Miller

BD Biosciences

Metafectene Pro

Biontex

Methanol

Fisher Chemical

Mitotracker Red CMX Ros Invitrogen
Trans-blot nitrocellulose BioRad
Oligofectamine Invitrogen
OptiMEM Gibco
Optiprep Axis-Shield
Percoll GE Healthcare
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Phosphate Buffered Saline (PBS), 10x

Phosphate Buffered Saline with calcium and magnesium,
10x

Cellgro
Inc

Mediatech,

ProLong Antifade resin

Invitrogen Molecular
Probes

Protein A Sepharose Beads CL-4B

GE Healthcare Bio-
Sciences

Rhod2 Invitrogen

Sodium azide ICN Biomedical Inc.
Sodium dodecyl sulphate (SDS) J.T. Baker
Streptavidin-agarose beads Sigma Aldrich
Sucrose EMD

Tetramethylethylenediamine (TEMED)

OmniPur/EMD

Thapsigargin

Alexis Biochemicals

TMRM Sigma

Tris Bio Basic Inc.
Triton X-100 Sigma

Triton X-114 Sigma

Trypsin 2.5% Gibco

Tunicamycin Alexis Biochemicals

Table 2.2 Enzymes

Enzyme Source
T4 DNA ligase Invitrogen
Restriction endonuleases NEB
Restriction endonucleases Fermentas

Table 2.3 Molecular size standards

Molecular size standard Source

Precision Plus Protein Dual Colour Standards BioRad

1 Kb Plus Marker Fermentas

Table 2.4 Multicomponent systems

Kit Source
QIAEX 11 gel extraction kit QIAGEN
QIAGEN plasmid midi kit QIAGEN
QiaQuick Gel extraction kit QIAGEN
Phusion High Fidelity PCR Kit Finnzymes
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Table 2.5 Detection and analysis systems

Detection System Source
Odyssey Infrared Imaging System LiCor
Axioobserver Microscope, Axiocam digital camera, | Zeiss

100x Plan-Apochromat lens, Axiovision 4 acquisition

software

ImageJ Software

Rasband, W.S., ImageJ,
U. S. National Institutes
of Health,
http://imagej.nih.gov/ij/,
1997-2012.

Imaris 7.2 Software

Bitplane

Huygens Software

Scientific Volume

Imaging

FluorChem Imaging System (Transilluminator, camera

and computer software)

Alpha Innotech

Corporation

FACS Scan Cytometer

BD Biosystems

2.1.2 Commonly used buffers

The composition of the buffers used throughout this work can be found below in

Table 2.6.

Table 2.6 Common Buffers and Solutions

Solution

Composition

CHAPS lysis buffer

1% CHAPS, 10 mM Tris pH 7.4, 150 mM NaCl, 1
mM EDTA

Laemmli Buffer

60 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5%
BMercaptoethanol, 0.01% Bromophenol blue

IF Wash Solution

PBS++, 0.2% (w:v) BSA, 0.1% (v:v) Triton X-
100

Mitochondrial
Homogenization Buffer

10mM HEPES pH 7.4, 250 mM sucrose, 1mM
EDTA, ImM EGTA

mMRIPA

1% NP40, 1% deoxycholine, 150 mM NacCl, 50
mM Tris, pH 8.0

Miniprep solution |

50 mM glucose, 10 mM EDTA, 25 mM Tris pH
8.0

Miniprep solution Il

0.2 N NaOH, 1% SDS

Miniprep solution 11l

3M NaAc, pH 5

4x Separating Gel Buffer

1.5 M Tris pH 8.8, 0.4% SDS

4x Stacking Gel Buffer

0.5 M Tris pH 6.8, 0.4% SDS

Gel Running buffer (SDS-

25 mM Tris, 200 mM Glycine, 0.1% SDS

PAGE)
TAE 40mM Tris, 20mM acetic acid, and 1ImM EDTA
TBS-T 10 mM Tris pH 8.0, 0.15 M NacCl, 0.05% Triton

X-100
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TNE Buffer

10 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA

Carbonate Transfer buffer

10 mM NaHCOs3;, 3 mM Na,CO3, 20% Methanol

Western Blocking Solution

TBS-T +3% BSA

2.1.3 Plasmid Vectors and Oligonucleotides

The following is a summary of the plasmid vectors used in this study, followed by
a table listing the oligonucleotides and strategies that were used to generate
mutations and chimeric proteins from the original constructs.

Table 2.7 Plasmids

Plasmid

Source

pCEP4 FLAG CXN

Dr. Thomas Simmen

pCEP4 FLAG CXN SSAA

pCEP4 FLAG CXN SSDD

pcDNA3 myc TMX

pcDNA3 myc TMX4

pcDNA3 myc TMX M1

pAR/G VSVG rAMP

Dr. T. Hobman

pAD tet7 Tac

Dr. Walter Hunziker

Table 2.8 Oligonucleotide

s and Construct Design

Simple PCR

Construct | Template | Forward Primer | Reverse Primer Restriction

name site

TMX- Myc T7_TAATACGACTC | TS368_ATATCTCGAGC | Avrll

ROR TMX ACTATAGGG TAGGATTTATCTGTGG

Q CCAATGATGGACCTA

GGGATTTTTGTTTTAT
GGCATTCTGTGG
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Chimeric TMX/TMX4 Constructs

Constuct | Template Forward primer | Reverse Primer Restrict-
Name ion Site
Myc 114 myc TMX T7 TS344_GTGGCACATA Acc65l,
GAAACATTCTGACAC | yp )
AAATATCATACAGAG
TCC
mycTMX4 | TS343_GGACTCTGT | Sp6_ATTTAGGTGACA
ATGATATTTGTGTC | CTATAGAA
AGAATGTTTCTATG
TGCCAC
Myc 144 | myc TMX |77 TS346_CTATGACGAA
AAACACATAAGATCC
CCACACTGGCAATCC
AAGG
Myc TMX4 | TS345_CCTTGGATT | Sp6
GCCAGTGTGGGGAT
CTTATGTGTTTTTCG
TCATAG
Myc 441 | Myc TMX4 | T7 TS348_ TGAAGGACAA
AGGCAATCTGCTATT
ACCACCAAGACCAGA
cc
Myc TMX | TS349_GGTCTGGTC | Sp6
TTGGTGGTAATAGC
AGATTGCCTTTGTC
CTTCA
Myc 411 Myc TMX4 | 77 TS350_TAAAGCAAAA
ACAGTATATGAACAC
CAAGCAGGAATTCCA
AG
Myc TMX | TS351_CTTGGAATT [ Sp6
CCTGCTTGGTGTTC
ATATACTGTTTTTG
CTTTA
Myc 414 | Myc 411 Same strategy as Myc 114
Myc TMX4
Myc 141 | Myc 144 Same strategy as Myc 441
Myc TMX
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Addition of FLAG Tags

Construct | Template | Forward Primer Reverse Primer Restrict
Name -ion Site
FLAG- Myc T7 TS363_GTCATCGTCGTC | Acc65l,
CTTGTAGTCACCCCAAA
TMX TMX ceaaceeeaceateact | Xhol
GCCAG
TS362_GACTACAAGG | Spé6
ACGACGATGACAAGG
GAGCTCCCTGGACGC
ACGGGCGGCGG
FLAG Myc T7 TS365 TCCCTTGTCATCG
TCGTCCTTGTAGTCCGT
T™MX4 T™MX4 CGCCGCCACAGCCGCGA
TCCAGGCGGCCAG
TS364_GACTACAAGG | Spé6
ACGACGATGACAAGG
GAGCAGGCCCCGAGG
AGGCCGCGCTGCCGC
CG
FLAG PAR/G TS394_ATTCATTGGGG | TS395_ATATCTCGAGTT | N/A
VSVG VSVG TGAATTGCGACTACA | ACTTTCCAAGTCGGTTC
AGGACGACGATGACA | ATCTC
rAMP AGGGAAAGTTCACCA
TAGTTTTTCCACAC
PCR TS393 ATATGAATTCA EcoRl,
CCATGAAGTGCCTTTT
product | GYacTTAGCCTTTTTA Xhol
of TTCATTGGGGTGAATT
previous GCGACTACAAG
reaction
Site Directed Mutagenesis
Construct | Template | Forward Primer | Reverse Primer | Restriction
Name Site
FLAG FLAG T7 TS370_TCTGCGCCTT | Acc65l,
TTTGAAGCAGCTAG
TMX TMX cacatctoaccacaa | Xhol
CCAA ATATCAT
TS369_ATGATATTTGT | Spé
GGCAGATGCGCTAGC
TGCTTCAAAAAGGCG
CAGA
FLAG- FLAG TS264_ATATGGTACC | TS384_TGACTGTTTC | EcoRl,
ACCATGGAAGGGAA | TTTCCGCTAGCGGC
CXN CXN ATGGCTGCTGTGTAT | GAaaGaGeaTAACAA | Xhol
CCAA GTTACTGGTCCTTGG | GAAACAC
AACTAC
TS385 GTGTTTCTTGT | TS261_ATATCTCGAG
TATCCTCTTCGCCGCT | TCACTCTCTTCGTGG
AGCGGAAAGAAACA | CTTTCTG
GTCA
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Construction of VSVG Chimeras

Construct | Template | Forward Primer Reverse Primer Restrict
Name -ion Site
FLAG FLAG T7 TS396_AAGCAAAAACAG | AccB5l,
TATATGAAGAGCTTTTC
VSVG VSVG cAACTACTGAACCAAC | Xhol
TMX FLAG TS397_AGTAGTTGGA | Sp6
TMX AAAGCTCTTCATATAC
TGTTTTTGCTTTAGCA
AC
FLAG FLAG T7 TS398_ CTATGACGAAAA
ACACATAAGAAGAGCTT
VSVG VSVG TTCCAACTACTGAAC
TMX4 FLAG TS399_GTAGTTGGAA | Spé
AAGCTCTTCTTATGTG
T™MX4 TTTTTCGTCATAGCCA
cc
FLAG FLAG T7 TS400_CTTGACTGTTTCT | EcoRl,
TTCCAGAGCAAGAGCTT
VSVG VSVG TrccaacTacTeaace | Xhol
CXN FLAG TS401_GGTTCAGTAGT | TS261
CXN TGGAAAAGCTCTTGC
TCTGGAAAGAAACAG
TCAAG
Construction of TAC Chimeras
Construct | Template | Forward Primer Reverse Primer Restrict
Name -ion Site
TAC TMX | pAD tet7 | TS44L_ ACACGGTACC | TS442 TAAAGCAAAAAC | Kpnl,
T GACACCATGGATTCA | AGTATATGACTGGTACT | v\ )
ac TACCTGCTGATGTGG | CTGTTGTAAATATGGA 0
G
FLAG TS443_ACAACAGAGT | TS240 ATATCTCGAGAT
ACCAGTCATATACTGT | ATCTAGGATTTATCTGT
TMX
TTTTGCTTTAGCAACT | GGCCAATG
C
TAC PAD tet7 | TS441 TS444_TATGACGAAAAA
CACATAAGACTGGTACT
T™MX4 Tac CTGTTGTAAATATGGA
FLAG TS445 CAACAGAGTA | TS236_ATATCTCGAGAT
TMX4 CCAGTCTTATGTGTTT | ATCTACAGTCCCTTGTC
TTCGTCATAGCCACCT | AGCATGC
TGG
TAC CXN | pAD tet7 | Ts441 TS446_CGGTCAAAACGT
T AGACCACCTGGTACTCT
ac GTTGTAAATATGGA
FLAG TS447 CGGTCAAAAC | TS261_ATATCTCGAGTC
CXN GTAGACCACCTGGTA | ACTCTCTTCGTGGCTTTC
CTCTGTTGTAAATATG | TG
GA
TAC TMX | pAD tet7 | Same strategy as for TAC TMX
CCAA Tac
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FLAG
TMX
CCAA
TAC CXN | pAD tet7 | Same strategy as for TAC CXN
CCAA Tac
FLAG
CXN
CCAA
Deletion
Construct | Template | Forward Primer Reverse Primer | Restriction
Name Site
TMX A Myc TMX | T7 TS356_CCATTCAGC | Acc65l,
Thio AAAACTTTCCCAGT | yop )
CTCCTTCCAGCAGT
TCTCTCCA
TS355_GAAGGAGACT | Spé
GGGAAAGTTTTGCTG
AATGGGGAGAAGATC
TTGAG
2.1.4 Antibodies used in this study
Table 2.9 Primary Antibodies
Specificity Host Species Dilution Source
reactivity | (Application)
ACAT1 rabbit human, 1:500 (WB) Thermo Scientific
hamster,
mouse
bCOP mouse human, 1:2000 (WB) GeneTex
hamster, rat,
monkey
Biotin mouse 1:5000 (WB) Berthiaume Lab,
University of Alberta
BiP mouse Human, 1:5000 (WB) BD Biosciences
dog, rat,
mouse
Calnexin rabbit Human, 1:1000 (WB) This study
(cytosolic mouse 1:100 (IP)
peptide)
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Calnexin

rabbit

Human,
monkey,
mouse, rat,
bovine,
chicken,
dog, guinea
pig,
hamster,
unicorn, pig,
quail, rabbit
sheep,
Drosophila,
Xenopus

1:1000 (WB)

Stressgen

Calnexin

mouse

Dog, mouse,
rat, human

1:1000 (WB)

BD Biosciences

Calnexin P534

rabbit

1:500 (WB)

This study

Calnexin P544

rabbit

1:500 (WB)

This study

Calnexin P563

rabbit

Human,
mouse, rat

1:500 (WB)

Abcam

CD25/Tac

rabbit

human

1:1000 (WB)

AnaSpec

elF2a

rabbit

Human,
mouse, rat,
monkey

1:1000 (WB)

Cell Signaling

ERGIC53

mouse

Human, pig,
monkey

1:1000 (WB)

Alexis

ERp57

mouse

Human,
mouse,
bovine,
canine,

guinea pig,
hamster,
monkey,

pig, rabbit,

rat

1:1000 (WB)

StressMarq

FACL4

goat

human

1:2000 (WB)

Abcam

FLAG tag

mouse

1:1000 (WB)

Rockland,
Gilbertsville, PA

FLAG tag

rabbit

1:100 (IP)

Rockland,
Gilbertsville, PA

GRP75/HSPA9SB

mouse

Human,
monkey,
canine,
mouse

1:500 (WB)

Affinity BioReagents
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Heme mouse | Human, rat, 1:250 Abcam
oxygenase-1 mouse, Cow,
dog,
monkey
IP3-Receptor | mouse Human, 1:1000 (WB) BD BioSciences
Type 3 dog, rat,
mouse
Mitochondrial | mouse Human, 1:1000 (WB) MitoSciences,
Complex Il bovine, rat, Eugene, OR
mouse
Myc tag mouse 1:1000 (WB) | Millipore, Billerica,
MA
Myc tag rabbit 1:1000 (WB) Millipore
PDI mouse Human, 1:5000 (WB) | Affinity Bioreagents
mouse, rat 1:100 (IF)
QSOX1 rabbit human 1:1000 (WB) GeneTex
Ribophorin | rabbit Human, 1:1000 (WB) ProteinTech
mouse, rat
Ribophorin |1 rabbit human 1:1000 (WB) | Lifespan BioSciences
SERCA2b Mouse human 1:1000 (WB) | Millipore, Billerica,
MA
TMX Rabbit human 1:1000 (WB) | Sigma, Oakville, ON
1:100 (IF)
TMX Rabbit human 1:1000 (WB) This study
TMX2 Rabbit Human, 1:1000(WB) | Lifespan Biosciences,
mouse, rat Seattle, WA
TMX3 Rabbit human 1:1000 (WB) Ellgaard Lab,
University of
Copenhagen
TMX4 Rabbit human 1:500 (WB) This study
TMX4 Mouse human 1:100 (IF) | ImmunoKontact/AMS
Biotechnology,
Abingdon, UK
VDACI1 (20B12) | Mouse Human, 1:1000 (WB) | Abcam, Cambridge,
mouse, rat UK
VDAC?2 Rabbit | Human, cat, | 1:1000 (WB) | Abcam, Cambridge,
chimpanzee, UK
cow, dog
VSVG Rabbit 1:1000 (WB) Hobman Lab,

University of Alberta
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Table 2.10 Secondary Antibodies

Antibody Dilution Application | Source
Goat anti mouse AlexaFluor 680 1:10 000 WB Invitrogen
Goat anti rabbit Alexa Fluor 750

Donkey anti goat AlexaFluor 680

Goat anti mouse AlexaFluor 594 1:2000 IF

Goat anti mouse AlexaFluor 488

Goat anti mouse AlexaFluor 350

Goat anti rabbit AlexaFluor 594

Goat anti rabbit AlexaFluor 488

Goat anti rabbit AlexaFluor 350

2.1.5 Cell lines used in this study

Table 2.11 Cell lines

Mammalian Cell Line Source

Hela ECACC

CXN -/- MEF M. Michalak, University of Alberta

WT MEF M. Michalak, University of Alberta

AKO MEF M. Michalak, University of Alberta

A375P Wellcome Trust Functional Genomics Cell Bank
Bacterial Cultures

DHb5a E. coli G. Eitzen, University of Alberta

2.2 Methods

2.2.1 Mammalian cell culture techniques

2.2.1.1 Maintenance of cell lines

Cells were incubated at 37°C in a humidified environment with 5% CO,. All cell

lines were maintained in Dulbecco’s minimal essential medium (DMEM, Table

2.1) with 10% FBS (Table 2.1).

Trypsin (Table 2.1) to a maximum passage number of 40.

2.2.1.2 Transient Transfection of cell lines

Cells were passaged twice per week using
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Exogenous DNA was introduced into cells using a lipid based transfection
system. The evening prior to transfection, cells were trypsinized and seeded in
DMEM+10% FBS (see Maintenance of cell lines, above) in 35 mm dishes (2mL
volume) so as to become 90-100% confluent overnight. The following morning,
the cells were transfected with 8 uL of Metafectene Pro reagent (Table 2.1) and
1.5 ug of plasmid DNA, according to the manufacturer’s instructions.
Transfection was allowed to proceed for 16-48 hours (see figure legends of
individual experiments) before cells were harvested or processed for various

experiments.

In order to verify the efficacy of the antibodies we generated for this study,
siIRNA knockdown of the target proteins was used. The evening prior to
transfection, A375P or HelLa cells were seeded at 100 000 cells per 35 mm dish.
Oligofectamine (Table 2.1) was used to transfect the cells according to the
manufacturer’s instructions. The siRNAs against TMX and TMX4 were from
Sigma.

