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Abstract 

 

Membrane-bound organelles allow eukaryotes to compartmentalize components and processes in 

a highly organized manner. Organelles can communicate with one another through  

membrane contact sites (MCS): membrane appositions 10-50nm apart. MCS were not widely 

accepted as bona fide sites of organelle communication until biochemical fractions of 

endoplasmic reticulum (ER) and mitochondria contacts were isolated and characterized. This 

biochemical fraction is now known as the mitochondria-associated membrane (MAM). We now 

know most organelles establish MCS. One of the most prominent MCS in mammalian cells is the 

MAM, which can occupy up to 20% of all mitochondrial surface in any one cell. 

  

Mitochondria-ER contact sites (MERCs) are established by protein complexes that form physical 

links between the ER and mitochondrial membranes. Numerous essential cellular processes 

occur at the MAM, including apoptosis, Ca2+ flux, mitochondrial dynamics, and autophagy. Ca2+ 

release from the ER plays a key role in several processes at the MAM. For example, Ca2+ is 

required for several Krebs cycle enzymes, so Ca2+ flux regulates respiration. Mitochondrial Ca2+ 

overload instead triggers apoptosis. Therefore, a fine balance must be maintained between the 

pro-survival and pro-death functions of the MAM. The MAM is also highly dynamic, as it can 

assemble and disassemble to adapt to stress or energetic demands. These observations highlight 

the complexity and dynamic nature of this MCS.  

 

In this work, we attempt to develop a better understanding of how MAM structure, tethering, and 

function, is regulated, and whether key mechanisms are conserved from mammals to the model 

organism Saccharomyces cerevisiae. We first focused on the MAM-enriched small guanosine 

triphosphatase (GTPase) Rab32, which regulates several aspects of the MAM, including ER-
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mitochondria Ca2+ flux and activation of the mitochondrial fission GTPase Dynamin related 

protein 1 (Drp1). Here, we investigated its poorly understood role in autophagy, a process 

whereby double membraned vacuoles capture cellular components to degrade them via fusion 

with the lysosome. We demonstrate activation of Rab32 promotes selective autophagy of the 

MAM, causing a decrease in several MAM-localized proteins. This process also caused a 

significant decrease in MERCs as assayed by electron microscopy. Additionally, we identified a 

new Rab32 effector: the autophagy receptor long isoform of Reticulon-3 (RTN3L). Lastly, we 

report dominant-active Rab32 delayed apoptosis in breast cancer cells. Given almost 25% of 

breast cancers have high protein levels of Rab32, we investigated if Rab32 could affect breast 

cancer patient outcomes. We found patients with high levels of Rab32 mRNA had a significantly 

worse disease outcome, as did those with high RTN3L. However, patients with high mRNA for 

both Rab32 and RTN3L had even worse outcomes, suggesting these proteins act synergistically 

in this disease.  

 

We also sought to investigate if mammalian mechanisms of MAM regulation are conserved in S. 

cerevisiae, a model organism that has been essential in furthering our understanding of MAMs. 

We first sought to identify a homolog for Rab32. Through phylogenetics, we identified Ypt7 as 

the closest homolog for Rab32 and show inactive Ypt7 increases the number of MERCs per cell. 

We also observed defects linked to respiration in Ypt7 mutants, suggesting Ypt7 also regulates 

MAM function.  

 

Lastly, we investigated folding assistants in S. cerevisiae given these proteins can extensively 

regulate MAMs in mammals. We focused on Cne1 and Eps1, the yeast homologs of the 

chaperone Calnexin and the reductase thioredoxin-related transmembrane protein 1 (TMX1), 
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which regulate the activity of the sarco-endoplasmic reticulum Ca2+ ATPase 2b (SERCA2b) 

pump in mammals. Specifically, Calnexin is required to maintain SERCA2b activity while 

TMX1 inhibits it. Loss of these proteins therefore results in changes in Ca2+ flux, MAM 

tethering, and respiration. Here, we demonstrate Cne1 acts as a MAM regulator in S. cerevisiae 

since its loss significantly increases respiration and the number of MERCs per cells while Eps1 

loss had no effect.  

 

In brief, this work describes a novel type of autophagy that selectively degrades the MAM, 

which we have proposed to call “MAMphagy”. We also demonstrate for the first time that Ypt7 

and the chaperone Cne1 can regulate MAMs in S. cerevisiae. Together, these results help us 

better understand how MAM structure and function are regulated.  
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1.1 The Mitochondria-associated membrane (MAM) 

 

1.1.1 Membrane contact sites  

Eukaryotic cells compartmentalize components into membrane-bound organelles to perform 

the vast number of complex processes required to sustain life. Early cell biologists hypothesized 

communication between organelles could occur via three non-exclusive mechanisms: vesicular 

transport, diffusion through the cytoplasm, or close membrane contacts 1. Studies in the early 

80’s showed protein-coated vesicles carried cargo from the endoplasmic reticulum (ER) to the 

Golgi 2. This vesicular model was predominantly favored for communication of the ER with 

other organelles, although electron micrograph studies in the 50’s and 60’s described close 

contacts between the ER and mitochondria 3,4. These contacts were initially interpreted as 

artifacts rather than distinctive domains of close membrane contacts 5. Similarly, biochemically 

isolated ER membranes that contained mitochondria were initially thought to be mere 

contaminations 6. Nevertheless, several studies continued reporting biochemically distinct ER 

fractions containing mitochondria 7,8, including the identification of fraction X, now known as 

the mitochondria-associated membrane (MAM) 9. These and subsequent studies in the 90’s 

robustly confirmed lipid transfer between the ER and mitochondria does not occur via vesicles or 

cytosolic proteins, suggesting the membrane contacts described previously could mediate the 

process instead 9,10. Indeed, biochemical isolation and analysis of the MAM demonstrated this is 

a distinct ER subtype that is particularly enriched in lipid biosynthesis enzymes 9,11,12. This 

breakthrough allowed scientists to determine lipid exchange requires lipid-binding proteins that 

are found almost exclusively at close ER-mitochondria contact sites 10,13. Since then, the study of 

membrane contact sites (MCS) has grown exponentially, as research continues to demonstrate 

MCS are an important form of communication between most organelles in the cell 14.  

MCS, defined as appositions of 10-50nm between membrane-bound organelles, serve as 

platforms to allow efficient signaling and communication 14. This includes protein-protein 

interactions, non-vesicular lipid transfer, and molecule exchange. The ER, usually the largest 

organelle in most cells, has MCS with most organelles, including mitochondria, Golgi, plasma 

membrane, endosomes, lipid droplets, lysosomes, and peroxisomes 14. Since its biochemical 

isolation by Dr. Jean Vance in 1991, the MAM has become one of the most studied MCS.   
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Mitochondria-ER contact sites (MERCs) are maintained by physical links formed by 

proteinaceous tethering complexes 15,16. MERCs are defined as the physical sites of contact 

formation between ER and mitochondrial membranes while MAM refers specifically to the 

biochemical fraction housing specific lipids and proteins that are particularly enriched here 17. 

MERCs are mostly commonly visualized by electron microscopy and are formed by both rough 

ER (rER) and smooth ER (sER) 15. rER MERCs are maintained at a distance between 20-50nm 

to accommodate ribosomes while sER MERCs average 10nm 15. This early study suggested 

different types of MERCs exist based on the distance between the ER and mitochondrial 

membrane. Specifically, the authors showed sER and rER MERCs have different rates of ER 

Ca2+ release into mitochondria, one of the main functions of MAMs. Indeed, sER contacts 

released more Ca2+ from the ER, the cell’s main Ca2+ reservoir, compared to rER MERCs. This 

was determined by fluorometric measurements of permeabilized cells loaded with fluorescent 

Ca2+ probes. When cells were serum starved to induce apoptosis, the massive Ca2+ flow of sER 

MERCs resulted in mitochondria outer membrane permeabilization (MOMP), cytochrome c 

release, and apoptosis. rER MERCs did not release nearly as much Ca2+ and did not undergo 

apoptosis under the same conditions. These early observations have contributed to the current 

model of MAMs existing in different functional units 17.  

We also know MAMs are highly dynamic structures that can quickly adapt to a variety of 

stimuli and stressors 17. This includes changes in its proteome and the formation or loss of 

tethering upon changing conditions 18. Thus, although the average HeLa cell has roughly 5-20% 

of all mitochondrial surface engaged in MCS with the ER at any one time, this percentage can 

change significantly with stressors 15,19. For example, ER stress can increase the number of 

MERCs by up to 25% 15. Other factors influencing the number and type of MERCs include cell 

type, nutrient levels, and cytotoxic insults 18.  

There are numerous processes that occur at the MAM 20. These can be broadly classified into 

four main categories: i) molecule exchange, ii) organelle dynamics and movement, iii) lipid 

exchange and biosynthesis, and iv) signaling platform for complex formation. Some specific 

functions include Ca2+ signaling, reactive oxygen species (ROS) exchange, mitochondrial fission 

and metabolism regulation, autophagy, apoptosis, lipid biosynthesis and exchange, and ER stress 

and proteostasis regulation 20,21. Clearly, the MAM must maintain a fine balance between its 

homeostatic and apoptotic roles. Understanding how the MAM does so to create an integrated 
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response while performing multiple functions simultaneously has become an important question 

which is slowly being answered. Another important black box in the field is understanding how 

tethering proteins respond to stressors and signaling pathways to form and disassemble MAMs. 

These tethering proteins and complexes will be discussed in the following section.  

 

1.1.2 Composition and tethering 

MERCs are highly dynamic structures regulated by various stressors and signals which 

promote or disassemble the contacts as needed 18. MAMs perform numerous functions, a fact 

that is reflected by the large number of proteins found at these MCS. Indeed, a study 

investigating the MAM proteome in mice found over 1300 proteins 22. From these hundreds of 

proteins, several studies, screens, and meta-analyses have helped determine a core group of 

proteins that consistently reside at this MCS 22–25. They include Ca2+ channels, ER chaperones 

and oxidoreductases, tethers and tethering factors, and lipid biosynthesis and transport proteins 

20.  

The discovery that the MAM is maintained by proteinaceous tethers occurred after studies 

demonstrated limited proteolysis disrupted the contact sites while synthetic linkers artificially 

connecting the two organelles restored them 15. One of the first tethering complexes identified at 

MAMs is composed of the mitochondrial voltage-dependent anion channel 1 (VDAC1), the 

cytosolic chaperone Grp75, and the ER Ca2+ channel inositol-1,4,5-triphosphate (IP3) receptor 

(IP3R) 26 (Figure 1.1). Apart from its tethering abilities, this complex also allows Ca2+ to be 

released from the ER via IP3R and to immediately traverse the outer mitochondrial membrane 

(OMM) via VDAC1 26. 

The ER vesicle-associated membrane protein-associated protein B (VAPB) also forms a 

tethering complex with protein tyrosine phosphatase interacting protein 51 (PTPIP51), an OMM 

protein 27. This tethering complex has been shown to recruit proteins that initiate autophagy, a 

process of degradation that can originate at the MAM 28. Yet another complex is formed 

specifically during apoptosis, where it serves as a platform to recruit and activate pro-caspase 8 

29. This complex is called the ARCosome and is formed by Bap31, an ER transmembrane 

chaperone, and the mitochondrial fission protein Fis1. The ARCosome serves to promote contact 

formation and increase ER-mitochondrial Ca2+ flux during apoptosis, eventually causing MOMP. 
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Another category of proteins regulating the distance between the ER and mitochondria are 

tethering regulators. These proteins do not form physical bridges between membranes, as 

opposed to tethers, but rather have an indirect effect on the distance between them 20. One of 

them is phosphofurin acidic cluster sorting protein 2 (PACS-2), whose loss results in reduced 

contacts, as assayed by electron microscopy 30. PACS-2 is a cytosolic sorting protein with 

multiple functions. One of its functions is to mediate localization of ER membrane proteins, 

including that of the ER chaperone Calnexin 31. The mechanism for its tethering regulation has 

remained unclear, though one possibility is that PACS-2 helps maintain Bap31 stability 30, 

suggesting PACS-2 could regulate tethering by maintaining the ARCosome.  

Arguably the most well-known tether is Mitofusin-2, a small guanosine triphosphatase 

(GTPase) that also mediates mitochondrial fusion 16. Mitofusin-2 is found on both the ER and 

mitochondria, while the closely related Mitofusin-1 is only found on mitochondria. Mitofusin-2’s 

tethering ability occurs through homo- and heteromeric complexes formed with Mitofusin-1. 

Mitofusin-2 disruption results in fewer ER-mitochondria contacts as assayed by electron 

tomography, and also impairs ER to mitochondria Ca2+ flux, one of the main functions of the 

MAM (see below). However, other studies have instead suggested Mitofusin-2 counteracts 

tethering. These studies showed Mitofusin-2 ablation increases Ca2+ flux into mitochondria 32 as 

well as ER-mitochondria contacts, particularly those formed by sER 32,33.  

There are several possible explanations for these discrepancies. Firstly, there appear to be 

important differences between Mitofusin-2 knockout (KO) versus knockdown (KD) cells. For 

instance, KOs downregulate the mitochondrial Ca2+ uniporter (MCU), a channel on the inner 

mitochondrial membrane (IMM) that allows for ion transport into the mitochondrial matrix, 

while KD cells do not 32,33. This could be a compensatory mechanism for the altered Ca2+ flux 

caused by Mitofusin-2 loss in KOs only. Secondly, culture conditions have also been shown to 

affect the number of contacts in Mitofusin-2 deficient cells 33. Therefore, the discrepancy could 

simply be due to differences in culture conditions. Lastly, Mitofusin-2 KOs have high levels of 

ER stress, which is a well-known promoter of MAMs 33. Thus, Mitofusin-2 KOs could 

compensate by increasing MAMs in an ER-stress dependent manner. In brief, it is likely these 

discrepancies are due to complex compensatory mechanisms involving Ca2+ channel levels, ER-

stress dependent contact sites, and culture conditions. Thus, Mitofusin-2 is still largely regarded 

as a tether rather than tether antagonist 33,34. 
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Although these seemingly contradictory results seem to still point to Mitofusin-2 being a 

tether, these studies highlight an important reckoning in the field: are the effects caused by tether 

ablation a result of loss of function of a bona fide tether, or a result of compensatory mechanisms 

that mask the true function of the protein of interest? An avenue that could help us distinguish 

between these scenarios is returning to a model organism with a simpler system.  

The ease and rapidity of genetic screening studies in Saccharomyces cerevisiae has made this 

model organism an important resource to identify tethers. One of the first tethers described using 

this methodology was the ER-mitochondria encounter structure (ERMES) complex 35. ERMES is 

composed of two OMM proteins, Mdm10 and Mdm34, the ER membrane protein Mmm1, and 

the cytosolic protein Mdm12. The complex also interacts with the OMM GTPase Gem1, which 

inhibits the complex 36. Apart from its tethering function, ERMES is also required for lipid 

transfer and mitochondrial protein import. Several ERMES subunits have synaptotagmin-like 

mitochondrial lipid-binding protein (SMP) domains, which grants them the ability to bind 

phospholipids, likely allowing them to act as lipid transfer proteins across these membranes 13. 

Other studies have also shown the Mdm10 subunit participates in mitochondrial protein import 

via interaction with the sorting and assembly machinery (SAM), which is required for OMM 

protein localization following import via the translocase of the outer membrane (TOM) complex 

37.  

ERMES orthologs in mammals have been difficult to identify. One of them is Miro-2, 

thought to be the mammalian ortholog of Gem1, which is known to regulate mitochondrial 

motility in a Ca2+-dependent manner 36. The other is PDZD8, hypothesized to be an ortholog of 

Mmm1 38. PDZD8 loss decreases MERCs, and although it also contains a SMP domain, its effect 

on lipid transfer remains untested 38,39. There is also no evidence of a complex or any interaction 

between these mammalian proteins, so it remains unknown if ERMES is truly conserved in 

mammals. It is also still unknown if the Mitofusin homolog Fzo1 mediates tethering in this 

organism 20. 

Another complex postulated to tether the ER and mitochondria is the ER membrane protein 

complex (EMC). EMC is a heteromeric complex composed of ER proteins Emc1 through Emc7, 

as well as Emc10 40,41. Mammals have two additional proteins in the complex: Emc8, and Emc9 

41. These ER proteins interact with Tom 5 on the mitochondrial side to form a tethering complex 

40. No enzymatic activity has been attributed to any individual Emc protein but EMC dysfunction 
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results in defects of membrane protein insertion 42,43. Indeed, EMC was shown to promote the in 

vitro insertion of transmembrane domains (TMDs) into liposomes 42. This activity allows EMC 

to promote the correct topology of proteins with multiple TMDs 42. The complex also appears to 

participate in lipid transfer since deletion of multiple subunits causes significant phospholipid 

defects 40. Unlike ERMES though, no known lipid-binding domains have been identified in EMC 

proteins 13,40. One hypothesis for this effect is that its compromised activity in membrane protein 

assembly results in lipid transport proteins failing to insert into the membrane 41. Thus, the lipid 

defect would be an indirect effect.  

  



 8 

 

 
Figure 1.1 Saccharomyces cerevisiae and mammalian tethering proteins at membrane 

contact sites. 

Schematic drawing of membrane contact sites (MCS) and their tethers and tethering regulators. 

In S. cerevisiae, the ER-mitochondria encounter structure (ERMES) tethers the ER and 

mitochondria. It is unknown if this complex is conserved in mammals though two homologs 

(Gem1 and PDZD8) have been described. The ER membrane proteins complex (EMC) in yeast 

is composed of 8 subunits while the mammalian complex has 10. It is unknown if Fzo1, the 

homolog of Mitofusins 1 and 2 (MFN1/2), acts as a tether in S. cerevisiae. The vacuole and 

mitochondria patch (vCLAMP) tethers the vacuole and mitochondria in yeast. In mammals, 

mitochondria-lysosome MCS have been identified and have been shown to contain Rab7 and its 

GAP TBC1 domain family member 15 (TBC1D15) though the full list of tethering components 

remains unknown. Other tethering complexes for ER-mitochondria contacts in mammals are 

shown. IP3R-Grp75-VDAC1 allows Ca2+ transport from the ER lumen into mitochondria and the 

MCU into the mitochondrial matrix. The mechanism for the tethering regulator PACS-2 is still 

unknown.  
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1.1.3 Functions  

 

1.1.3.1 Lipid biosynthesis 

The MAM is enriched in enzymes required for cholesterol, triacylglycerol, and phospholipid 

synthesis and exchange 9,11,44,45. The phospholipids synthesized at the MAM include 

phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylcholine (PC) 10. 

Briefly, PS synthesis at the ER by phosphatidyl synthase-1 (PSS1) and -2 (PSS2) is followed by 

its transport to mitochondria 45. Here, PS decarboxylase-1 (PSD1) and -2 (PSD2) in the IMM 

catalyze its processing into PE 10,12. PE can then be transported back to the ER and redistributed 

to other organelles of the endomembrane system or synthesized into PC by PE methyltransferase 

(PEMT) 10,11. Phosphatidic acid (PA) is another phospholipid synthesized and shuttled at the 

MAM 10. PA is a precursor for cardiolipin (CL), a critical lipid for mitochondrial metabolism and 

apoptosis 10,46,47. Although mitochondria can synthesize their own PA, they are largely dependent 

on ER-imported PA to synthesize CL 10. Its shuttling is mediated by proteins such as oxysterol-

binding protein (OSBP) related protein (ORP) 5 and 8, which can also transport PS from the ER 

to mitochondria 48.   

Another important lipid metabolism enzyme at the MAM is long-chain fatty acid-CoA ligase 

type 4 (FACL4), which ligates coenzyme A to fatty acids and participates in triacylglycerols 

synthesis 49. Sterol homeostasis also depends on the MAM. For example, the cholesterol-binding 

protein caveolin-1 resides at the MAM, where it also serves as a scaffold for lipid-related 

enzymes 50. Another lipid-binding protein at MAMs is Lam6, which is also found in the 

commonly used model organism S. cerevisiae 51. Lam6 binds sterols and imports them to 

mitochondria 52. Manipulation of Lam6 alters ER-mitochondria tethering 51, which also occurs 

with several other lipid and sterol binding proteins described above 20. Thus, lipid composition is 

important for MAM maintenance and function. 

Studies in mammalian cells have shown PS and PE synthesis is adenosine triphosphate 

(ATP)-dependent, as is PS transport to mitochondria 10,12. However, lipid synthesis in S. 

cerevisiae does not require ATP 12,53. Otherwise, the pathways described for mammals are 

largely conserved in yeast with some small differences, including the fact that PS is generated by 

a single enzyme, Cho1 54. Similarly, while PSD1 also resides in mitochondria, PSD2 is present in 

the Golgi in yeast 55,56. 
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1.1.3.2 Ca2+ flux 

Ca2+ is a multifunctional ion that can act as a secondary messenger, enzymatic modulator, 

and structural component 57. As the main storage site for Ca2+ in mammals, the ER must tightly 

regulate the uptake and release of this ion to maintain a concentration between 0.1-1 mM 58. This 

is much higher than the cytosolic concentration, which is roughly 100nM, or the resting 

mitochondrial concentration of ~200nM 59,60. Ca2+ can be released passively from the ER through 

Ca2+ leak, a slow release that occurs across channels on the ER membrane 61. This occurs mainly 

at the ribosome-translocon complex (RTC), where proteins are translated and translocated 

through a channel on the ER membrane. The main mechanism of ER Ca2+ release in most 

mammalian cell types is through the IP3R channels 57. IP3R opening results in large bursts of 

Ca2+ release that create a transient but massive increase in cytosolic Ca2+ concentration well into 

the tens of M 62–64. This concentration is several orders of magnitude larger than that of the 

majority of the cytosol 59. These areas of high cytosolic Ca2+ are also known as Ca2+ hotspots or 

microdomains 62–64.  

Three isoforms of this channel exist: IP3R1, IP3R2, and IP3R3, all encoded by separate genes 

65. Although IP3R3 was originally thought to be the main isoform enriched at the MAM 65, more 

recent studies suggest all isoforms can contribute to ER-mitochondria Ca2+ flux at these MCS 66. 

IP3R opening requires Ca2+ and IP3, a secondary messenger synthesized upon activation of 

phospholipase C (PLC) 62,67. Extracellular ligands such as ATP and histamine can trigger 

signaling cascades that activate PLC and trigger IP3 generation, thereby opening IP3R 68,69. 

Conversely, cytosolic Ca2+ levels above 250nM induce its closure 70,71. Although ATP is not 

required for IP3R activity, it can act as an allosteric activator that increases IP3R’s Ca2+ affinity, 

potentiating Ca2+ release 72,73.  

Mitochondria can take up roughly 15-50% of Ca2+ released from IP3R at these microdomains 

74. This process begins at the OMM, where VDAC1 serves as a pore for multiple ions, including 

Ca2+ 26. Once inside the mitochondrial intermembrane space, Ca2+ can enter the mitochondrial 

matrix through the MCU on the IMM 75. MCU has a very low affinity for Ca2+, so relatively 

large Ca2+ concentrations, usually above 3M, are required for Ca2+ to enter the matrix 64,75. 

Thus, only the short distances provided by the MAM allow the Ca2+ bursts from the ER to reach 

the necessary concentration for MCU activity 75. This allows mitochondria to reach a maximal 

Ca2+ concentration of ~100M 76. Additional studies have shown microdomain Ca2+ 
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concentrations over 1M promote MERC formation while those below 100nM oppose them 19,77. 

Lastly, mitochondrial Ca2+ release occurs through an antiporter on the IMM: the Na+/ Ca2+/Li+ 

exchanger (NCLX) 78.  