2.2.2 Molecular Biology techniques

2.2.2.1 Polymerase Chain Reaction (PCR)

Simple PCR was used to generate some of the mutants used in this study. PCR
was performed according to the directions of the Phusion High Fidelity PCR Kit
(Table 2.1.4) using an Eppendorf Mastercycler PCR machine. All primers were
synthesized by Sigma-Genosys. The primers, template DNA and strategies used
to generate mutant, chimeric, or deletion constructs are summarized in Table 2.8

and in the following section.

2.2.2.2 PCR-based splicing by overlap extension

PCR-based splicing by overlap extension was the prevalent technique used to
create the mutations and chimeric proteins used in this study. Briefly, two or
more sequential PCRs were performed to create gene segments that overlap each

other, and were then used as templates in a subsequent PCR reaction to piece

48



together a whole gene (Heckman and Pease, 2007). In the case of site directed
mutagenesis, internal primers carrying a mutation (and in some cases an
engineered restriction site) were designed in such a way as to create overlapping
complementary sequences. These internal primers were used in initial PCRs with
primers that flanked the whole gene, in most cases the commercial primers T7
(5’) and Sp6 (3’). For example, in the case of the introduction of the double
Cysteine to Alanine mutation (CCAA) into the FLAG-TMX wt cDNA, internal
primer TS 370 (reverse) which carried the mutation, was paired with T7 in one
reaction using FLAG-TMX wt as template. Its complementary partner, TS369
(forward), which also carried the mutation, was paired with Sp6. These reactions
generated overlapping products which were denatured and spliced together in a
subsequent reaction driven by the external primers T7 and Sp6, which yielded a
whole FLAG-TMX CCAA. Please see Table 2.8 for a list of all constructs

generated in this way.

Jumping PCR was also used in this study to create chimeras of two different
wildtype genes. In this case, internal primers without mutations were designed in
such a way as to be complementary to each other and span the junction of the two
different genes. An example of this is the creation of the Myc-114 chimera,
which has the luminal and transmembrane domains of TMX1 fused to the
cytosolic tail domain of TMX4.  Reverse primer TS344, which was
complementary to both the 3’ end of the TMX segment and the 5’ end of the
TMX4 segment, was paired with the T7 primer and used to amplify the indicated
section of WT Myc-TMX template. In a second reaction, forward primer TS343,
which was also complementary to both the 3’ end of the TMX segment and the 5’
end of the TMX4 segment, was paired with Sp6 primer in a reaction to amplify
the indicated section of the WT Myc-TMX4 template. These reactions generated
overlapping products that were denatured and spliced together in a subsequent
reaction driven by the external primers T7 and Sp6, which yielded a chimeric

Myc-114 construct. Please see Figure 2.1 for an illustration of the generation of
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the TMX chimeric constructs, and Table 2.8 for a list of all constructs generated

in this way.

2.2.2.3 Restriction Digest

Restriction digest were generally performed in a volume of 50 pL (preparation of
PCR products for ligation) or 10 pL (analysis of plasmid DNA isolated from
bacterial clones). Reactions were prepared using 3-15 units of enzyme, and the
buffer and Bovine Serum Albumin as indicated by the manufacturer’s

instructions, and allowed to proceed at 37°C for 1.5 hours.

2.2.2.4 Separation of DNA fragments by agarose gel electrophoresis

Five volumes PCR products or restriction digest reactions were mixed with one
volume of 6x DNA loading buffer (Table 2.1) and loaded into a 1.5% agarose gel
prepared with 1x TAE (Table 2.6) containing 1x SYBRsafe (Table 2.1). Gels
were subject to electrophoresis at 100 V in an apparatus containing 1x TAE.
DNA fragments were visualized with an ultraviolet transilluminator apparatus and
digital camera (Table 2.10).

2.2.2.5 Extraction of DNA from agarose gel

DNA fragments of interest were excised from gels using a razor, and purified
from the agarose gel using either the QIAEX I1 gel extraction kit or QIAquick Gel
Extraction Kit (Table 2.4), according to the supplied instruction. DNA was
typically eluted in 30 uL of nuclease free water (Table 2.1).

2.2.2.6 DNA ligation

DNA inserts that were restriction digested and purified as described above were
ligated into the multicloning site of pcDNA3 using 1.5 pL of T4 DNA ligase
(Table 2.2) in the buffer supplied by the manufacturer. The reaction volume was
15 pL, and the ratio of plasmid to insert varied between 1:5 and 1:50. Ligation

reactions were incubated overnight at room temperature.
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2.2.2.7 DNA sequencing
DNA sequencing was performed by the Molecular Biology Facility, department
of Biological Sciences, University of Alberta, using the BigDye Terminator v3.1

Cycle Sequencing kit to verify the sequences of the constructs used in this study.

2.2.2.8 Bacterial Culture

DH5a Escherichia coli were grown in Luria Broth (Table 2.1) with the
appropriate antibiotic (generally 100 pg/mL Ampicillin) in culture tubes or flasks
in a rotary shaker at 220 rpm, at 37 °C. Culture volumes were kept to
approximately 20% of the flask volume. LB Agar plates (Table 2.1) with
appropriate antibiotic were also used.

2.2.2.9 Preparation of competent cells for transformation

Competent E. coli were prepared for transformation using the Inoue method
(Inoue et al., 1990). Briefly, a 250 ml culture of E. coli was grown to an ODgq Of
0.55 in SOB medium (20 g/L Tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 2.5 mM
KCI, pH 7.0, plus 10 mM MgCl, immediately before use) at 18-22°C with
moderate shaking. The flask was then transferred to an ice water bath for 10
minutes, and the cells were harvested by centrifugation at 25009 for 10 minutes at
4°C. The cells were subsequently washed in 80 mls ice-cold Inoue transformation
buffer (10 mM PIPES pH 6.7, 250 mM KCI, 15 mM CaCl;, 55 mM MnCl,) and
re-centrifuged as above. Following this last centrifugation, the cells were
resuspended in 20 mL ice-cold Inoue transformation buffer, and 1.5 mL DMSO
was added. The mixture was incubated on ice for 10 minutes, then quickly
aliquoted into pre-chilled sterile microfuge tubes, and frozen in a liquid nitrogen

bath. Competent cells were stored at -80°C.

2.2.2.10 Bacterial transformation
Competent DH5a E. coli bacteria, stored at -80°C, were thawed on ice. One pL of
DNA or 5 pL of ligation reaction were mixed with 100 uL of competent bacteria,

and then incubated on ice for 20 minutes. This mixture was then heat-shocked in
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a 42°C water bath, then 1 mL of LB broth (Table 2.1) prepared according to the
manufacturer’s instructions, was added. In the case of a transformation of DNA,
50 pL of this mixture were then plated onto LB agar with the appropriate
antibiotic and incubated overnight at 37°C, or at room temperature for three days.
In the case of the transformation of a ligation reaction, heat shocked bacteria were
resuspended in 1 mL LB broth as above and left to recover for 1 hour on a 220
rpm shaker at 37°C. Bacteria were then pelleted and the whole pellet resuspended
in 100 pL LB. The entire suspension was then plated on LB agar with the

appropriate antibiotic, and then incubated as above.

2.2.2.11 Isolation of plasmid DNA from bacteria (mini prep and midi prep)
Isolation of plasmid DNA from large bacterial cultures (25-50 mL) was
performed using the Plasmid Midiprep Kit from QIAGEN (Table 2.4). Isolation
of plasmid DNA from 2 mL cultures was performed as follows. All
centrifugation steps were performed for 1 minute at 16 000g in a microcentrifuge
at room temperature. Bacteria were pelleted by centrifugation and subsequently
resuspended in 100 uL of cold Miniprep Solution 1 (Table 2.6). 200 pL of
Miniprep Solution Il (Table 2.6) were then added and mixed by inversion of the
tubes. 150 uL of Miniprep Solution 111 were subsequently added to the tubes, and
the mixture was vortexed for 10 seconds and centrifuged. Supernatants were
transferred to fresh tubes and the centrifugation step repeated. The resulting
supernatants were transferred to fresh tubes and DNA was precipitated with 1 ml
100% ethanol (Table 2.1). Precipitates were pelleted and then washed with 80%
ethanol using the same procedure. DNA pellets were allowed to dry, and then
resuspended in 50 pL of nuclease free water (Table 2.1).

2.2.3 Basic Biochemical Techniques
2.2.3.1 Preparation of whole cell lysates
Cells were lysed directly in 1x Laemmli buffer (Table 2.6). Lysates were then

subjected to sonication and boiled for 5 minutes.
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2.2.3.2 Protein Precipitation

Proteins were precipitated using a 1:5 volume ratio of sample to 100% Acetone
(Table 2.1). In the case of samples obtained from the Optiprep fractionation
protocol, 90% Acetone was used to prevent the co-precipitation of Optiprep itself
from the samples. Samples were incubated overnight at -20°C, after which
precipitated proteins were pelleted at 16 000g for 20 minutes at 4°C in a
microcentrifuge. Pelleted proteins were then resuspended in 1x Laemmli Buffer
(Table 2.6).

2.2.3.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Protein samples were denatured by boiling for 5 minutes before separation by
electrophoresis. Proteins and protein standards (Table 2.2) were separated using a
4% polyacrylamide stacking gel containing 125 mM Tris pH 6.8, 0.1% SDS 0.1%
TEMED and 0.2% ammonium persulfate, and an 8% or 10% or 15% separating
gel, depending on the size of the protein(s) of interest. Separating gel was made
with 375 mM Tris pH 8.8, 0.1% SDS, 0.1% TEMED, and 0.1% ammonium
persulfate (Tables 2.6 and 2.1). Gel electrophoresis was performed using the

Mighty Small 11 gel running system (Amersham) under 150 Volts.

2.2.3.4 Western Blot

SDS-PAGE gels were transferred to nitrocellulose membranes (Table 2.1) in
Carbonate Transfer Buffer (Table 2.6) at 400 mA at 4°C for 2 hours, using a Mini
Transblot Cell apparatus (BioRad). The membrane was then incubated in
blocking solution (Table 2.6) for one hour to prevent the non-specific binding of
antibodies. Blocked membranes were typically incubated with primary antibody
(Table 2.9) in blocking solution or 2% milk in TBS-T for 1 hour at room
temperature or overnight at 4°C, according to the specifications of that particular
antibody. Membranes were then washed three times for 5 minutes each on a
rocker with TBS-T, and then incubated for one hour with the appropriate

secondary antibody conjugated to an AlexaFluor fluorescent molecule (Table
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2.10). Antigen-Antibody complexes were then visualized using an Odyssey
Infrared Scanner (Table 2.5).

2.2.4 Cell Fractionation Techniques

2.2.4.1 Differential centrifugation fractionation

Approximately 10 000 000 HeLa cells were washed twice in PBS++ and collected
in Mitochondria Homogenization buffer (Table 2.6). The cell suspension was
passed 20 times through an 18 pum clearance ball bearing homogenizer
(Isobiotech, Heidelberg, Germany). The cells were subsequently centrifuged for
10 minutes at 800xg at 4°C, to pellet nuclei and unbroken cells. The supernatant
was subsequently centrifuged for 10 minutes at 10 000g at 4°C to pellet
mitochondria. The mitochondrial pellet was resuspended in 1x Laemmli buffer
(Table 2.6). The 10 000g supernatant was then centrifuged at 100 000g in a
Beckman tabletop ultracentrifuge using a TLA 120.2 rotor to pellet the
microsomal fraction. The microsomal pellet was resuspended in 1x Laemmli
buffer. The 100 000g supernatant, representing the cytosolic fraction, was
acetone precipitated and all fractions were analysed by SDS-PAGE and Western
Blot.

2.2.4.2 Optiprep Gradient Fractionation

Ten to twenty million cells were washed twice in PBS++ and collected in
mitochondria homogenization buffer (Table 2.6). The cell suspension was passed
15 times through an 18 puM clearance ball bearing homogenizer (Isobiotech,
Heidelberg, Germany). The homogenate was subsequently centrifuged for 10
minutes at 800g at 4°C, to pellet nuclei and unbroken cells. The resulting
supernatant was layered over a 10%-30% discontinuous gradient of Optiprep
density gradient medium (Axis-Shield, Norton, MA), and was centrifuged in an
SW55 Ti rotor (Beckman Coulter, Mississauga, ON) for 3 hours at 32700 rpm.
Six fractions were taken from the top of the gradient and analysed by SDS-PAGE
and Western Blot.
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2.2.4.3 Percoll MAM Fractionation

The Percoll MAM fractionation protocol was adapted from (Rusinol et al., 1994).
Approximately 180 000 000 cells were used for each fractionation. Cells were
seeded in 15 cm dishes and treated as indicated in figure legends. Cells were
washed twice with cold PBS++ and harvested in 10 mL Mitochondrial
Homogenization buffer (Table 2.6) with complete protease inhibitors (Table 2.1).
Cells were homogenized by ten strokes in a dounce homogenizer. The
homogenate was then centrifuged at 800g to pellet nuclei and unbroken cells,
which were discarded. The supernatant was further centrifuged at 10 000g to
obtain a crude mitochondrial pellet, which was resuspended in 1 mL fresh
Mitochondrial Homogenization Buffer with Complete protease inhibitors. A 50
uL aliquot of crude mitochondria was retained, and the remaining suspension was
carefully layered over 8.5 mL of 18% Percoll (Table 2.1) in polycarbonate tubes.
Crude mitochondria were then centrifuged for 30 minutes at 30 500 rpm in a
Beckman Ti-70 rotor. A heavy band of mitochondrial material was visible toward
the bottom of the tube, with a lighter and thinner band of MAM floating above it.
The two fractions were carefully aspirated with a Pasteur pipette, and transferred
into separate tubes. In order to remove the Percoll, the MAM fraction was
subsequently centrifuged at 60 000 rpm in a TLA 120.2 rotor. MAM membranes
were pelleted on top of a Percoll pellet, and carefully removed and resuspended in
1x Laemmli buffer. The Percoll was then separated and removed from the

mitochondrial fraction in a similar fashion, with a 10 000g centrifugation step.

The 10 000g supernatant that remained after the isolation of the crude
mitochondrial pellet was further centrifuged at 60 000 rpm in a Beckman
TLA120.2 rotor. The pellet, which represents the microsomal fraction, was
resuspended in 1x Laemmli buffer. The supernatant, which represents the
cytosolic fraction, was precipitated as indicated above. Equal proportions of each
fraction were analyzed by SDS-PAGE and Western Blot.
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2.2.4.4 Detergent-resistant membrane fractionation

The detergent-resistant membrane (DRM) fractionation protocol was adapted
from (Hayashi and Fujimoto, 2010). Six million cells per condition were
collected in Mitochondrial Homogenization Buffer and homogenized with 15
passes through an 18 micron clearance ball bearing homogenizer. A crude
mitochondrial pellet, containing MAM, was obtained as in the above section
2.4.3. This pellet was carefully resuspended in TNE Buffer (Table 2.6) with
Complete protease inhibitors (Table 2.1) and sonicated at 4°C. All subsequent
steps were performed in a cold room (4°C) or on ice. A final concentration of
0.5% Triton X-114 (Table 2.1) was added to the suspension, which was incubated
for 30 minutes, followed by centrifugation at 100 000g for 1 hour in a TLA 120.2
rotor. The pellet (DRM fraction) and supernatant (soluble fraction) were then

analyzed by western blot.

2.2.5 Indirect Immunofluorescence Microscopy

2.2.5.1 Preparation of slides and data acquisition

One day prior to immunofluorescence microscopy experiments, cells were seeded
onto glass coverslips immersed in 2 mLs DMEM+10%FBS in a 6-well plastic
dish, and grown to approximately 50% confluency. Cells were then treated as
required by each experiment. In the case that a transfection was required,
transfected cells were re-seeded onto glass coverslips at the appropriate
confluency the day following transfection. If mitochondrial staining was
required, the cells were incubated at 37°C with 0.2 uL of Mitotracker Red
CMXRos (Table 2.1) which was added to each well 30 minutes prior to fixing.
The coverslips were then washed twice in PBS++ and fixed for 30 minutes at
room temperature in 4% paraformaldehyde in PBS++, then washed twice more
with PBS++ and permeabilized for 1 minute with IF Wash Solution (Table 2.6),
and washed twice more with PBS++. The coverslips were then incubated with the
indicated primary antibodies (Table 2.9) for one hour at room temperature, then
washed with PBS++ and incubated for a further hour at room temperature with

secondary antibodies (Table 2.10). The coverslips were then washed twice with
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PBS++ and once with water, then inverted onto slides with ProLong antifade resin
(Table 2.1). Cells were imaged using an Axioobserver Microscope and Axiocam

digital camera (Table 2.5).

2.2.5.2 Image quantification

Overlap between the ER proteins and the mitochondria, as represented by the
Manders coefficient (Manders et al., 1996), was determined using Imaris 7.2
software (Bitplane, Zirich). Images were masked in three dimensions such that
the outline of the region of interest (ROI) closely followed the outline of the cell.
A PSF width of 0.218 was determined for the objective lens and used in all
calculations. Images were thresholded automatically using the Imaris algorithm,
and a Manders coefficient was determined for each image.

2.2.6 Biotin labelling and pulldown of surface proteins

Cells were washed twice with cold PBS ++ and then incubated with 0.3 mg/mL
EZ Link Sulfo-NHS-LC-Biotin (Table 2.1) in cold PBS++ for 30 minutes on ice
at 4°C. The biotinylation reaction was then quenched for 5 minutes with 50 mM
Glycine in PBS++, and rinsed twice with cold PBS. The cells were then lysed in
mRIPA buffer (Table 2.6) with Complete Protease Inhibitors and collected in
microcentrifuge tubes. Post-nuclear supernatants were obtained by centrifuging
the lysates at 800g for 5 minutes at 4°C. In parallel, lysates of non-biotinylated
cells from each experimental condition were prepared as above and stored at -
80°C. The biotinylated samples were then incubated at 4°C overnight on a rocker
with 25 uL of 40% streptavidin-agarose beads (Table 2.1) prepared in PBS. The
beads were washed once with PBS, and resuspended in Laemmli buffer, and
heated at 100°C for 5 minutes. The lysates of the non-biotinylated cells were
denatured in a similar manner. All samples were then analyzed by SDS-PAGE
and Western blot.
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2.2.7 Immunoprecipitation experiments

2.2.7.1 Immunoprecipitation of Calnexin

Cells were washed twice with PBS++ and incubated for 30 minutes at room
temperature with 2 mM Dithiobis (succinimidyl proprionate) (DSP, Table 2.1) in
PBS++ to crosslink protein-protein interactions. The cells were then washed twice
more and incubated in 10 mM NH4CI in PBS++ for 10 minutes to quench the
crosslinking reaction. The cells were then washed a final time in PBS++ and
harvested in CHAPS lysis buffer (Table 2.6) containing complete protease
inhibitors (Table 2.1). Post-nuclear supernatants were obtained by centrifuging
the lysates for 5 minutes at 4°C at 800g, and were subsequently incubated with
rabbit a-calnexin antibody (Table 2.9) for one hour at 4°C on a rocker. Protein A
Sepharose beads (Table 2.1) were then added and the lysates incubated for a
further hour. The beads were then washed 3 times in CHAPS buffer and
resuspended in 1x Laemmli buffer (Table 2.6) and analyzed by SDS-PAGE and
Western Blot for co-immunoprecipitating proteins

2.2.7.2 Immunoprecipitation of FLAG-tagged proteins

HeLa cells were transfected with plasmids carrying FLAG-tagged constructs. 24
hours post-transfection, cells were washed, crosslinked and harvested as above.
Immunoprecipitation and analysis of co-immunoprecipitating proteins was carried

out as above, instead using rabbit a-FLAG antibody (Table 2.9).

2.2.8 Labeling and Detection of Palmitoylated Proteins

HelLa cells were transfected with the indicated constructs and labelled with w-
alkynyl palmitate, as in (Yap et al., 2010). Cells were starved of fatty acids by a
one hour incubation in DMEM with 1% fatty acid free BSA (Table 2.1) The cells
were subsequently labelled with w-alkynyl palmitate as follows. The w-alkynyl
palmitate was first dissolved in DMSO at a concentration of 20 mM, then
incubated at 65°C for 15 minutes with 20% molar excess of KOH. This mixture
was then added to pre-warmed culture medium containing 20% fatty acid free

BSA, and incubated at 37°C for a further 15 minutes, creating a 20x fatty acid-
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BSA conjugate in serum-free medium. The cells were washed with PBS and
incubated in fresh DMEM. The 20x w-alkynyl palmitate-BSA conjugate mixture
was then added to achieve a final concentration of 1% BSA and 100 uM o-
alkynyl palmitate. Cells were labeled for 3 hours, then FLAG-tagged proteins or
endogenous calnexin were immunoprecipitated from lysates of the labeled cells.

Control cells were treated instead with unlabelled fatty acids.

The incorporation of w-alkynyl palmitate into TMX and Calnexin was detected
using click chemistry with an azido-biotin probe, which labels the acylated
protein. SDS was added to immunoprecipitates to a concentration of 1%, as well
as 100 uM tris-(benzyltriazolylmethyl)amine, 1 mM CuSO4, 1 mM tris-
carboxyethylphosphine, and 100 uM azido-biotin. This mixture was incubated in
darkness at 37C for 30 minutes, and the reaction was subsequently stopped by the
addition of 10 volumes cold acetone. All reagents were obtained from the
Berthiaume Lab, University of Alberta. Proteins were precipitated at -20C
overnight, and were then pelleted at 16 000g for 15 minutes and resuspended in
1x Laemmli buffer containing 20 mM DTT (Table 2.1). Samples were boiled for
5 minutes, then separated by SDS-PAGE and transferred to PVDF membranes
(Table 2.1). As a control, duplicate membranes were prepared and it was ensured
that the biotin labelling was disrupted by an incubation of 1 hour with 0.2 M
KOH, but not 0.2 M Tris-HCI, pH 7.0. PVDF membranes were probed with
NeutrAvidin-HRP to detect the incorporated biotin.

2.2.9 Calcium Measurements by Flow Cytometry

AKO CXN -/- cells were transfected as indicated in figure legends. Cells were
subsequently treated with tunicamycin (Table 2.1) as indicated in figure legends,
or left untreated and subsequently loaded with either calcium-sensitive dyes 1 uM
Fluo8 (cytosol), 1 uM Rhod2 (mitochondria), or 20 nM TMRM (mitochondria
membrane potential) and incubated in DMEM for 30 minutes at 37°C. Cells were
then harvested in HEPES Buffered Saline (0.1% glucose, 0.1% BSA) and

subjected to flow cytometry using a FACS Scan cytometer (BD Biosciences).
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Samples were then stimulated to release calcium from the ER with thapsigargin
(1.5 uM) or 50 uM histamine, and the signals from the fluorescent dyes were
measured using flow cytometry as above.
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Figure 2.1: Strategy for the creation of TMX/TMX4 chimeric mutants. The
Oligos used in the creation of the chimeric mutants bind the template DNA
(pcDNA-myc-TMX and pcDNA myc-TMX4) at the indicated sites. The domains
of TMX and TMX4 are depicted with the luminal thioredoxin domain on the left,
transmembrane domain in green and cytosolic domain on the right. Oligo
pairings and details of the PCR reactions are summarized in Table 2.8 and in
Methods section 2.2.2.2.
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Chapter 3: Calnexin’s MAM localization
Is partially mediated by PACS-2

A version of this chapter has been published:

Myhill, N., Lynes, E.M., Nanji, J.A., Blagoveshchenskaya, A.D., Fei, H., Carmine
Simmen, K., Cooper, T.J., Thomas, G. and T. Simmen. (2008) The subcellular
distribution of calnexin is mediated by PACS-2. Mol Biol Cell. 19: 2777-88.
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Chapter 3: Calnexin’s MAM localization is partially mediated by PACS-2

3.1: Introduction and Rationale

At the beginning of this project, very little was known about the proteins and
other factors controlling formation of the MAM and targeting of proteins to the
MAM. PACS-2, a multifunctional cytosolic sorting protein which interacts with
the COP | coatomer, was identified as important for MAM formation, as
knockdown of PACS-2 reduced the apposition of ER with mitochondria in the
cell (Simmen et al., 2005). In this study, PACS-2 depletion also disrupted ER
homeostasis, causing an upregulation of the ER chaperone protein BiP, and
increasing the amount of calcium in the ER lumen that could be released upon
histamine stimulation of the IP3 receptor. Interestingly, as PACS-2 is cytosolic,
these findings suggested that there may be one or more transmembrane ER
proteins that interact with PACS-2 and mediate some of its effects at the level of
the ER.

A search was therefore performed for transmembrane ER proteins containing a
PACS-2 consensus motif within their cytosolic domains, and three candidate
proteins were identified (Figure 3.1) Calnexin is a transmembrane chaperone
responsible for the folding and quality control of glycoproteins produced in the
ER. TMX and TMX4 are two transmembrane members of the Protein Disulphide
Isomerase (PDI) family of redox proteins, however very little is known about their
functions. Each of these proteins has a PACS-2 consensus motif, or serines
within an acidic cluster of residues, in its cytosolic domain. In this initial project,
| focused on calnexin and its localization within the ER, its relationship with
PACS-2, and how PACS-2 binding affected calnexin’s localization. 1
hypothesized that a certain population of calnexin would localize to MAM, and

that this would depend on an interaction with PACS-2.
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3.2: Results

3.2.1 Calnexin is enriched on the MAM, and this enrichment is partially
dependent on PACS-2

| first sought to determine whether calnexin was indeed found on MAMSs. There
are several methods by which MAMSs can be identified and isolated, as discussed
in the Introduction. Although using immunofluorescence microscopy to compare
the colocalization of a suspected MAM protein with a mitochondrial marker to
that of a non-MAM ER protein has been used, the resolution limitations of light
microscopy mean that it alone cannot be used to confirm a protein’s MAM
localization. The resolution of a light microscope is approximately 200 nm and
MAMs have been measured by electron tomography to be about 10-25 nm away
from mitochondria (Csordas et al.,, 2006), therefore colocalization by
immunofluorescence microscopy is not in itself sufficient to demonstrate the
MAM localization of an ER protein. A biochemical fractionation method
involving the isolation of a crude mitochondrial pellet through differential
centrifugation fractionation and subsequently isolating MAMs from this pellet
using Percoll density fractionation had been previously used with great success
(Rusinol et al., 1994; Vance, 1990). However, although this method is optimal
for separating MAM membranes from mitochondria, our research question
required better separation between MAM and rough ER membranes.
Furthermore, the Percoll fractionation was developed for use with rat liver tissue,
and requires a great deal of starting material, so was unsuitable for use with
transfected cells, for instance. | decided to experiment with Optiprep (Axis
Shield, Dundee, Scotland) density gradient medium with the goal of separating
MAM from other ER membranes. This fractionation method separates
membranes on the basis of density, and is described in more detail in the Methods

section 2.4.2.
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Following labelling with biotin to mark cell surface proteins, HelLa cells were
homogenized and the post-nuclear supernatants were loaded onto a 10-30%
discontinuous gradient of Optiprep. Six fractions were obtained and markers for
various membranes were analyzed by SDS-PAGE and western blot (Figure 3.2).
Biotin-labelled proteins were observed in the first and second fractions of the
gradient, indicating that this is where plasma membrane fractionates. Further
down the gradient, we observed bCOP, which marks the vesicles and cisternae of
the ER Golgi lintermediate Compartment (ERGIC) and Golgi apparatus, in
fraction 2, and ERGIC53, which marks the ERGIC, in fraction 3. Most
importantly, Ribophorin 1, a rER marker, was found in fractions 3 and 4, whereas
ACAT 1, a MAM marker, was found primarily in fractions 5 and 6,
demonstrating that this protocol is able to distinguish rough ER from MAM.
Mitochondria, marked by complex Il, pellet at the very bottom of the gradient in

fraction 6.

This protocol was next used to fractionate control HelLa cells and HeLa cells
depleted of PACS-2 by siRNA, and observe calnexin’s distribution on the
gradient compared to marker proteins. In control cells, fraction six contained
36% of the calnexin signal detected by western blot, the largest amount of
calnexin compared to any of the other fractions (Figure 3.1). However, a
significant amount of calnexin did cofractionate as expected with rER marker
ribophorin I in fractions 3 and 4. These data indicate that a significant population
of Calnexin is on MAMs and confirm data obtained by immunofluorescence
microscopy and simple fractionation in the same study (Myhill et al., 2008).
PACS-2 depletion caused the redistribution of calnexin from fractions five and six
to lighter fractions that correspond to ERGIC and Golgi membranes, confirming
that PACS-2 is indeed involved in calnexin’s MAM enrichment and retention of
calnexin in the the ER. However, it was observed that a significant amount of
calnexin remained in fraction six despite the depletion of PACS-2, indicating that

there might be another mechanism retaining calnexin on MAM membranes.
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3.2.2 Calnexin’s MAM enrichment and its interaction with PACS-2 is
dependent on phosphorylation

Calnexin’s interaction with PACS-2 is regulated by phosphorylation of serines
within a PACS-2 binding motif in its cytosolic tail, and phosphorylation of these
serines is normally controlled by casein kinase Il (CKII). PACS-2 binds to
calnexin when the serines are dephosphorylated. Double mutants of the serines in
calnexin’s PACS-2 binding site were used to determine whether disrupting
calnexin’s interaction with PACS-2 in this way would alter calnexin’s intra-ER
localization. FLAG-CXN SSAA is a double S554A, S564A mutant which cannot
be phosphorylated, and FLAG-CXN-SSDD is a double S554D S564D
phosphomimetic mutant. It was confirmed that PACS-2 binds to the SSAA
mutant but not the SSDD mutant through an in vitro binding experiment (Myhill
et al., 2008).

These mutants, along with FLAG-tagged WT calnexin, were transfected into
HelLa cells that were fractionated using the same Optiprep fractionation protocol
as above. It was confirmed that the fractionation pattern of FLAG CXN WT is
identical to that of endogenous calnexin (Figure 3.2). The distribution of FLAG-
CXN SSAA is similar to that of WT but the SSDD mutant that cannot interact
with PACS2 has a higher amount in lighter membranes (Figure 3.3) and on the
cell surface (Myhill et al.,, 2008). This effect was subtle, confirming our
suspicions that while PACS-2 clearly has a role in calnexin’s subcellular

distribution, other factors are certainly at play.

3.3 Discussion and Future Perspectives

While PACS-2 knockdown and alteration of the phosphorylation state of
calnexin’s PACS-2 binding site partially dislodge calnexin from the MAM, this
disruption is not complete, leading us to wonder if calnexin’s MAM localization
is regulated by some other motif or interactor. We used differential centrifugation
fractionation, immunofluorescence microscopy and Optiprep gradient

fractionation to demonstrate calnexin’s presence at the MAM, and our results
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have concurrently and since been confirmed by other groups (Hayashi and Su,
2007; Wieckowski et al., 2009). However, since calnexin already has such a well
established role as a chaperone and quality control protein, it led us to wonder if
calnexin could have a novel role at the MAM, which is better known as a site of
lipid and calcium transfer between the ER and mitochondria. In fact, it is not a
novel thing for a chaperone protein to be found at the MAM, and several other
chaperones have either been found to localize there, or been found to associate
with and modulate ER calcium signalling molecules.

The most well known chaperone protein that localizes to the MAM is the Sigmal
receptor (Hayashi and Su, 2007). Sigmal receptors form a complex with I1P3R at
the MAM, stabilizing them and protecting them from degradation, and prolonging
calcium signaling from ER to mitochondria in the event of ER stress. Sigmal
receptors also form a complex with the ER chaperone BiP, which dissociates as
the ER calcium concentration drops during ER stress. The authors also
demonstrated that Sigmal receptor has an anti-aggregation and chaperone activity
in a citrate synthase refolding assay. IP3R and SERCAZ2b can also be regulated by
PDI family chaperones ERp44 and ERp57 (Higo et al., 2005; Li and Camacho,
2004), respectively.

The two other proteins that were identified by screening for potential PACS-2
interactors, TMX and TMX4, are very similar to ERp57 and ERp44 (Ellgaard and
Ruddock, 2005) and are part of the same PDI family of chaperones. TMX has
been shown by one research group to interact with calnexin (Matsuo et al., 2009)
and it is therefore not inconceivable that either TMX or TMX4 or both may also
localize to MAM. These discussion points will be addressed in the two

subsequent chapters.
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Figure 3.1: Identification of three possible ER transmembrane PACS-2
interactors. The C-terminal cytosolic tails of the three proteins are aligned,
showing the CK2-phosphorylation sites (serines in red) embedded in clusters of
acidic residues (red boxes). Contributed by Thomas Simmen.
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Figure 3.2. Optiprep gradient fractionation of control HelLa cells and Hela
cells depleted by siRNA of PACS-2. Control HeLas were transfected with non-
specific scrambled siRNA. Cell homogenates were fractionated on a 10-30%
gradient of Optiprep. Marker proteins, which were not affected by PACS-2
knockdown, are biotinylated proteins (plasma membrane) Complex Il
(mitochondria), ACAT1 (MAM), Ribophorin I (rough ER), ERGIC 53 (ERGIC
and ERES), and B-COP (Golgi). The distribution of calnexin was quantified over
4 independent experiments (chart-diamonds and dotted line=control data; squares
and solid line=PACS-2 knockdown data). p <0.05 for the difference in signal in
fractions 5 and 6 between control and PACS-2 knockdown cells.
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Figure 3.3: Optiprep gradient fractionation of HelLa cells overexpressing
wildtype calnexin, calnexin SSAA and calnexin SSDD. Homogenates of these
cells were fractionated on 10-30% Optiprep gradients. The signal from wildtype
calnexin (squares, solid line) and calnexin SSDD (diamonds, dotted line) was
quantified for each fraction and expressed as a percentage of the total signal.
(n=3) p <0.01 for the subtle difference in signal in fractions 6 between wildtype
and SSDD calnexin.
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Chapter 4: Calnexin and TMX share a

Jjuxtamembrane palmitoylation sequence
that targets them to MAM

A version of this chapter has been published:
Lynes, E.M., Bui, M., Yap, M.C., Benson, M.D., Schneider, B., Ellgaard, L.,

Berthiaume, L.G. and T. Simmen. (2011) Palmitoylated TMX and calnexin target
to the mitochondria associated membrane. Embo J. 31: 457-70.
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Chapter 4: Calnexin and TMX share a juxtamembrane palmitoylation site
that targets them to the MAM

4.1 Introduction and Rationale

Because TMX and TMX4 share a PACS-2 interaction sequence with calnexin, we
suspected that like calnexin, one or both of them might be found at MAMs.
Several other factors also suggested that TMX or TMX4 might be MAM
localized. TMX and TMX4 belong to the PDI family of redox chaperone proteins
(Ellgaard and Ruddock, 2005), many of which function as disulphide bond
isomerases in the ER. However, several PDI-related oxidoreductases also
modulate calcium signalling, one of the main functions of the MAM. ERp57
binding to SERCA2b’s luminal L4 loop suppresses SERCA2b’s calcium pumping
activity, whereas ERp44 binds to IP3 receptors and inhibits them (Higo et al.,
2005; Li and Camacho, 2004). Both these studies showed that binding of ERp57
and ERp44 to their respective calcium signalling proteins was dependent on
calcium levels in the ER lumen and the redox state of the ER lumen.
Furthermore, Erola, the oxidoreductase that re-oxidizes PDI, is also present on
the MAM (Gilady et al., 2010). Erola also has a role in modulating calcium
signalling by IP3 receptors during apoptosis (Li et al., 2009), and its localization
to MAM is dependent on oxidizing conditions within the ER and normoxic
conditions (Gilady et al., 2010). Sigma-1 receptor, which also modulates IP3
receptor function by preventing its degradation, is also among the many ER
chaperones that have been found on MAM (Hayashi et al., 2009). It is therefore
not a novel concept that oxidoreductases and chaperone proteins have a role to
play at MAM. Further suggesting that TMX may be a MAM protein is its known

association with calnexin (Matsuo et al., 2009).

Given the paucity of information on how MAM is formed and how proteins target
there, identifying more MAM targeted proteins could give insight into novel
MAM targeting mechanisms or uncover common themes in MAM targeting

mechanisms. In addition, characterizing the intra-ER localizations of TMX
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family proteins might give some insight into the roles of the many family
members. PDI proteins are primarily ER-localized, and some of them are known
to act on specific substrates or groups of substrates; for example, ERp57’s activity
is specific to glycoproteins in the calnexin/calreticulin cycle (Jessop et al., 2007).
To date, there are 20 members of the PDI family, including 5 transmembrane
members (Kozlov et al., 2010). We decided to focus on transmembrane PDI
family members as the majority of known MAM targeting mechanisms are
cytosol-based, including PACS-2 interaction. Targeting to the MAM or exclusion
from the MAM could be a way of assigning distinct roles or substrate specificities

to transmembrane PDI-related proteins.