ER Ca2+ uptake is performed by the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) 

pump, which transports Ca2+ from the cytosol into the ER lumen through ATP hydrolysis 79. 

Three different genes encode for SERCA pumps in humans: SERCA1, SERCA2 and SERCA3 60. 

Of these, SERCA2b is the most abundant, widely expressed, and MAM-enriched isoform 60,80. 

SERCA2b is also regulated by Ca2+, whereby high luminal Ca2+ inhibits its activity 81.  

Another important factor that influences ER Ca2+ homeostasis is ER-plasma membrane 

contact sites. These contact sites allow Ca2+ from the extracellular medium to enter the ER when 

luminal Ca2+ levels drop, such as after incubation with SERCA inhibitor thapsigargin 82. This 

drop in Ca2+ is sensed by stromal interaction molecules 1 and 2 (STIM1/2), which have Ca2+-

binding motifs 82,83. Ca2+-binding induces a change in STIM1/2 conformation, which in turn 

promotes oligomerization and allows STIM1/2 to relocate to ER closely associated to the plasma 

membrane, also known as cortical ER 83,84. Here, STIM1/2 can interact with Orai1, a plasma 

membrane Ca2+-release Ca2+ activated channel 83. This binding triggers Orai1 oligomerization 

and activation, allowing Ca2+ to enter through the plasma membrane 84. This process of Ca2+ 

entry in response to ER Ca2+ depletion is known as store-operated Ca2+ entry (SOCE) 83. SOCE 

can also be activated by IP3R, which binds STIM1 following activation by IP3 
85. This interaction 

enhances STIM1-Orai Ca2+ entry through a mechanism that is not yet fully understood 85. 

Saccharomyces cerevisiae has also been successfully used as a model organism for Ca2+ 

studies despite its differences compared to mammalian cells 86,87. One of the main differences in 

yeast is that the majority of Ca2+ is stored in the vacuole rather than the ER 88,89. Vcx, a H+/ Ca2+ 

exchanger, and Pmc1, an ATPase, introduce Ca2+ to the vacuole lumen 87 (Figure 1.2). Release 

from the vacuole occurs through the Yvc1 channel 90. Most Ca2+ in the vacuole is found in a 

complex with inorganic phosphate 91. Therefore, although the total vacuolar Ca2+ concentration 

is ~2mM, the free Ca2+ concentration is closer to 30M 92. This makes most of the pool of 

vacuolar Ca2+ unusable, which likely explains why the vacuole rarely releases Ca2+ in 

homeostasis 91. The main role of the vacuole in terms of Ca2+ appears to be Ca2+ uptake to 

prevent cytotoxic cytosolic Ca2+ levels, rather than the more active role the ER plays in 

mammalian cells 89. 
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There are two known pathways for Ca2+ entry at the yeast plasma membrane. The first is the 

low affinity Ca2+ system (LACS), which is active when extracellular Ca2+ is high 93. The second 

is a high affinity Ca2+ system (HACS), which is better characterized 94,95. HACS is active in both 

high and low extracellular Ca2+ levels as well as in response to extracellular stressors such as 

oxidative stress 95,96. HACS consists of two subunits, Cch1 and Mid1, which come together to 

form a channel 95,97. Both proteins are homologous to mammalian voltage gated Ca2+ channel 

(VGCC) subunits 95.  

The yeast ER has a free Ca2+ concentration of roughly 10M, which is ~100 times higher 

than that of the cytosol 92. Ca2+ entry into the ER is partly mediated by the ATPase Pmr1 92,98 and 

the Ca2+/H+ antiporter Gdt1/Grc1 99. Pmr1 is mostly found in the Golgi, where the Ca2+ 

concentration is ~300M 98,100. Although only a small pool of it is found on the ER, Pmr1 is 

considered the main mechanism of Ca2+ import into the ER since pmr1 cells have only half the 

ER Ca2+ content of WT cells 92,98,101,102. Moreover, Pmr1 has a very high affinity for Ca2+ 98,101. 

The ER-localized ATPase Spf1/Cod1 is also thought to transport Ca2+ into the ER lumen since 

spf1/cod1 cells largely phenocopy pmr1 Ca2+-associated defects 102–104. Firstly, indirect 

evidence suggests spf1/cod1 also have lower ER Ca2+ 102. This is because spf1/cod1 cells, like 

pmr1 cells, have impaired degradation of the same mutant misfolded protein 98,102. This 

degradation defect has been previously attributed to impaired action of a Ca2+-dependent 

glycosylation enzyme, suggesting both mutant strains have low ER Ca2+ 98,102. Both mutants also 

upregulate Ca2+-related genes such as the vacuolar pump Pmc1 104. However, several studies 

have failed to demonstrate Ca2+ is a substrate 102,104,105, so the Ca2+ pumping function of 

Spf1/Cod1 remains speculative.  

No SERCA-related Ca2+ channel has been identified in the ER or Golgi of Saccharomyces 

cerevisiae 98. Moreover, the SERCA inhibitor thapsigargin has no effect on ER Ca2+ levels in 

yeast 92. Indeed, Pmr1 shares more homology to mammalian secretory pathway Ca2+ ATPases 

(SPCAs) than SERCA 101. However, the expression of mammalian SERCA can rescue pmr1 

ER Ca2+ defects 98. Pmr1 is therefore thought to act as a SERCA functional homolog though it is 

mechanistically different 95,98. 

pmr1 cells have high Ca2+ influx via Cch1 and Mid1 at the plasma membrane, likely to 

compensate for their lower ER and Golgi Ca2+ levels 95. This HACS activation is reminiscent of 

SOCE induction after SERCA inhibition in mammalian cells 95. However, this pathway differs 
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from mammalian SOCE in at least one key aspect: there is no evidence yet of luminal Ca2+ 

sensors like STIM1 in yeast 91. Yeast also lack IP3Rs, which can activate SOCE in mammals as 

previously described 84,91. Thus, how yeast sense Ca2+ changes and respond to activate HACS is 

not yet known.  

Ca2+ leak through the RTC has also been reported in S. cerevisiae 61. No other mechanism of 

ER Ca2+ release has been identified in this species, though one untested model suggests Ca2+ can 

be released as a secretion along the secretory pathway 100. It has also been suggested that the ER 

protein Csg2 forms a channel to export Ca2+ from the ER lumen 106,107. However, multiple 

studies have shown its loss does not alter cytosolic Ca2+ levels, so its identity as a channel has 

been disputed 106,108. Thus, more research is needed to fully understand Ca2+ release from the 

yeast ER.  

Regulation of mitochondrial Ca2+ in S. cerevisiae is even less understood. One study has 

suggested a theoretical antiporter could import Ca2+ into mitochondria in place of two protons, 

but no evidence of this or a similar mechanism has been described yet 109. Yeast also lack MCU 

or any other known functional homolog 109. Nevertheless, there is significant evidence yeast 

mitochondria also take up Ca2+ and are regulated by it, which will be discussed below.  
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Figure 1.2 Ca2+ handling in Saccharomyces cerevisiae 

Schematic diagram of Ca2+ channels and pumps in S. cerevisiae. Ca2+ from the extracellular 

medium enters the cell through two different mechanisms, the low affinity Ca2+ system (LACS) 

and the high affinity Ca2+ system (HACS). The identity of the LACS remains unknown while 

HACS is composed of Cch1 and Mid1. The average Ca2+ concentration of each organelle is 

indicated. Ca2+ in the vacuole is often complexed with inorganic phosphate, lowering the 

concentration of free Ca2+ to ~30M. Vacuolar Ca2+ is maintained by the ATPase Pmc1, which 

pumps Ca2+ into the vacuole lumen, the Vcx H+/ Ca2+ exchanger, and the Yvc1 channel that 

allows Ca2+ release. The mechanisms of mitochondrial Ca2+ uptake and release remain unknown 

but a theoretical H+/ Ca2+ exchanger has been hypothesized to exist as depicted. Nevertheless, 

mitochondrial Ca2+ is maintained at ~400nM. At the Golgi, the ATPase Pmr1 maintains the Ca2+ 

concentration at ~300M. Pmr1 also pumps Ca2+ into the ER lumen. The Spf1/Cod1 ATPase is 

hypothesized to also pump Ca2+ into the lumen. The Gdt1/Grc1 H+/ Ca2+ exchanger also 

contributes to the Ca2+ concentration of ~10M. The ribosome-translocon complex (RTC) allows 

for passive release of Ca2+ out of the ER. Csg2 has been described as a Ca2+ channel for the ion’s 

release but its role as a channel has been disputed. ER Ca2+ release has also been hypothesized to 

occur through vesicular secretion during anterograde traffic.   
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1.1.3.3 Mitochondrial metabolism 

One of the most important functions of mitochondria is to provide the cell with ATP via 

oxidative phosphorylation (OXPHOS). OXPHOS requires a minimum concentration of Ca2+ in 

the mitochondrial matrix since Ca2+ is used as a cofactor for pyruvate dehydrogenase, two 

tricarboxylic acid cycle (TCA) enzymes, 110 and the mitochondrial ATP synthase 111. 

Mitochondria therefore require a constant supply of Ca2+ to operate. Given the low affinity for 

Ca2+ of the MCU, Ca2+ hotspots are required to promote Ca2+ influx into the mitochondrial 

matrix 64,110. As previously described, Ca2+ hotspots occur specifically at MAMs, where IP3R is 

enriched 62,63,65. Therefore, IP3R inhibition or KO decreases oxygen consumption and ATP 

synthesis 112. Bringing the ER and mitochondrial membranes closer by expressing a synthetic 

linker, a construct with OMM and ER membrane targeting sequences, can instead significantly 

increase ATP synthesis 15.  

MAM disruption via tethering deficiency impairs mitochondrial metabolism in yeast as well, 

given ERMES deletion mutants have significant growth defects when forced to perform 

OXPHOS 36. This was investigated by assaying for growth on non-fermentable glycerol 36. This 

is a common test for respiratory capacity in this model organism since glycolysis, the preferred 

metabolism of yeast, cannot be performed with non-fermentable carbons 113. Instead, yeast 

catabolize glycerol via the L-glycerol-3-phosphate (L-G3P) pathway, which results in the 

catalytic conversion of glycerol into pyruvate through the action of three cytosolic enzymes 114. 

The pathway also contributes electrons to the mitochondrial respiratory chain, which along with 

pyruvate, fuel the TCA cycle. Thus, yeast grown on glycerol switch entirely to respiratory 

metabolism, allowing researchers to study OXPHOS capacity in yeast. Another study showed 

certain ERMES deletion mutants have a lower respiratory capacity as determined by a 

tetrazolium assay 115. This assay allows for the detection of respiration proficient colonies which 

metabolize the white compound into a reduced form that turns red upon the pH change invoked 

by respiration. The effect was mild though, as there was only a 10% decrease in the number of 

red colonies in ERMES mutants. The role of Ca2+ in this effect was not tested, so it remains 

unknown if Ca2+ is required for mitochondrial respiration as in mammals.  

Nevertheless, there is significant evidence yeast mitochondria are also regulated by Ca2+. 

Firstly, their oxidative dehydrogenases also require Ca2+ 116. Secondly, their mitochondria take 

up Ca2+ in the range of that found in rat liver mitochondria, which is relatively high at 150-
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400nM. Thirdly, Ca2+ chelators, increased extracellular Ca2+, and mitochondrial uncouplers all 

alter matrix Ca2+. This was assayed using the Ca2+-sensitive fluorescent dye Fluo-3 to measure 

Ca2+ concentration in isolated mitochondria. When the extracellular Ca2+ chelator EGTA was 

used, mitochondrial Ca2+ decreased from roughly 400nM to 140nM. EGTA also decreased 

oxygen consumption in isolated mitochondria. Fourthly, increases in mitochondrial Ca2+ have 

been shown to increase ATP levels 117. Therefore, multiple avenues of evidence indicate yeast 

mitochondria take up Ca2+ and that their metabolism is affected by it. 

 

1.1.3.4 Apoptosis 

Another critical role for Ca2+ flux at the MAM is apoptosis, since mitochondrial Ca2+ 

overload induces MOMP, resulting in cytochrome c release and the subsequent activation of 

caspases 19,118–120. MOMP involves a massive increase in permeability that can be triggered by 

high Ca2+ levels activating a Ca2+- and voltage-dependent high conductance channel on the IMM 

120,121. Opening of this channel results in loss of mitochondrial membrane potential, which 

disrupts mitochondrial function 120,121. This channel is also known as the mitochondrial 

permeability transition pore (mPTP) and its opening results in mitochondrial swelling, rupture of 

the OMM, and release of mitochondrial contents 118,120. mPTP composition has been difficult to 

uncover but is thought to include ATP synthase on the IMM 122. On the OMM, VDAC1 has also 

been shown to participate in pore formation, although cells lacking VDAC1 can still undergo 

MOMP 123. Deletion of two Bcl-2 family proteins, Bax and Bak, grants resistance to Ca2+-

induced mitochondrial swelling 120. This led to the current model of MOMP, whereby Bax and 

Bak become activated during apoptotic signaling and oligomerize to form pores on the OMM, 

inducing MOMP 124. 

Apoptosis is largely controlled by the Bcl-2 family of proteins, sometimes referred to as 

master regulators of apoptosis due to their regulation of the MOMP 124. The family is composed 

of pro- and anti-apoptotic members which act in diverse pathways and manners 124. Many anti-

apoptotic members act by opposing the action of pro-apoptotic Bax and Bak 124,125. This occurs 

either through direct binding of Bax and Bak to prevent their oligomerization, or indirectly by 

preventing mitochondrial Ca2+ overload 125. On the other hand, pro-apoptotic members such as 

Bim can bind and activate Bax/Bak 126. However, Bim is normally associated with the 

cytoskeleton, preventing Bax/Bak activation unless apoptotic signaling releases Bim 127. To 
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regulate Ca2+ flux, some anti-apoptotic members interact with IP3R and SERCA at the MAM 128–

130. For instance, anti-apoptotic Bcl-2 and Bcl-xL activate IP3R to maintain pro-survival Ca2+ 

levels 128. They have also been shown to inhibit VDAC1 and SERCA to prevent Ca2+ overload 

131,132. 

Unicellular organisms can undergo a cellular program similar to apoptosis called 

programmed cell death (PCD) 117,133. PCD is distinct from necrosis or mechanically induced 

death in that inhibition of an intracellular signal or activity can prevent PCD 134. Oppositely, 

death that is not programmed can be stopped by removing cells from the toxic stimuli causing 

death, such as removing an antifungal 133. PCD in yeast is observed in response to physiological 

conditions such as pheromone release and ER stress due to disrupted lipid homeostasis or 

unfolded protein accumulation 135.  

There are several hypotheses for why yeast would have a programmed death pathway to 

eliminate aged or unfit cells 134. The main hypothesis proposed in the literature is that although 

yeast are unicellular organisms, a population of cells need to communicate with one another to 

survive, much like multicellular organisms 136. Moreover, yeast colonies arise from a single 

clone, so programmed death of unfit cells in a colony could promote survival of the remaining 

cells, which carry the same genetic content. Indeed, experiments have demonstrated cells in the 

center of colonies can die once they have exhausted the resources available to them 137. This in 

turn supports growth of more viable cells in the periphery.  

Although the process is not exactly the same, several mammalian apoptosis trademarks have 

been observed during yeast PCD. For example, multiple studies have shown PCD induced either 

by pheromones, oxidative stress, or ER stress, triggers an increase in cytosolic Ca2+ 133,135,138. 

This is reminiscent of the massive ER Ca2+ release that precedes mammalian MOMP 19,121. S. 

cerevisiae also have a cytochrome c homolog, Ysp1, which is required for pheromone- and 

antifungal-induced PCD 133. Further reproducing the system in mammals, increased cytosolic 

Ca2+ and mitochondrial Ca2+ overload has been shown to induce formation of the mPTP 139,140, 

though the existence of this structure in yeast remains controversial 140. PCD also appears to 

require ER-mitochondria contact sites given a recent study demonstrated ERMES disruption 

impaired PCD induced by acetic acid 115. Specifically, loss of subunits Mdm10 or Mdm34 

prevented release of Ysp1 following exposure to acetic acid. In summary, there is evidence that 
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programmed cell death of S. cerevisiae also involves cytosolic Ca2+ changes, mitochondrial Ca2+ 

overload, and more recently, MAMs. 

 

1.1.3.5 ER stress 

Another important cell fate process linked to the MAM is ER stress, a perturbation of ER 

homeostasis that is characterized by two main features: aberrant protein accumulation and 

luminal Ca2+ imbalance 141. To help nascent proteins achieve their correct conformation, the ER 

houses a group of enzymes referred to as folding assistants 141. Folding assistants can be 

classified into three categories: chaperones, oxidoreductases, and glycosidases 142. Glycosidases 

participate in protein folding by mediating the enzymatic addition and modification of glycan 

moieties to nascent proteins as they enter the ER through the translocon 143. 

Oligosaccharyltransferase (OST) is the first glycosidase to act on nascent proteins, after which 

several other glycosidases participate to trim, add, remove, or otherwise modify the glycan143. 

Many glycan moieties are derived from glucose, so the process of glycosylation consumes 

glucose. Glycosylation is required for interaction with chaperones, enzymes that assist the 

folding of nascent proteins by binding to prevent protein aggregation.  

Chaperones are also required for the re-folding of unfolded proteins, translocation of nascent 

proteins, and degradation of proteins that cannot be folded appropriately 142. The different types 

of chaperones include lectins, heat shock proteins, and oxidoreductases. Lectins are chaperones 

that bind glycoproteins, such as Calnexin and Calreticulin 144,145. Glycoprotein clients go through 

a series of glycan modifications to achieve adequate folding, re-entering the cycle several times 

if folding is not achieved after one attempt 145,146. Another category of chaperones are heat shock 

proteins (HSPs), which can prevent protein aggregation by binding clients 147. The heat shock 

family can also be further classified into ATP-dependent and ATP-independent chaperones 147. 

The most abundant chaperone in many cells is the HSP member binding immunoglobulin protein 

(BiP), also known as 78-kDa glucose-regulated protein (GRP78) 148. Lastly, the protein disulfide 

isomerase (PDI) family of chaperones catalyze the formation, isomerization, or hydrolysis of 

disulfide bonds, which are critical for proper protein folding 149. These proteins are also known 

as oxidoreductases since they catalyze redox reactions. These reactions require the oxidizing 

environment that is maintained in the ER lumen. Formation of a disulfide bond in the client 

occurs via oxidation of cysteines in the oxidoreductase’s thioredoxin (TRX) domain, which 
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consists of two cysteines (C) between any dipeptide sequence: CxxC 150,151. This is an oxidase 

reaction, which can also catalyze disulfide bond isomerization 149. Reduction of the cysteines 

hydrolyzes disulfide bonds in the client protein instead 149. Given protein folding requires ATP, 

glucose, oxidizing conditions, and Ca2+ homeostasis, ER stress can be triggered by ER Ca2+ 

depletion, redox imbalance, and nutrient deprivation 141.  

ER stress caused by an accumulation of unfolded proteins triggers the unfolded protein 

response (UPR), a multipronged approach to increase the ER’s folding capacity and reduce the 

number of misfolded proteins 152. This process is initiated by three ER transmembrane proteins: 

protein kinase R-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating 

transcription factor 6 (ATF6) 152. There are two main proposed mechanisms for PERK and IRE1 

activation. Normally, chaperones deal with unfolded proteins quickly and efficiently enough to 

prevent PERK and IRE1 binding misfolded proteins 152. However, unfolded protein 

accumulation overwhelms chaperones and allows PERK and IRE1 to bind misfolded proteins 

152,153. This leads to their homodimerization and activation 152,154,155. The other mechanism 

requires chaperones binding and inactivating PERK and IRE1 in basal conditions 155,156. When 

unfolded proteins accumulate, the chaperones preferentially bind misfolded proteins, allowing 

PERK and IRE1 to homodimerize and become active 155,156. For example, BiP interacts with both 

ER stress sensors in homeostasis, but preferentially binds unfolded clients as they accumulate 156. 

BiP binding also prevents ATF6 activation, which requires its translocation to the Golgi 157. 

Here, ATF6 is cleaved by proteases into a fragment that becomes a transcription factor 157. This 

leads to the upregulation of genes that will alleviate ER stress, including the X-box-binding 

protein 1 (XBP1), a transcription factor that promotes transcription of UPR genes 152,157. XBP1 

mRNA must be cleaved into a smaller fragment to become a functional transcription factor 158. 

This endonuclease activity is catalyzed by IRE1 158. This only occurs when ATF6 creates a 

sufficient amount of XBP1 mRNA, since XBP1 mRNA is found at low levels in homeostasis 158. 

Finally, PERK activation results in phosphorylation of eukaryotic translation initiation factor 2 

subunit- (eIF2) 159 eIF2 also upregulates genes involved in protein folding as well as 

attenuates protein synthesis to reduce the protein folding load. Another important downstream 

transcription factor is CCAAT/enhancer binding homologous protein (CHOP), which can be 

upregulated by all three UPR branches 152,160. Rather than help alleviate ER stress, CHOP 
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induces apoptosis by upregulating pro-apoptotic proteins such as Bax, Bak, and Bim, or by 

repressing anti-apoptotic Bcl-2 and Bcl-xL 152,161.  

These pathways can also induce degradation of misfolded proteins to alleviate ER stress via a 

process called ER-associated protein degradation (ERAD) 162. ERAD involves the recognition of 

terminally misfolded proteins, proteins which can no longer be folded appropriately. The process 

of identifying and delivering terminally misfolded proteins often involves the action of 

glycosidases trimming glycans to tag these proteins as ERAD substrates. For example, ER 

degradation-enhancing -mannosidase I-like (EDEM) interacts with terminally misfolded 

Calnexin clients and catalyzes mannose trimming to mark them as ERAD substrates 163. 

However, not all proteins require a glycan modification to become degraded via ERAD 162. BiP 

can also recognize ERAD substrates and deliver them to the ERAD complex on the ER 

membrane 164. The ERAD complex contains several types of proteins, including chaperones and 

ubiquitin ligases 165. Ubiquitin ligases mediate the addition of ubiquitin, which serves as a tag for 

degradation in the proteasome 166,167. The proteasome is a large complex that recognizes 

ubiquitin-tagged proteins and catalyzes their degradation into small peptides 168. The proteasome 

also interacts with the ERAD complex, immediately recognizing ERAD substrates as they are 

retro-translocated across the complex. Retro-translocation is partly induced by the ATPase p97 

and can be facilitated by hydrolysis of disulfide bonds in ERAD substrates. ER-localized J 

protein 5 (ERdj5), an oxidoreductase that hydrolyzes disulfide bonds, has been shown to 

participate in this process 165. 

Protein folding requires large amounts of ATP since many chaperones have ATPase activity, 

including one of the most abundant chaperones, BiP 169,170. ATP is also required to maintain 

adequate Ca2+ conditions for folding assistants to operate 170. This includes ATP consumed by 

the SERCA ATPase pump as well as ATP to allosterically activate IP3R 72,79. Ca2+ flux by 

SERCA and IP3R in turn determines ER ATP levels by promoting mitochondrial respiration so 

that ER Ca2+ release coincides with an increase in ATP within the ER 171. Ca2+ also affects the 

redox state of the ER, which must also be maintained for oxidoreductases to work adequately. 

For instance, Ca2+ loss has been shown to shift the lumen to a more reduced state.  