4.2 Results

4.2.1 TMX, but not TMX4, targets to MAM

Prior to attempting to determine the localization of TMX and TMX4, the
antibodies that had been generated against TMX and TMX4 were tested for their
ability to specifically detect TMX and TMX4, respectively, and for their function
in required application. To knockdown the expression of TMX or TMX4, siRNA
was used. Subsequently, a Western blot was performed to confirm that the signal
from the band of molecular weight corresponding to that of the protein of interest
decreased in intensity. This occurred in both cases (Figure 4.1) (Roth et al.,
2009). A similar strategy was used in order to confirm which antibodies could be
used for immunofluorescence microscopy (Figure 4.1). The antibodies used for

each application are summarized in Materials and Methods, Table 2.9.

Various cell lines were tested by Western blot to ascertain the expression levels of
TMX, TMX2, TMX3 and TMX4. A melanoma cell line was selected as redox
signalling is known to be important in cancer, especially melanomas, which are
resistant to redox stress (Wittgen and van Kempen, 2007). TMX4 was only
highly expressed in A375P cells, but the other TMXs were highly expressed in
HeLa, CaCo2 and A375P cells (Figure 4.2). HelLa and A375P cells were selected
for gradient fractionation. A panel of TMX family proteins was examined using
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the Optiprep density gradient in order to determine their intra-ER localization,
using the protocol described in Methods and used in Chapter 3. Ribophorin Il and
ERp57 were used as rough ER markers, calnexin (Myhill et al., 2008) and
ACATL1 (Lee et al., 2000; Rusinol et al., 1994) were used as MAM markers and
complex 1l was used as a mitochondrial marker. TMX and TMX2 co-fractionated
with calnexin and ACAT1 in both HeLa and A375P cells, whereas TMX3 did not
have a consistent pattern in the two different cell lines. TMX4 was only highly
expressed in A375P cells, and in that cell line was not enriched in MAM
fractions, unlike TMX and TMX2 (Figure 4.3).

Before embarking on any further studies, a Percoll fractionation of HeLa cells was
used to confirm TMX’s presence on the MAM (Figure 4.4). TMX was found in
the crude mitochondrial pellet, although unlike calnexin it was found exclusively
in the crude mitochondrial pellet, with no population in the microsomes. The
crude mitochondrial pellet was further fractionated into pure mitochondria and
MAM, and like calnexin, TMX fractionated to MAM. Markers for the
microsomes were elF2a, which binds ribosomes, and Ribophorin II, and markers
for the MAM were calnexin and Erola. Complex II was used as a mitochondrial

marker.

Immunofluorescence microscopy and immunoelectron microscopy were also used
to confirm the differences in localization between TMX and TMX4. HeLa cells
were stained with an anti-TMX antibody and mitotracker was used to visualize
the overlap between the TMX signal and mitochondria. A375P cells were stained
with anti-TMX4 antibody and processed as above. Qualitatively, the TMX
staining overlapped more with mitochondria than the TMX4 staining did, and a
Manders coefficient was determined for each set of data, confirming this
observation (Figure 4.5). Immunoelectron microscopy was also used with HelLa
and A375P cells to visualize TMX and TMX4 staining in relation to the
ultrastructure of the cell. Approximately 55% of TMX particles were detected in

smooth ER tubules within 100nm of mitochondria in both cell lines, while only

74



17% percent of TMX4 staining met these criteria in A375P cells. Representative
electron micrographs and a table summarizing the results are found in Figure 4.6.
As TMX and TMX4 have 53% identity in their luminal thioredoxin domains, and
have very similar domain organization (Figure 4.2 A), this difference in
localization, observed by biochemical fractionation, immunofluorescence
microscopy and immuno-electron microscopy, is very intriguing. A strategy was
therefore devised to use the two proteins as a model to try to understand protein
targeting to MAM.

4.2.2 TMX’s transmembrane and cytosolic tail domains are necessary and
sufficient for MAM targeting

In order to determine what part or parts of TMX determined its targeting to
MAM, chimeric proteins of TMX and its non-MAM localized family member
TMX4 were created (Figure 4.7 C). These luminally myc-tagged chimeric
proteins were then expressed in HelLa cells, which were fractionated using the
Optiprep protocol. First, it was confirmed that the localizations of the wildtype
TMX and TMX4 constructs mirrored that of their endogenous counterparts
(Figure 4.7 A and B). Then, the percentage of anti-myc signal found in fraction
six was analyzed by western blot for the six chimeras of TMX and TMX4. We
found that only in the case of the 411 chimera, which fused the luminal domain of
TMX4 with the transmembrane and cytosolic domains of TMX, did the amount of
signal in the MAM-containing fraction approach that of wildtype TMX (Figure
4.7 C and D).

Several motifs in TMX’s sequence could be responsible for its MAM localization.
Firstly, the CXXC thioredoxin motif in TMX’s luminal domain could be
responsible for binding to client proteins, to other oxidoreductases such as ERp44
(Anelli et al., 2003), or to MAM-localized calcium signalling molecules, thus
altering its localization within the ER. Secondly, a C-terminal RQR motif could
be responsible for retention of TMX in the ER, as it is for TMX4 (Roth et al.,
2009). Thirdly, as mentioned in this and the previous chapter, TMX and TMX4
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share a PACS-2 binding sequence that could be partially responsible for
mediating localization changes. However, all of these motifs are shared with
TMX4. Nonetheless, these motifs were abrogated and the resulting TMX mutants
were analyzed by Optiprep gradient fractionation for any potential change in
localization. None of the mutants showed significantly compromised MAM
localization, however (Figure 4.7 E). Like the TMX4 RQR mutant that leaks out
of the ER to the plasma membrane (Roth et al., 2009), the TMX RQR mutant
could be found in lighter fractions corresponding to the later secretory pathway.
However, a significant proportion of this mutant was retained in MAM. It was
therefore concluded that a novel motif or motifs, found within a combination of
the transmembrane and cytosolic domains of TMX, but not TMX4, must provide
a signal for the MAM localization of TMX.

In order to confirm that the motif(s) found within TMX’s transmembrane and
cytosolic domains were sufficient for MAM targeting, further chimeric proteins
were created, using the transmembrane and cytosolic tails of TMX and TMX4
grafted onto a viral protein, VSV-G. These chimeras were analyzed as the
previous set was, with an Optiprep gradient fractionation. When FLAG-tagged
VSVG alone was transfected into HeLa cells, it was found throughout the
secretory system, but mostly in fraction 3, which corresponds to rER and ERGIC
(Myhill et al., 2008). On the other hand, a large proportion of VSVG-TMX is
targeted to fraction 6. This is not the case, however, with VSVG-TMX4 (Figure
4.7 F). These results confirmed that there must be a motif within TMX’s TM and
cytosolic domains that is necessary and sufficient for MAM enrichment.

4.2.3 A juxtamembrane palmitoylation site serves as TMX’s MAM targeting
signal

In order to discover the identity of the motif that targets TMX to MAM, the
sequence of TMX was compared to that of calnexin. Since both proteins have
been identified in several high throughput studies as palmitoylated proteins
(Dowal et al., 2011; Forrester et al., 2011; Kang et al., 2008; Yount et al., 2010),
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we hypothesized that palmitoylation could be the signal that targets both proteins
to the MAM. Of particular interest was the fact that in both TMX and calnexin,
the palmitoylation sequence identified by the CSS-PALM programme (Table
2.10) is localized right between the transmembrane and cytosolic domains,
making the possibility that the motif has the same function in both proteins more

likely.

This hypothesis was tested by the creation of a double cysteine to alanine
mutation (CCAA) in TMX, abrogating the proposed palmitoylation site. TMX
CCAA was then transfected into HelLa cells, and its intra-ER localization was
examined by Optiprep gradient fractionation. Compared to wildtype TMX, the
amount of TMX CCAA found in fraction six dropped from greater than 50% to
less than 20% (Figure 4.8 A). Immunofluorescence microscopy was also used to
analyze the colocalization of TMX CCAA with mitochondria as compared to that
of wildtype TMX and TMX4. FLAG-tagged constructs were transfected into
HelLa cells, and the overlap of the FLAG signal with mitochondria, marked by
mitotracker, was quantified by calculating a Mander’s coefficient. Compared to
wildtype TMX, both TMX CCAA and TMX4 colocalized significantly less with
mitochondria (Figure 4.8 B and C).

In order to verify the palmitoylation state of TMX and TMX4 and confirm that
the CCAA mutation in TMX had actually abolished palmitoylation, the
incorporation of w-alkynyl palmitate into these proteins was measured using click
chemistry (Kostiuk et al., 2009; Yap et al., 2010). Wildtype TMX but not the
CCAA mutant was palmitoylated, and greatly reduced levels of palmitoylation
were detected on TMX4 compared to TMX (Figure 4.8 D). The domain
structures of the two TMX/TMX4 chimeric mutants 411 and 441 are depicted in
Figure 4.7. These mutant were both were palmitoylated (Figure 4.8 E), although
the 411 mutant had a higher palmitoylation signal that the 441 mutant.
Interestingly, the extent of palmitoylation was correlated with the extent of MAM

localization of the constructs (Figure 4.7 C). This led to the conclusion that the
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TMX cytosolic domain alone provided the palmitoylation motif, regardless of
which transmembrane domain was present. However, our findings raised the
possibility that the transmembrane domain changes the susceptibility of the motif
to palmitoylation. The TMX thioredoxin, RQR, and PACS-2 binding mutant
constructs whose MAM localization was retained were also examined in this
assay all had the same level of palmitoylation as the wildtype TMX (Figure 4.8
G).

In their 2010 paper, Hayashi and Fujimoto demonstrated that Sigmal Receptor
and other MAM proteins are associated with Triton X-114 detergent resistant
membranes. We therefore decided to test whether TMX also localized to Triton
X-114 resistant membrane, and if so, whether this localization was dependent on
palmitoylation. First, HeLa cells were fractionated to yield a 10 000g heavy
membrane pellet, which includes MAMs. These membranes were then
resuspended and subject to incubation with the detergent Triton X-114. As
expected, both TMX and the overexpressed FLAG-TMX wildtype construct were
found primarily in the detergent-resistant pellet, whereas the FLAG-TMX CCAA
mutant was found primarily in the supernatant (Figure 4.8 F). QSOX1, a
transmembrane ER protein (Coppock and Thorpe, 2006), was used as a negative
control in these experiments, and was found equally distributed between both
fractions. From these data, we concluded that like Sigmal receptor, TMX
localizes to a region of the ER membrane that is resistant to Triton X-114, perhaps
because of its lipid composition, and that palmitoylation is required for its

localization to these membranes.

4.2.4 Palmitoylation also contributes to Calnexin’s MAM localization

Calnexin has been identified as a MAM protein both in this study and by other
groups (Hayashi and Su, 2007; Wieckowski et al., 2009). Calnexin’s sequence
contained a putative palmitoylation sequence (Figure 4.9 A) and calnexin had also
been identified as a palmitoylated protein in high throughput scans. Furthermore,

Ferrera et al confirmed that calnexin was phosphorylated in vivo, and suggested
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that palmitoylation was important for targeting calnexin to lipid rafts on the
plasma membrane of immature T cell precursors, in the context of T cell receptor
signalling initiation (Ferrera et al., 2008). We decided to test whether, like TMX,
calnexin was indeed palmitoylated in our cell lines and whether palmitoylation
was required for its MAM localization. In the previous chapter, an interaction
with the cytosolic sorting protein PACS-2 was identified as a factor contributing
to calnexin’s MAM localization, however, since the reduction in calnexin’s MAM
localization after PACS-2 knockdown was very modest, we hypothesized that

palmitoylation may also be a contributing factor.

To test this hypothesis, a palmitoylation mutant of calnexin was created in a
similar fashion to the FLAG-TMX CCAA mutant, where two juxtamembrane
cysteines were mutated to non-palmitoylatable alanines using site directed
mutagenesis by PCR-based splicing by overlap extension. This mutant was
introduced into HelLa cells along with a FLAG-tagged wildtype calnexin
construct. It was first verified that the wildtype calnexin replicated the
fractionation pattern of endogenous calnexin. In comparing the fractionation
pattern of the calnexin CCAA mutant to that of the wildtype, it was observed that,
like with TMX, a significantly reduced proportion of calnexin CCAA was
associated with fraction 6 (Figure 4.9 B). A palmitoylation labelling assay was
also performed to ensure that the CCAA mutation effectively abrogated the

palmitoylation signal from wildtype calnexin (Figure 4.9 C).

Furthermore, immunofluorescence microscopy was used to analyze the
colocalization of calnexin CCAA with mitochondria as compared to that of
wildtype calnexin. FLAG-tagged constructs were transfected into HelLa cells, and
the overlap of the FLAG signal with mitochondria, which were marked by
mitotracker, was quantified by calculating a Mander’s coefficient. Compared to
wildtype calnexin, calnexin CCAA colocalized significantly less with
mitochondria (Figure 4.9 D and E). We decided to evaluate whether calnexin,

like TMX, resided in the detergent resistant portion of the MAM fraction.
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Interestingly, neither endogenous nor FLAG-tagged wildtype calnexin was
particularly enriched in DRMs, with a slightly greater proportion of calnexin in
soluble fractions (Figure 4.9 F). Mutating the palmitoylation site had no effect on
the distribution of calnexin between the detergent resistant and soluble fractions.
This would indicate that MAMs may be composed of both detergent resistant and
non-resistant microdomains, and that detergent resistant microdomains may be a
factor in MAM targeting for some MAM localized proteins, but not all. This lack
of DRM targeting may explain why calnexin is comparatively less enriched in
fraction 6 than TMX. Given the role of cholesterol in the targeting of Sigmal
receptor (Hayashi and Fujimoto, 2010) to MAM, HeLa cells were treated with
methyl- B cyclodextran to deplete cholesterol from membranes, which were
subsequently fractionated using an Optiprep gradient (Figure 4.9 H). The
localizations of TMX and calnexin were not significantly different from controls
on this gradient, indicating that membrane cholesterol levels may not play a role

in the localization of TMX and calnexin to MAMS.

Finally, a VSVG chimeric construct was made, similar to the chimeric constructs
made with TMX and TMX4. The cytosolic tail of calnexin was spliced to the
viral protein VSVG, and the ability of calnexin’s cytosolic tail to target VSVG to
MAMs was analyzed using the Optiprep density gradient. The signal for VSVG
alone was found throughout the secretory pathway, but primarily in fractions 3
and 4. Like the cytosolic tail of TMX, calnexin’s cytosolic tail was able to
redistribute the signal from VSVG to fraction 6 (Figure 4.9 G).

4.2.5 Tac reporter constructs confirm VSVG chimeric protein results

In order to confirm the results obtained with the VSVG chimera, chimeric
constructs of calnexin’s cytosolic tail with a Tac reporter protein were also
created. Tac is the interleukin 2 receptor a chain, and has previously been used to
evaluate the role of both furin and calnexin cytosolic tails in trafficking (Okazaki
et al., 2000; Simmen et al., 1999). Chimeric constructs of Tac were made with
the cytosolic tails of TMX, TMX CCAA, TMX4, Calnexin, and Calnexin CCAA.
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These constructs were then transfected into HelLa cells, which were fractionated
using a 10-30% discontinuous Optiprep gradient. Confirming the results obtained
with the VSVG fusion constructs, the tails of TMX and calnexin were able to
target the Tac reporter to fraction 6, corresponding to MAM membranes (Figure
4.10). Importantly, the CCAA mutant tails of both TMX and calnexin lost their
ability to target Tac to fraction six, further confirming the importance of the

palmitoylation site to MAM targeting.

4.2.6 2-Bromopalmitate, a palmitoylation inhibitor, displaces both TMX and

calnexin from the MAM

An alternative approach was taken to confirm the role of palmitoylation in the
MAM retention of TMX and calnexin.  The palmitoylation inhibitor 2-
bromopalmitate is a palmitate analogue that blocks the transfer of palmitate onto
proteins by palmitoyl transferases (Resh, 2006). Immunofluorescence
microscopy was used to measure the colocalization of TMX and calnexin signals
with mitochondria in HelLa cells before and after 2-bromopalmitate treatment. In
both the cases of TMX and calnexin, treatment with 2-bromopalmitate reduced
the colocalization of the signal with mitotracker, as measured by a Mander’s
coefficient (Figure 4.11). The fact that these results were consistent with those
obtained by abolishing the palmitoylation sequences of TMX and calnexin further
confirmed the important role of palmitoylation in the MAM localization of these
two proteins. In a second experiment, HeLa cells were treated with 2-
bromopalmitate for 4 hours, then the effect of the drug on the subcellular
localization of TMX, calnexin, and marker proteins was analyzed by Optiprep
gradient fractionation. Although markers for mitochondria (complex Il) and ER
(PDI and IP3R) were unaffected by 2-bromopalmitate treatment, TMX and
calnexin both lost their enrichment in fraction 6 and shifted towards lighter
fractions corresponding to rER, while SERCA2b was slightly shifted towards

heavier fractions (Figure 4.12).
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4.2.7 Palmitoylation may be a targeting signal for other MAM localized
proteins

Both TMX and calnexin are targeted to MAM by a similar juxtamembrane
palmitoylation motif, which raised the question of other MAM proteins being
targeted there by the same mechanism. We analyzed the four published studies of
palmitoylation proteomes (Dowal et al., 2011; Forrester et al., 2011; Kang et al.,
2008; Yount et al., 2010) for transmembrane ER or MAM proteins that might also
use palmitoylation as a targeting mechanism. This analysis yielded four
additional proteins; mouse heme oygenase-1, VDAC 1 and 2, and GRP75. Heme
oxygenase 1 is a stress-inducible ER protein that mediates the degradation of
heme, forming carbon monoxide, which has been implicated in anti-apoptotic
signalling by blocking calcium channels (Hwang et al., 2009; Scragg et al., 2008).
HO1 did indeed fractionate like a MAM protein on Optiprep gradients, and a
dramatic shift towards less dense fractions was observed upon 2-bromopalmitate
treatment (Figure 4.13 A). VDAC 1 and 2 are primarily localized in the outer
mitochondrial membrane, but there is considerable evidence that they are also
present on the ER, where they are involved in the transport of calcium and
reactive oxygen species (Shoshan-Barmatz and Israelson, 2005). Using a Percoll
MAM fractionation, we were able to confirm that a small population of both
proteins was found on MAM (Figure 4.13 B). VDAC 1 and 2 were primarily
found in fraction 6 following Optiprep fractionation of HelLa cell, and when
palmitoylation was blocked, there was a small shift of both proteins from fraction
6 to fraction 5, but this was negligible in comparison with HO1 (Figure 4.13 B).
GRP75 is a cytosolic chaperone that is already known to localize to MAMs,
where it mediates MAM formation by connecting ER-localized IP3 receptors to
mitochondrial VDACL (Szabadkai et al., 2006). 2-Bromopalmitate treatment did
not cause a change in localization of GRP75 (Figure 4.13 C), perhaps because
GRP75 is a cytosolic protein, and the transmembrane domain may be an
important component of palmitoylation-mediated MAM localization. Overall,

these data indicate that there may be other proteins that localize to MAM via a
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palmitoylation signal, but that palmitoylation is clearly not the universal MAM

targeting signal, and it is possible that it only applies to transmembrane proteins.

4.3 Discussion and Future Perspectives

The findings of this project are summarized as a model in Figure 4.14.
Palmitoylation is a reversible process, and therefore the control of palmitoylation
and depalmitoylation could regulate the localization of TMX and calnexin. The
question of which enzymes control the equilibrium between palmitoylated/non-
palmitoylated MAM proteins is therefore an important one. Addition of palmitate
is catalyzed by the Palmitoyl Acyltransferase family of proteins (PATSs) of which
there are 23 members (Fukata and Fukata, 2010). The localizations of some of
these proteins are known, but it is not known whether any specifically target to
MAM. Recently, Lakkaraju et al. demonstrated that calnexin is palmitoylated by
the PAT family member DHHC6 (Lakkaraju et al., 2012). Removal of palmitate
is catalyzed by acylprotein thioesterases 1 and 2 (APT1 and -2) and protein
palmitoyl thioesterase PPT1, but it is currently unknown which of these proteins

is important in controlling calnexin’s palmitoylation state.

The mechanism whereby palmitoylation targets proteins to the MAM s still an
open question. Perhaps palmitoylation renders proteins more compatible with the
lipids or membrane domains present at the MAM. Charollais and Van der Goot
suggested that palmitoylation could orient transmembrane domains differently
within a membrane, thus making them more or less compatible with an ordered
lipid domain (Charollais and VVan Der Goot, 2009). However, this same research
group also suggests based on theoretical structure predictions that in the case of
calnexin, palmitoylation may reorient the cytosolic tail, changing its ability to
interact with other membrane or cytosolic proteins, and more specifically,
mediating its interaction with the translocon (Lakkaraju et al., 2012). Perhaps a
protein-protein interaction that is affected by calnexin’s and TMX’s

palmitoylation status retains these two proteins at the MAM.
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What does palmitoylation mean for calnexin’s function? TMX’s functions and
binding partners are poorly understood, but calnexin has several well-described
functions and many substrate proteins and binding partners. Palmitoylation could
affect calnexin’s functions by altering its ability to bind to other proteins
(Lakkaraju et al., 2012). Palmitoylation could also affect calnexin’s functions by
changing its localization; either sequestering it in certain ER subdomains or

excluding it from others.
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Figure 4.1: Quality control of TMX and TMX4 antibodies. A: Schematic
diagram of epitope sites used to generate antibodies against TMX and TMX4
proteins, as well as the target sites of the siRNAs used to knock down TMX and
TMX4 siRNAs. The thioredoxin domains of TMX and TMX4 are indicated in
green, and the transmembrane domains are indicated (TM). The base pair
sequences targeted by siRNAs in TMX are 552-76, 799-823 and 938-62. The
base pair sequences targeted by siRNAs in TMX4 are 741-67, 823-48, and 1132-
56. B: SIRNA against TMX and TMX4, as well and shRNA against TMX, was
used to knockdown TMX and TMX4 in order to test the efficacy of the rabbit anti
TMX antibody in HeLa cells and mouse anti TMX 4 antibody in A375P cells for
immunofluorescence microscopy. SiRNAs against TMX and TMX4 were used to
similarly test the efficacies of the rabbit anti TMX (C) and rabbit anti TMX4 (D)
antibodies for western blot. Actin was used as a loading control in both
experiments.
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Figure 4.2: TMX family members. A. Schematic of the domain organization
and active site and tail sequences of four TMX family members. SP = signal
peptide, TRX = thioredoxin domain, TM = transmembrane domain. B.
Expression levels of TMX family members 1-4 in a panel of cultured mammalian
cancer cells. HeLa cells are cervical cancer, A375P cells are melanoma, Jurkat
cells are T lymphocytes from a leukemia patient, CaCo2 are colon carcinoma, and
M2 are melanoma. Tubulin was used as a loading control.
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Figure 4.3: Intra-ER localization of TMX family members in A375P and
HelLa cells. A. Homogenates of A375P and Hela cells were fractionated on a 10-
30% discontinuous Optiprep gradient. Fractions were analyzed by SDS-PAGE
and western blot. BCOP was used as a Golgi marker, elF2a was used as a rough
ER marker, and calnexin was used as a MAM marker. The percentage of TMX
and TMX4 signal found by western blot in each fraction was quantified and
summarized in B. The percentage of TMX and TMX4 found in fraction six, where
MAM marker calnexin is concentrated, is also quantified. (n=3) p=0.001 between
A375P TMX and TMX4. C. Additional markers were used to characterize the
Optiprep gradient: Complex Il (C2) for mitochondria, ACAT1 and calnexin
(CNX) for MAM and ERp57 and ribophorin 11 (RPN2) for rough ER.

88



Cyt Micro. MC MP MAM

| il . % |Erola
RPN2

s -
e — elF2a

Figure 4.4: TMX localizes to MAM. Percoll MAM fractionation of HelLa cell
homogenates was used to confirm TMX’s MAM localization. Homogenates were
separated into cytosolic (Cyt), microsomal (Micro.), crude mitochondria (MC),
pure mitochondria (MP) and MAM fractions and the fractions were analyzed by
SDS-PAGE and western blot. Complex Il (C2) was used as a mitochondrial
marker, calnexin (CNX) and Erola were used as MAM markers, and ribophorin 2
(RPN2) and elF2a were used as rough ER markers.

89



e e
¥ -

vs. mitochondria
=4
N

Manders Coefficient

o

TMX TMX4

Figure 4.5: TMX colocalizes with mitotracker and MAM marker calnexin by
immunofluorescence microscopy. A. Colocalization of TMX with mitotracker.
B. Colocalization of TMX4 with mitotracker. C. Colocalization of TMX with
calnexin. D. Colocalization of TMX with TMX4. E. The Manders coefficient
represents the degree of colocalization between TMX and TMX4 with
mitochondria labelled with mitotracker, as in representative images A and B.
(n=7 and 8, respectively) p<0.001.

90



rER sER MAM

TMX  |Melw 3% | HeLa: 12% |HeLa 55%
A375P: 419%| A375P: 5% | A375P: 54%

A3TSP: | A37SP: A375P:

TMX4 76% 7% 17%

91




Figure 4.6: Immunoelectron microscopy of HeLa and A375P cells labelled
with anti-TMX and TMX4 antibodies conjugated to gold particles. A. TMX
immunogold labelling in HeLa cells. B. TMX4 immunogold labelling in A375P
cells. C. TMX (large particles, white arrowheads) and TMX4 (small particles,
black arrowheads) double labelling in A375P cells. D. Quantification of TMX
and TMX4 immunogold labelling from 2 independent experiments with the
localization of immunogold particles assigned to rough ER, smooth ER and MAM
(ER tubules within 50 nm of mitochondria). Scale bar=200 nm. Contributed by
Bobbie Schneider, Fred Hutchinson Cancer Research Center, Seattle, WA, USA.
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Figure 4.7: The TMX transmembrane and cytosolic domains are necessary
and sufficient for MAM targeting. Except where indicated, detection of
chimeric mutants was performed with rabbit anti-Myc. A. Homogenates of HeLa
cells transfected with myc-TMX and myc-TMX4 were fractionated on a 10-30%
discontinuous Optiprep gradient. B. Quantification of the myc-TMX and myc-
TMX4 signal found in each fraction. C. Optiprep gradient analysis of
TMX/TMX4 chimera was performed as in A. Chimera were assigned a numerical
code where 1 stands for TMX and 4 stands for TMX4 as follows: luminal
domain/transmembrane domain/cytosolic domain. Schematic illustrations of the
domain composition of each chimera are found below. D. Quantification of
gradients in C. p=0.027 between TMX4 and 411, and p=0.012 between TMX and
144. E. Optiprep fractionation for selected TMX mutants CXXC=AThioredoxin
site, RQR 267-9 was mutated to AAA, EEE=Asp 248-50 was mutated to AAA.
F. Optiprep gradient fractionation of FLAG-VSVG-TMX chimeras. HeLa cells
transfected with the indicated constructs were fractionated as in C and
experiments were quantified as in D. G. Expression level analysis of
TMX/TMX4 chimeras in HelLa cells by western blot. Tubulin was used as a
loading control.
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Figure 4.8: A juxtanuclear palmitoylation signal mediates the MAM
enrichment of TMX. A. Homogenates of HelLa cells transfected with wildtype
myc-TMX or a myc-TMX with cysteines 205 and 207 mutated to alanines (TMX
CCAA) were fractionated on a discontinuous 10-30% Optiprep gradient. A
representation of 3 independent experiments is shown, and the signal for each
construct in fraction six is quantified at right. p=0.012 between wildtype and
TMX CCAA. B. FLAG tagged TMX wt and CCAA were expressed in HeLa cells
that were processed for immunofluorescence microscopy with mitotracker and
anti-FLAG antibody. Overlap between FLAG signal and mitotracker is shown at
right, and quantified as a Manders coefficient in C. p<0.001. D. and E.
TMX/TMX4 chimeric mutants 411 and 441 (see Figure 4.7) were transfected into
HeLa cells and evaluated for incorporated alkynyl palmitate, detected by
neutravidin HRP. Expression levels of the constructs were detected with anti-
FLAG antibody. F. Detergent-resistant membrane fractionation of HeLa cells
expressing FLAG-TMX and FLAG-TMX CCAA. FLAG signals and endogenous
TMX were detected by western blot. ERp57 and QSOX1 were used as non-DRM
enriched controls. G.  Additonal TMX contructs were analyzed for
palmitoylation as in D and E. Panels D,E and G were done in collaboration with
Megan Yap.
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Figure 4.9: Palmitoylation mediates calnexin’s MAM enrichment. A.
Schematic representation of calnexin’s domain structure. SP=signal peptide,
TM=transmembrane domain. Amino acid positions are indicated with numbers,
and the juxtamembrane amino acid sequence is indicated. B. Optiprep gradient
fractionation of HelLa cells transfected with wildtype FLAG-calnexin or calnexin
with the juxtamembrane cysteines 503 and 504 mutated to alanines (calnexin
CCAA). Enrichment of these constructs on MAM membranes was determined by
western blot and quantification of three independent experiments is show to the
right. p=0.002 between wildtype and calnexin CCAA. C. Detection of alkynyl
palmitate incorporation was performed as for TMX contructs in Figure 4.8. D.
FLAG tagged CNX wt and CCAA were expressed in HelLa cells that were
processed for immunofluorescence microscopy with mitotracker and anti-FLAG
antibody. Scale bar=25 pm. Overlap between FLAG signal and mitotracker is
shown at right, and quantified as a Manders coefficient in E. p<0.0044. F.
Detergent-resistant membrane fractionation was performed and analyzed as in
Figure 4.8. Neither endogenous calnexin nor the wildtype or CCAA calnexin
constructs were enriched in DRMs. G. Optiprep gradient fractionation of HelLa
cells tranfected with VSVG and the VSVG-calnexin chimeric construct.
Distribution detected by western blot with rabbit anti-VSVG antiserum.
Targeting of VSVG to MAM membranes in 3 independent experiments is
quantified below. H. Depletion of cholesterol from membranes with B-methyl-
cyclodextrin did not affect targeting of TMX or calnexin as assessed by Optiprep
gradient fractionation. Panel C was done in collaboration with Megan Yap.
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Figure 4.10: Analysis of Tac fusion construct localization by Optiprep
fractionation. Fusion constructs of Tac with the transmembrane domains and
cytosolic tails of calnexin, calnexin CCAA, TMX, TMX CCAA and TMX4 were
expressed in HelLa cells that were homogenized and subjected to a 10-30%
Optiprep density gradient fractionation. The distribution of the constructs was
detected by western blot using a rabbit anti-Tac antibody. The average percent
signal detected in fraction six in 3 independent experiments for each of the
constructs is displayed in the chart below.
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Figure 4.11: The palmitoylation inhibitor 2-Bromopalmitate reduces
colocalization of TMX and calnexin signal with mitochondria. HeLa cells
were treated as indicated with 2-Bromopalmitate for 4 hours before being
processed for immunofluorescence microscopy. Rabbit anti-TMX, rabbit anti-
calnexin, and mouse anti-PDI were used to detect the indicated proteins, and
mitotracker was used to visualize mitochondria. Scale bar=25 um and framed
inset picture show a magnified area. Right-most images of each row show the
overlap of TMX or calnexin with mitotracker and PDI, which was quantified
using a Manders coefficient. p<0.001 for the comparisons indicated.
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Figure 4.12: 2-Bromopalmitate decreases co-fractionation of calnexin and
TMX with MAM markers. Control HeLa cells or HelLa cells treated for 4 hours
with 2-Bromopalmitate were fractionated on a 10-30% discontinuous Optiprep
gradient. Enrichment of calnexin and TMX in MAM fraction 6 was determined
by western blot, with ER proteins PDI, IP3R3, SERCA2b and mitochondrial
Complex 1l (C2) serving as controls for MAM integrity. Exposure times were

adjusted such that the most intense band appeared black.

101



A Control 2 Bromopalmitate

1 2 3 4 5 6 1 2 3 4 5 6
HO1| - - | i . — |
RPN2| -— I| - |
ONX| —— — = e
PCOP[L— &=~ — | — |
Complex 2| | |
Golgi rER MAM Golgi rER MAM
B Control 2 Bromopalmitate
Mito MAM 1 2 3 4 5 6 12 3 4 5 6
[= ] vpact | — ——
- - | VDAC2 | — | = — |
[= =]c.2 Golgi rER MAM Golgi rER MAM
L WX
== onX
C Control 2 Bromopalmitate
Mito MAM 12 3 4 5 8 12 3 4 5 8
|=— — | GRP75 | = | — |
o] o [ | |
- —| &2 “Golgi rER MAM Golgi rER  MAM

Figure 4.13: Palmitoylation also affects the intra-ER localization of MAM
protein Hemeoxygenase-1 (HO1) and VDAC1/2 but not GRP75. A. Control
B16 cells or cells treated for 4 hours with 2-Bromopalmitate were fractionated on
a discontinuous 10-30% Optiprep gradient. Enrichment of HO1 on MAM
membranes was determined by western blot, and detection of ribophorin 2 (RPN2,
rough ER), calnexin (CNX, MAM), bCOP (Golgi) and complex 1l (ClIlI,
mitochondria) served as a control for MAM intergrity. B. Left gels: Percoll
fractionation of mitochondria and MAM using HelLa cells. VDAC 1 and 2
cofractionate mostly with mitochondrial marker complex Il (ClI) but show some
cofractionation with MAM markers TMX and calnexin (CNX). Right gels:
Optiprep fractionation of control HelLa cells and cells treated with 2-
Bromopalmitate for 4 hours. C. Left gels: Percoll fractionation of HelLa cells
shows GRP75 signal evenly detected in MAM and mitochondrial fraction
indicated by calnexin and complex Il. Right gels: Optiprep gradient fractionation
performed as above. No change in GRP75 localization was observed despite the
expected shift in calnexin’s localization (lower right).
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Figure 4.14: Model depicting how palmitoylation regulates the intra-ER
localizations of TMX and calnexin. Palmitoylated calnexin and TMX localize
to the mitochondria associated membrane (MAM). Furthermore, TMX also
localizes to detergent resistant membranes within the MAM depending on its
palmitoylation state. Depalmitoylated TMX and calnexin cofractionate with
rough ER proteins such as ERp57, ribophorin | and elF2a, which associates with
ribosomes.
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Chapter 5: Palmitoylation affects calnexin’s chaperone and calcium

signalling functions

5.1 Introduction and Rationale

Calnexin is a lectin chaperone, and its primary role in the ER is to perform quality
control of secreted glycoproteins. As newly synthesized glycoproteins emerge
into the ER lumen, an oligosaccharide is attached and subsequently trimmed by
ER glucosidases to the monoglucosylated oligosaccharide that is recognized by
calnexin (Rutkevich and Williams, 2011). Binding of nascent glycoproteins to
calnexin serves many important functions; it slows down folding and prevents
aggregation of misfolded proteins, and retains folding intermediates in the ER,
where other chaperones help to correctly fold them. Upon release from calnexin,
the glycoprotein may fold rapidly and correctly and be exported to the Golgi
apparatus or, in the case of a protein that does not immediately fold correctly, it
will be reglucosylated and returned to the calnexin cycle (Dejgaard et al., 2004).
Proteins that have been trapped in the calnexin cycle for a prolonged period are
eventually subject to retrotranslocation from the ER to the cytosol and
degradation by the proteasome, a process known as ER Associated Degradation
(ERAD) (Lederkremer, 2009).

Importantly, binding to calnexin also brings misfolded glycoproteins into
proximity with another chaperone, ERp57, which is responsible for disulphide
bond isomerisation. ERp57 is an oxidoreductase that is a member of the Protein
Disulphide Isomerase (PDI) family (Rutkevich and Williams, 2011). Studies
have shown that a certain subset of disulphide-bonded, heavily glycosylated
proteins depend specifically on this partnership for efficient folding and
subsequent trafficking through the secretory system (Jessop et al., 2007;
Rutkevich et al., 2010). Like PDI, ERp57 contains two active sites consisting of a
pair of cysteines flanking any two amino acids (C-X-X-C) that can switch
between the disulphide, or oxidized, and dithiol, or reduced forms. ERp57 is

thought to be primarily in a reduced form in the ER, meaning that it can act as an
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electron donor, and catalyze the breakage and isomerisation of disulphide bonds,
rather than the formation of new disulphide bonds (Jessop and Bulleid, 2004).
The first cysteine of the active site interacts with cysteine pairs in client proteins
and forms a mixed disulphide intermediate that is resolved by the intervention of
the second cysteine of ERp57’s catalytic domain. The disulphide bond can either
be broken or shuffled into a new disulphide bond with another cysteine in the
substrate protein. If the disulphide bond is broken, then ERp57’s active site
becomes oxidized. There is evidence that glutathione then acts as an electron
donor to recycle ERp57 to its reduced, active, form (Jessop and Bulleid, 2004).