Ca2+ is also important for protein folding as it is a co-factor for many folding assistants, 

including Calnexin, Calreticulin, and BiP 141. Given these chaperones are required for folding of 

glycoproteins, secreted proteins, and integral membrane proteins, Ca2+ is absolutely essential for 
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protein folding 141,172. Ca2+-binding folding assistants also serve to buffer ER Ca2+ 172. Thus, 

although the total Ca2+ concentration of the ER is roughly 0.1-1mM in mammalian cells 58, 

buffering by chaperones causes the concentration of free, available Ca2+, to fall between 60-

400M 172.    

Ca2+ dysregulation therefore triggers ER stress, which can activate SOCE to restore luminal 

Ca2+ levels 84. SOCE is initiated when ER Ca2+ levels drop, activating PERK through a still 

unknown mechanism 173,174. PERK then activates Calcineurin, a Ca2+- and PERK-binding 

phosphatase that is required for STIM1 and Orai1 activation 84,173. PERK also interacts with the 

actin cytoskeleton and can relocate STIM1 to the plasma membrane by promoting ER-plasma 

membrane contact sites upon ER Ca2+ loss 174.  

The yeast UPR contains only one ER stress sensor, Ire1, which follows a pathway largely 

conserved from mammals 175. Specifically, Ire1 is activated either by binding to unfolded 

proteins or via release from inhibitory binding of BiP homolog Kar2 175,176. Ire1 then 

homodimerizes and becomes active, binding and splicing HAC1 mRNA, which encodes for a 

transcription factor 175,177. Hac1 in turn binds and promotes the transcription of genes with a UPR 

responsive element (UPRE) in a pathway that is functionally homologous to XBP1 in mammals 

158,177. This includes genes encoding proteins required to alleviate ER stress, including 

chaperones such as Pdi1 and Kar2, as well as proteins required for ERAD 175,177.  

ERAD is also well conserved in yeast. Their ERAD complex also consists of ubiquitin 

ligases, BiP homolog Kar2, and p97 homolog Cdc48 168. Moreover, research in yeast revealed 

the Sec61 complex acts as the channel involved in retro-translocation, since its loss prevented 

degradation of ERAD substrates 178. Yeast are proposed to have three distinct types of ERAD 

complexes for substrates with folding lesions in their cytosolic (ERAD-C), luminal (ERAD-L), 

or membrane (ERAD-M) domains 168. Similar ERAD subtypes have not been identified in 

mammals, where the process of lesion identification is likely more complicated 168.  

Ca2+ is also broadly required for most protein glycosylation, sorting, and quality control in 

yeast 98,102. For example, a key ERAD enzyme, ER mannosidase I, requires Ca2+ in both yeast 

and mammals 102. It was therefore surprising to find pmr1 cells had only minor defects in bulk 

protein folding, secretion, or degradation 98,102,104. Specifically, pmr1 cells have reduced 

degradation of a folding-incompetent mutant protein, carboxypeptidase Y (CPY*) 98,102. They 

also have impaired trafficking of at least two native vacuolar protein and plasma membrane 
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proteins 98. However, concomitant loss of Cch1 or Mid1, subunits of the HACS plasma 

membrane Ca2+ channel, triggered Hac1 activation 97. pmr1 cells therefore likely compensate 

for their decrease in ER and Golgi Ca2+ by inducing Ca2+ influx via the HACS channel. This 

pathway is similar to mammalian SOCE, though as previously mentioned, no ER Ca2+ sensor has 

been identified in S. cerevisiae yet 91. Moreover, this pathway can take up to an hour to create 

significant changes in cytosolic Ca2+ while SOCE in mammals takes seconds 97,179. Indeed, 

tunicamycin-induced UPR was shown to activate HACS, but significant cytosolic Ca2+ 

accumulation only occurred after ~90 minutes 97. Thus, ER stress and Ca2+ decrease also 

promote Ca2+ entry at the plasma membrane to restore Ca2+ homeostasis in S. cerevisiae, though 

the kinetics of this process are different compared to mammals.  

As expected, Ca2+ chelation induces UPR signaling as assayed by a fluorescent UPRE 

reporter 97. Similarly, Ca2+-deficient medium upregulates proteins with a UPRE, including Kar2 

138. Although pmr1 cells do not have high basal UPR signaling, likely due to their high HACS 

activity, they have high Kar2 amounts 98. These mutants are also highly sensitive to reducing 

agent dithiothreitol (DTT) and tunicamycin 98. This was also observed with Ca2+ chelation and 

Ca2+-deficient medium 97,138.  

Yeast also require cytosolic Ca2+ for transcriptional changes in response to ER stress 97. This 

pathway is known as Ca2+ cell survival (CCS) and is particularly important during prolonged ER 

stress 97. The CCS pathway activates Ca2+-dependent pathways in response to a variety of insults, 

including ER stress 97,180. One of the main proteins it activates is Calmodulin, a conserved Ca2+-

sensing protein 97,180. When bound to Ca2+, Calmodulin activates several kinases as well as 

Calcineurin, a Ca2+/calmodulin-dependent phosphatase that is usually inactive during 

homeostasis 97,181. Calcineurin then activates the calcineurin-dependent transcription factor Crz1, 

which upregulates genes required to restore Ca2+ homeostasis 182,183. This includes the vacuole 

pump Pmc1, which transports Ca2+ into the vacuole and therefore decreases cytosolic Ca2+ 182,183. 

Importantly, this pathway is independent of the UPR, since IRE1 and HAC1 null mutants had no 

defects in these responses 97. Nevertheless, Ire1 and Hac1 signaling is also dependent on Ca2+ 

availability. Specifically, Ca2+ deprivation dampens Hac1-mediated transcription changes 97. 

This includes transcription of the oxidoreductase Ero1, which is highly induced by Hac1 97. 

Interestingly, ER stress caused by Ca2+ chelation does not disrupt transcription of Ero1 at early 

time points, but prolonged stress eventually impairs its transcription 97. Together, these results 
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suggest Ca2+ is dispensable for early UPR signaling but critical for cell survival during prolonged 

ER stress, particularly for transcriptional changes required to restore Ca2+ homeostasis. 

The role of mitochondria in the ER stress response of yeast has only recently been explored. 

Recent studies have shown ER stress triggered by Ca2+ deprivation or tunicamycin can be 

relieved with increased mitochondrial respiration 138,184. In one of these studies, cells grown in 

Ca2+-depleted medium had UPR induction, growth and size defects, and reduced viability 138. 

These cells were grown in glucose, where yeast preferentially perform glycolysis. In contrast, 

cells grown on non-fermentable carbons are unable to perform glycolysis and must rely on 

OXPHOS. Interestingly, when the carbon source was switched to non-fermentable acetate, Ca2+ 

depletion no longer caused growth defects or reduced viability. Cells with genetic deficiencies 

for glycolysis also had no Ca2+ depletion defects. Taken together, these experiments suggest 

mitochondrial respiration alleviates ER stress and growth defects caused by Ca2+ depletion. A 

more recent study has also shown ER stress induced by tunicamycin can activate mitochondrial 

respiration via Ire1 and Calcineurin 184. Indeed, both proteins seem to promote the activity of 

cytochrome c, in turn increasing mitochondrial respiration. This was assayed by measuring 

cytochrome c oxidation and O2 consumption in cells without Ire1 or Calcineurin. Whether this 

increase in mitochondrial respiration involves MAMs and Ca2+ flux, as it does in mammals, is 

unknown 185,186.  

 

1.1.3.6 Mitochondrial fission and motility 

The MAM is also a hub for mitochondrial motility since Ca2+ microdomains can halt 

mitochondrial movement 187,188. This process is in part mediated by OMM protein Miro-2, which 

has Ca2+-binding domains that regulate its GTPase activity 187. Miro-2 promotes mitochondrial 

movement along microtubules by binding to the motor protein kinesin 1, but its GTPase activity 

is inhibited when exposed to high Ca2+ levels 187,189. Thus, large ER Ca2+ bursts halt 

mitochondrial movement, which can stabilize MERCs and shorten the distances between these 

two organelles 185,188,189. This process has been shown to occur during ER stress and helps restore 

homeostasis by increasing Ca2+ flux and OXPHOS 185.  

Mitochondrial fission also occurs at the MAM and must be balanced with mitochondrial 

fusion, which is mediated by GTPases Mitofusin-1 and 2 in mammals and Fzo1 in yeast 190–192. 

In mammals, the process requires the Mitofusins to form homo- and heterodimers on the OMM 
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of separate mitochondria190,192. Their dimerization activates their GTPase activity, which then 

drives membrane fusion 190. The process is the same in yeast, though only Fzo1 homodimers 

form in this species 191,192. Fission is instead performed by the GTPase dynamin related protein 1 

(Drp1) in mammals and Dnm1 in S. cerevisiae 193,194. Accumulation of this GTPase at MAMs 

immediately preceding fission has been observed in both organisms 195,196. Microscopy studies in 

mammalian cells have demonstrated fission is initiated by an ER tubule extending and wrapping 

around mitochondria within membrane distances consistent with MCS (10-50nm) 196. The ER 

tubule then constricts and reduces mitochondrial circumference through actin polymerization 

196,197. Drp1 simultaneously accumulates at these contact sites and forms a ring around the 

constricted mitochondrion 192,197. Oligomerization at this site promotes its GTPase activity, 

which finishes the fission process 192. This process is also regulated by Ca2+ since Ca2+ can 

activate Calcineurin and Ca2+/calmodulin-dependent protein kinase I (CaMKI) in the cytosol, 

which then phosphorylate and activate Drp1 192. In summary, the MAM serves as a platform for 

mitochondrial motility, fusion, and fission. 

 

1.1.3.7 Autophagy 

Autophagy is an essential, highly conserved pathway that involves the formation of double 

membrane vacuoles to capture intracellular components and target them to lysosomes for their 

degradation 198. This process is usually carried out at basal levels as a quality control system to 

degrade aged or damaged cellular components and is therefore also known as basal autophagy. 

This type of degradation is largely non-discriminate and usually degrades portions of the cytosol. 

Highly specific degradation of organelles is termed selective autophagy and is known to degrade 

mitochondria, ER, lipid droplets, and peroxisomes, amongst other organelles 199–201. Autophagy 

also serves as a catabolic pathway that provides cells with energy via degradation of non-

essential components while cells are under stress 201.  Thus, autophagy is massively upregulated 

with a variety of stressors such as nutrient deprivation, hypoxia, ER or oxidative stress, and DNA 

damage 202. Autophagy begins with the formation of the membrane that will become the 

autophagosome, also known as the isolation membrane 201. The second step involves 

autophagosome maturation and closure and the last step requires autophagosome-lysosome 

fusion and degradation of the enclosed contents 201. 



 25 

Numerous studies have identified the ER, and more recently, the MAM subdomain of the 

ER, as a platform for isolation membrane formation 203–206. This has led to the following detailed 

model of this first step in autophagy: firstly, key autophagy initiator complexes are recruited to 

the ER after inhibition of mammalian target of rapamycin complex 1 (mTORC1), the master 

regulator of autophagy 198. In homeostasis, mTORC1 binds to and inhibits two key complexes: 

the Unc-51 like autophagy activating kinase-1 (ULK1) complex, and the phosphtatidyl-inositol-

3-phosphate (PI3P) kinase class III (PI3K III) complex 201,207. Autophagy inducers such as 

starvation inhibit mTORC1, allowing the ULK1 and PI3K III complexes to become active and 

translocate to the ER, where the isolation membrane will assemble 201,206. Here, the ULK1 

complex phosphorylates several proteins to promote autophagy 201,208. One of its targets is 

vacuolar protein sorting 34 (VPS34), the catalytic component of the PI3K III complex 208. 

Activating molecule in Beclin-1-regulated autophagy (AMBRA1), a scaffolding protein, also 

interacts with the PI3K III complex here and enhances its enzymatic activity 209. The PI3K III 

complex is responsible for producing PI3P, which is not normally found on most organelles and 

therefore serves as a signal for the assembly of the autophagy machinery 210. For example, the 

PI3P-binding WD-repeat domain phosphoinositide-interacting proteins (WIPIs) help recruit 

autophagy-related (Atg) proteins required for membrane elongation and closure 211. These PI3P-

enriched regions of the ER become the omegasome, a cup-shaped membrane extending from the 

ER that serves as a platform for the formation of the isolation membrane 206. Interestingly, MCS 

have been observed between the ER membrane of the omegasome and the emerging isolation 

membrane 205,206,212. These contact sites are thought to contribute to membrane expansion by 

serving as platforms for lipid transport 213. This hypothesized de novo lipid synthesis and transfer 

at these MCS could be mediated by lipid biogenesis enzymes heavily enriched at the MAM, but 

this has not been tested. Isolation membrane expansion is also thought to occur via fusion with 

Golgi-derived vesicles containing the Atg9 protein, though this process is not fully understood 

yet 201.  

Once at the omegasome, the ULK1 complex also activates Syntaxin 17, an ER soluble N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 201,203. Syntaxin 17 then 

interacts with Atg14L, a component of the PI3K III complex that anchors the complex to the 

omegasome 203. Both Syntaxin 17 and Atg14L become enriched in biochemically isolated MAM 

fractions following starvation-induced autophagy 203. This enrichment also occurs with several 
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other components of the PI3K III and ULK1 complexes, strongly suggesting the MAM is a site 

for autophagosome biogenesis during nutrient deprivation 203.  

The second step in autophagy, autophagosome closure, requires the action of the Atg16L1 

complex, which is composed of Atg12, Atg5, and Atg16 201. The Atg16L1 complex catalyzes the 

lipidation of LC3 I, a small protein found in the cytosol in basal conditions 214. This modification 

results in the enrichment of LC3 II, the lipidated form of LC3 I, at the growing isolation 

membrane 201,215. LC3 II localizes to both the inner and outer membrane of the autophagosome 

215. On the inner membrane, LC3 II is bound by autophagy receptors, proteins with LC3 

interacting regions (LIRs) that also recognize and bind cargo proteins to be degraded 201,216. Its 

role on the outer membrane is less understood, but LC3 II is also required for expansion and 

closure of the isolation membrane 201.  

Once the autophagosome seals, it is usually transported along microtubules to the 

perinucleus, where most lysosomes usually reside 217. Fusion with the lysosome is mediated by 

the concerted action of Rab GTPases, tethering proteins, and SNAREs 217. Rab proteins regulate 

intracellular traffic through their ability to shuttle between specific membranes as they bind and 

release guanosine triphosphate (GTP) and guanosine diphosphate (GDP) in a cycle 218. They do 

this by recruiting their binding partners, which include motors and tethering factors, to the 

different membranes they associate with 218. Hence, Rab proteins are involved in multiple types 

and stages of vesicular formation, motility, and fusion 218. The process of autophagosome-

lysosome fusion is mainly mediated by Rab7, an endolysosomal Rab 217,219,220. Rab7 is thought to 

be acquired on autophagosomes via fusion with endosomes in a process that has not been fully 

elucidated yet 217. This fusion yields the amphisome, which is required prior to fusion with 

lysosomes 217. Once the amphisome reaches the lysosome, Rab7 interacts with a tethering protein 

at the lysosomal membrane, which acts as a bridge to bring the membranes close enough to 

prime them for fusion, which is catalyzed by SNAREs 221. SNAREs are categorized into Q or 

target/t-SNAREs and R or vesicular/v-SNAREs based on the SNARE domains they contain: Qa, 

Qb, Qc, or R 222. SNAREs promote membrane fusion by assembling all four SNARE domains in 

a complex formed by an R-SNARE on one membrane and three Q-SNAREs on the other 

membrane. This brings the SNARE domains together in a “zippering” process that drives 

membrane fusion as the SNAREs form a stable four-helix bundle with all four SNARE domains. 

Thus, Syntaxin 17 on the amphisome interacts with a SNARE complex on the lysosomal 



 27 

membrane and induces membrane fusion 217. Once the membranes fuse, the contents of the 

amphisome are degraded by lysosomal hydrolases 213. 

Autophagy in yeast largely relies on the same mechanisms described in mammals 223. 

However, autophagosome biogenesis in yeast always occurs at a specific intracellular location: 

the pre-autophagosomal structure (PAS) 223,224. The PAS is defined as the site of assembly of Atg 

proteins required for autophagosome biogenesis and is located adjacent to the vacuole 224. No 

PAS has been described in mammals 201. Furthermore, only one autophagosome at a time is 

formed in yeast while mammals usually produce multiple autophagosomes at multiple 

intracellular locations 223–225.   

Indeed, the Golgi 226, plasma membrane 227, ER 205,212, mitochondria 228, and MAM 203,204 

have all been described as platforms for basal autophagosome formation in mammals. However, 

the vast majority of these studies report the ER as a site of autophagosome biogenesis 201,203–

205,212,229. Thus, the ER is predominantly regarded as the main site of isolation membrane 

formation in mammals 201,230,231. Strong evidence also suggests the MAM subdomain of the ER 

is the main site of autophagosome formation during starvation-induced autophagy 201,203,231. As 

previously mentioned, one study demonstrated several subunits of the ULK1 and PI3K III 

complexes become enriched in biochemically isolated MAMs following starvation-induced 

autophagy 203. Similarly, Atg14L as well as Atg5, another isolation membrane protein, colocalize 

with both the ER and mitochondria in fluorescence microscopy of starved cells. Additionally, 

essential autophagy protein Atg5 colocalized with the ER and mitochondria over 95% of the time 

following starvation. Separate electron tomography and electron microscopy studies have also 

observed isolation membranes originating at the MAM 203,204. One of these studies identified 

isolation membranes via immuno-electron microscopy with LC3 antibodies and found almost 

80% of these membranes were adjacent to the ER or mitochondria during starvation-induced 

autophagy 204. Further supporting this model, cells lacking the MAM tether Mitofusin-2 or the 

tethering regulator PACS-2 have impaired basal and starvation-mediated autophagy 203,228. These 

results strongly suggest the MAM is the main platform for autophagosome formation following 

nutrient deprivation 203,204,228. 

Other studies have also reported MAM proteins regulate autophagosome formation 232,233. 

One study found loss of the MAM tethering complex VAPB-PTPIP51 decreased IP3R-mediated 

Ca2+ transfer to mitochondria and increased autophagy 232. The overexpression of either VAPB 
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or PTPIP51 instead increased Ca2+ flux and impaired autophagy. Concomitant MCU silencing or 

IP3R inhibition in these cells restored autophagy, strongly suggesting the effects of VAPB-

PTPIP51 on autophagy are Ca2+-dependent. Importantly, starvation-induced autophagy was not 

inhibited in these cells. These results therefore do not contradict those observed in Mitofusin-2 

and PACS-2 KO cells, where starvation-induced autophagy was impaired 203,228. Instead, 

VAPB/PTPIP51 overexpressing cells had impaired autophagy in response to chemical inhibitors 

of mTOR while starvation triggered autophagy normally 232. Taken together, these studies 

suggest different MAM tethering complexes are required for different types of autophagy, where 

they could have activating or inhibiting effects. 

Additional studies have also found impaired ER-mitochondria Ca2+ flux can activate 

autophagy, highlighting the importance of MAM signaling in autophagy regulation 112,232–234. 

One of the first studies to report this effect found IP3R disruption decreased the activity of Ca2+-

sensitive OXPHOS enzymes and lowered ATP levels 112. This led to the activation of adenosine 

monophosphate (AMP)-activated protein kinase (AMPK), a master regulator of cell 

bioenergetics. AMPK signaling acts to restore homeostasis by activating catabolic pathways that 

will increase ATP biosynthesis. It simultaneously inhibits non-essential anabolic processes that 

consume ATP. One catabolic pathway it activates is autophagy, which releases carbohydrates, 

nucleic acids, amino acids, and fatty acids following lysosomal degradation 235. These 

metabolites are then used by the cell either as substrates for biosynthesis or as sources for energy 

production.  

Lastly, the lipid raft nature of the MAM also contributes to the process of autophagosome 

biogenesis 209. Lipid rafts are membrane microdomains enriched in sphingolipids and cholesterol 

thought to facilitate lipid-protein interactions involved in signaling and membrane remodeling. 

They are also characterized by having extensive lipid biosynthesis and modification. 

Specifically, ganglioside 3 (GD3), a lipid commonly found in lipid rafts at the MAM, interacts 

with several autophagy initiating proteins including AMBRA1 and WIPI1. This interaction 

stabilizes these autophagy proteins, facilitating formation of the isolation membrane.  

 

1.1.3.8 Reactive oxygen species (ROS)  

ROS are another important signaling molecule at MAMs. The vast majority of ROS in 

homeostasis originates in mitochondria due to electron leak from OXPHOS after Ca2+ enters the 
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mitochondrial matrix 236. However, ROS is also produced in the ER by oxidoreductases, 

including the MAM-localized Ero1 170,237. Studies have shown ROS release from the ER and 

mitochondria creates sites of high ROS concentration at MAMs called ROS microdomains 236,238. 

Much like Ca2+ hotspots, ROS microdomains affect MAM functions and proteins 236,238. 

Additionally, ROS and Ca2+ crosstalk at the MAM to regulate the activity of proteins mediating 

their production 236. For example, Ca2+ overload from the ER can trigger high mitochondrial 

ROS production and MCU oxidation, which enhances MCU activity 239. In turn, ROS can 

influence Ca2+ flux since SERCA2b and IP3R are regulated via oxidation 170. The redox reactions 

involved in this regulation are catalyzed by several MAM localized oxidoreductases 170. This 

redox regulation of SERCA2b and IP3R by ER folding assistants will be described in detail 

below.  

 

1.2 MAM modulators 

There are several factors known to regulate the number of ER-mitochondria contacts and the 

activity of MAM proteins. They include cell cycle stage 240, cell type, culture conditions, 

oxidation state, metabolic status 18, and ER stress 185. The mechanisms behind this plasticity are 

not completely understood, though they usually fall into two main categories: i) modulation of 

Ca2+ channel/pump activity, and ii) modulation of tethers. However, there is a lot of diversity in 

how different conditions and stressors do this. The following sections will detail how ER stress, 

the most understood MAM regulator, directly promotes MAM tethering and Ca2+ modulation. 

  

1.2.1 ER stress induces MAM formation 

ER stress was one of the first stressors shown to promote MAM tethering 15. Specifically, 

acute ER stress can increase the number of MERCs by up to 25% and their average length by 

over 50% (from 220nm). Numerous studies have shown this increase in ER-mitochondria 

tethering promotes Ca2+ flux to: i) stimulate OXPHOS to relieve ER stress by increasing ATP 

biosynthesis 15,185,241 or, ii) if the stress persists, induce Ca2+ overload and apoptosis 15,121,242. For 

instance, a short 4hr incubation with tunicamycin induces mitochondria and the ER to move 

towards the perinuclear area, which significantly increases their co-localization in fluorescence 

microscopy analyses 185. This increase in MERCs was also observed in electron microscopy in 

this and other studies 15,185. These changes were coupled with an increase in IP3R-mediated 
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mitochondrial Ca2+ uptake, oxygen consumption, and cellular ATP 15,185. More recent studies 

have demonstrated MAM dysfunction triggers ER stress and UPR signaling, suggesting this 

pathway could be a mechanism by which MAM tethering is restored.  

 

1.2.2 Disruption of MAM tethering induces ER stress 

Several studies have demonstrated MAM tethering disruption induces ER stress 30,243,244. For 

example, loss of the tethering regulator PACS-2 not only decreases the number of MERCs but 

also doubles BiP levels 30. Several studies have also shown Mitofusin-2 KO cells activate all 

three branches of the UPR and contain more ER chaperones 243–245. Indeed, loss of Mitofusin-2 

increases BiP and CHOP transcription in vitro and in vivo 243,245. PERK and its downstream 

mediator eIF2 are particularly active in Mitofusin-2 KO cells and mice 244. Interestingly, 

Mitofusin-2 has been shown to bind PERK. Given its loss activates PERK, Mitofusin-2 is 

thought to act as an upstream inhibitor in basal conditions. These studies suggest there is a tight 

link between the MAM proteome and the UPR which allows MAM tethers to directly regulate 

ER stress mediators. 