Apart from its best known role as a lectin chaperone responsible for the quality
control of glycoprotein production in the ER, calnexin also has lesser-known roles
in calcium signalling. Calnexin has been found to be a modulator of SERCA2b
function (Roderick et al., 2000), by downregulating SERCA2b’s calcium
pumping activity. This modulation is dependent on the phosphorylation of ser583
in calnexin’s cytosolic domain. Calnexin has three phosphorylation sites in its
cytosolic tail: two membrane-proximal casein kinase 2 (CK2) sites on Ser554 and
Ser564 (Cala et al., 1993; Ou et al., 1992) that control its interaction with PACS-2
(Chapter 3) and a more distal ERK site on ser583 (Chevet et al., 1999).
Interestingly, calnexin has also been shown to play a role in calcium signalling in

the Drosophila eye that controls cell survival (Rosenbaum et al., 2006).

As we and others have shown that calnexin is MAM-localized (Lynes et al., 2012;
Wieckowski et al., 2009), and calcium signalling is one of the main functions of
the MAM, we wanted to test whether the control of calcium signalling could be
one of calnexin’s roles at the MAM. Although phosphorylation and PACS-2
interaction was found to be important for calnexin’s MAM localization (Chapter
3), both we and others identified a palmitoylation motif that also contributed to its
MAM targeting (Ferrera et al., 2008; Lakkaraju et al., 2012; Lynes et al., 2012).
Little is known about how palmitoylation might affect calnexin’s protein-protein

interactions and functions. Given the fact that calnexin has both a calcium
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signalling role as well as a protein folding role in the ER, we hypothesized that
palmitoylation might act as a switch between calnexin’s folding and calcium
handling roles.  As palmitoylation is also a dynamic post-translational
modification, we decided to test whether it could be controlled by ER stress.

5.2 Results

5.2.1 ER stress affects calnexin’s localization and its interaction with ER
binding partners

Using a differential centrifugation fractionation to separate a crude mitochondrial
pellet (containing mitochondria, MAM, and rER) from microsomes, Delom et al.
showed that upon ER-stress, calnexin shifted from heavy membranes to light
microsomal membranes, consisting of ER, Golgi and plasma membrane (Delom
et al., 2007), suggesting that calnexin’s MAM localization might change
depending on ER stress. We first confirmed that calnexin’s localization changed
after a 4 hour tunicamycin stress treatment using a simple fractionation of HelLa
cells (Figure 5.1 A). Tunicamycin induces ER stress by blocking the transfer of
sugar groups to N-linked glycoproteins, causing them to accumulate in the ER
(McDowell and Schwarz, 1988). Although PDI localization did not change,
calnexin was indeed redistributed to the light membrane pellet after tunicamycin-
induced ER stress. We then used an Optiprep gradient fractionation to further
clarify this localization change (Figure 5.1 B). After a 4 hour tunicamycin
treatment, calnexin relocalized from the 6™ MAM/mitochondria fraction, marked
by FACL4 (Lewin et al., 2001), to ER fractions indicated by PDI staining. In
order to verify that this localization change was due to ER stress and not a non-
specific effect of tunicamycin, the experiment was repeated with the ER stressor
thapsigargin, which reduces ER calcium levels by blocking SERCA2b pumps.
Similar results were obtained using these alternative methods of inducing ER
stress (Figure 5.2). Calnexin’s change in localization after ER stress was also
confirmed by immunofluorescence microscopy. HelLa cells were treated with
tunicamycin for 4 hours, and then stained with a calnexin antibody and

mitotracker.  Tunicamycin-treated cells had a reduced colocalization with
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mitochondria in comparison with control cells, confirming that tunicamycin
dislodged calnexin from the MAM (Figure 5.1 C).

5.2.2 ER stress regulates calnexin’s palmitoylation state

Since calnexin’s change in localization upon ER stress induced by tunicamycin,
DTT and thapsigargin was very similar to the localization change we observed
after blocking palmitoylation, we hypothesized that ER stress might be affecting
calnexin’s palmitoylation state. FLAG-Calnexin was immunoprecipitated from
w-alkynyl-palmitate labelled HeLa cells that had been treated with tunicamycin
for 4 hours, and a click chemistry reaction was performed to detect the
incorporation of the palmitatoylation probe. Tunicamycin significantly reduced
calnexin’s palmitoylation (Figure 5.3 A). In order to confirm this result, the
experiment was repeated, this time with a 4 hour DTT treatment. Even more
strikingly, a palmitoylation signal could no longer be detected for calnexin after
DTT treatment (Figure 5.3 A). This could be because DTT might affect the
cysteines in calnexin’s palmitoylation motif, however, since the motif is in the
cytosolic environment, the cysteines are already expected to be reduced. Since
ER stress had already been shown to regulate calnexin’s phosphorylation state
(Roderick et al., 2000), this raised the question of whether the localization
changes observed in this study and by others (Delom et al., 2007) were mediated
by reduced phosphorylation or reduced palmitoylation. HelLa cells were treated
with tunicamycin for 1, 4, or 16 hours, and lysates for each of these timepoints
were tested by western blot for total calnexin levels, as well as with phospho-
specific calnexin antibodies (see Materials and Methods, Table 2.1.5). While the
changes we observed in calnexin’s localization and palmitoylation occurred 4
hours after stress treatment, it was not until after 16 hours of tunicamycin
treatment that a decrease in phosphorylation on serines 564 and 583 was observed
(Figure 5.3 B). Furthermore, phosphorylation on serine 583 was unchanged in a
mutant of calnexin where palmitoylation was abrogated (calnexin CCAA) or in
calnexin mutants where serines 554 and 564 were mutated to alanines or aspartic
acid (calnexin SSAA and SSDD). This result led to the conclusion that the
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relocalization of calnexin from MAM to rER was as a result of depalmitoylation,

and not dephosphorylation.

5.2.3 Calnexin’s palmitoylation state affects its interaction with binding
partners SERCA2b

Lakkaraju et al suggested that palmitoylation might impact calnexin’s ability to
bind to other proteins by re-orienting its cytosolic tail with respect to the ER
membrane (Lakkaraju et al., 2012). The interaction between calnexin and
SERCA2b occurs via calnexin’s cytosolic tail (Roderick et al., 2000) and is
already known to be controlled by phosphorylation of calnexin’s ser583. Binding
of calnexin to SERCAZ2b decreases its calcium pumping function (Bollo et al.,
2010; Roderick et al., 2000). We wondered whether palmitoylation might also
impact calnexin’s ability to bind SERCA2b. We first compared the localizations
of calnexin and SERCA2b by Optiprep gradient fractionation (Figure 5.4 A) and
by differential centrifugation fractionation (Figure 5.4 A). While calnexin was
found in fraction 6, corresponding to MAMSs, and relocalized to rER fractions
after various ER stress treatments, SERCA2b was found on lighter membranes
corresponding to rER under control conditions and did not relocalize upon ER
stress.  This finding was confirmed using a differential centrifugation
fractionation.  Since calnexin cofractionated with SERCA2b after ER stress
treatments, but not under control conditions, we hypothesized that the interaction
between depalmitoylated calnexin and SERCA2b might increase. This hypothesis
was tested with a coimmunoprecipitation experiment. HelLa cells were transiently
transfected with either wildtype FLAG tagged calnexin, or the FLAG-Calnexin
CCAA mutant construct. FLAG tagged proteins were immunoprecipitated, and
probed by Western blot for coimmunoprecipitating endogenous SERCAZ2b.
Surprisingly, despite the fact that depalmitoylated calnexin cofractionated with
SERCAZ2D, its interaction with SERCA2b was greatly reduced (Figure 5.4 B).
The interaction between endogenous calnexin and SERCA2b was also tested
following ER stress treatments. Hela cells were treated with DTT and

tunicamycin for four hours, after which calnexin was immunoprecipitated and
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examined by Western blot for coimmunoprecipitating SERCA2b. Consistent with
the results from the previous experiment, the interaction between calnexin and
SERCAZ2b was weaker after both 4 hour ER stress treatments, when calnexin is
depalmitoylated, but not yet dephosphorylated (Figure 5.4 C).

As the interaction between calnexin and SERCAZ2b has previously been shown to
be regulated by dephosphorylation of calnexin’s ser583, we tested the CCAA
mutant, SSAA and SSDD CK2 phosphorylation site mutants had decreased levels
of phosphorylation on ser583. These mutants were transiently transfected into
HeLa cells and the lysates were probed by Western blot for total calnexin and
phosphorylated ser583 levels (Figure 5.5). None of the mutants showed a change
in phospho-ser583 with respect to wildtype, confirming that the reduction in
interaction seen between calnexin CCAA and SERCA2b was due to the

abrogation of palmitoylation.

5.24 Calnexin’s palmitoylation state alters ER calcium signalling to
mitochondria

Calnexin’s interaction with the ER calcium pump SERCA2b changed depending
on its palmitoylation state, and calnexin has an inhibitory effect on SERCA2b.
This raised the question of whether palmitoylation could be another switch
mechanism, like ser563 phosphorylation, that regulates calnexin’s inhibition of
SERCA2b pumps. We therefore decided to assess whether the calnexin CCAA
mutation affected calcium homeostasis and ER-mitochondria calcium signalling.
Calnexin knockout mouse embryonic fibroblast (MEF) cells are slightly less
susceptible to ER stress-induced apoptosis than wildtype MEFs (Groenendyk et
al., 2006; Zuppini et al., 2002), although no changes in cytosolic calcium levels
were measured after agonist stimulation of IP3 receptors (Kraus et al., 2010;
Zuppini et al., 2002). The defect in apoptosis induction was instead attributed to
calnexin’s ability to recruit caspase-8 or caspase-12 to the ER surface for Bap-31

cleavage (Groenendyk et al., 2006; Zuppini et al., 2002). However, changes in
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mitochondrial uptake of calcium after stimulation of IP3 receptors or ER stress

were not examined.

Calnexin knockout MEFs were transiently transfected with FLAG-tagged
wildtype calnexin or calnexin CCAA. Both constructs were expressed at similar
levels in the cells (Figure 5.6 D). The cells were loaded with the fluorescent
calcium-dependent probe Fluo8, which measures cytosolic calcium levels. The
cells were then treated with thapsigargin, which blocks the reuptake of calcium
from the cytosol into the ER via SERCA2b pumps, for 5 minutes, and its effect on
cytosolic calcium levels was measured by Fluo8 fluorescence as detected by flow
cytometry. Confirming results obtained by Kraus et al. (2010), no differences in
the release of calcium into the cytosol were observed between the cnx -/- MEFs or
those transiently transfected with wildtype or CCAA mutant calnexin (Figure 5.6
A). Mitochondria can also act as calcium buffers, and take up a large amount of
calcium from the cytosol (de Brito and Scorrano, 2008). Therefore, we next
repeated the experiment with a mitochondrially-targeted calcium sensitive
fluorescent probe, Rhod2 (Fonteriz et al., 2010), to determine whether the
expression of wildtype calnexin or the CCAA mutant affected calcium uptake by
mitochondria after SERCA2b pumps were disabled by thapsigargin treatment.
Mitochondrial calcium more than doubled in calnexin knockout cells after
thapsigargin treatment, and interestingly, this response was blunted in cells

transfected with wildtype calnexin, but not calnexin CCAA (Figure 5.6 B).

Bravo et al. reported that a 4 hour tunicamycin treatment more than doubled the
percentage of mitochondria that make close contacts with the ER. In addition,
they showed that in cells treated with tunicamycin and stimulated with
thapsigargin or histamine to release calcium from the ER, the uptake of calcium
by mitochondria was greater than in untreated control cells (Bravo et al., 2011).
We decided to test whether these observations were dependent on calnexin, or
more specifically MAM-localized calnexin. Calnexin -/- cells were transiently

transfected with either wildtype or CCAA calnexin constructs, and subjected to
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tunicamycin treatment for 4 hours. The uptake of calcium into mitochondria after
histamine stimulation of IP3 receptors was measured using Rhod2 signal detected
by flow cytometry, as in the previous experiments. In calnexin knockout cells as
well as cells transfected with calnexin CCAA, there was no difference in calcium
uptake by mitochondria after tunicamycin treatment. However, when cells were
transfected with wildtype calnexin, calcium uptake by mitochondria under normal
conditions was reduced, and there was a large increase in mitochondrial calcium
uptake after tunicamycin treatment, as observed by Bravo et al. (Figure 5.6 C).
This observation suggests that MAM-localized, palmitoylated calnexin is required

for the increased mitochondrial calcium uptake after ER stress.

Uptake of calcium into mitochondria can have several different effects. Calcium
is needed as a cofactor in many of the enzymatic reactions of the TCA cycle,
which drives the electron transport chain, thus creating a proton gradient across
the mitochondrial membrane (Poburko and Demaurex, 2012; Robb-Gaspers et al.,
1998). However, other groups have shown that the mechanisms of uptake of
calcium into the mitochondria can actually have the effect of reducing
mitochondrial membrane potential (Loew et al., 1994; Talbot et al., 2007). The
mitochondrial membrane potential of calnexin knockout MEFs, and knockout
MEFS expressing wildtype calnexin or calnexin CCAA, was measured by flow
cytometry using a tetramethylrhodamine (TMRM) probe, which is more readily
sequestered by active mitochondria (Perry et al., 2011). Overexpression of
wildtype calnexin in calnexin -/- MEFs reduced the proportion of TMRM positive
cells measured by flow cytometry, however, overexpressing the calnexin CCAA

mutant had no effect on mitochondrial membrane potential (Figure 5.6 C).

5.2.5 Calnexin’s palmitoylation state affects its interaction with binding
partner ERp57. Surface expression levels of client protein LDL-R depend on
calnexin’s palmitoylation state

We decided to test whether the palmitoylation state of calnexin impacted

calnexin’s relationship with ERp57. ERp57 cofractionates with rER markers on

112



an Optiprep gradient (Figure 4.3 C) but is mainly found in heavy membranes in a
differential centrifugation fractionation (Figure 5.7 A). Like calnexin, ERp57
redistributes to the light membrane fraction upon tumicamycin stress (Figure 5.7
A). Next, the interaction between calnexin and ERp57 during ER stress was
evaluated by a coimmunoprecipitation experiment. HelLa cells were stressed with
reducing agent DTT or with tunicamycin for 4 hours, and calnexin was
immunoprecipitated from the cells lysates. Calnexin and coimmunoprecipitating
ERp57 were detected by western blot. Compared to control cells, more ERp57
was pulled down with calnexin in cells treated with DTT and tunicamycin,
suggesting that ER stress increases the interaction between calnexin and ERp57
(Figure 5.7 B).

We hypothesized that depalmitoylated calnexin might interact more strongly with
ERp57 than its wildtype counterpart, since depalmitoylated calnexin and ERp57
are both found in the same fractions of the Optiprep gradient and furthermore,
both move from heavy to light membranes after tunicamycin treatment. As
opposed to SERCA2b whose interaction with calnexin weakens after ER stress
(Figure 5.4 C), ERp57’s interaction with calnexin increased. HeLa cells were
transfected with FLAG-tagged wildtype and CCAA mutant calnexin, which were
immunoprecipitated from lysates using a FLAG antibody. Immunoprecipitates
were analyzed by Western blot for FLAG and coimmunoprecipitating ERp57. In
agreement with our findings that ER stress treatments depalmitoylate calnexin and
that ER stress increased calnexin’s interaction with ERp57, the calnexin CCAA
mutant pulled down more than 1.5 fold more ERp57 than wildtype calnexin
(Figure 5.7 C).

In order to evaluate whether the increased binding of depalmitoylated calnexin
with ERp57 had functional consequences for protein folding, a reporter protein
was selected. The low-density lipoprotein receptor (LDL-R) is expressed in
clathrin coated pits on the cell surface, and binds and internalizes low-density

lipoproteins in complex with cholesterol, thus helping to regulate cholesterol
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homeostasis (Brown and Goldstein, 1979). We hypothesized that since
palmitoylation affects calnexin’s binding to ERp57 and that LDL-R maturation
relies on both calnexin and ERp57 (Jessop et al., 2007; McCormick et al., 2005),
calnexin’s palmitoylation state might affect surface levels of LDL-R. We selected
LDL-R due to its high number of potential N-linked glycans (5) and 30 disulphide
bonds. We evaluated surface LDL-R in calnexin knockout AKO cells, as
compared to AKO cells overexpressing wildtype and CCAA mutant calnexin, by
biotinylating the cell surface proteins, then quenching the biotinylation reaction
and pulling down biotinylated proteins using streptavidin beads. Biotinylated
LDL-R was then compared to total LDL-R from whole cell lysates from each of
the experimental conditions. Calnexin knockout cells overexpressing wildtype
calnexin had similar levels of cell surface LDL-R as control cells; however, cells
overexpressing the calnexin CCAA mutant had reduced levels of surface LDL-R
(Figure 5.7 D). The total level of LDL-R in cell lysates was unchanged across all
the experimental conditions. This experiment was repeated in HeLa cells treated
with 2-bromopalmitate to depalmitoylate calnexin, and similar results were
obtained with treated cells having less surface LDL-R (Figure 5.7 E). These
results are consistent with the observation that overexpression of chaperone
proteins often slows the progress of client proteins through the secretory system,
decreasing their rate of secretion or surface expression, as is the case for ERp57
and cell surface expression of the human gonadotropin releasing hormone
receptor (hGnRHR) (Ayala Yanez and Conn, 2010).

5.3 Discussion and Future Perspectives

ER stress depalmitoylates calnexin and relocalizes it from the MAM to rER
membranes. Depalmitoylation due to ER stress also coincided with a decreased
interaction with SERCAZ2b, despite the increased cofractionation of calnexin with
SERCAZ2b on the Optiprep gradient. Our data indicated that expressing calnexin
in cxn -/- cells reduces mitochondrial uptake of calcium upon thapsigargin
treatment. However, expressing calnexin CCAA had no effect on mitochondrial

calcium uptake. One possible explanation is that calnexin knockout cells have
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generally higher SERCA2b activities because calnexin is not there to repress
SERCAZ2b’s activity, and there is therefore more calcium stored in the ER to be
released. Since calnexin CCAA binds less strongly to SERCA2b (Figure 5.4),
cells expressing calnexin CCAA act like the calnexin -/- control cells. It is also
possible that calnexin changes the structure of the MAM, perhaps by acting as
part of a tethering complex, in such a way as to regulate the surface area of ER in
contact with mitochondria, or the distance between the ER and outer
mitochondrial membrane at MAMs, and that non-MAM localized calnexin CCAA

is unable to perform this function.

Tunicamycin treatment as well as other stressors increases the number of ER-
mitochondria contacts, and decreases the gap between ER and mitochondria at
contact sites (Bravo et al., 2011; Csordas et al., 2006). We observed that the
concomitant increase in mitochondrial calcium uptake is dependent on
palmitoylated calnexin (Figure 5.6), which raises the question of whether
palmitoylated calnexin is also required for the changes in MAM structure
observed after ER stress treatments. This question could be addressed with an
electron microscopy experiment to compare MAM structures in cells depleted of
calnexin or overexpressing wildtype or CCAA mutant calnexin, before and after

tunicamycin treatment or another ER stress.

Depalmitoylation of calnexin due to ER stress also coincided with an increased
interaction between calnexin and the PDI-related disulphide bond isomerase
ERpS57, suggesting that depalmitoylation could possible upregulate calnexin’s
quality control function. There have been several reports suggesting that calnexin
interacts directly with translocon and ribosome complexes (Boisrame et al., 2002)
and that it may be involved in retrotranslocation of misfolded proteins at the ER
quality control compartment (ERQC), which is a compartment of the ER
dedicated to degradation of misfolded proteins (Kamhi-Nesher et al., 2001).
Lakkaraju et al. (2010) reported that depalmitoylated calnexin interacted poorly
with the translocon and with glycoproteins in general. However, we evaluated the
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effect of expressing calnexin and calnexin CCAA in calnexin deficient MEFs on
the maturation of a specific glycoprotein receptor, LDL-R, that also required the
PDlI-related chaperone ERp57 for proper folding, due to its numerous disulphide
bonds. Calnexin CCAA, which interacts more strongly with ERp57, but not
wildtype calnexin, retained LDL-R and slowed its progress to the cell surface,
which is consistent with an increased chaperone function (Ayala Yanez and Conn,
2010). Many questions remain, for example, does LDL-R in calnexin-deficient
cells have spurious disulphide bonds? It is also unclear how ER stress, and the
concomitant reduction of calnexin palmitoylation, might affect LDL-R maturation
in calnexin-deficient cells compared to cells expressing wildtype or CCAA
mutant calnexin. Our data suggest that depalmitoylated calnexin may play a role
in the quality control of disulphide bond-rich glycoproteins in the ER, but this

specific role has yet to be elucidated.

116



Control

Tuni

% Signal on Light Membranes

1 2 3 4 5 6

Control 4h Tuni C - S
HM LM HM LM CNX
[ || — | DD | Tuni - - ——
- —— CNX B -
5 ) W FACL4
3 —/ = S e |PD

£ 2 ‘2
S | h ‘ FACL4
50 § : — —
40- T PDI g — S— — | PD|
CNX -
301 l rER MAM
I 40
20 1 =
i L 2 30
10 1 S
J- lu: **
(O c 20
T T T ?
C 1h 4h o 10
7}
X 0
C Tuni
Calnexin PDI Mitochondria Merge

117



Figure 5.1: Calnexin changes localization following ER stress. A. Differential
gradient fractionation was performed with homogenates of control HeLa cells and
cells treated for 4 hours with 10 uM tunicamycin HM=10 000g pellet, LM=100
000g pellet. Equal proportions of fractions were analyzed by western blot for
calnexin, PDI (ER), and p32 (mitochondria). Quantification of three independent
experiments is displayed below. B. Optiprep gradient fractionation of control
HeLa cells and cells treated or 4 hours with 10 uM tunicamycin. FACL4 and PDI
are used to control for MAM membranes ER membranes respectively. The
percentage of calnexin signal in fraction 6, co-sedimenting with FACL4 is
quantified below. n=3, P=0.035 C. Calnexin’s colocalization with mitochondria
depends on ER stress. Control HeLa cells and cells treated with 10 pM
Tunicamycin were processed for immunofluorescence microscopy and analyzed
for the signals of calnexin, PDI and mitochondria (mitotracker). The merged
images are shown on the right with a magnified area of calnexin and mitotracker
signals. Scale bar=25 um. A and C contributed by Thomas Simmen.
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Figure 5.2: Thapsigargin treatment also displaces calnexin from MAM.
HelLa cells were treated with 1.5 uM thapsigargin for 4 hours and homogenized
and fractionated as in Figure 5.1 B. Fractions were analyzed by western blot and
FACL4 was used as a MAM marker, and PDI as an ER marker. Please refer to
Figure 5.1 B for control.
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Figure 5.3: Analysis of calnexin phosphorylation and palmitoylation during
an ER stress time course. A. Calnexin palmitoylation is reduced during ER
stress. HeLa cells were incubated for 4h with 10 uM Tunicamycin or with 5 mM
DTT and incorporation of alkynyl palmitate was measured using click chemistry
as described in Methods. FLAG antibody was used to assess the expression level
of wildtype calnexin. Done in collaboration with Megan Yap. B. Phosphorylation
of calnexin’s 3 phosphorylation sites is individually altered during an ER stress
time course. Lysates of HeLa cells treated for the indicated times with 10 uM
Tunicamycin and analyzed via Western blot using phospho-specific antibodies
against the three known sites serine 554, 564, 583.
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Figure 5.4: ER stress and palmitoylation affect calnexin’s interaction with
SERCA2b. A. SERCA2b localization is not affected by tunicamycin stress.
Homogenized HeLa cell lysates were separated by Optiprep gradient fractionation
following a 4h treatment with 10 uM tunicamycin (Tuni). Fractions were analyzed
as indicated by SDS-PAGE and western blot for SERCA2b. Homogenized HelLa
cell lysates were separated into heavy and light membranes as in Figure 5.1
following a 4h treatment with 10 uM Tunicamycin (Tuni). Membrane fractions
were analyzed as indicated by SDS-PAGE and Western Blot for calnexin and
SERCAZ2b. The graph shows the calnexin and SERCA2b amounts in the heavy
membrane fraction from 3 independent experiments (Statistics: P=0.013 for
calnexin, P=0.395 for SERCA2b). Contributed by Carolina Ortiz B. Calnexin-
SERCAZ2b co-immunoprecipitation following ER stress. HeLa cells were treated
for 4 h with either 5 mM Dithiothreitol (DTT) or 10 uM Tunicamycin (Tuni).
DSP-crosslinked lysates (5% inputs) and calnexin immunoprecipitates were
analyzed for calnexin and co-immunoprecipitating SERCA2b. The graph shows
results from 3 independent experiments (Statistics: p=0.0073 for DTT, p<0.001
for Tunicamycin). C. Calnexin wildtype and CCAA were expressed in AKO
calnexin -/- MEFs and immunoprecipitated with FLAG antibody. DSP-
crosslinked lysates (5% inputs) and FLAG immunoprecipitates were analyzed for
FLAG-tagged calnexin and co-immunoprecipitating SERCA2b. The graph shows
results from 3 independent experiments. P=0.006.
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Figure 5.5: Serine 583 phosphorylation of calnexin mutants. Lysates of HelLa
cells transfected with the indicated calnexin constructs were analyzed for the
phosphorylation levels of serine 583 by western blot with a phosphospecific
antibody. The FLAG and Tubulin antibodies show equal expression and loading
of the different constructs.
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Figure 5.6: Palmitoylated calnexin regulates ER calcium signaling. A.
Measurement of cytosolic and mitochondrial calcium following thapsigargin-
mediated ER calcium release. Calnexin knockout (ko) MEFs and ko cells
transfected with FLAG-tagged wild type or CCAA calnexin were loaded with
Fluo8 (left) and Rhod2 (right). Cells were then treated with 1.5 uM thapsigargin
and probe fluorescence was recorded before and after thapsigargin treatment by
flow cytometry (n=3 for both experiments, left panel: P=0.8419 for calnexin wild
type, P=0.8816 for calnexin CCAA; right panel: P=0.02 for calnexin wild type,
P=0.8583 for calnexin CCAA). B. Measurement of mitochondrial calcium
following histamine-mediated ER calcium release. Calnexin knockout (ko) MEFs
and ko cells transfected with FLAG-tagged wild type or CCAA calnexin were
loaded with Rhod2. Cells were then treated with 50 uM histamine and probe
fluorescence was recorded before and after histamine treatment by flow cytometry
(n=3, P=0.2581 for calnexin knockout, P<0.001 for calnexin wild type, P=0.088
for calnexin CCAA). C. Measurement of mitochondrial membrane potential.
Calnexin knockout (ko) MEFs and ko cells transfected with FLAG-tagged wild
type or CCAA calnexin were loaded with TMRM and probe fluorescence was
recorded by flow cytometry (n=3, P=0.001 for calnexin wild type, P=0.4135 for
calnexin CCAA). D. Calnexin expression levels of representative cells from flow
cytometry experiments. Calnexin knockout (ko) MEFs and ko cells transfected
with FLAG-tagged wild type or CCAA calnexin were lysed and processed for
Western blot using the FLAG antibody. Tubulin was used as a loading control.
This figure was done in collaboration with Arun Raturi.
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Figure 5.7: ER stress and palmitoylation affect calnexin’s interaction with
ERp57. A. Homogenized HeLa cell lysates were separated into heavy (10 000g
pellet) and light (100 000g pellet) membranes by differential centrifugation
fractionation following a 4h treatment with 10 uM Tunicamycin (Tuni).
Membrane fractions were analyzed as indicated by SDS-PAGE and Western Blot
for ERp57, PDI and calnexin. The graph shows the ERp57, PDI and calnexin
amounts in the light membrane fraction from 3 independent experiments.
p=0.056 for ERp57, p=0.088 for PDI, p=0.013 for calnexin. Contributed by
Carolina Ortiz B. Calnexin-ERp57 co-immunoprecipitation following ER stress.
HeLa cells were treated for 4 h with either 5 mM Dithiothreitol (DTT) or 10 uM
Tunicamycin (Tuni). DSP-crosslinked lysates (5% inputs) and calnexin
immunoprecipitates were analyzed for calnexin and co-immunoprecipitating
ERp57. C. HeLa cells were transfected with FLAG-tagged wild type or CCAA
calnexin. DSP-crosslinked lysates (5% inputs) and FLAG immunoprecipitates
were analyzed for FLAG-tagged calnexin and co-immunoprecipitating ERp57.
The graph shows results from 3 independent experiments. p=0.003. D. LDLR
surface biotinylation. Calnexin -/- MEFs and cells transfected with FLAG-tagged
wild type or CCAA calnexin were lysed and processed for Western blot using the
LDLR antibody. In parallel, the same set of cells was processed for surface
biotinylation as described in Materials & Methods and probed for biotinylated
surface LDLR. E. Control HeLa cells and cells treated with 2-Bromopalmitate
for 4 hours were analyzed as in D.
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Chapter 6: Perspectives

6.1 Summary of Results

The goal of this thesis project was to identify novel proteins at the MAM, the
subdomain of the ER responsible for communication via calcium and lipid
exchange with mitochondria. Furthermore, we also wished to determine how
these proteins target to MAM, and what role they play in the MAM’s functions.
To summarize the findings of this thesis, we found that calnexin is a MAM
protein whose localization partially depends on PACS-2, and more specifically
the phosphorylation state of PACS-2 binding site (Chapter 3). We then turned our
attention to TMX and TMX4, two members of the PDI family of oxidoreductase
chaperone proteins. We hypothesized that since TMX and TMX4 share a PACS-
2 interaction sequence with calnexin, and that several PDI family members have
been implicated in calcium signalling, one of the MAM’s main functions, TMX
and TMX4 may localize to MAM as well. We discovered that TMX localizes to
MAM but TMX4 does not, even though the proteins are very similar. Chimeric
TMX/TMX4 mutants revealed that a motif present in a combination of TMX’s
transmembrane and cytosolic domains controls MAM localization. We identified
this motif as a juxtamembrane cytosolic palmitoylation site that TMX and
calnexin share, whereupon we confirmed that palmitoylation targets calnexin and
TMX to MAM (Chapter 4). We also identified 3 other proteins, VDACL1 and 2
and HO1, which are also MAM-targeted via palmitoylation.

We next wanted to determine the significance of calnexin’s targeting to MAM. In
the second project we demonstrated that calnexin becomes depalmitoylated and
therefore loses its MAM targeting after ER stress. Furthermore, depalmitoylation
and ER stress decreased calnexin’s interactions with binding partner SERCA2D,
which had consequences for calcium handling in the cell. We found that upon
release of calcium from the ER, the presence of calnexin reduced the uptake of
calcium into mitochondria.  Increased mitochondrial calcium uptake was

previously observed in cells that had been treated with tunicamycin prior to
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agonist-stimulated release of calcium from the IP3 receptors. We demonstrated
that calnexin knockout MEFs did not respond to tunicamycin stress in this way,
and that the effect could be rescued by wildtype, but not non-palmitoylatable
calnexin. Interestingly, non-palmitoylatable calnexin interacted better with
ERp57, a PDI-related protein that mediates disulphide bond formation in
glycoproteins. Calnexin also interacted better with its protein folding partner
ERp57 during ER stress, when we showed calnexin’s palmitoylation is reduced.
We therefore examined the maturation of LDL receptor, a substrate of both
calnexin and ERp57 that is normally expressed on the cell surface. We found that
when non-palmitoylatable calnexin was overexpressed in calnexin knockout cells,
or when palmitoylation was pharmacologically blocked, the amount of LDL
receptor on the cell surface decreased, which could indicate that the chaperone or

folding function of the calnexin increases when calnexin is not palmitoylated.

6.2 Palmitoylation acts as a switch that regulates calnexin’s interactions and
functions

Phosphorylation has already been shown to be regulated by tunicamycin-induced
ER stress and play a role in calnexin’s subcellular localization (Delom et al.,
2007).  Furthermore, phosphorylation on serine 583 regulates calnexin’s
interaction with SERCA2b, which serves to decrease SERCA2b’s calcium
pumping function (Roderick et al., 2000). We observed that palmitoylation also
plays a major role in calnexin’s intra-ER localization, as depalmitoylated calnexin
loses its localization to MAMs (Chapter 4). We hypothesized that ER stress could
also modulate calnexin’s localization by changing its palmitoylation status. In
Figure 5.1 and 5.2, we show that 4 hours of tunicamycin and thapsigargin-induced
ER stress indeed provoke the loss of calnexin’s MAM targeting, as well as the
depalmitoylation of calnexin. We also show that the loss of palmitoylation due to
tunicamycin stress occurs at a 4 hour timepoint, whereas the dephosphorylation of
calnexin’s serine 583 does not occur until a 16 hour timepoint. Therefore the

change in localization that we observed at 4 hours must be due to the
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depalmitoylation of calnexin, and not its dephosphorylation that occurs at a later

timepoint.

We also demonstrate that at this 4 hour timepoint, there is a major decrease in
calnexin’s interaction with SERCA2b. The non-palmitoylatable calnexin mutant
also has a decreased interaction with SERCAZ2b, which could have consequences
for calcium signalling in the cell. Although release of calcium from the ER into
the cytosol was the same in cells that did not express calnexin, cells that expressed
wildtype calnexin and cells that expressed non-palmitoylatable calnexin, we
noticed that cells expressing wildtype calnexin had less mitochondrial uptake of
calcium after release of calcium from the ER.  Overexpressing non-
palmitoylatable calnexin (CCAA) in calnexin knockout cells had no effect on the
mitochondrial uptake of calcium. What effect does ER stress have on calcium
signalling at the MAM? Bravo et al. (2011) reported that a 4 hour tunicamycin
treatment increased the number of mitochondria that make close contacts with the
ER. Furthermore, they showed that tunicamycin treatment increased the uptake of
calcium by mitochondria when cells were stimulated with thapsigargin or
histamine to release calcium from the ER. We therefore asked whether calnexin
was necessary for these two phenomena to occur. We repeated the experiment
with calnexin knockout cells, and cells overexpressing wildtype calnexin or
calnexin CCAA. We were able to reproduce the results of Bravo et al. with cells
overexpressing wildtype calnexin, but in calnexin knockout cells or cells
overexpressing calnexin CCAA, we did not observe an increase in mitochondrial
uptake of calcium after tunicamycin treatment. In fact, the uptake of calcium by
mitochondria in calnexin knockout cells or cell overexpressing calnexin CCAA
was already quite high prior to tunicamycin treatment. There are several possible
interpretations of our calcium data; calnexin’s interaction with SERCA2b might
affect calcium stores in the ER, or calnexin may negatively modulate the
formation of MAMs themselves. This possibility is further explored in section
6.4. Lastly, Lakkaraju et al. (2012) have demonstrated that depalmitoylated
calnexin loses its interaction with the translocon. As calcium leakage through the
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translocon has been reported during polypeptide translocation (Van Coppenolle et
al. 2004), it is possible that calnexin’s involvement in calcium homeostasis is
mediated by its interaction with the translocon. In summary, our data provide a
possible mechanism for the observations of Bravo et al., and show that
palmitoylation of calnexin is key to its role in modulating calcium transfer at
MAMs.

What then is the role of depalmitoylated calnexin in the cell? Based on our
Optiprep gradient fractionation data showing that depalmitoylated calnexin co-
fractionates with rough ER markers, including its known chaperone partner
ERp57, we hypothesized that depalmitoylated calnexin might be important for
protein folding and quality control. Furthermore, Kamhi-Nesher et al. (2001)
have shown that calnexin migrates to the ER quality control compartment
(ERQC) upon ER stress. We demonstrated that following ER stress, calnexin
interacts more strongly with ERp57. We also showed that non-palmitoylatable
calnexin interacts better with ERp57 than its wildtype counterpart. In order to
verify whether this increased interaction translates into an increased folding
capacity for the calnexin-ERp57 partnership, we chose to examine the surface
expression of the LDL receptor, a client protein of both calnexin and ERp57.
When calnexin CCAA was overexpressed in calnexin knockout cells, or
palmitoylation was blocked by an inhibitor, less LDL receptor appeared on the
cell surface, which could indicate slower maturation of the receptor due to
increased interaction with calnexin/ERp57. Many questions remain regarding the
function and localization of depalmitoylated calnexin. Although Lakkaraju et al.
(2012) reported that depalmitoylated calnexin interacts poorly with glycoproteins
in general, we have demonstrated that depalmitoylation increases the function of
calnexin and ERp57 and affects the maturation of at least one glycoprotein, LDL-
R. It would be interesting to test whether this holds true with other glycoproteins.
Furthermore, it would be interesting to test whether depalmitoylated calnexin

targets preferentially to the ERQC in ER-stressed cells.
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6.3 What is the mechanism by which ER stress can regulate palmitoylation?
ER stress is defined as the accumulation of unfolded proteins in the endoplasmic
reticulum, which in turn triggers the unfolded protein response (UPR). The UPR
is initiated by the receptor proteins PERK, Irel and ATF6 on the ER membrane,
which normally associate with the ER chaperone BiP (Szegezdi et al., 2006).
When BIP disassociates from these receptors in favour of binding to unfolded
proteins, the receptors oligomerize and become active. Receptors can also
become activated when they are bound by unfolded proteins themselves (Gardner
and Walter, 2011). The UPR is a series of signalling pathways that first aims to
resolve the accumulation of unfolded proteins, culminating in the suppression of
translation, the upregulation of chaperone proteins, and the upregulation of genes
involved in protein degradation. If this is unsuccessful, the UPR can also signal
for apoptosis (Szegezdi et al., 2006). Cell death due to ER stress and protein
aggregation is a feature of many neurodegenerative diseases (Wang and Kaufman,
2012), as well as diabetes (Papa, 2012). Interestingly, calnexin’s palmitoylation is
reduced by ER stress and this in turn regulates calnexin’s binding partners and
activities. As calnexin has been shown to relocalize to the ER quality control
compartment (ERQC), where proteins are retrotranslocated and degraded at times
of ER stress (Kamhi-Nesher et al., 2001), perhaps depalmitoylation triggered by
ER stress serves as a relocalization signal. Further supporting an increased role
for depalmitoylated calnexin in quality control and protein folding, we observed
that ER stress-mediated depalmitoylation increased calnexin’s interaction with
ERp57.