There are several ways ER stress directly regulates tethering to promote contact formation, 

including transcription 243. For example, acute ER stress induced by tunicamycin or the SERCA 

inhibitor thapsigargin increased Mitofusin-2 mRNA and protein levels. This increase was 

preceded by eIF2 phosphorylation, suggesting PERK activation induces this upregulation. ER 

stress sensors can also directly support MAM tethering and functions. For instance, PERK is 

found in biochemically isolated MAM fractions and evidence suggests it can act as a tether and 

support ER-mitochondrial Ca2+ flux 246. Indeed, PERK KOs are more resistant to ER stress-

induced apoptosis, which is consistent with them having significantly fewer MERCs. These 

defects were rescued when PERK KOs were transfected with kinase-dead PERK, suggesting its 

catalytic activity is not required for MAM tethering. Conversely, transfection with a PERK 

mutant lacking its cytosolic portion did not reverse these effects. Given PERK is found on 

MAMs, these results suggest the cytosolic portion of PERK could act as an ER component of a 

tethering complex. Taken together, these results suggest PERK influences MAM functions by 

directly promoting tethering.  

IRE1 is also found at the MAM and can regulate IP3R activity 247–249. Specifically, IRE1 

deficient cells have higher apoptosis rates due to increased IP3R-mediated Ca2+ release into the 
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cytosol and subsequent uptake by mitochondria 248. Like PERK, this effect was independent of 

its catalytic domain, suggesting its role in the UPR is not responsible for these effects 249. IRE1 

binds two known regulators of IP3R that mediate channel opening, which could explain why its 

loss dysregulates IP3R activity 248. Thus, IRE1 does not appear to act as a tether but instead as a 

scaffold to support IP3R tethering and activity 249.  

 

1.2.3 ER folding assistants regulate ER Ca2+ channels and pumps 

The MAM contains numerous ER chaperones and oxidoreductases, underscoring their 

importance at these sites 170. One of their common functions at the MAM is regulation of IP3R 

and SERCA2b activity. This allows folding assistants to modulate mitochondrial ATP 

production by regulating the release and uptake of Ca2+ from the ER. Given ATP is required for 

protein folding, ERAD, and ER homeostasis, this function allows folding assistants to maintain 

the conditions that support their protein folding activities. Their MAM enrichment, as well as 

their binding to IP3R and SERCA2b, changes in response to a variety of stressors and conditions, 

once again reflecting the complex and dynamic nature of the MAM. The main folding assistants 

regulating SERCA2b and IP3R at the MAM include Calnexin, Ero1, thioredoxin-related 

transmembrane protein 1 (TMX1), Sigma-1 receptor (SIGMAR1), ER-resident protein 44 

(ERp44), ERdj5, and ERp57 170,250.  

IP3R activity is in part regulated by BiP and SIGMAR1 251. SIGMAR1 is a Ca2+-sensitive, 

membrane-bound chaperone that counteracts protein aggregation. SIGMAR1 and BiP interact 

during homeostasis, but unlike most chaperone complexes, their activities decrease when bound 

to each other. ER Ca2+ loss induced by ER stress triggers their dissociation, allowing SIGMAR1 

to interact with IP3R instead. This interaction in turn stabilizes IP3R, which is otherwise degraded 

when activated by its agonist, IP3. Thus, SIGMAR1 stabilizes IP3R and promotes ER-

mitochondria Ca2+ flux. IP3R is also regulated by ERp44, a luminal oxidoreductase which binds 

IP3R at the same site as SIGMAR1 252. ERp44 preferentially binds IP3R during ER stress, when 

the ER has low Ca2+ and reducing conditions. This interaction inhibits IP3R activity, preventing 

apoptosis due to large ER Ca2+ release. ERp44-mediated inhibition also results in increased ER 

Ca2+ levels, which helps resolve ER stress. ERp44-mediated inhibition requires cysteine residues 

on IP3R
252, suggesting ERp44’s oxidoreductase activity is required for these effects 253. When 

ER stress is not resolved, IP3R activity is sustained to induce apoptosis 254. This activation is 
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mediated by Ero1, which is upregulated during the UPR. Ero1 activates IP3R by oxidizing it 

and disrupting ERp44 binding.  

SERCA2b activity is largely controlled by the oxidation state of its luminal and cytosolic 

cysteines 81,255. SERCA2b has several cytosolic cysteines but only mutation of the highly 

conserved cysteine 674 (C674) alters its ATPase activity 256. Several studies suggest oxidation of 

C674 promotes SERCA2b’s ATPase activity while hyperoxidation of its cytosolic cysteines 

inhibits it 256–258. SERCA2b also has two well conserved luminal cysteines that regulate its 

activity 81. The effect of these cysteines on SERCA2b activity is less understood but some 

studies suggest oxidation and disulfide bond formation between the cysteines inhibits its activity 

81,255,257. However, these studies also suggest a minimal level of oxidation of luminal and 

cytosolic cysteines is required for ATPase activity 81,255,257. Indeed, SERCA2b appears to be 

most active when its cysteines are only partially oxidized while hyperoxidation causes 

inactivation 81,257,258. Reduction of its luminal cysteines therefore activates SERCA2b 255. 

The MAM-localized folding assistants that regulate SERCA2b activity include ERp57, 

ERdj5, Calnexin, and TMX1. During ER stress, the reductase ERdj5 hydrolyzes the disulfide 

bond between the luminal cysteines and therefore activates SERCA2b 255. In oxidizing 

conditions, ERp57 is thought to inhibit SERCA2b, but the exact mechanism remains unknown 

170,257. During basal conditions, Calnexin binds SERCA2b and sustains its partially oxidized 

state, maintaining the ATPase in its active state 259. TMX1 is instead thought to inhibit 

SERCA2b, since TMX1 overexpression significantly decreases ER Ca2+ compared to WT cells 

260. 

Calnexin and TMX1 are amongst the few proteins consistently found in MAM fractions in 

unbiased proteomic analyses 24,25,261. This indicates Calnexin and TMX1 are highly MAM-

enriched in a variety of tissues and organisms, suggesting they play a key role there. As 

previously discussed, ER-mitochondria Ca2+ flux has important consequences on mitochondrial 

metabolism, cell fate, and MAM properties. Thus, Calnexin and TMX1 regulation of SERCA2b 

activity has a wide number of effects on the MAM 259,260. These effects, as well as their 

individual chaperoning functions, will be discussed in further detail in the following sections.  

Regulation of ER Ca2+ uptake and release in S. cerevisiae is far less understood, partly 

because yeast lack IP3Rs and no mechanism has been described for the ion’s release yet 91. 

Nevertheless, the ER/Golgi Ca2+ ATPase Pmr1 is thought to act as a SERCA functional homolog 
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95, opening up the possibility it also influences ER-mitochondria Ca2+ flux and MAM functions. 

In support of this hypothesis, recent evidence has shown luminal redox changes disturb ER Ca2+ 

homeostasis 108. Interestingly, this study showed loss of an oxidoreductase caused significant 

luminal oxidation and Ca2+ dysfunction, strongly suggesting folding assistants in yeast may also 

mediate redox-dependent regulation of Ca2+ channels and/or pumps. Specifically, cells without 

the ER-enriched oxidoreductase Glutaredoxin 6 (Grx6) have a highly oxidizing lumen as assayed 

by a redox-sensitive fluorescent probe. They also have lower ER Ca2+ and almost twice the level 

of cytosolic Ca2+ compared to WT cells. Their results suggest the decrease in ER Ca2+ occurred 

downstream of the luminal hyperoxidation, suggesting redox-dependent Ca2+ changes occur in 

yeast too. This was tested by assaying for growth of doxycycline-inducible Ero1-deficient 

mutants (tetO2ERO1), which have severe growth defects and a highly reducing ER in the 

absence of the essential ER oxidase Ero1. tetO2ERO1 cells grew significantly better when treated 

with the oxidant diamide or when coupled with a grx6 mutation, suggesting the highly 

oxidizing lumen caused by loss of Grx6 could also rescue these cells. However, concomitant 

pmr1 mutations did not rescue tetO2ERO1 cells, suggesting the low ER Ca2+ due to loss of 

Pmr1 cannot rescue the effects of a highly reducing lumen; only the hyperoxidized lumen of 

grx6 can. Together, these results strongly suggest oxidoreductases can alter ER Ca2+ 

homeostasis in mammals as well as yeast. Whether this function extends to regulation of MAM 

tethering or ER-mitochondria Ca2+ flux in this model organism remains unknown.   

Recent evidence has also shown redox regulation of Ca2+ channels and pumps exists in yeast. 

For example, one study found the vacuolar Ca2+ channel Yvc1 can be activated by 

glutathionylation of cytosolic cysteines 262. This modification was catalyzed by the yeast 

glutathione S-transferase Gtt1, which induced a large release of Ca2+ from the vacuole into the 

cytosol during apoptosis. This modification was reversible via the action of the yeast thioredoxin 

protein Trx2. Another study demonstrated Cch1 is also redox regulated and is activated by Gtt1 

and inhibited by Trx2 263. It is therefore plausible redox regulation of other Ca2+ channels and 

pumps, including Spf1/Cod1 or Pmr1, occurs in yeast. 

 

1.2.3.1 Calnexin  

Calnexin is a Ca2+-binding ER chaperone that binds glycoproteins to slow down and facilitate 

their folding 264,265. Calnexin clients include newly synthesized soluble and membrane-bound 
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glycoproteins 264,265. Its folding clients go through a cycle to become properly folded, which also 

involves the following proteins: UDP-glucose glycoprotein glucosyltransferase (UGGT), 

Glucosidases Glu I and Glu II, and ERp57 145. The cycle starts when an N-glycan moiety is 

added to a protein as it enters the ER lumen while being transcribed. Glu I and II trim the N-

glycan moiety to a form recognizable by Calnexin. Calnexin then interacts with the client and 

another chaperone, such as ERp57, to promote folding. If folding fails, UGGT glycosylates the 

client, starting the cycle once more to attempt correct folding. If the cycle fails multiple times, 

clients are instead targeted for degradation via ERAD. 

Calnexin is an abundant ER transmembrane chaperone that can shift localization between ER 

subdomains to perform different functions 266,267. Under basal conditions, Calnexin is mostly 

found at the MAM 267. However, acute ER stress shifts it to the peripheral ER, which consists of 

ER tubules and sheets spread throughout the cytoplasm. At the peripheral ER, Calnexin often 

interacts with the RTC, which allows it to bind clients as they move across the complex 266. Here, 

Calnexin also plays an important role as Ca2+-buffering protein along with other Ca2+-binding 

folding assistants such as Calreticulin and BiP 172.  

MAM localization of Calnexin requires action of the sorting protein PACS-2, which is itself 

MAM-enriched 31. MAM localization also requires a post-translational modification known as 

palmitoylation, which adds a highly hydrophobic palmitate to exposed cysteines, serines, or 

threonines 267. Palmitoylation can contribute to membrane association, particularly when it 

occurs in membrane-proximal residues, such as in Calnexin. At the MAM, Calnexin interacts 

with SERCA2b and preserves its redox status, thereby allowing SERCA2b to maintain its 

activity 259. This was determined by studying the abundance of reduced SERCA2b with a 

biotinylated iodoacetamide (BIAM) switch assay, which results in the biotinylation of reduced 

cysteines on proteins. Myc-tagged SERCA2b was then immunoprecipitated and biotin probed for 

by immunoblot in samples obtained from Calnexin WT and KOs cells. This assay revealed 

Calnexin KOs had almost twice as much reduced SERCA2b as WT cells, indicating Calnexin is 

required to maintain SERCA2b in an oxidized, and therefore active, state (Figure 1.3). On the 

other hand, loss of Calnexin caused SERCA2b to become highly reduced. Further supporting this 

model, Calnexin KOs also have significantly lower ATPase activity in isolated light membranes 

containing the ER, suggesting they have decreased SERCA2b activity. This effect is thought to 

occur via interaction with a known Calnexin binding partner and redox regulator of the ATPase 
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pump: the nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase 4 (Nox4). This was 

determined by incubating both WT and Calnexin KOs with a Nox4 inhibitor, which decreased 

the ATPase activity of WT cells to similar levels as those observed in KOs. Inhibition of Ero1 

had a similar effect, suggesting Calnexin regulates SERCA2b’s oxidation state via Ero1 as 

well. 

Loss of Calnexin-mediated SERCA2b activity resulted in several MAM-associated defects 

259. Firstly, Calnexin KOs had lower ER Ca2+ as assayed by ER-specific fluorescent Ca2+ probes. 

A mitochondrial Ca2+ probe revealed they also have low Ca2+ in this organelle, likely as a result 

of their decreased ER Ca2+. Secondly, Calnexin KOs were more resistant to apoptotic insults, 

consistent with their low mitochondrial Ca2+. Thirdly, Calnexin KOs had a lower respiration rate 

as assayed by their oxygen consumption. Interestingly, although their mitochondrial ATP output 

was roughly the same as in WT cells, they had a significantly higher citrate synthase activity. 

This suggests Calnexin KOs attempt to compensate for their low mitochondrial Ca2+ by 

increasing the enzymatic activity of their TCA enzymes. Consistent with their low respiration 

rate, they had higher levels of glycolytic enzymes and were more reliant on glycolysis. Fourthly, 

electron microscopy revealed they have tighter and longer MAMs. In summary, these results 

demonstrate loss of Calnexin results in lowered SERCA2b activity concomitant with low ER and 

mitochondrial Ca2+, resistance to apoptosis, lower respiration rates, and closer and more 

extensive ER-mitochondria contact sites.  

 

1.2.3.2 Cne1 

The S. cerevisiae calnexin homolog, Cne1, shares roughly 23% identity with mammalian 

Calnexin and has similar chaperoning activities 268,269. Specifically, Cne1 also binds 

glycoproteins and is also an ER-membrane protein 268. S. cerevisiae lack a UGGT homolog, 

suggesting this organism has a slightly different, and likely simpler, protein glycosylation system 

270. Nevertheless, Cne1 is also able to resolve aggregation of glycoproteins 268,269. Thus, cne1 

cells have minor defects in protein folding of glycosylated proteins 269. Otherwise, cne1 cells do 

not have major protein folding or growth defects 268,271. One key difference with Calnexin is that 

Cne1 does not bind Ca2+ 268,269. It is therefore possible Cne1 is not involved in Ca2+-dependent 

pathways unlike its mammalian counterpart. There is also no evidence of Cne1 interacting with 

any ER Ca2+ channels or pumps 268,269.  
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1.2.3.3 TMX1  

TMX1 is part of the PDI superfamily of chaperones which are defined by the presence of at 

least one TRX motif 272,273. The cysteines in the CxxC motif cycle between reduced and oxidized 

states, allowing these enzymes to catalyze reversible redox reactions 149. This grants 

oxidoreductases the ability to catalyse the formation or isomerization of disulfide bonds via 

oxidation of their cysteines. Conversely, disulfide bond hydrolysis is driven by their reduction. 

Correct disulfide bond formation is a rate-limiting step in protein folding, underscoring the 

importance of this superfamily 273. Members with catalytically inactive TRX domains also exist 

and often perform general chaperoning functions 274.  

TMX1 is one of only five transmembrane PDI superfamily members in mammals, which also 

include TMX2, TMX3, TMX4, and TMX5 273. TMX1 has a single TRX motif, CPAC, which is 

uncommon amongst mammalian TRX-containing proteins, where CGPC is the most common 

sequence 274,275. It is usually found in its reduced form and is therefore thought to have a 

reductase activity in basal conditions 272,276. TMX1 is highly selective as it appears to act almost 

exclusively on membrane-associated clients 272,275. Calnexin is thought to help TMX1 identify 

glycosylated clients since together they form a functional complex that promotes folding of 

membrane-associated, N-glycosylated clients 277. A recent study has demonstrated TMX1 not 

only promotes protein folding but also participates in ERAD 278. Indeed, TMX1 was required for 

ERAD of certain membrane-bound substrates.  

TMX1 is found throughout the ER but is particularly enriched at MAMs, showing a similar 

localization pattern as Calnexin 260,267. Like Calnexin, TMX1 is also palmitoylated when 

enriched at the MAM 267. Oxidative stress also promotes its enrichment at the MAM, where 

TMX1 can interact with SERCA2b and inhibit its activity 260. This effect has not been directly 

demonstrated yet, but the following evidence strongly suggests TMX1 acts to inhibit SERCA2b 

260. After co-immunoprecipitations demonstrated TMX1 and SERCA2b are binding partners, 

SERCA2b activity was studied indirectly using organelle-specific Ca2+-sensitive fluorescent 

probes. In support of the hypothesis that TMX1 inhibits SERCA2b, TMX1 overexpression 

decreased ER Ca2+ levels to roughly 50% compared to WT cells. TMX1 KOs instead had a 

significantly higher ER Ca2+ content. Ca2+-depleted TMX1 KOs could also take up significantly 

more Ca2+ into the ER after the ion was reintroduced to the media, suggesting SERCA2b was 

more active. Cytosolic uptake of the ion following histamine-induced IP3R Ca2+ release was 
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quicker in TMX1 KOs compared to WT cells, once more suggesting increased SERCA2b 

activity. Addition of the SERCA inhibitor thapsigargin eliminated this effect, confirming the 

change in Ca2+ uptake occurred due to SERCA2b activity.  

Like Calnexin KOs, TMX1 KOs also had MAM-associated defects. For instance, TMX1 

overexpressing cells had higher mitochondrial Ca2+ and respiration while KOs had low Ca2+ and 

respiration 260. Consistent with this observation, TMX1 KOs had less mitochondrial Ca2+ uptake 

following histamine-induced IP3R Ca2+ release, which is indicative of lower ER-mitochondria 

Ca2+ flux. Likely as a compensatory mechanism for their low mitochondrial metabolism, these 

cells had more glycolytic enzymes and were more resistant to glucose deprivation than WT cells. 

These results suggest loss of TMX1 shifts metabolism towards glycolysis. Lastly, TMX1 KOs 

had a significantly lower average MAM length of ~135nm compared to ~170nm in WT cells. 

This is likely also a compensatory mechanism for their low ER-mitochondria Ca2+ flux. In brief, 

these results strongly suggest TMX1 inhibits SERCA2b, though the mechanism remains 

unknown.  

 

1.2.3.4 Eps1: candidate TMX1 functional homolog 

The PDI superfamily is highly diverse both in terms of structure and function 274. PDI 

superfamily proteins are often quite divergent and primary sequence identity between members 

can be as low as 10% 279. Phylogenetic studies have also shown no functional phylogenetic group 

has complete active site conservation and roughly 50% of proteins from a wide variety of species 

do not conserve both cysteines in the CxxC motif 274. A common substitution for these cysteines 

is serine or threonine, which can also participate in redox reactions 280. All of these factors make 

the study of homologous relationships of thioredoxin proteins a complex process.  

The mammalian PDI family contains 21 members while yeast contain only 5 members: Pdi1, 

Mdp1, Mdp2, Eps1 and Eug1 281. Of these, only Pdi1 has an established functional homolog in 

mammals: PDI 282. Pdi1 catalyzes disulfide bond isomerization and oxidation and its loss causes 

lethality 282. The remaining family members are not essential and are usually expressed at low 

levels in homeostasis 281. Mdp1 is known to catalyze disulfide bond formation and can interact 

with Cne1, presumably to aid in the folding of Cne1-glycosylated clients 281,283. Mdp2 function 

remains unknown 284. Both Mdp1 and Mdp2 show no homology to any known mammalian 

protein 281. Eug1 function is also unknown, though it does not appear to have any oxidoreductase 



 38 

activity 281. Other catalytically inactive PDI family proteins can promote folding of nascent 

proteins or participate in ERAD 274. Therefore, it is possible Eug1 participates in similar redox-

independent mechanisms. Eps1 is the only membrane-bound member of the family 285 and has 

therefore been hypothesized to be the closest functional homolog to TMX1 283. Its functions are 

still not fully understood but at least one study found it was involved in ERAD of membrane-

bound proteins 286. This function was also recently demonstrated for TMX1, suggesting Eps1 and 

TMX1 have similar functions 278.  

Phylogenetic studies also suggest Eps1 is related to TMX1. Eps1 has two TRX-like domains: 

CPHC and CDKC 287. One study suggests its CPHC motif and the CPAC motif of TMX1 form a 

phylogenetic group amongst thousands of TRX-containing proteins from all domains 274. Its 

second motif, CDKC, is not easily reduced, suggesting it is catalytically inactive 288. Eps1 loss 

impairs the normal secretion of proteins with disulfide bonds, likely due to loss of its first 

catalytically active TRX motif 286. A more recent study suggested Eps1 has protein disulfide 

isomerase activity, although in vitro activity was not actually tested 289. This was instead based 

on X-ray crystal structure comparison to other PDI isomerases as well as phylogenetic analysis 

of its first TRX domain. These analyses suggest the CPHC domain is catalytically active and 

could perform isomerization reactions required for protein folding and secretion. eps1 cells are 

viable, grow normally on YPD, and have no severe protein folding defects 285,286. However, they 

have minor defects in ERAD of membrane bound substrates and processing of secretory proteins 

with disulfide bonds, suggesting Eps1 participates in these processes 286,287. Additional studies 

have shown eps1 cells have higher UPR activation compared to WT cells, though EPS1 itself is 

not transcriptionally upregulated during the UPR 287. As with Cne1, there has been no research 

on its effect on Ca2+ homeostasis, mitochondrial metabolism, or MAMs. 
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Figure 1.3 ER-mitochondria Ca2+ flux in TMX1 and Calnexin WT and KO cells 

A. Schematic drawing of Ca2+ flux at MAMs in Calnexin (CNX) WT and KO cells. CNX WTs 

have looser MAMs, high ER Ca2+ and high SERCA2b activity. CNX interacts with SERCA2b 

and supports its ATPase activity via Ero1 and Nox4, which produce reactive oxygen species 

(ROS) that oxidize SERCA2b (indicated by star). CNX likely preferentially binds SERCA2b 

over TMX1. Mitochondria have high Ca2+ which fuels their tricarboxylic acid (TCA) cycle. In 

CNX KOs, TMX1 binds SERCA2b and inhibits its activity through a still unknown mechanism. 

This results in low ER and mitochondrial Ca2+. B. TMX1 WT cells have tighter MAMs. TMX1 

is enriched at the MAM with ER stress where it interacts with and inhibits SERCA2b. 

Mitochondria have high Ca2+ and TCA cycle activity. In TMX1 KOs, CNX bind SERCA2b and 

promote its activity resulting in high ER Ca2+. These cells also have low mitochondrial Ca2+ and 

TCA cycle activity.    



 40 

1.2.4 Rab32: a MAM modulator of the Rab GTPase family 

Another protein that can regulate several aspects of the MAM is Rab32 290. Rab32 is part of 

the Rab GTPase family, a large group of conserved proteins that regulate intracellular traffic in 

all known eukaryotes 218. Their high specificity for effectors and membrane residency allows 

Rabs to act as master regulators of traffic and establish membrane identity 218,291. Rabs move 

effectors from a donor membrane to a target membrane via the GTP cycle 292,293. Most Rabs do 

not interact with effector proteins in their inactive, GDP-bound state, while GTP-bound Rabs are 

usually active and can bind effectors 293. Geranylgeranylation at one or two cysteines in their C 

terminus allows Rab proteins to insert into membranes, where two types of proteins regulate 

their GDP/GTP binding state: guanine exchange factors (GEFs) and GTPase activating proteins 

(GAPs) 294,295. GEFs are usually associated with the donor membrane and catalyze the release of 

GDP, which prompts GTP binding due to the high GTP/GDP ratio in cells 218,295. In this active 

state, the Rab protein can bind effectors and translocate to an acceptor membrane, allowing the 

effector to perform its function 296. Here, GAPs promote GTP hydrolysis, leading to the 

formation of GDP-bound Rabs, which are removed from the membrane by GDP-dissociation 

inhibitors (GDIs) and recycled back to the donor membrane 297,298. One of the ways Rabs 

maintain high membrane specificity is through GDI displacement factors (GDFs), which 

recognize specific Rab-GDI complexes and displace GDI, allowing the Rab protein to insert into 

its appropriate membrane 297,299. Thus, Rabs act as master regulators of traffic by recruiting a 

variety of traffic-related effectors between membranes in a GTP-dependent manner. 