Palmitoylation is a reversible process, which is regulated by a 23-member family
of DHHC domain-containing palmitoyl acyl transferases, or DHHC PATS, which
palmitoylate proteins (Fukata et al., 2006). Acyl protein thioesterases (APT) 1
and 2 (Dekker et al., 2010) regulate the depalmitoylation of proteins. A third
protein, protein palmitoyl thioesterase 1 (PPT1) also mediates depalmitoylation,
but its function is restricted to lysosomes (Kim et al., 2006). Changes in protein

palmitoylation are therefore as a result of a disruption in the equilibrium between
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palmitoylation and depalmitoylation reactions. The PAT that regulates calnexin’s
palmitoylation is DHHC6 (Lakkaraju et al., 2012), but the protein that mediates
its depalmitoylation has not yet been identified. An APT1 inhibitor, palmostatin
B, has been developed (Dekker et al., 2010), which could be used to test whether
calnexin’s palmitoylation levels are regulated by APTI1. Since calnexin’s
palmitoylation decreases during ER stress, it could be as a result of either a
decrease in DHHCG6 function, or an increase in APT1 or APT2 function. Further
experiments will be required to understand how ER stress regulates calnexin’s
palmitoylation. It would be interesting to study whether UPR signalling
downregulates the transcription of DHHC6 or perhaps mediates its degradation.
For example, Li et al. found that the PAT family member DHHCS5, which is
involved in learning and memory, is rapidly degraded upon differentiation of
neurons, which suggests that differentiation signals can regulate palmitoylation
through the regulation of PAT expression (Li et al., 2012). Furthermore, it
remains to be investigated whether ER stress globally affects the palmitoylation of
proteins at MAM, or whether this effect is specific to calnexin. As we have
identified several other palmitoylated MAM proteins (Lynes et al., 2012) (Chapter
4), we could test whether ER stress affects TMX’s palmitoylation, or that of
VDAC 1 or 2, or Hemeoxygenasel.

6.4 Does calnexin play a role in MAM formation or lipid transfer at the
MAM?

Our observations of calnexin’s effect on calcium signalling could be due to
calnexin playing a structural role in MAM formation, or simply because of its
regulatory effect on SERCA2b. If calnexin affects MAM structure, does
palmitoylation status affect this role? We could assess this using EM of cells with
or without calnexin or expressing wildtype vs. non-palmitoylatable calnexin. We
could also modify the dimerization-dependent fluorophore system that our lab
developed in conjunction with the Campbell lab (Deparment of Biological
Sciences, University of Alberta) (Alford et al., 2012) to test whether calnexin
knockout affects MAM structure. In this assay, a mitochondrial protein, TOM20,
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is fused with one monomer of the fluorophore, and a MAM protein is fused with
the other. Only in the case of dimerization does fluorescence occur, indicating
that the mitochondrial and MAM proteins were close enough to allow

dimerization of the fluorescent monomers.

Based on our calcium transfer data, calnexin may play a role in negatively
regulating MAM formation. It is therefore entirely possible that its absence would
lead to an increase in aminoglycerophospholipid synthesis, which depends on
transfer of aminoglycerophospholipid precursors between the MAM and
mitochondria (Shiao et al., 1995). In fact, other MAM tethering structures such as
ERMES and MFN2 tethers have been shown to be involved in lipid transfer
(Area-Gomez et al., 2012; Kornmann et al., 2009). When presenilins 1 and 2,
which negatively regulate MAM tethering, are knocked out, lipid transfer and
synthesis increases (Area-Gomez et al., 2012). If calnexin does play a role in
MAM structure, it would then be interesting to test whether its absence affects
lipid transfer. Furthermore, it would be interesting to test whether palmitoylation
of calnexin affects lipid transfer at the MAM, in the same way it is necessary for

calnexin’s function in calcium signalling modulation.

6.5 Palmitoylation is a novel MAM targeting mechanism that applies to
several MAM localized proteins. How does this mechanism fit in with the
other known MAM targeting mechanisms?

Table 6.1 summarizes the various proteins that specifically localize to MAMs and
have either a well characterized function there or a known targeting motif. The
mechanisms of MAM localization that have been described for different proteins
are extremely varied, but two main themes emerge. One group of proteins seems
to target to MAM through an interaction with mitochondria, which is exemplified
by the following three proteins. DGATZ2 has a cytosolic mitochondrial targeting
sequence that is necessary for its localization to MAMs (Stone et al., 2009). ER-
localized MFN2, on the other hand, forms a homodimer with its mitochondrial
counterpart to localize to MAMs (de Brito and Scorrano, 2008), and similarly, the
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ER protein Bap31 forms a complex with mitochondrial Fisl at MAMSs (lwasawa
et al.,, 2011). The other group of proteins relies on the lipid composition of the
MAM, which is higher in cholesterol and sphingolipids (Hayashi and Fujimoto,
2010), for targeting information. This group includes the Sigmal receptor and
viral pUL37x1/VMIA protein, which lose either their MAM localization or their
DRM association, respectively, when cholesterol is extracted from membranes
(Hayashi and Fujimoto, 2010; Williamson et al., 2011).

We identified a group of proteins, calnexin, TMX, VDAC 1 and 2, and
Hemeoxygenasel, which localize to MAM via a palmitoylation signal (Lynes et
al., 2012) (Chapter 4). Like Sigmal receptor and pUL37x1/VMIA, TMX was
found to localize to detergent-resistant domains of the membrane, however
calnexin did not (Figures 4.8F and 4.9F). This could reflect the extent of MAM
localization of the two proteins, as calnexin does not cofractionate with MAM
markers to the same degree as TMX. Charollais and Van der Goot suggested that
palmitoylation of membrane proteins could cause change their association with
lipid domains in the membrane by tilting the transmembrane helix to better fit
across the width of the membrane or by directly interacting with lipids in
membrane rafts (Charollais and Van Der Goot, 2009). Although neither the
localization of TMX nor that of calnexin changed when membranes were depleted
of cholesterol (Figure 4.9 H), perhaps another component of the MAM membrane

could be retaining them there.

Alternatively, palmitoylation can also alter the protein-protein interactions by
reducing the accessibility of a protein domain or altering its conformation
(Charollais and Van Der Goot, 2009). Indeed, we found that depalmitoylated
calnexin interacts less with SERCA2b and more with ERp57, and Lakkaraju et al.
(2012) found that depalmitoylated calnexin interacts poorly with the translocon.
Perhaps altered protein-protein interactions could be responsible for
depalmitoylated calnexin’s and TMX’s change in localization. Since

depalmitoylated calnexin’s departure from MAMs coincides with a decrease in its
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interaction with SERCAZ2b, it may be possible that SERCAZ2b is retaining

calnexin at the MAM. This could be tested by analyzing calnexin’s localization

in cells where SERCAZ2b expression had been knocked down by RNA.. It is not

currently  known whether

palmitoylation affects

TMX’s

protein-protein

interactions, and indeed, very little is known about possible TMX interactors at

all, which will be further discussed in the next section.

Table 6.1 MAM-localized proteins and their targeting mechanisms

Protein MAM function Targeting Reference
mechanism
Chaperones | Calnexin SERCAZ2b modulation, Palmitoylation (Lynes et al.,
calcium 2012)
signalling/homeostasis
TMX Unknown Palmitoylation (Lynes et al.,
2012)
Sigmal Stabilizing IP3 receptors, | Association with (Hayashi and
receptor modulation of calcium lipid rafts, cholesterol | Fujimoto,
signalling 2010; Hayashi
and Su, 2007)
Erola Stimulation of IP3 Requires oxidizing (Gilady et
receptors; oxidative conditions al.,2010)
protein folding
GRP75 Tethering complex Association with (Szabadkai et
IP3R and VDAC al., 2006)
Lipid ACAT1 Cholesterol ester Unknown (Rusinol et
Synthesis/ synthesis al., 1994)
Transfer FACL4 Ligates fatty acids to coA | Unknown (Lewin et al.,
2001)
PSS1/PSS2 | Synthesis of PtdSer Unknown (Stone and
Vance, 2000)
DGAT2 Lipid droplet formation Cytosolic (Stone et al.,
mitochondrial 2009)
targeting sequence
Tethering PS1/PS2 Counteracts MFN2’s May be raft- (Area-Gomez
proteins/ tethering role associated etal., 2009;
MAM Area-Gomez
structure etal., 2012)
MFN2 Tethering, calcium Homodimerization (de Brito and
signalling with mitochondrial Scorrano,
MFEN2 2008)
Mmm1p ER member of ERMES Association with (Kornmann et
complex; Tethering mitochondrial al., 2009)
ERMES members?
Viral pUL37x1 Traffic through MAM on | Association with (Bozidis et
proteins their way to mitochondria | lipid rafts, cholesterol | al., 2008;
Williamson et
al.,2011)
HIV Vpr Unknown (Huang et al.,
2012)
Miscellane | Bap31 Apoptosis induction Association with Fisl | (lwasawa et
ous (ARCosome) al., 2011)
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6.6 What is the function of TMX at the MAM?

TMX cofractionates with MAM markers to a greater extent than calnexin does,
but very little is known about TMX’s function in general, let alone its function at
the MAM. TMX is a member of the PDI family of oxidoreductases, a 23-member
group whose members share one or more thioredoxin-like catalytic domains
comprising a CXXC motif and one or more substrate-binding domains. However,
unlike PDI, TMX lacks a substrate binding domain and has an unusual active site
sequence, CPAC instead of the CXHC motif found in PDI. Ellgaard and Ruddock
predict that these differences may cast some doubt on TMX’s ability to act as an
efficient oxidoreductase (Ellgaard and Ruddock, 2005). In an in vitro assay,
TMX was shown to be able to refold RNase, demonstrating that it does have a
functional catalytic site (Matsuo et al., 2004). Two studies have shown that like
ERp57, TMX is primarily reduced in vivo (Matsuo et al., 2009; Roth et al., 2009),
which means that it is capable of isomerising or breaking, but not forming,
disulphide bonds (Jessop and Bulleid, 2004). However although major
histocompatibility complex class 1 heavy chain (MHC class 1 HC) was identified
as a potential substrate for TMX, TMX is not essential for MHC class 1 assembly
in vivo (Matsuo et al., 2009). TMX did, however, bind more MHC class 1 HC
during ER stress, preventing its retrotranslocation and proteasomal degradation
(Matsuo et al., 2009). The MHC class 1 HC was identified as a TMX substrate
using a substrate trapping strategy where the second cysteine of TMX’s
thioredoxin site was mutated to alanine, which prevents redox reactions from
being completed and stabilizes the intermediate complex formed between TMX
and its substrate (Matsuo et al., 2009). Although at least four other TMX-
substrate intermediate complexes were formed, the identity of the other substrates
remains unknown. Repeating this experiment and identifying more TMX
substrates could give important clues as to the function of TMX.

Matsuo et al. also showed that TMX binds to calnexin, and that this interaction is

dependent on TMX’s transmembrane domain, but not its cytosolic domain or its
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active site (Matsuo et al., 2009). They also reported that blocking the recognition
of glycoproteins by calnexin using castanospermine reduced the formation of
TMX-substrate complexes, implying that calnexin’s function is important for
TMX’s substrate-binding capabilities. These data suggest that TMX and calnexin
may work in tandem, as ERp57 and calnexin do (Jessop et al., 2007). As TMX
does not have a substrate-binding domain, perhaps calnexin functions as a
scaffold to bring TMX into proximity with its substrates. Another intriguing
possibility is that like other PDI family members ERp57 and ERp44, TMX may
modulate calcium handling proteins at the ER in response to ER luminal redox
conditions (Higo et al., 2005; Li and Camacho, 2004). Further
coimmunoprecipitation experiments could be used in order to determine whether
TMX interacts with SERCAZ2b or the IP3 receptor. In conjunction with calcium
sensitive dyes or organelle-targeted calcium sensitive proteins, fluorescence
microscopy and flow cytometry could be used to compare the calcium handling
properties of cells that do not express TMX to cells overexpressing TMX or its
non-palmitoylatable counterpart, TMX CCAA.

DHHCG6 has been identified as the PAT that mediates calnexin’s palmitoylation
(Lakkaraju et al. 2012). It is not known whether DHHCG6 specifically localizes to
MAMs, or whether DHHC6 could also be responsible for TMX’s palmitoylation.
The PAT that palmitoylates TMX could be identified using a similar strategy to
the one used for calnexin. TMX palmitoylation could be observed after sSiRNA
knockdown and overexpression of DHHC PAT family members to determine
which PAT palmitoylates TMX. It is also unknown what palmitoylation and the
MAM localization of TMX mean for TMX’s function. As TMX and calnexin
interact (Matsuo et al., 2009) and both proteins rely on palmitoylation to localize
to MAM, it is likely that palmitoylation is important for this interaction. As more
of TMX’s functions become clear, it will be interesting to evaluate how
palmitoylation plays a role by knocking down TMX and evaluating whether its

functions can be rescued by the wildtype or non-palmitoylatable mutants.
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6.7 Optiprep gradient fractionation adds to the various existing methods of
studying MAM

Several techniques for studying the MAM existed prior to this work. These
included techniques to study MAM structure and protein targeting to MAM by
electron and immunofluorescence microscopy, as well as biochemical
fractionations to study the protein and lipid composition of MAM. In addition,
microscopical and flow cytometry techniques have been used in conjunction with
calcium-sensitive dyes and proteins to analyze calcium signalling at the MAM.
Finally, lipid biosynthesis assays can be used to analyze lipid transfer between the
ER and mitochondria at MAMSs. Each of these techniques has its own particular

strengths and weaknesses, as discussed in the introduction to this thesis.

For our study, we required a biochemical fractionation method that could separate
MAM from other ER compartments. The Percoll MAM fractionation separates
MAM from mitochondria very well, but it is difficult to separate rough ER from
MAM markers when adapting the protocol for use with cultured mammalian cells.
The protocol was also developed for use with liver tissue and requires a lot of
starting material in order to be able to identify the MAM band by eye. We
therefore decided to develop a new fractionation method based on the Optiprep
density medium in the hopes of obtaining better resolution of MAM and rough ER
and that reduced the amount of starting material necessary in order to be able to
analyze transfected cells expressing mutant constructs. The Optiprep gradient
fractionation method described in Methods and in Chapter 3 achieved both goals,
which allowed us to analyze mutants of calnexin, TMX and TMX4. The
separation of MAM from rough ER is evidenced by separation of marker proteins.
Rough ER markers Ribophorin I and Il, Sec61 and elF2a sediment mainly in
fractions 3 and 4, whereas MAM markers ACAT1 and FACL4 co sediment with
mitochondria in fractions 5 and 6. One drawback of the Optiprep fractionation is
the lack of resolution of MAM and mitochondria, which could be improved by
taking more fractions, or altering the percentage of Optiprep used. This problem

can also be circumvented by using additional assays to ensure the proteins of
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interest are targeted exclusively to ER and not to mitochondria, either by
immunofluorescence microscopy or by performing a Percoll fractionation. In
fact, most proteins that have been conclusively demonstrated to target to MAM
have consistently been isolated there using more than one experimental technique.
Calnexin, for example has been found at MAMs by Percoll fractionation (Lynes et
al., 2012; Wieckowski et al., 2009), Optiprep fractionation (Myhill et al., 2008),
immunofluorescence microscopy (Lynes et al. 2012) and calcium signalling
assays (this thesis, Chapter 5).

6.8 Conclusions

Our understanding of the apposition between the ER and mitochondrial
membranes, first observed more than 50 years ago by electron microscopy, has
increased exponentially in more recent years. Due to the development of new
microscopical and biochemical techniques for studying the structure and function
of MAM, more is known about the lipid and protein composition of the MAM,
how it is formed and how it is involved in cellular processes such as calcium and
lipid trafficking. In this thesis | have developed a new protocol for separating
MAM from rough ER. Furthermore, I have identified two new MAM targeting
mechanisms, PACS-2 interaction and palmitoylation, and elucidated the calcium
signalling function of calnexin at the MAM. This thesis also provides evidence of
palmitoylation being a switch-like mechanism that regulates not only calnexin’s
intra-ER localization but also its protein-protein interactions and functions.
Understanding protein targeting to MAM and MAM structure and formation will
help us to understand MAM’s role in disease. The MAM has been shown to play
a role in a number of human diseases, including pulmonary hypertension
(Sutendra et al. 2011), Alzheimer Disease (Area-Gomez et al., 2009; Area-Gomez
et al. 2012), viral illnesses (Bozidis et al., 2008; Huang et al. 2012), and cancer
(Pinton et al. 2011). Given the MAM’s central role in apoptotic calcium
trafficking and signalling it is not surprising that MAM is involved in

neurodegenerative disease and cancer, where these processes are often

139



misregulated. My findings will help to explain the pathogenesis of these diseases,

and perhaps provide novel avenues for their treatment.

The formation of ER-mitochondria contact sites has been shown to increase upon
ER stress (Bravo et al., 2011; Csordas et al., 2006), which has consequences for
the calcium-signalling function of MAM and mitochondrial function, but the
mechanism whereby ER stress exerts this influence is unknown. Several MAM
tethering complexes have been identified, but it is unclear whether or how they
can be regulated. Furthermore, the MAM targeting mechanisms for many
proteins with well-established MAM localizations and functions remain unknown.
A Dbetter understanding of how MAM is regulated, including how tethering
complexes are formed and broken and how proteins target to MAM, will give us a
clearer picture of how ER and mitochondria communicate and, eventually, how

this communication in disrupted in disease.
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