Rab32 is found mainly in the ER, mitochondria, and MAM 290. In melanocytes it is also 

present in melanosomes, where it participates in the biogenesis of this lysosome-related 

organelle (LRO) 290,300,301. LROs are cell-type specific organelles with similar functions and 

morphologies that are partly derived from the endolysosomal system 302. They are characterized 

by an acidic luminal pH, common lysosome-associated membrane proteins, and similar 

biogenesis. Some other examples of LROs include lytic granules, platelet-dense granules, and 

autophagosomes. In these cells, Rab32 transports Tyrosinase and Tyrosinase-related protein 1 

(Tyrp1) and Tyrp2 from the trans-Golgi network (TGN) to the melanosome, a step required for 

melanosomes to become fully functional 300,301.  

Rab32 membrane association is in part regulated by its GEF, biogenesis of lysosome-related 

organelles complex 3 (BLOC-3), which promotes its localization to melanosomes and 
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mitochondria 303. Rab32 also interacts with other LRO biogenesis factors, including the adaptor 

protein complexes (APs) 1 and 3 301. AP complexes link cargo to the coat protein clathrin, 

thereby sorting cargo into clathrin-coated vesicles (CCV) destined for endosomal traffic. AP-1 

and AP-3 recognize sorting signals in newly synthesized LRO proteins and participate in 

transport from the TGN to LROs. Both AP-1 and AP-3 interact with Rab32 and are required for 

the delivery of melanogenic enzymes. Taken together, these studies suggest Rab32 participates 

in early vesicle budding events and cargo recruitment to LROs.  

Rab32 is also the only Rab known to function as an A-kinase anchoring protein (AKAP) 304. 

AKAPs bind to and recruit protein kinase A (PKA) to membranes, providing specificity for the 

kinase by restricting the substrates it has access to. One of its substrates is the mitochondrial 

fission factor Drp1, which is also a Rab32 effector 305. Drp1 can be phosphorylated at serine 656 

(S656) by PKA, which inhibits its activity 290. Loss of Drp1 activity can trigger the accumulation 

of mitochondria at microtubule organizing centers at the perinucleus, a phenotype known as 

mitochondrial collapse 304. This phenotype is also observed in cells overexpressing the dominant 

negative mutant of Rab32, Rab32T39N 305. This is likely caused by an increase in S656 

phosphorylation by PKA, which Rab32T39N promotes 290. T39N overexpression also increases 

Drp1 enrichment in mitochondria and MAMs 290. Reducing the expression of T39N to more 

physiological levels revealed there were more elongated and interconnected mitochondria 304. 

Together, these studies suggest Rab32T39N induces PKA-mediated Drp1 inhibition at 

mitochondria and/or the MAM, resulting in hyperfused mitochondria as a result of decreased 

mitochondrial fission.  

Rab32 also interacts with Syntaxin 17, which promotes mitochondrial fission or autophagy 

depending on the cell’s bioenergetics 306,307. Under nutrient-rich conditions, Syntaxin 17 interacts 

with Drp1 and Rab32 at the MAM 307. This interaction prevents Rab32 from recruiting PKA, 

allowing Drp1 to become active to promote mitochondrial fission during homeostasis. Starvation 

instead promotes MAM recruitment of Atg14L and its binding to Syntaxin 17. The simultaneous 

enrichment of other autophagy initiating proteins promotes isolation membrane biosynthesis as 

previously described. With Syntaxin 17 preferentially binding Atg14L, Rab32’s AKAP activity 

is no longer inhibited. Thus, PKA is recruited to the MAM, where Drp1 is phosphorylated and 

inactivated by PKA, resulting in an overall elongation of mitochondria.  
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Rab32 is also amongst the group of Rabs known to participate in autophagy. Indeed, several 

members of the family regulate a variety of steps in autophagy through interaction with 

autophagy-related proteins. For example, Rab5 interacts with a component of the PI3K III 

complex, VPS34, and recruits the complex to the omegasome to initiate autophagosome 

formation 308. Rab7 instead regulates autophagosome-lysosome fusion via its effector FYVE and 

coiled-coil domain containing protein 1 (FYCO1), a LC3-interacting protein that acts as an 

adaptor to link the autophagosome to motor proteins 309. However, it is still unknown at what 

stage Rab32 acts, and if it has an autophagy-related effector.  Early reports found Rab32 loss 

impaired autophagy in HeLa cells and Drosophila 310,311. Rab32 overexpression in mouse 

embryonic fibroblasts (MEFs) was also shown to induce the formation of LC3-stained 

autophagosomes, a well-known autophagy hallmark 310,312. Multiple studies have also found 

Rab32 colocalizes with the autophagosome 310,313. Thus, although Rab32 clearly influences 

autophagy, its exact molecular involvement remains unknown. 

ER Ca2+ homeostasis is another process influenced by Rab32, though the mechanism for its 

effects remain unclear. Specifically, overexpression of WT and T39N, but not the dominant-

active mutant Q85L, increased cytosolic Ca2+ levels when coupled with the SERCA inhibitor 

thapsigargin 290. This suggested WT and T39N increased IP3R-mediated Ca2+ release and/or 

dampened SERCA activity. No differences in cytosolic Ca2+ were detected when IP3R was 

activated with histamine regardless of the amount or activation state of Rab32, suggesting IP3R 

activity remained unchanged. Thus, increase in cytosolic Ca2+ with thapsigargin observed with 

WT and T39N was likely a result of decreased SERCA activity. To test how mitochondrial Ca2+ 

uptake affected cytosolic Ca2+ in these experiments, the MCU inhibitor Ru360 was also added. 

Under these conditions, WT, T39N and Q85L all caused a significant increase in cytosolic Ca2+. 

These results suggest overexpression of Q85L also increases IP3R-mediated Ca2+ release, like 

WT and T39N, but there is a concomitant increase in mitochondrial Ca2+ uptake in Q85L that 

prevented detection of changes in cytosolic Ca2+ with thapsigargin incubation alone. In 

agreement with these findings, cells overexpressing Q85L were more sensitive to extrinsic and 

intrinsic apoptosis.  

Rab32 also regulates the enrichment of the MAM protein Calnexin 290. Specifically, 

overexpression of Q85L removes Calnexin from the MAM fraction and increases its relocation 

to the peripheral ER 267,290. This could have indirect effects on ER-mitochondria Ca2+ flux since 
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Calnexin interacts with and activates SERCA2b 259. Thus, Q85L-mediated removal of Calnexin 

would allow TMX1 to bind and inhibit SERCA2b, since these folding assistants are thought to 

compete for SERCA2b binding 260. This would in turn decrease SERCA2b mediated ER Ca2+ 

uptake. However, it is still unknown if and how Rab32 regulates SERCA2b activity to induce 

these changes in ER-mitochondria Ca2+ flux.  

 

1.2.4.1 Ypt: the Rab family in S. cerevisiae  

Rab proteins can be further categorized into subfamilies based on subfamily-specific 

conserved motifs as well as pathway, organelle, and functional specificity 314. Studies into Rab 

evolution suggest the last eukaryotic common ancestor (LECA) had between 19-23 subfamilies 

314,315. Rab32 is thought to be one of the Rabs found in the LECA 305,314,315. Humans have 44 

subfamilies and a total of 70 members, indicating a large expansion occurred in mammals since 

the LECA 305,314,315. Phylogenetic studies suggest this expansion is largely due to gene 

duplication and lineage-specific diversification 316,317. The Rab family in yeast is known as the 

yeast protein transport (Ypt) family and is considerably smaller 314,315,317. For example, S. 

cerevisiae and other free-living fungi have only 6 subfamilies 317,318. Many extant species, 

including S. cerevisiae, have fewer than 15 members in total, indicating a significant loss took 

place in this lineage since LECA 314,316,318. This raises the question of how the Ypt family in S. 

cerevisiae operates with only 11 members 316,318. This reduction of Ypt proteins is hypothesized 

to be at least in part due to the relative simplicity of the trafficking system in unicellular 

organisms compared to mammals 316. Therefore, many mammalian Rabs, including Rab32, have 

no known Ypt homolog 296,316,318. Nevertheless, several Ypt/Rab orthologs have been 

characterized. Some are represented by only one protein and can be referred to as 1:1 orthologs 

319. This includes Ypt1/Rab1, which are required for ER to Golgi transport 320. Experiments have 

also demonstrated Rab1 can functionally replace Ypt1 in ypt1 cells, a common approach to 

establish functional homology in this model organism 315. Other members are represented by two 

proteins and are referred to as 1:2 orthologs or co-orthologs, and those with multiple proteins as 

1: >2 orthologs 319. Protein families that have undergone lineage-specific duplications and 

diversification, such as human Rabs 316, often have co-orthologs or 1>2 orthologs in S. cerevisiae 

319. One such protein is Rab5, whose multiple roles in endolysosomal traffic are performed by 

four different Ypt proteins: Ypt51, Ypt52, Ypt53, and Ypt10 321–323. These and the remaining Ypt 
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proteins will be described in the following section to identify one or more potential Rab32 

functional homologs. 

 

1.2.4.2 Ypt candidates for Rab32 functional homology in S. cerevisiae  

Ypt51, Ypt52 and Ypt53 were initially identified as Rab5 homologs since they all 

individually share roughly 50% identity with Rab5 321. Together they form a Ypt subfamily 

sometimes referred to as the Ypt5-like subfamily 323. Like Rab5, the Ypt5-like subfamily is 

required for traffic from and to the endosome 321,324,325. For example, single and double null 

mutants display defects in delivery of vacuolar proteins, particularly ypt51 mutants 321. This is 

in line with Ypt51 being the closest homolog for Rab5 321,325. Rab5 is mainly found on early 

endosomes and is required for their homotypic fusion 326. It also promotes early endosome traffic 

on microtubules 324 as well as TGN to lysosome traffic 327. Rab5 is also found on the plasma 

membrane and on plasma membrane-derived endosomes, where it promotes endocytosis 328. 

Endosomes can also originate from the TGN and serve to sort proteins for delivery to various 

organelles or to the plasma membrane for their secretion 327. Endosomal traffic involves 

maturation of these vesicles from early to late endosomes. Early endosomes are characterized by 

the presence of Rab5 while late endosomes contain Rab7 329. Early to late endosome maturation 

requires the exchange of Rab5 with Rab7. This exchange is promoted by the Rab7/Ypt7 GEF 

Mon1-Ccz1, which is found on late endosomes 330.  

Another name for several Ypt proteins is vacuolar protein sorting (Vps), since many of these 

proteins had been previously identified in studies characterizing deletion strains with abnormal 

vacuole morphology and/or function 331,332. For example, although Ypt51 was identified in a 

study searching for a Rab5 homolog 321, an earlier study had described the same gene as Vps21 

331. Thus, Ypt51 is also known as Vps21. Ypt51/Vps21, like Rab5, promotes early to late 

endosome maturation as well as TGN to late endosome traffic 333. Multiple studies have shown 

Ypt51, Ypt52 and Ypt53 can interact with different effectors, suggesting they participate in 

distinctive pathways and have different degrees of functional homology with Rab5 321,325. A 

more recent addition to the Ypt5-like subfamily is Ypt10, which participates in endosome 

maturation 323. 

Of the 11 Ypt proteins in S. cerevisiae, four regulate exocytosis: Ypt1, Ypt31, Ypt32, and 

Sec4 334. Ypt1 shares roughly 70% identity with Rab1 and mediates ER to Golgi transport as 
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well as intra-Golgi traffic 335,336. Ypt1/Rab1 can promote tethering to aid membrane fusion by 

interacting with the transport protein particle (TRAPP)-I and -II complexes, which contain GEFs 

for Yp1/Rab1 334. Ypt1 also interacts with Atg11, a scaffolding protein required for PAS 

formation during selective autophagy in yeast 337. Atg11 is required for mitophagy and 

pexophagy, the degradation of peroxisomes 338. During non-selective autophagy, Ypt1 instead 

recruits Atg17, another PAS scaffolding protein 337. Rab1 also participates in early 

autophagosome formation but there is no evidence it interacts with the Atg11/Atg17 mammalian 

homolog focal adhesion kinase family interacting protein of 200 kDa (FIP200). 

Ypt31 and Ypt32 are most closely related to Rab11 with roughly 60% sequence identity 334. 

These proteins regulate exocytosis by promoting intra-Golgi traffic. Ypt31 and Ypt32 often work 

in unison and are therefore usually referred to as Ypt31/32. The TRAPP complexes also act as 

GEFs for these proteins. Ypt31/32 also promote Golgi to plasma membrane traffic during 

exocytosis by binding the motor protein Myo2. They also promote traffic of Atg9 from the Golgi 

to the PAS, which is required for autophagosome formation in yeast 339.  

Traffic from the Golgi to the plasma membrane is mainly regulated by Sec4, which was 

initially identified as a temperature sensitive secretory (sec) mutant strain with defective 

secretion 340. Sec4 is most closely related to Rab8 296. Rab8 also regulates post-Golgi transfer and 

is mostly found at the TGN on budding vesicles, endosomes, exocytic vesicles, and the plasma 

membrane 296. This traffic is partly mediated by Rab8 interacting with myosin V motor proteins 

341. Similarly, Sec4 interacts with Myo2 to promote post-Golgi traffic 284.  

Ypt6 is most closely related to Rab6, with whom it shares roughly 55% identity 334. 

Ypt6/Rab6 mainly promote the fusion of endosomes at the Golgi 342. Indeed, Rab6 is enriched in 

the trans face of the Golgi and is required for retrograde transport to this organelle. Rab6 acts in 

conjunction with other Rabs, including Rab1, to maintain Golgi identity and structure by 

promoting intra-Golgi transport 336,342.  

Ypt7 is 63% identical to Rab7 and performs many of the same functions 343,344. For example, 

Ypt7/Rab7 are required for homotypic fusion of vacuoles/lysosomes as well as homotypic fusion 

of late endosomes, where they are mostly found 343–345. Ypt7/Rab7 also promote fusion of 

autophagosomes and late endosomes with the vacuole/lysosome 345. Thus, Ypt7 loss causes 

autophagosome accumulation 346. Ypt7 is also involved in endosome maturation along with 

Ypt51/Vps21 as previously described 329,330. The delivery of certain vacuolar proteins also 
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depends on Ypt7 300,343. Lastly, Ypt7 is the only Ypt protein identified at MCS in yeast 347,348. 

Indeed, Ypt7 is part of the vacuole and mitochondria patch (vCLAMP), a complex that tethers 

mitochondria and vacuoles. Mammalian lysosome-mitochondria contact sites containing Rab7 

and its GAP TBC1 domain family member 15 (TBCD151) have also been described recently 349. 

Interestingly, vCLAMP can compensate for phospholipid defects in ERMES mutants, suggesting 

it can perform some of the MAM’s functions. 

Lastly, Ypt11 is the only known mitochondrial Ypt and is required for the inheritance of 

mitochondria to daughter cells 350. Ypt11 mediates this function by promoting mitochondrial 

transport with its effector, Myo2 351. Phylogenetic analysis has not established homology to any 

known mammalian Rab but Ypt11 is most closely related to Rab8 350,352. Ypt11 can also localize 

to the Golgi, where it interacts with a Golgi-bound protein 350. Interestingly, Ypt11 can also 

localize to the ER when overexpressed, though its function here is not well understood.   

From these studies, three Ypt proteins emerge as likely candidates for functional homologs of 

Rab32: Ypt1, Ypt11, and Ypt7. In the case of Ypt1, this member could perform some of Rab32’s 

autophagy functions. Indeed, Ypt1 temperature-sensitive mutants have impaired autophagy, as 

do Rab32 KD cells 310,353. Although it is unclear how Rab32 regulates autophagy, it is plausible it 

participates in isolation membrane formation given it: i) is MAM-enriched, ii) interacts with 

Syntaxin-17, which recruits the PI3K III complex, and iii) its overexpression increases the 

number of autophagosomes, suggesting it promotes this pathway 203,290,310. Similarly, Ypt1 is 

required for recruitment of Atg11 and Atg17 to the PAS, a process that is analogous to the 

formation of the isolation membrane in mammals 201,337. Though highly speculative, one 

possibility is that Ypt1 and Rab32 perform similar functions by recruiting autophagy-related 

proteins to the site of autophagosome biogenesis in their respective species. It is possible Rab32 

interacts with the Atg11/Atg17 homolog FIP200, a component of the ULK1 complex 337. Rab32 

would thus be responsible for recruitment of the ULK1 complex to the MAM in this scenario.  

A case for Ypt11 can be built based on its localization to both the ER and mitochondria 350. 

Indeed, both Ypt11 and Rab32 are the only known mitochondrial Ypt/Rab proteins 218,350. 

Additionally, Ypt11 promotes mitochondrial movement via its effector Myo2, a motor protein 

351. Rab32 has also been recently implicated in mitochondrial movement since overexpression of 

its dominant negative mutant significantly decreases mitochondrial movement in neuronal cells 
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354. Rab32 could mediate this function by interacting with the related motor protein Miro-2, 

though this has not been tested.  

Lastly, Ypt7 performs similar sorting functions as Rab32 in melanocytes. For instance, Ypt7 

is required for targeting of membrane-bound vacuolar proteins, which is likely similar to Rab32-

mediated traffic of membrane-bound melanosome enzymes 300,343. Ypt7 could also have MAM 

regulatory abilities like Rab32 since it is the only known Ypt protein to localize to a MCS in 

yeast 347,348. Indeed, Ypt7 is a component of vCLAMP, a tethering complex between 

mitochondria and vacuoles. More importantly, vCLAMP rescues the lipid traffic defects in 

ERMES mutants, suggesting the complex can perform or compensate for MAM functions.  

 

1.3 Thesis outline and objectives 

The MAM is a highly active structure with a large repertoire of functions and proteins 

moving in and out in response to a multitude of stimuli. There is also evidence of physically and 

functionally distinct types of MERCs, adding further complexity to this structure. MAMs are 

also highly dynamic as tethering is regulated to form and disassemble contacts in response to 

nutrient status, ER and oxidative stress, Ca2+ levels, and other factors in ways we are only just 

beginning to fully understand. Nevertheless, there are some well-established factors known to 

influence MAM properties and functions. This thesis focuses on some of these factors: Rab32 

and ER folding assistants.  

 We know Rab32 influences multiple aspects of the MAM. This includes Ca2+ flux, apoptosis 

onset, MAM enrichment of MAM-localized Calnexin, and mitochondrial dynamics. However, its 

role in autophagy is still largely unknown. Thus, in our first project, we wanted to investigate the 

role of Rab32 in autophagy. Therefore, in Chapter 3 we first performed a number of assays to 

understand how Rab32 regulates autophagy. Additionally, we investigated if Rab32 had any 

autophagy-related effectors. We also wanted to know if the proteome, tethering, and apoptotic 

function of MAMs were altered during this process.  

The highly interconnected nature of these processes, as described in this introduction, has 

complicated the study of the MAM. Therefore, one of the goals of this thesis is to return to a 

simple model organism previously used to great advantage in MAM research. Thus, in Chapter 4 

we sought to identify a functional homolog for Rab32 amongst the Ypt family in S. cerevisiae. 

To do this we performed a phylogenetic analysis and proceeded to characterize MAM related 
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functions in mutant strains of the most likely candidate identified. This included growth assays 

with Ca2+ chelation and non-fermentable carbons as well as electron microscopy to analyze ER-

mitochondria contact sites.  

The recent characterization of Calnexin and TMX1 KOs has demonstrated these folding 

assistants activate and inhibit SERCA2b respectively, and therefore influence organellar Ca2+ 

levels and MAM functions such as mitochondrial respiration, apoptosis, and MAM tethering. In 

Chapter 5 we sought to investigate if folding assistants in S. cerevisiae conserve some of these 

functions. To investigate this, we used null mutants for their homolog counterparts: eps1 and 

cne1 strains. In this project, we performed growth assays, respirometry, and electron 

microscopy to investigate if loss of folding assistants in yeast also alters MAM functions and 

properties. 

Taken together, the overarching goal of this thesis is to develop a better understanding of 

factors that can regulate ER-mitochondria contact sites and MAM functions in mammals and S. 

cerevisiae. The following chapter will detail the reagents, materials, and techniques used for the 

experiments performed in Chapters 3, 4, and 5.   
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Chapter 2: Materials and methods 
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2.1 Reagents, solutions, and buffers 

 

Table 2.1 Chemicals and reagents 

Chemical/reagent Supplier 

Acetic Acid  Fisher Scientific  

Acetone  BDH Chemicals  

Acetonitrile Sigma 

Acrylamide, 30%  BioRad  

Ammonium Chloride  Sigma  

Ammonium Persulfate (APS)  BioRad  

Ammonium sulfate Fisher Scientific 

Ampicillin  Sigma  

Bafilomycin A1 Millipore 

Bacto agar BD  

-Mercaptoethanol BioShop 

1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

tetrakis(acetoxymethyl ester) (BAPTA-AM) 

Sigma 

Bovine serum albumin (BSA)  Sigma  

Bromophenol Blue  BioRad  

Cobalt chloride hexahydrate  Sigma 

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

(FCCP) 

Enzo 

3-[(3-Cholamidopropyl) dimethylammonio]-1-  

propanesulfonate (CHAPS)  

Sigma  

25x Complete protease inhibitors  Roche  

Dextrose Fisher Scientific 

4′,6-diamidino-2-phenylindole (DAPI) Sigma 

Dimethyl sulfoxide (DMSO)  Caledon  

Dithiobis Succinimidyl Propionate (DSP)  Thermo Scientific  

Dulbecco’s Modified Eagle Medium (DMEM)  Gibco  

Dulbecco’s Phosphate Buffered Saline (DPBS) 10X  Cellgro Mediatech, Inc.  

Earl’s Balanced Salt Solution (EBSS) Thermo Fisher  

Embed 812 Electron Microscopy Sciences 

Ethylene diamine tetraacetic acid (EDTA)  EMD  

Ethylene glycol tetraacetic acid (EGTA)  OmniPur  

Ethanol  Commercial Alcohols  

Fetal Bovine Serum (FBS)  Gibco  

Geneticin Gibco 

Glucose  Fluka  

Glutaraldehyde grade I Sigma 

Glycerol  BDH  

Glycine  Fisher Scientific  

4-(2-hydroxyethyl)-1-piperazieethanesulfonic acid (HEPES)  Sigma  

Isopropanol  Fisher Scientific  

Lipofectamine 2000  Invitrogen  

Lithium acetate Fisher Scientific 

L-glutamine, 200mM Gibco 

Luria-Bertani (LB) Agar, Miller  BD Biosciences  
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Luria Broth Base, Miller  BD Biosciences  

Magnesium Chloride (Molecular Biology purity)  Finnzymes  

Magnesium Chloride  EM Science  

Metafectene Pro  Biontex  

Methanol  Fisher Chemicals  

Milk (skim milk powder) Carnation 

Nitrocellulose Trans-blot  BioRad  

Nonyl phenoxypolyethoxylethanol (NP-40)  CalbioChem  

Oligofectamine Invitrogen 

Opti-MEM  Gibco  

Osmium tetroxide Sigma 

Paraformaldehyde (PFA)  Sigma  

Peptone Fisher Scientific 

Percoll GE Healthcare 

Phosphate Buffer Saline with Ca2+ and Mg2+ (PBS++) 10X  Cellgro Mediatech, Inc.  

Polyethylene glycol (PEG) Sigma 

Potassium permanganate  Sigma 

Precision Plus Protein Dual Colour Standards  BioRad 

ProLong Antifade Resin (PLAF)  Invitrogen Molecular Probes  

Protein A Sepharose (PAS) Beads CL-4B  GE Healthcare BioSciences  

Rapamycin  MP Biochemicals 

Roswell Park Memorial Institute medium (RPMI) Gibco (12633012) 

Saponin  Fluka  

Sodium Acetate trihydrate EMD  

Sodium Azide  ICN Biomedical Inc.  

Sodium Bicarbonate  EMD  

Sodium Carbonate  EMD  

Sodium Chloride  Fisher Scientific  

Sodium Deoxycholate  Sigma  

Sodium Dodecyl Sulphate (SDS)  J.T. Baker  

Sodium Hydroxide  BDH  

Sodium periodate  Sigma 

Sucrose  EMD  

Tetramethylethylenediamine (TEMED)  OmniPur/EMD  

Trans-blot nitrocellulose BioRad 

Tris  Bio Basic Inc.  

Triton X-100  Sigma  

Tunicamycin Calbiochem 

Trypsin 2.5%  Gibco  

UltraPure water  Invitrogen  

Yeast extract Fisher Bioreagents 
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Table 2.2 Solutions and buffers 
Buffer / Solution Composition 

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

1% CHAPS  

EM fixing solution 2% paraformaldehyde, 2% glutaraldehyde in 0.1M 

sodium cacodylate buffer, pH 7.4 

IF blocking solution  DPBS, 2% BSA, 0.5% Saponin  

IF fixing solution  DPBS, 4% Paraformaldehyde  

IF permeabilization solution  PBS++, 0.2% BSA, 0.1% Triton X-100  

Laemmli buffer  60mM Tris pH 6.8, 2% SDS, 10% Glycerol, 5% -

Mercaptoethanol, 0.01% Bromophenol Blue  

Lithium acetate 1.0mM in ddH20, pH 8.5 

Mitochondria homogenization buffer  250mM Sucrose, 10mM HEPES pH 7.4, 1mM 

EDTA, 1mM EGTA 

Osmium tetroxide 1% osmium tetroxide in 0.1M NaCaCod, pH 7.4 

4x separating buffer  1.5M Tris pH 8.8, 0.4% SDS  

4x stacking buffer  0.5M Tris pH 6.8, 0.4% SDS  

Sodium cacodylate buffer 0.1M NaCaCod, pH 7.4 

Tris Buffered Saline-Triton X100 (TBS-T)  10mM Tris pH 8.0, 0.15M NaCl, 0.05% Triton X-

100  

Tris-EDTA (TE) buffer 10mM Tris-HCl pH 8.0, 1.0mM EDTA 

Uranyl acetate solution 1% uranyl acetate 

WB antibody solution  TBS-T, 2% milk   

WB blocking solution  DPBS, 2% BSA  

WB transfer buffer 10mM NaHCO3, 3mM Na2CO3, 20% Methanol  

WB running buffer  25mM Tris, 200mM Glycine, 0.1% SDS  

EM: electron microscopy 

IF: immunofluorescence 

WB: western blot 
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2.2 Antibodies 

 

Table 2.3 Primary antibodies 
Antibody Host Supplier Working 

dilution 

Application 

 

Bad Rabbit #9239 Abcam 1:1000 WB 

Bak Rabbit #12105 Abcam 1:1000 WB 

Bax Rabbit #5023 Abcam 1:1000 WB 

Bcl-2 Rabbit #2872 Abcam 1:1000 WB 

Bcl-xL Rabbit #2762 Abcam 1:1000 WB 

Bim Rabbit #2933 Cell signaling 1:1000 WB 

BiP Mouse 610978 BD Biosciences 1:5000 WB 

Calnexin Rabbit Inhouse, Bui et al., 2010 1:2000 WB 

Caveolin Mouse 610407 BD Transduction 

laboratories 

1:1000 WB 

CCPG1 Rabbit 13861-1-AP ProteinTech 1:500 WB 

Climp 63 Mouse C5840 US Biological 1:1000 WB 

Complex II Mouse ab14714 Abcam 1:2500 WB 

Complex IV-sub IV Mouse A21348 Life technologies 1:2500 WB 

Cytochrome c Goat kind gift from Dr. Michelle 

Berry 

1:1000 WB 

Drp1 Mouse ab56788 Abcam 1:2000 WB 

FACL4 Goat ab11007 Abcam 1:1000  WB 

FAM134B Rabbit ab151755 Abcam 1:1000 WB 

FLAG Mouse 600-401-383 Rockland  1:5000 WB 

1:250 IF,IP 

GAPDH Rabbit #5174 Cell signaling 1:1000 WB 

Golgin 97 Mouse A-21270- Molecular Probes 1:2000 WB 

HA Rabbit #3724 Cell signaling 1:5000 WB 

HA Rabbit 901501 Biolegend 1:200 IF 

LC3  Rabbit #12741 Cell signaling 1:1000 WB 

Mcl-1 Rabbit #4572 Abcam 1:1000 WB 

Mitofusin-1 Rabbit #14739 Abcam 1:1000 WB 

Mitofusin-2 Rabbit M 6319 Sigma 1:1000 WB 

p62 Mouse 610833 BD BioSciences 1:2000 WB 

PACS-2 Rabbit 19508-1-AP ProteinTech 1:500 WB 

PDI Mouse MA3-019 Thermo 1:5000 WB 
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Puma Rabbit #12450 Abcam 1:1000 WB 

Rab32 Rabbit HPA025731 Sigma 1:1000 WB 

1:100 IF 

Reticulon 3 Rabbit Boster Biological PA2256 1:500 WB 

Reticulon 3 Rabbit MA5-15538 clone 1E11 

Thermo  

1:100 IF 

Reticulon 4 Rabbit 10740-1-AP ProteinTech 1:1000 WB 

Sec 61B Rabbit 07-205 Millipore 1:10 000 WB 

Sec 62 Rabbit HPA014059 Sigma 1:1000 WB 

Syntaxin-17 Rabbit ABC970 Sigma 1:1000 WB 

Tubulin Mouse T 5168 Sigma 1:10 000 WB 

TMX1 Rabbit H008154-B01P Abnova 1:2000 WB 

VDAC1 Mouse ab14734 Abcam 1:2000 WB 

WB: Western blot  

IF: Immunofluorescence 

IP: Immunoprecipitation  

 

Table 2.4 Secondary antibodies 
Antibody Host Supplier Working 

dilution 

Application 

AlexaFluor 680 

anti-Mouse 

Goat  A21057 Invitrogen 

Molecular probes 

1:10 000 WB 

AlexaFluor 800 

anti-Rabbit 

Goat  A32735 Invitrogen 

Molecular probes 

1:10 000 WB 

AlexaFluor 680 

anti-Goat 

Donkey A32860 Invitrogen 

Molecular probes 

1:10 000 WB 

AlexaFluor 800 

anti-Goat 

Donkey A32930 Invitrogen 

Molecular probes 

1:10 000 WB 

Alexa Fluor 405 

anti-Rabbit  

Goat A31556 Invitrogen 

Molecular probes 

1:1000 IF 

Alexa Fluor 594 

anti-Mouse  

Goat A11005 Invitrogen 

Molecular probes 

1:1000 IF 

WB: Western blot 

IF: Immunofluorescence  

 

2.3 Commercial kits and equipment  

 

Table 2.5 Commercially available kits 
Kit Supplier 

Amaxa nucleofector kit V Lonza 

PE Annexin V apoptosis detection kit BD Biosciences 
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2.4 Cell culture 

Cell lines were cultured in indicated media (Table 2.6, below) and maintained in a 

humidified tissue culture incubator at 37C with 5% CO2. Cells were passaged after 

trypsinization usually 3 times per week, up to a maximum passage number of 30. Unless 

otherwise stated, cells were trypsinized, resuspended in media, counted with a hematocytometer 

or in an automatic cell counter (Countess II FL, life Technologies) and seeded onto 6-well 

plates.  

 

Table 2.6 Cell lines 
Cell line Growth medium Source 

MCF7 RPMI + 10% FBS ATCC 

MCF7 LC3-GFP RPMI + 10% FBS + 

50mg/mL geneticin 

Kind gift from Dr. Ing Swie 

Goping, University of Alberta 

MCF7 pIRES2 

MCF7 Q85L 

RPMI + 10% FBS + 

50mg/mL geneticin  

This thesis (see point 6) 

HeLa DMEM + 10%FBS ECACC 

PACS-2 WT HeLa 

PACS-2 KO HeLa 

DMEM + 10%FBS Kind gift from Dr. Gary 

Thomas, University of 

Pittsburgh 

MFN-2 WT MEF 

MFN-2 KO MEF 

DMEM + 10%FBS Kind gift from Dr. David 

Chan, California Institute of 

Technology 

 

2.5 Plasmids and siRNA 

 

Table 2.7 Plasmids and siRNA 
Plasmid Vector Source 

Rab32 WT-FLAG pcDNA3 Kind gift from Dr. John Scott, 

University of Washington 

Rab32 Q85L-FLAG pcDNA3 Dr. John Scott 

Rab32 T39N-FLAG pcDNA3 Dr. John Scott 

Rab32 WT-FLAG pIRES2 Inhouse 

Rab32 Q85L-FLAG pIRES2 Inhouse 

Rab32 T39N-FLAG pIRES2 Inhouse 

siRNA ID Source 

Human Rab32 HSS116975 Invitrogen 

Human RTN3 HSS145573 Invitrogen 

Scrambled control 452001 Invitrogen 
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2.6 Transient transfections and generation of stable cell lines 

Transient transfections were performed according to manufacturer’s (Table 2.1) instructions. 

Unless otherwise stated, cells were transfected with plasmids in the pcDNA3 vector. Briefly, the 

morning after seeding into 6-well plates, cells were transfected with 2g DNA (unless otherwise 

stated) and 7L of Lipofectamine 2000 in Opti-MEM, or 10L of Metafectene in PBS per well. 

Opti-MEM/PBS was replaced with the appropriate growth media (Table 2.5) after a 4hr 

incubation. Unless otherwise stated, transfections were carried out for 48hrs. siRNA knockdown 

was performed in Opti-MEM with 20pmol siRNA and 4L of Oligofectamine per well for 72hrs, 

unless otherwise stated. Simultaneous siRNA knockdown and plasmid expression was performed 

by transfecting 1g DNA and 20pmol siRNA with 7L of Lipofectamine 2000.  

Nucleofection for the immunofluorescence experiments was performed with the Lonza 

nucleofector kit V (#VVCA-1003) in their Nucleofector 2b device according to their MCF7 

protocol. Briefly, cells were trypsinized and 2 million cells per condition were counted and 

pelleted in a centrifuge at RT (800rcf for 10 min). Cells were then resuspended in the 

nucleofection solution and transferred to cuvettes. Cuvettes were inserted into the Nucleofector 

2b device and protocol P-020 was used. The cells were then resuspended with the appropriate 

growth media (Table 2.5) and transferred to a coverslip in a 6-well plate. The transfections were 

carried out for 48hrs. 

MCF7 stably expressing vector control pIRES2 or Rab32Q85L-FLAG were generated as 

follows: MCF7 cells were transfected with lipofectamine as described above and after 24hrs 

trypsinized and counted. Serial dilutions from 200 to 2000 cells were transferred to 15cm dishes 

and the selection agent geneticin (50mg/mL) added. Clones were allowed to grow for 2-3 weeks, 

only replacing the media every 5 days. Clones were then isolated with cloning rings by adding 

trypsin and transferring into individual wells in 24-well plates. These were allowed to grow for 

roughly a week before being tested via immunofluorescence (to detect FLAG positive cells) and 

western blot (to detect FLAG and Rab32 signal).  

 

2.7 Immunoblotting and densitometry analysis 

After lysates were mixed with Laemmli buffer, they were boiled for 10 min, loaded onto SDS-

PAGE with WB running buffer, and run at 150V for roughly 1hr. After protein separation by SDS-

PAGE, samples were transferred onto a nitrocellulose membrane using a Mini Trans-blot Cell 
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apparatus (BioRad) at 400mA for 2hrs at 4°C, in WB transfer buffer (Table 2.2). The membrane 

was then incubated on a rocker in WB Blocking Solution for 1hr at room temperature and then 

with WB antibody solution with a primary antibody either overnight at 4°C or 1hr at room 

temperature, according to the specifications of each antibody. The membrane was then washed 3 

times with TBS-T on a rocker for 5min at room temperature and then incubated with WB antibody 

solution containing secondary antibody for 1hr at room temperature. Lastly, the membranes were 

washed again as described above and visualized with the Odyssey Infrared Scanner (LI-COR, 

Lincoln, NE). Densitometry analysis was performed with LI-COR ImageStudio Lite 5.2.5 

software. Rectangles or ovals were manually selected around bands and automatically corrected 

for background based on the median pixel intensity of a 3-pixel region around the shape. The 

resulting values were then statistically analyzed (see below).  

 

2.8 Immunofluorescence and co-localization analysis 

MCF7 were nucleofected as described above and grown on glass coverslips. RPMI was 

replaced with EBSS for 2hrs where indicated. Cells were washed twice with PBS++ (PBS 1mM 

CaCl2 and 0.5mM MgCl2) and fixed with 4% paraformaldehyde for 20 min. Cells were washed 

again with PBS++ and permeabilized with 0.1% Triton X-100 + 0.2% BSA in PBS++ for 2 min. 

They were then incubated with DAPI for 5 min, washed twice with PBS++ and incubated with 

primary antibodies (Table 2.3) for 1 hr in IF blocking solution (2% BSA + 0.5% Saponin in 

PBS++). The cells were washed again and incubated with secondary antibodies (Table 2.4) for 30 

min in IF blocking solution before being mounted in Prolong AntiFade (PLAF) resin and allowed 

to dry overnight at room temperature.   

For co-localization, MCF7 cells transfected as indicated were fixed in 3% paraformaldehyde  

+ 0.1% glutaraldehyde in PBS++ for 20 min. Cells were permeabilized with 0.1% Triton X-100 + 

0.2% BSA in PBS++ for 1 min. Cells were blocked for 15 min in 0.2% Saponin + 2% BSA in 

PBS++. Primary antibodies were added for 1 h in the same buffer, while secondary antibody 

incubation was for 30 min. Cells were washed in 0.2% Saponin + 0.2% BSA in PBS++ and 

mounted as above.  

Coverslips were then imaged with an Axiocam on an Axio Observer microscope (Carl Zeiss, 

Jena, Germany) using a 63X plan-Apochromat oil lens. Representative images were prepared after 

iterative deconvolution with the Axiovision software Photoshop (Adobe, San Jose, CA) was used, 
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using the levels function only, to achieve near-saturation levels in the brightest areas of each 

channel. For the LC3 puncta assay, ImageJ software 355 (ImageJ, U.S. National Institutes of Health, 

http://rsb.info.nih.gov/ij/) was used to annotate images by denoting whether each cell had 10 LC3 

puncta to facilitate counting. Cells with 10 LC3 puncta were considered to have higher than 

normal levels of autophagy. Samples were analyzed in a blinded manner. 100 cells per condition 

were counted in each independent experiment (n=3). For the co-localization assay, the images 

were deconvolved by AxioVision then analyzed using ImageJ Coloc 2. The Manders coefficient 

of each condition was calculated from the average of 5 cells. In each cell, 3 ROI (region of interest) 

were chosen for Coloc2 analysis. 

 

2.9 Co-immunoprecipitations 

MCF7 were plated at 106 cells per well in 6-well plates and transfected the following morning. 

Each construct was transfected into 3 wells and allowed to express for 48hrs. Before lysis, a 

crosslinking solution was made by preparing a 2mM DSP working solution in DMSO that was 

added to room temperature DPBS with protease inhibitors. The final 200mM DSP solution was 

filtered through a 0.2m syringe filter.  Cells were washed twice with room temperature PBS++ 

and then crosslinked at room temperature for 30 min. Afterwards, cells were washed twice with 

10mM NH4Cl in PBS++ to quench the cross-linking reaction and harvested on ice with 150L 

CHAPS buffer supplemented with protease inhibitors. The 3 wells transfected with the same 

construct were pooled together into one microcentrifuge tube and centrifuged at 1000 rpm for 15 

min at 4C to remove cellular debris. Then 0.2 g of Protein A Sepharose (PAS) beads were washed 

3 times with distilled water and resuspended into a 1.5mL solution. The sample supernatants were 

precleared by incubating with 20L of PAS beads for 1hr on a rocker at 4C after taking 25 L to 

combine with Laemmli buffer to serve as input (5%). Samples were then centrifuged at 800rpm 

for 2 min and the resulting supernatant incubated with 5L of anti-FLAG antibody overnight on a 

rocker at 4C. 25L of PAS beads were added for protein precipitation for 1hr on a rocker at 4C 

the next day. Lastly, the samples were washed 3 times with 400L CHAPS and the pellets 

resuspended in 25L of Laemmli buffer before being analyzed by western blot.  
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2.10 Percoll fractionation 

The protocol was adapted from Rusiñol et al. (1994). MCF7 cells were seeded to 90% 

confluence in fifteen 15cm dishes, washed twice with PBS++ and harvested on ice with 4mL of 

mitochondrial homogenization buffer (Table 2.2) supplemented with protease inhibitors. The cell 

suspension was centrifuged 5 min at 1,500rpm in a JA-12 rotor at 4C, the supernatant discarded, 

and the entire sample resuspended in 5mL of the buffer. The sample was then passaged 8 times 

back and forth through a ball bearing homogenizer (Isobiotech, Heidelberg, Germany) with a 

14m clearance ball before being centrifuged twice at 1,810rpm for 10min in a JA-12 rotor to 

remove nuclei and debris. A sample of 160L of supernatant was taken and 40L of 5X Laemmli 

buffer added to be used as the homogenate fraction while remaining supernatant was spun at 

8,500rpm for 10min in a JA-12 rotor at 4C. The resulting pellet, the crude mitochondria fraction, 

was resuspended in 1mL of buffer supplemented with protease inhibitors. An 80L aliquot was 

taken and 20L of 5X Laemmli buffer added to serve as the crude mitochondrial fraction. The 

remaining sample was carefully layered on top of 7.9mL of 18% Percoll solution (in ddH2O) in a 

polycarbonate tube. Samples were then centrifuged at 33,333 rpm for 35min in a 90Ti rotor at 4C. 

The MAM fraction was harvested roughly ¾ down the tube with an 18G ½ needle and a 1mL 

syringe while the pure mitochondria fraction was found directly underneath the MAM fraction. To 

remove Percoll, the MAM fraction was centrifuged at 60,000rpm for 1hr in a TLA 120.2 rotor at 

4C. The fraction pelleted on top of a Percoll pellet and was isolated with a syringe equipped with 

an 18G ½ needle and resuspended with Laemmli buffer to a final 300L volume. The pure 

mitochondrial fraction was also cleared of Percoll similarly but was instead distributed into 4 

microcentrifuge tubes and centrifuged twice at 10,000rcf at 4C for 10min, removing supernatant 

and adding fresh buffer in between spins. The supernatant of the 8,5000rpm was evenly distributed 

into four Beckman 1.4mL tubes, balanced with fresh buffer as necessary, and centrifuged at 

60,000rpm in a TLA120.2 rotor for 1hr at 4C. The resulting pellets represents the microsomal 

fraction and were resuspended with 300L of 1X Laemmli to a final volume of 1.2mL. The 

supernatant was distributed into twelve microcentrifuge tubes (roughly 300L per tube) and 1mL 

of pure acetone added to precipitate overnight at -20C. The next morning, the samples were 

centrifuged at 13,000rpm for 20min at 4C before aspirating the acetone, allowing the pellets to 
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dry, and resuspending in 100L of 1X Laemmli buffer. Equal proportional amounts of each 

fraction were analyzed by immunoblot.  

 

2.11 Electron microscopy and analysis for mammalian samples 

2 million MCF7 cells were grown on 6cm dishes and fixed with filtered EM fixing buffer for 

30 min at 37C 5% CO2. Cells were then quickly washed on ice 3 times with sodium cacodylate 

buffer and harvested in 500L of the same buffer before being centrifuged at 1000g for 5 min. 

They were then spun 5 min at 3000g, 6000g, and finally 12,000g. Post fixation was done with 1% 

osmium tetroxide in the sodium cacodylate buffer for 1hr on ice. Samples were quickly rinsed 

twice with ddH2O before staining with 1% aqueous uranyl acetate for 18hrs at 4C in a rocker 

protected from light. Dehydration was done the following day, starting by replacing uranyl acetate 

solution with 70% ethanol and incubating on ice for 5min. The sample was then centrifuged 30s 

at 13,000rpm to maintain the integrity of the pellet before doing another 70% ethanol wash. This 

step was repeated with 80%, 90%, and 100% ethanol. Samples were then incubated twice with 

acetonitrile for 10 min on ice before being covered with a 1:1 mixture of acetonitrile and Embed 

812 and placed under vacuum overnight. The following morning, samples were placed in 100% 

Embed 812 and under vacuum for 7hrs, and then allowed to polymerize at 65C for 48hrs before 

sectioning. We used an Ultracut E (Reichert-Jung) for sectioning and imaged the samples using a 

CCD camera (iTEM; Olympus Soft Imaging Solutions) mounted on a 410-transmission electron 

microscope (Philips).  

Images were analyzed for ER tubules in close proximity to mitochondria and quantified with 

ImageJ. Two types of measurements were taken: MCS distance and MCS length. Distance was 

defined as the space between the ER outer leaflet and the mitochondrial outer leaflet. Only 

measurements 50nm were considered a MCS, as defined previously 14. Length was defined as 

the space along the ER membrane where the MCS distance was  50nm. Data was derived from 

over 50 images per condition, with n=100 measurements each.  
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2.12 Statistical analysis 

All the data are expressed as mean ± standard deviation. Bar graphs include standard errors. 

Statistical significance was determined with student’s unpaired t-test using QuickCalcs by 

GraphPad (https://www.graphpad.com/quickcalcs/ttest1/).  

 

2.13 Flow cytometry and apoptosis analysis 

500,000 MCF7 cells per well were seeded onto a 12-well plate and transfected with Rab32-

Q85L and Rab32-T39N in the pIRES2-EGFP vector with metafectene for 24hrs. Apoptosis was 

induced with 2M of tunicamycin for 16h before being collected and centrifuged at 800rcf for 

10min at room temperature (JA-12 rotor). The samples were then washed once with PBS, 

centrifuged again and washed in 1X Binding buffer (BD Biosciences kit) before being 

resuspended in 100L of buffer and stained with 2L of Annexin V and 2L of 7-AAD (BD 

Biosciences kit) for 15min in the dark, at room temperature. The cells were then analyzed by BD 

LSRFortessa flow cytometer with the FL-2 and FL-4 channels in the BD Accuri C6 acquisition 

software (BD Biosciences). Only GFP positive populations (transfected cells) were gated for 

analysis. 10,000 individual events were collected.  

 

2.14 Human breast cancer patient data analysis 

The gene expression microarray dataset was generated from a human breast cancer cohort 

consisting of 176 treatment-naïve primary tumor samples as previously described 356. The data are 

accessible from the NCBI website (www.ncbi.nlm.nih.gov/geo/) through GEO series accession 

number GSE22820. Patient material and clinical information were collected under Research Ethics 

Board Protocol ETH-02-86-17. Patients received standardized guideline-based chemo- and 

hormone therapies: i.e., hormone therapy for all patients with ER-positive tumors, trastuzumab for 

those with HER2-overexpression tumors, anthracycline chemotherapy for high risk node-negative 

disease and anthracycline plus taxane chemotherapy for node-positive disease. The median follow-

up time for surviving patients was 4.5 years. The patient population was stratified with RAB32 or 

RTN3 mRNA levels at a cutting-off point determined by Receiver Operating Characteristic (ROC) 

curve analysis. Prognostic significance was analyzed using logrank test on Kaplan-Meier survival 

probabilities with MedCalc Version 14.12.0 (MedCalc Software). 
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2.15 Yeast maintenance  

Yeast were grown at 30C with constant agitation at 220rpm in either YPA or YPD. Strains 

used in this work are listed in Table 2.8 (below). 

 

Table 2.8 Yeast strains 
Name Parental 

Strain 

Genotype Source Reference 

 BY4742 MATa his31 leu20 ura30 

met150 

Kind gift from Dr. Richard 

Rachubinski, University of 

Alberta, Edmonton AB 

357 

 

cne1 BY4739 

 

MATa/ MATα leu2/leu2 

his3/his3 /trp1/trp1 ura3/ura3 

ade2/ade2 can1/can1 

cne1::LEU2 

Dr. Richard Rachubinski 268 

eps1 BY4742 

 

MATα ura3-1 leu2-3,112 

his3-11,15 trp1-1 ade2-1 

can1- 100 eps1::HIS3 

Dr. Richard Rachubinski 285 

mdm34 BY4742 MATa his31 leu20 ura30 

met150 mdm34Δ::KanMX 

Dr. Richard Rachubinski 35 

gem1 BY4739  MAT ade2-1 leu2-3 his3-

11,15 trp1-1 ura3-1 can1-100 

gem1::HIS3 

Dr. Richard Rachubinski 358 

 BJ3505 MATa lys2-208, trp1-101, 

ura3-52, his3-200, gal2, 

can, prb1-1.6R, pep4::HIS3 

Kind gift from Dr. Gary 

Eitzen, University of Alberta, 

Edmonton AB 

359 

 

ypt7 BJ3505 MATa lys2-208, trp1-101, 

ura3-52, his3-200, gal2, 

can, prb1-1.6R, pep4::HIS3, 

ypt7::URA3 

Dr. Gary Eitzen 360 

 

Ypt7 

T22N 

BJ3505 MATa lys2-208, trp1-101, 

ura3-52, his3-200, gal2, 

can, prb1-1.6R, pep4::HIS3, 

ypt7::URA3, 

ypt7::YPT7(T22N)  

Dr. Gary Eitzen 360 

Ypt7 

Q68L 

BJ3505 MATa lys2-208, trp1-101, 

ura3-52, his3-200, gal2, 

can, prb1-1.6R, pep4::HIS3, 

ypt7::YPT7(Q68L) 

Dr. Gary Eitzen 360 
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2.16 Agar plates and liquid media 

Yeast were grown and tested on either YPD or YPA (Table 2.9). 

 

Table 2.9 Yeast media and plates 
Liquid media Composition 

YPD* 1% yeast extract, 2% dextrose, 2% peptone 

YPA* 1% yeast extract, 2% sodium acetate, 2% 

peptone 

*plates were prepared with 2% agar 

 

2.17 Optical density measurements 

Yeast were grown overnight in YPD at 30C 220rpm and optical density (OD) was measured 

by spectrophotometer at 24hrs. Samples were diluted by adding 900L of milliQ water into a 

1.5mL microcentrifuge Eppendorf, culture was vortexed well, and 100L of sample then added. 

Contents of the tube were transferred into a cuvette and measured individually by the 

spectrophotometer. A blank with 900L of milliQ water and 100L of YPD was measured first. 

The recorded absorbance measurements were then multiplied by 10 to obtain the final OD. Bar 

graphs were performed with an average of at least n=3 independent experiments.  

 

2.18 Spot assay 

Yeast were grown overnight in YPD at 30C 220rpm and previously prepared YPD or YPA 

plates were warmed to room temperature and labelled. The absorbance of each strain was 

measured as indicated above and enough autoclaved ddH2O added to 100L of sample to obtain 

OD=1.0, which is the first spot plated. 90L of autoclaved ddH2O were added to four more 

1.5mL microcentrifuge Eppendorfs to prepare a 1:10 serial dilution by adding 10L from the 

OD=1.0 tube and 10L from each tube subsequently. 1.5L per dilution was plated starting with 

OD=1.0 from the left. Plates were incubated at 30C from 2-5 days depending on drugs added. 

All treated plates except BAPTA-AM plates were prepared by adding a filtered solution of the 

compound after autoclaving the solid media culture. BAPTA-AM was instead added as a filtered 

solution to the serial dilutions to reduce amount of compound needed per plate.  
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2.19 BLASTp 

The human Rab32 and TMX1 sequences were used as query sequences in the Basic Local 

Alignment Search Tool (BLAST) algorithm for proteins (BLASTp 2.11.0+) from the National 

Centre for Biotechnology Information (NCBI) website (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Genomic sequences were obtained from the Uniprot databases (Uniprot.org). The search was 

restricted to the nr (non-redundant) database of the Saccharomyces cerevisiae genome. A 

reciprocal BLASTp was also performed using the yeast Ypt7, Cne1 and Eps1 amino acid 

sequences as query. An E-value cut-off of 0.05 was used for all queries. Sequences were aligned 

in a pairwise manner within the NCBI website. The cladograms were also generated within the 

NCBI website with the Fast-Minimum Evolution method with at least the first 5 gene products 

with highest sequence similarity to the query. The Rab32 (ATIGVDFALK) and TMX1 (CPAC) 

active sites were also used as query sequences in the same manner.  

 

2.20 Electron microscopy and analysis for yeast samples 

For electron microscopy, strains were grown in YPD overnight at 30C 220rpm. The 

following morning, their absorbance was measured (see above) and 1mL of OD600 1.0 was 

prepared in 1.5mL microcentrifuge tubes. Samples were centrifuged at 3000rpm for 1 min at 

room temperature, the supernatant aspirated, and the pellet resuspended with 1mL ddH2O for 

two quick washes.  Samples were centrifuged one more time, the supernatant aspirated, and fixed 

by adding 1mL of 3% KMnO4 (in ddH2O) while rocking for 15 mins at room temperature. The 

samples were centrifuged and washed twice with ddH2O as described above. 1mL of 1% NH4Cl 

(in ddH2O) was added while rocking for 15 mins at room temperature before washing with 

ddH2O once and replacing ddH2O with 60% ethanol. The samples were then incubated overnight 

on a rocker at 4C. The following day the samples were centrifuged as previously, the 

supernatant aspirated and replaced with 1mL of 80% ethanol and incubated for 4 mins at room 

temperature. This step was repeated with 95% and 100% ethanol, and then three times with 

acetonitrile instead. Acetonitrile was aspirated and replaced with a 1:1 embed 812: acetonitrile 

solution and the samples were placed under vacuum at room temperature overnight. The 

following day, the acetonitrile was discarded, and the samples returned to the vacuum for 2hrs, 

placed in pure embed 812 and allowed to polymerize at 65C for 48hrs. An Ultracut E (Reichert-
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Jung) was used for sectioning and the samples were imaged using a CCD camera (iTEM; 

Olympus Soft Imaging Solutions) mounted on a 410-transmission electron microscope (Philips).  

Images were analyzed for ER tubules in close proximity to mitochondria and quantified with 

ImageJ as described above for mammalian samples. Data was derived from over 25 images per 

condition, with n75 measurements per condition. 

 

2.21 Respirometry 

Oxygraph-2k (O2k)(Oroboros Instruments Inc., Innsbruck, Austria) was used and based on 

their protocol designed for analysis of yeast 361. Yeast were grown overnight in YPD at 30C 

220rpm and prepared the following morning by measuring their OD and calculating the amount 

of culture and fresh media required for 2.5mL of 0.05mg/mL given 1OD600 =0.62mg/mL. The 

sample was mixed before adding 2.2mL to the O2k chambers and the rest set aside and frozen at 

-80C for the citrate synthase assay.  

Before experimental analysis, the instrument was washed as follows: the chambers and 

stoppers were washed 3 times milliQ water, then 3 times with 70% ethanol and then incubated in 

the chambers with the stoppers in the loose position for 10 mins. This wash was repeated with 

90% ethanol before filling the chambers with milliQ while washing the stoppers with hot running 

tap water, milliQ water, 70% ethanol, 90% ethanol, and milliQ water. The oxygraph is then 

calibrated by filling the chamber with 2.1mL of YPD and allowing an air phase to form in the 

chamber by using the stopper-spacer. The oxygen signal is allowed to stabilize, roughly in 20-30 

min. Background corrections were applied for oxygen consumption by the polarographic oxygen 

sensor and oxygen diffusion in the chambers. Zero calibration was also performed by closing the 

chamber and removing all the oxygen available with the addition of dithionite.  

 Calibrations and cell respiration measurements were performed at 30C and data 

acquisition was performed with DatLab software (Oroboros Instruments Inc., Innsbruck, 

Austria). First, respiration was measured under routine conditions before adding 40L of pure 

ethanol to serve as a vehicle control. Uncoupling with carbonyl cyanide p-(trifluoromethoxy) 

phenylhydrazone (FCCP) was done in stepwise titrations of 0.2L of 10mM FCCP (prepared in 

100% ethanol) and used to induce maximal noncoupled respiration as a measure of electron 

transfer system capacity (ET state). Lastly, 50L of 4M Azide was added to completely block 
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mitochondrial respiration and measure residual oxygen consumption (ROX). Fluxes in all states 

were corrected for ROX and expressed per gram. 
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Chapter 3: Rab32 promotes autophagic degradation of the MAM 
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3.1 Abstract 

Autophagy is a conserved essential pathway whereby intracellular components are 

enveloped within the autophagosome, a vesicle that fuses with lysosomes to promote degradation 

of the enclosed contents. Autophagy is induced by a variety of stressors, including nutrient 

starvation, and acts as a catabolic pathway to restore homeostasis. Autophagy in mammals begins 

at the omegasome, a subdomain of the endoplasmic reticulum (ER) enriched in phosphtatidyl-

inositol-3-phosphate (PI3P) that serves as a platform for the formation of the autophagosomal 

membrane, also known as the isolation membrane. Several studies have found nutrient starvation 

induces biosynthesis of the isolation membrane at the mitochondria-associated membrane 

(MAM), an ER subdomain that forms membrane contact sites (MCS) with mitochondria. The 

MAM is a highly dynamic structure with numerous functions, including autophagy, apoptosis, 

and regulation of mitochondrial metabolism. We sought to investigate the role of the small 

GTPase Rab32, a known MAM regulator, in the process of autophagy. We demonstrate 

overexpression of the dominant active mutant of Rab32, Rab32Q85L, promotes autophagy. We 

also show Rab32 induces selective autophagy, a highly specific degradation that often targets old 

or damaged organelles. This specificity is granted by autophagy receptors, organelle-specific 

proteins that link cargo proteins to the autophagosomal membrane. Our results show Rab32 

interacts with the long isoform of Reticulon-3, an autophagy receptor for ERphagy, selective 

autophagy of the ER. Increasing evidence suggests the specificity of selective autophagy goes 

beyond the organellar level. Indeed, evidence has shown different ER-associated receptors 

participate in specific degradation of ER subdomains, including sheets, tubules, or peripheral ER. 

Therefore, we also investigated the substrates of Rab32-mediated autophagy and found MAM-

localized proteins were specifically degraded. This included degradation of TMX1 and VDAC1 

as well as MAM-localized Bcl-2 family proteins. This degradation also reduced the number of 

mitochondria-ER contacts (MERCs) as assayed by electron microscopy. We also observed a 

delay in apoptosis for cells overexpressing Rab32Q85L. Thus, we demonstrate Rab32 triggers 

“MAMphagy”, a distinct type of selective autophagy that appears to be implicated in the survival 

of a subset of breast cancer patients.   
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3.2  Background 

 

3.2.1 Rab32 and autophagy  

The ubiquitous small GTPase Rab32 is a multifunctional traffic regulator that localizes to 

mitochondria, ER, and lysosome-related organelles (LROs) 290,300. In melanocytes, Rab32 is 

mostly found on the melanosome, a LRO responsible for melanin synthesis 300. This process 

requires several enzymes, including Tyrosinase and Tyrosinase-related protein 1 (Trp1) and 2 

(Trp2). Delivery of these enzymes from the TGN to the melanosome requires Rab32 interaction 

with its GEF, biogenesis of lysosome-related organelles complex 3 (BLOC-3) 300,303. Rab32 also 

promotes traffic to the melanosome together with adaptor protein (AP) complex 1 and 3, which 

link cargo to clathrin in emerging clathrin-coated vesicles (CCVs) 301. Together, these studies 

suggest a model where Rab32 recruits cargo to the TGN and promotes vesicle traffic to LROs.  

Rab32 is particularly abundant on the ER in non-melanogenic cells 290. Here, Rab32 is 

enriched within ER subdomains in close apposition with mitochondria, also known as 

mitochondria-associated membranes (MAMs). Although a GEF on these membranes has not 

been identified yet, Rab32 is known to interact with several proteins at MAMs and participates in 

various processes originating at these membrane contact sites (MCS). One of its functions here is 

as an A-kinase anchoring protein (AKAP) 304. Rab32-mediated recruitment of PKA can lead to 

inhibitory phosphorylation of Drp1, another of its effectors 290,305. Specifically, overexpression of 

dominant negative Rab32, Rab32T39N, increases PKA mitochondrial localization and inhibitory 

Ser656 phosphorylation on Drp1 290. This process is in part regulated by another Rab32 effector, 

the ER SNARE Syntaxin-17 307. Syntaxin-17 interacts with Drp1 and Rab32 at MAMs during 

homeostasis and inhibits Rab32 from binding and recruiting PKA. This allows Drp1 to function 

normally and mediate mitochondrial fission from the MAM as necessary. Oppositely, starvation 

inhibits mitochondrial fission. Starvation also induces autophagy, which also occurs at the MAM 

203. Under these conditions, Syntaxin-17 dissociates from Drp1 and Rab32 and instead binds 

Atg14L, a component of the PI3K III complex 203,307. This process enriches the PI3K III complex 

at the MAM, where it synthesizes PI3P to recruit PI3P-binding proteins required for the 

formation of the isolation membrane 203,210. This process also releases Rab32 from Syntaxin-17, 

allowing it to recruit PKA and cause inhibition of Drp1 and mitochondrial fission 307. Thus, 

homeostasis promotes Rab32-Syntaxin17 binding while starvation dissolves this interaction and 
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shifts Syntaxin-17 to its role in autophagosome biogenesis. Since Rab32 has been implicated in 

autophagy it is possible Rab32 also shifts to a pro-autophagy function under these conditions. 

Studies in non-melanogenic cells have shown Rab32 is also found on another LRO: the 

autophagosome 310,312. Additionally, its overexpression can increase autophagosome number, 

suggesting Rab32 could activate autophagy 310,312. Its loss instead inhibited autophagy in 

mammalian cells and Drosophila 310,311. Evidence from melanocytes indicates Rab32 participates 

in cargo recruitment and traffic required for LRO biogenesis. It is possible Rab32 performs a 

similar function in non-melanogenic cells. Therefore, we hypothesize Rab32 participates in cargo 

recruitment and/or traffic required for autophagosome biogenesis. Consistent with this 

hypothesis, autophagosome biogenesis following nutrient starvation occurs mostly at the MAM, 

where Rab32 is enriched 201,290. However, autophagosome formation has also been detected at 

other membranes, including the Golgi and mitochondria 201,226,228. Moreover, Rab32 could also 

be involved in selective autophagy of the ER and mitochondria, making it unclear where Rab32 

is likely to promote autophagy from. 

 

3.2.2 Selective autophagy 

Selective autophagy targets organelles in a highly specific manner as opposed to 

indiscriminate, basal autophagy 201. This specificity is granted by autophagy receptors, organelle-

specific proteins that recognize and bind cargo that is to be degraded 362. Simultaneously, 

autophagy receptors also bind LC3 II via their LC3-interacting regions (LIRs), linking cargo to 

the autophagosomal membrane. For example, selective autophagy of mitochondria, also known 

as mitophagy, has several known mitophagy receptors. Amongst them is Optineurin (OPTN), 

which participates in Parkin- and phosphatase and tensin homolog-induced kinase 1 (PINK1)-

mediated mitophagy 363. In this pathway, PINK1 activates the ubiquitin ligase Parkin, which 

ubiquitinates OMM proteins to tag them as cargo. OPTN then binds these ubiquitin-tagged 

proteins and bridges them to the growing autophagosome. Several other mitophagy receptors also 

recognize ubiquitin-tagged substrates during PINK1-Parkin mitophagy, including nuclear dot 

protein 52 kDa (NDP52) 362,363. Therefore, mitophagy can occur through the cooperation of 

multiple mitophagy receptors 362.  
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Cargo recognition in ERphagy, the selective degradation of the ER, is less understood. For 

instance, while ubiquitin acts as a cargo tag in mitophagy 363, a cargo tagging mechanism has not 

been identified in ERphagy 364. Moreover, ERphagy receptors do not cooperate with one another. 

Indeed, only one type of receptor protein is recruited to any ER-derived autophagosome. Several 

studies have also shown ERphagy receptors target distinct ER structures or subdomains 200,365–368. 

For instance, the ERphagy receptor cell cycle progression 1 (CCPG1) specifically degrades 

peripheral ER enriched in aggregated proteins following starvation 366. Some evidence suggests 

CCPG1 could specifically recognize and recruit unfolded proteins during this process 364,366. This 

could represent an additional mechanism to reduce misfolded proteins during the UPR, which is 

known to trigger autophagy 369. Moreover, ER stress induces CCPG1 transcription, which 

increases degradation of ER with aggregated proteins 366.  

FAM134B is another ERphagy receptor that promotes the specific degradation of ER sheets 

365,370, while the long isoform of Reticulon-3 (RTN3L) 200 and Atlastin 3 target ER tubules 367. 

Interestingly, RTN3L and Atlastin 3 are also ER-shaping proteins 371,372. Specifically, Atlastin 3 

catalyzes the fusion of ER tubules while RTN3L stabilizes membrane curvature to maintain ER 

tubules. Both RTN3L and FAM134B have reticulon homology domains (RHD), which promote 

membrane bending when these proteins cluster together 364,365,373. Thus, FAM134B clustering 

induces membrane bending in ER sheets, where it is mostly localized 365. This activity is also 

required for FAM134B’s role in ERphagy, since mutation or loss of its RHD impairs 

degradation. RTN3L, which is instead enriched in ER tubules, also induces membrane curvature 

200,373.  

Another ERphagy receptor that is transcriptionally upregulated during the UPR is Sec62 374. 

Sec62 specifically degrades membranes enriched in chaperones during ER stress resolution, after 

the ER has expanded to accommodate more protein folding. This process is also called 

recovERphagy since it helps return the ER to its homeostatic size and content. Lastly, a recent 

study in S. cerevisiae  has described autophagic degradation of nuclear pores 368. This 

degradation involved a cytoplasmic facing nucleoporin, a component of the nuclear pore, acting 

as an autophagy receptor by interacting directly with the LC3 homolog Atg8. Together, these 

studies strongly suggest degradation of specific ER subdomains is possible. Although selective 



 72 

autophagy of the MAM subdomain of the ER has not been observed, this degradation could have 

implications in diseases with dysregulated MAMs such as cancer.  

 

3.2.3 Rab32, MAMs, and cancer 

Rab32 has been previously described as a marker for the development of melanoma since it 

is significantly upregulated in primary melanoma compared to benign nevi 375. This effect is 

likely tied to its role in melanosome enzyme delivery, which is required for adequate 

melanosome biogenesis 300,301. Interestingly, Rab32 is also upregulated in almost 25% of breast 

cancers 376,377. This suggests Rab32 could be a relevant potential biomarker for this disease, 

though it is unclear if and how high Rab32 levels could affect breast cancer patients. There is 

also significant evidence linking cancer and MAM dysregulation, though the frequency and 

significance of this link is still unclear 34,260. For example, several well-known tumor suppressors 

use the MAM as a platform to control mitochondrial activity 34. For example, p53 binds 

SERCA2b and promotes its activity to induce apoptosis. Additionally, several Bcl-2 family 

proteins are found on MAMs, including anti-apoptotic members Bcl-2 and Bcl-xL, which can 

activate IP3R to support pro-survival Ca2+ flux 128,129,378. Therefore, degradation of the MAM 

could influence cell fate by removing tumor suppressors.   

 

3.3 Results 

 

3.3.1 Rab32 activation promotes autophagy 

Given Rab32 overexpression has been shown to increase autophagosome number 310, we first 

sought to investigate the effect of WT, dominant-active, and dominant-negative Rab32 

overexpression on autophagosome number. To do this, we quantified LC3 puncta generated by 

stably expressed GFP-tagged LC3 in cells transfected with FLAG-tagged WT Rab32, dominant-

active Rab32Q85L, or dominant-negative Rab32T39N. We used a cutoff of 10 puncta per cell to 

categorize a cell as having an unusually high number of autophagosomes. This cutoff has been 

previously used for this assay 310. We found roughly 20% of vector control cells had increased 

numbers of autophagosomes, establishing a baseline for basal autophagy which is consistent with 

other reports 310. Over-expression of either WT Rab32 or Rab32T39N did not significantly 

increase this percentage (Figure 3.1A). However, Rab32Q85L more than doubled the baseline 
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percentage to roughly 55% (Figure 3.1A). We also observed Rab32Q85L partially co-localized 

with LC3-GFP puncta, confirming reports that Rab32 is found on autophagosomes (Figure 3.1A) 

310,312. To compare this increase to autophagy-inducing conditions, we starved cells by incubating 

them in Earl’s Balanced Salt Solution (EBSS) for 2hrs. Under these conditions, roughly 60% of 

vector control cells had increased autophagosome numbers (Figure 3.1B). Interestingly, cells 

overexpressing WT, Q85L and T39N Rab32 all had similar percentages and no statistically 

significant differences were observed (Figure 3.1B). Taken together, these results suggest 

Rab32Q85L activates autophagy to levels similar to those induced by short-term nutrient 

starvation.  
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Figure 3.1 Active Rab32 increases autophagosome number 

A. Representative immunofluorescence images of MCF7 cells stably expressing LC3-GFP and 

transfected with FLAG-tagged wild type (WT), dominant active (Q85L) or dominant negative 

(T39N) Rab32. Cells were probed for FLAG-tagged Rab32 (red) and nuclei (DAPI, blue) in 

parallel. Bar indicates 15µm. Quantification of cells with 10 LC3 puncta, indicating increased 

autophagy, were expressed as a percent of total cells counted. ≥100 cells per condition were 

counted in each (n=3) independent experiment. **p≤0.001. ns=not significant. Inset shows 

magnification of a representative area, evidencing overlap between FLAG-Rab32Q85L and LC3-

GFP. B. Representative immunofluorescence images after a 2hr incubation with EBSS of MCF7 

cells stably expressing LC3-GFP and transfected with FLAG-tagged WT, Q85L, or T39N Rab32. 

Cells were probed for FLAG-tagged Rab32 (red) and nuclei (DAPI, blue) in parallel. Bar 

indicates 15µm. Quantification as in A. ns=not significant.  
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Next, we sought to confirm these results by probing for LC3 II within lysates. Consistent with 

our immunofluorescence results (Figure 3.1A), only Rab32Q85L doubled baseline LC3 II amounts 

relative to tubulin (Figure 3.2A). This Q85L-mediated LC3II increase was lost when cells were 

starved (Figure 3.2B). These results are in line with those observed in the LC3 puncta assay, where 

starvation eliminated any differences between control and Q85L overexpressing cells (Figure 

3.1B). To test if the Q85L-mediated increase in LC3 puncta (Figure 3.1A) and LC3 II protein 

levels (Figure 3.2A) are due to increased autophagy or a block along the pathway, we incubated 

cells with Bafilomycin A1, an inhibitor of lysosomal degradation. Under these conditions, an 

increase in LC3 II is indicative of autophagy induction. This is because LC3 II levels increase as 

autophagy is induced, but LC3 II cannot be degraded due to the block in lysosomal degradation, 

resulting in LC3 accumulation. Therefore, relative to control cells, LC3 II accumulates in cells 

with autophagy activation. On the other hand, a block in the pathway, such as inhibition of 

autophagosome-lysosome fusion, would yield no differences in LC3 II amounts. This is because 

equal amounts of autophagosomes are produced, therefore, lysosomal inhibition would result in 

similar accumulation of LC3 II. As seen in Figure 3.2B, incubation with Bafilomycin A1 resulted 

in a larger LC3 II increase in Rab32Q85L overexpressing cells compared to vector control cells. 

Therefore, these findings suggest Rab32Q85L did not increase autophagosome number by 

blocking autophagosome-lysosome fusion or by otherwise altering autophagic flux. Instead, these 

results strongly suggest Rab32Q85L induces autophagy.  
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Figure 3.2 Active Rab32 promotes autophagy 

A. Immunoblot of MCF7 cells transfected with pcDNA3 vector as a control or with FLAG-

tagged WT, Q85L, or T39N Rab32. Blots were probed for LC3, FLAG, and Tubulin as a loading 

control. Densitometry analysis of LC3II/Tubulin is shown on the right. n=3. ns=not significant. 

**p≤0.001. B. Immunoblot of MCF7 cells transfected with pcDNA3 vector as a control or 

FLAG-tagged WT, Q85L, or T39N Rab32 following a 4hr EBSS or 48hr 100nM Bafilomycin 

incubation where indicated. Densitometry analysis of LC3II/Tubulin on the right. n=3. 

***p≤0.0001. **p≤0.001. ns=not significant. 
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3.3.2 Rab32 knockdown impairs starvation-mediated autophagy 

Next, we wanted to investigate if Rab32 is necessary for autophagy induction. To test this, we 

knocked Rab32 down using RNAi. This had no effect on the number of cells with unusually high 

numbers of GFP-LC3 puncta (Figure 3.3A), suggesting basal autophagy was not disrupted. Upon 

starvation, ~60% of control cells had increased autophagosomes compared to only ~40% of 

siRab32 cells (Figure 3.3B). We also verified Rab32 knockdown (KD) in protein lysates, which 

had roughly an 80% decrease (Figure 3.3C). Rab32 KD did not alter the protein levels of LC3 II 

in untreated conditions, once again indicating basal autophagy was not altered (Figure 3.3D). 

Consistent with these results, there was also no change in LC3 II levels in the presence of 

Bafilomycin A1 (Figure 3.3D). Consistent with the reduced formation of LC3 aggregates in 

starved siRab32 cells (Figure 3.3B), LC3 II protein levels decreased significantly in these cells 

(Figure 3.3D). In brief, these results suggest Rab32 KD impairs starvation-induced autophagy but 

does not alter basal autophagy.  
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Figure 3.3 Rab32 knockdown impairs starvation-induced autophagy 

A. Representative immunofluorescence images of MCF7 cells stably expressing LC3-GFP with 

control siRNA or siRNA against Rab32. Cells were probed for endogenous Rab32 (red) and 

nuclei (DAPI, blue) in parallel. Bar indicates 10µm. Quantification of cells with ≥10 LC3 puncta, 

indicating increased autophagy, were expressed as percent of total cells counted. ≥100 cells per 

condition were counted in n=3 independent experiment. ns=not significant. B. Representative 

immunofluorescence as in A with 2hr EBSS incubation. *p≤0.05. C. Immunoblot of MCF7 cells 

with control siRNA or siRab32 probed for endogenous Rab32 indicating Rab32 KD. Tubulin was 

used as a loading control. D. Immunoblot as in C after 4hr EBSS or 48hr 100nM Bafilomycin 

incubation where indicated. Long exposure of LC3 reveals a decrease in LC3 II in the last lane. 

Densitometry analysis on the right LC3II/Tubulin. n=3. **p≤0.001. ns=not significant p>0.05.   
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3.3.3 Rab32 targets the MAM for autophagic degradation  

To identify the targets of Rab32-mediated autophagy we probed for organelle-specific 

substrates in the presence of active Rab32Q85L versus empty plasmid-transfected control cells. 

We observed no significant changes for a variety of candidate substrates in the cytosol, Golgi, 

endosomes, mitochondria, or ER (Figures 3.4A-D). These results therefore strongly suggest 

Rab32Q85L does not trigger bulk autophagy or selective degradation of Golgi, ER, or 

mitochondrial membranes.  

 

 

Figure 3.4 Active Rab32 does not alter cytosolic, Golgi, endosomal, mitochondrial, or ER 

protein levels 

A. Immunoblot analysis of transfected MCF7 cells for the amounts of cytosolic, endosomal and 

Golgi proteins GAPDH, EEA1, and Golgin 97, respectively. Tubulin acts as a loading control 

while FLAG signal indicates transfected FLAG-tagged Rab32Q85L cells. B. Immunoblot 

analysis as in A for the amounts of several mitochondrial proteins. C. Immunoblot analysis as in 

A for the amounts of several ER proteins. D. Densitometry analysis from n=3 independent 

experiments for representative members of cytosolic, mitochondria, and ER proteins. Amounts 

were compared to control pcDNA3 samples. Average densitometry values are indicated below 

each bar. ns=not significant p>0.05.  
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Since Rab32 also localizes to the MAM, we also probed for MAM proteins. Our results 

showed MAM proteins FACL4, PACS-2, Caveolin, VDAC1, TMX1, and IP3R decreased 

significantly between ~75% to ~45% in the presence of dominant-active Rab32Q85L (Figure 

3.5A). Although we also observed the same trend for Mitofusin-2, this change was not statistically 

significant (Figure 3.5A). To continue characterizing this pathway we used TMX1 and VDAC1 as 

markers for Rab32-mediated degradation since they are more abundant and therefore easier to 

detect than the other MAM proteins we analyzed. We also chose to focus on TMX1 because it was 

heavily targeted by Rab32Q85L, causing a  48% decrease in lysates (Figure 3.5A). To confirm the 

degradation of MAM proteins was specific to active Rab32 we also tested the effect of WT and 

dominant-negative Rab32T39N overexpression (Figure 3.5B). These results confirmed only cells 

overexpressing Q85L, and not WT or T39N, decreased TMX1 and VDAC1 (Figure 3.5B). We 

also observed no changes for cytosolic, mitochondrial, or ER proteins with overexpression any of 

the Rab32 constructs, confirming the MAM-specific nature of Rab32Q85L-mediated autophagy 

(Figure 3.5B).  
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Figure 3.5 Active Rab32 promotes autophagic degradation of MAM proteins   

A. Immunoblot and densitometry analysis of transfected MCF7 cells demonstrate MAM proteins 

decrease with Rab32Q85L. Densitometry analysis from n=3 independent experiments. Tubulin 

acts as a loading control while FLAG indicates transfected FLAG-tagged Rab32Q85L. Average 

densitometry values are indicated below each bar. ns=not significant. *p≤0.05. **p≤0.01. 

***p≤0.001. B. Immunoblot for MCF7 cells transfected with control pcDNA3 or WT, T39N, 

and Q85L-FLAG tagged Rab32 shows only Q85L degrades MAM proteins TMX1 and VDAC1. 

Markers for other organelles were used to indicate specificity for MAM proteome as follows: 

GAPDH for cytosol, Complex II and Drp1 for mitochondria, Calnexin and BiP for ER. Tubulin 

was used as a loading control and FLAG to indicate transfection.  
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Next, we treated cells with Bafilomycin A1 and performed densitometry analysis. This 

eliminated the statistically significant Q85L-mediated TMX1 decrease, confirming the autophagic 

nature of the degradation (Figure 3.6A). Bafilomycin A1 also led to the accumulation of VDAC1 

in the presence of Q85L, suggesting the decrease in VDAC1 observed in untreated Q85L 

overexpressing cells is also due to autophagy (Figure 3.6A). There were no significant changes for 

mitochondrial marker Complex II or ER marker Calnexin in this experiment, confirming the MAM 

specificity of Q85L-mediated degradation (Figure 3.6A).  

Lastly, we wanted to know if Rab32 participates in the degradation of these proteins in basal 

conditions. Therefore, we knocked down Rab32 and probed for VDAC1 and TMX1. This caused 

a significant increase in TMX1, which suggests Rab32 does indeed degrade this protein in basal 

conditions (Figure 3.6B). VDAC1 also accumulated, suggesting other MAM proteins behave 

similarly (Figure 3.6B). TMX1 accumulation was no longer statistically significant when cells 

were starved, however (Figure 3.6B). This is in contrast to the results obtained in Figure 3.3D, 

where the same conditions led to a statistically significant LC3 II decrease. One possible 

explanation for this is that TMX1 is relatively abundant in these cells and a longer starvation period 

is required to observe a significant difference. Together, these results suggest active Rab32 induces 

a distinct type of selective autophagy that specifically targets MAM proteins.  
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Figure 3.6 Rab32 knockdown causes an accumulation of MAM marker TMX1 

A. Immunoblot analysis of transfected MCF7 cells with and without 48hr 100 nM Bafilomycin 

A1 incubation. Tubulin acts as a loading control while FLAG indicates transfected FLAG-tagged 

Rab32Q85L. TMX1 and VDAC1 were used as MAM markers and TMX1 amounts analyzed by 

densitometry from n=3 independent experiments. Complex II and Calnexin served as markers for 

mitochondria and ER, respectively, demonstrating Rab32Q85L does not target these organelles. 

ns=not significant. ***p≤0.001. B. Immunoblot of MCF7 cells transfected with control siRNA or 

siRNA against Rab32 with and without 4hr EBSS incubation. TMX1 and VDAC1 were used as 

MAM markers. Tubulin acts as a loading control. Complex II and Calnexin served as markers 

for mitochondria and ER, respectively, demonstrating Rab32Q85L does not target these 

organelles. TMX1 densitometry analysis from n=3 independent experiments. ns=not significant. 

*p≤0.05. 
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To further investigate Rab32-mediated autophagy we analyzed ER-mitochondria contact sites 

via electron micrograph quantifications (Figure 3.7A). Specifically, we obtained the average 

distance between the ER and mitochondrial membranes in individual ER-mitochondria contact 

sites to determine the tightness of the contacts (Figure 3.7C). We also obtained the length of 

individual contacts by measuring the length of a continuous ER membrane 50nm from the 

membrane of a mitochondrion (Figure 3.7D). We then calculated a MAM coefficient by dividing 

the length of each contact by its corresponding average distance between the membranes (Figure 

3.7B). This allows us to obtain a factor proportional to MAM content. 

These analyses revealed the MAM coefficient decreased to roughly half that of control cells 

when cells were stably expressing dominant-active Rab32Q85L (Figure 3.7B). We also observed 

a significant increase of ~5nm in the distance between ER and mitochondrial membranes engaged 

in MERCs (Figure 3.7C). Rab32Q85L also caused a significant decrease of ~50nm in MERC 

length (Figure 3.7D). Together, these results indicate Rab32Q85L caused a profound change in 

MAM structure that resulted in an overall decrease in MAM content concomitant with an increase 

in the distance between ER and mitochondrial membranes and a decrease in the length of these 

MCS.  

 To investigate whether ER-mitochondria tethering is necessary for Rab32-mediated 

autophagy, we used knockout (KO) cells for PACS-2 (HeLa) and Mitofusin-2 (mouse embryonic 

fibroblasts, MEFs). Consistent with the results observed in MCF7s (Figure 3.5A), Rab32Q85L 

decreased TMX1 levels in both PACS-2 and Mitofusin-2 WT cells (Figure 3.7 E,F). This effect 

was lost in the KOs, suggesting MAM tethering is required for Rab32-mediated degradation of 

MAM proteins (Figure 3.7 E,F). Given the narrow substrate specificity of this degradation, we 

propose active Rab32 triggers selective autophagy of the MAM, a process which we propose to 

call “MAMphagy”. 
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Figure 3.7 Active Rab32 decreases ER-mitochondria contact site length, tightness, and 

marker TMX1 in a tethering-dependent manner 

A. Representative electron microscopy images of stably expressing control pIRES2 or 

Rab32Q85L MCF7s. Arrows indicate ER-mitochondria membrane contact sites ≤50nm apart. 

Images obtained by Dr. Nasser Tahbaz. B. ER-mitochondria length/distance ratio or MAM 

coefficient was obtained from n=100 individual measurements. ***p≤0.001. C. ER-

mitochondria contact distance was graphed after obtaining an average measurement of the 

distance between a continous stretch of ER and mitochondria membranes 10-50nm apart for 

n=100 MCS. D. ER-mitochondria contact length was graphed after measuring the length along a 

continous stretch of ER engaged in a MCS (membranes 10-50nm apart) with a mitochondrion for 

n=100 MCS. E. Immunoblot of transfected WT and KO PACS-2 HeLa shows degradation of 

TMX1 in WT HeLas but not KOs. TMX1 was used as a MAM marker, tubulin as a loading 

control, and FLAG to indicate FLAG-tagged Rab32Q85L transfection. F. Immunoblot of 

transfected WT and KO Mitofusin-2 MEFs as in E shows TMX1 is degraded in WT MEFs but 

not KOs.   
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3.3.4 Rab32 interacts with RTN3L  

Next, we sought to characterize the machinery used by Rab32 to trigger MAMphagy. This 

type of selective autophagy would require Rab32 to interact with an effector at the point of 

autophagosome origin. Given MAMs are a subdomain of the ER, we first tested if any known 

ERphagy receptors co-immunoprecipitated with Rab32. As effectors tend to preferentially bind to 

GTP-bound Rabs 218, we assessed for preferential binding to Rab32Q85L over WT or T39N 

Rab32. As shown in Figure 3.8A, FAM134B binding to Rab32 was non-specific, Sec62 bound 

preferentially to T39N, and CCPG1 showed no binding at all. In contrast, the long isoform of 

Reticulon-3 (RTN3L) bound markedly better to Q85L (Figure 3.8A). Densitometry analysis 

revealed this difference was statistically significant and RTN3L bound ~3.5 times better to Q85L 

compared to WT Rab32 (Figure 3.8A). We also tested for co-immunoprecipitation of Atg14L, 

which is recruited to the MAM upon starvation-mediated autophagy 203. However, we observed 

no pulldown except for a small amount with Rab32T39N, suggesting Atg14L does not behave like 

a Rab32 effector (Figure 3.8A). We also tested for interaction with FUN14 domain containing 

protein 1 (FUNDC1), a mitophagy receptor recruited to the MAM during hypoxia via Calnexin 

binding 379, but found preferential binding to WT and T39N rather than Q85L (Figure 3.8A).  

Next, we tested if any of these ERphagy receptors localized to the MAM. We hypothesized 

RTN3L would be found on the MAM since it preferentially bound Q85L. To do so, we performed 

a biochemical separation of membranes on a Percoll gradient from a MCF7 cell homogenate. On 

this classic isolation method, Rab32 localized mostly to the microsomal, mitochondrial, and MAM 

fractions (Figure 3.8B), as previously published 290. As expected, MAM proteins TMX1, Calnexin, 

and PACS-2 were also found in the MAM fraction (Figure 3.8B). However, we observed minimal 

or no presence of RNT3L on the MAM (Figure 3.8B). It is possible RTN3L only accumulates at 

the MAM when Rab32 activity is high and induces MAMphagy. 

Therefore, to test the specificity of a Rab32-RTN3L interaction during MAMphagy we probed 

for protein levels of these autophagy receptors with Rab32Q85L (Figure 3.8C). Given receptors 

are degraded along with the cargo they recruit to autophagosomes, an autophagy receptor required 

for MAMphagy should be degraded with Rab32Q85L. This was indeed the case, as RTN3L was 

the only ERphagy receptor whose levels decreased significantly with Q85L (Figure 3.8C). 

Furthermore, this decrease was prevented by the addition of Bafilomycin A1, once again 

confirming the autophagic nature of the degradation (Figure 3.8D).  
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Figure 3.8 Rab32 interacts with ERphagy receptor Reticulon-3L 

A. Co-immunoprecipitation of Rab32 constructs with endogenous autophagy receptors. MCF7 

cells were transfected with FLAG-tagged Rab32, crosslinked with 2mM DSP, lysed and 

incubated with anti-FLAG antibodies. Immunoprecipitates were analyzed for anti-FLAG and co-

immunoprecipitating endogenous autophagy receptors. Densitometry analysis of RTN3L binding 

to Rab32 was normalized to respective input signals. ns=not significant. *p≤0.05. B. Percoll 

fractionation of untransfected MCF7 cells for ERphagy receptors. Equal amounts of fractions 

were loaded. C. Immunoblot and densitometry analysis of control pcDNA3 and Q85L-FLAG 

transfected cells indicates only RTN3L levels decrease with Q85L. ns=not significant. **p≤0.01. 

n=3. D. Immunoblot as in C with 48hr 100nM Bafilomycin incubation shows RTN3L decrease 

with Q85L is prevented with autophagy inhibition.   
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We also tested for binding with the short isomer of RTN3, RTN3S, which is not involved in 

ERphagy 200. We did not observe preferential binding with Rab32Q85L with RTN3S (Figure 

3.9A), nor was this isomer degraded by Q85L (Figure 3.9B). To confirm Rab32-RTN3L binding 

we also performed a reciprocal co-immunoprecipitation, which successfully pulled down 

endogenous Rab32 with HA-tagged RTN3L (Figure 3.9C). Together, these results suggest RTN3L 

is a bona fide Rab32 effector.  

To gain further evidence of a functional connection between Rab32 and RTN3L we 

simultaneously knocked down RTN3 with siRNA and transfected cells either with pcDNA3 or 

Rab32Q85L (Figure 3.9D). If RTN3L is required for Q85L-mediated MAMphagy, then TMX1 

degradation in cells with both Q85L and siRTN3 should be impaired. Consistent with Figure 3.5A, 

TMX1 decreased with Rab32Q85L as compared to a pcDNA3 vector control (Figure 3.9D, lane 1 

vs lane 3). TMX1 levels increased in cells with both pcDNA3 and siRTN3 (Figure 3.9D lane 1 vs 

lane 2), suggesting RTN3L is required for basal degradation of TMX1. In the presence of 

Rab32Q85L and siRTN3L, TMX1 levels were instead very similar to pcDNA3 control levels 

(Figure 3.9D, lane 1 vs lane 4). These results suggest siRTN3L impaired Q85L-mediated TMX1 

degradation.  
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Figure 3.9 Reticulon-3L acts as an effector for Rab32Q85L-mediated autophagy 

A. Co-immunoprecipitation of the endogenous short isoform of Reticulon-3, RTN3S, with 

FLAG-tagged Rab32 constructs shows non-selective binding. MCF7 cells were transfected with 

FLAG-tagged Rab32 constructs, crosslinked with 2mM DSP, followed by lysis and incubation 

with anti-FLAG antibodies. Immunoprecipitates were analyzed for anti-FLAG and co-

immunoprecipitating endogenous RTN3S. B. Immunoblot of control pcDNA3 and Q85L-FLAG 

transfected cells indicates RTN3S levels do not decrease with Q85L. Tubulin was used as a 

loading control and FLAG to indicate transfection. C. Co-immunoprecipitation of endogenous 

Rab32 with HA-tagged RTN3L. MCF7 cells were transfected with HA-tagged RTN3L, 

crosslinked with 2mM DSP, lysed and incubated with anti-HA antibodies. Immunoprecipitates 

were analyzed for anti-HA and co-immunoprecipitating endogenous Rab32. Experiment 

performed by Megan Yap. D. Immunoblot of MCF7 cells transfected with pcDNA3 and 

Rab32Q85L co-transfected with control or siRNA against RTN3. TMX1 amounts were used to 

assay for MAMphagy, Tubulin was used as a loading control, and FLAG to identify FLAG-

tagged Rab32Q85L. 
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Next, we decided to perform immunofluorescence microscopy and assess co-localization 

between Rab32 and RTN3L. This experiment revealed an overlapping distribution between 

endogenous Rab32 and HA-tagged RTN3L on perinuclear structures (Figure 3.10A). This is 

consistent with both proteins being mostly ER-bound 200,290. We also calculated a Mander’s 

coefficient to determine the extent of their colocalization. We compared these results against 

colocalization with Rab32T39N, which did not significantly pull down RTN3L (Figure 3.8A). 

This analysis demonstrated Rab32T39N co-localized with RTN3 roughly half as much as 

Rab32Q85L (Figure 3.10B). These findings are consistent with the hypothesis that Rab32Q85L 

and RTN3L act together to mediate MAMphagy.  
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Figure 3.10 Active Rab32 co-localizes with Reticulon-3L 

A. Representative immunofluorescence images of MCF7 cells transfected with HA-tagged 

RTN3L (bottom) or empty pcDNA3 (top). Cells were incubated with antibodies against Rab32 

(red) and RTN3 (green). Bar indicates 15µm. Inset shows magnification of a representative area. 

B. Representative immunofluorescence images of MCF7 cells transfected with FLAG-tagged 

wild type (WT), dominant active (Q85L) or dominant negative (T39N) Rab32. Cells were 

incubated with Rab32 (red) and RTN3 (green) antibodies. Bar indicates 15µm. Mander’s 

coefficient was calculated for Q85L and T39N. ***p≤0.001. Experiments and data analysis 

performed by Megan Yap. 
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3.3.5 MAM-localized Bcl-2 proteins are degraded by active Rab32 

Next, we aimed to understand the larger significance of MAMphagy by investigating whether 

this process affects cell fate and/or apoptosis. To answer this question, we first turned to the status 

of Bcl-2 family proteins since anti-apoptotic members Bcl-2 and Bcl-xL partially reside on MAMs, 

where they bind IP3R to promote pro-survival Ca2+ release 128,129. Under resting conditions, Bcl-2, 

BimEL, Mcl-1 and Puma were found in the MAM fraction (Figure 3.11A). Of these proteins, only 

Bcl-2 has been previously reported to localize to MAMs 129. As previously mentioned, Bcl-xL has 

also been reported to localize to MAMs 129. However, our MAM fraction was almost completely 

devoid of Bcl-xL, a discrepancy that could be due to cell type differences 124 (Figure 3.11A). When 

we assayed for Rab32Q85L degradation, we found only the MAM-localized Bcl-2 family proteins 

were significantly degraded, while the MAM-excluded Bcl-xL was not (Figure 3.11B). As with 

the other MAM proteins probed in Figure 3.5, these Rab32-mediated decreases could be inhibited 

with Bafilomycin A1 (Figure 3.11B). These results further highlight the MAM-specific nature of 

Rab32-mediated autophagy.  

We also investigated if BimEL degradation depended on RTN3L since this was the most 

consistently degraded Bcl-2 family protein (Figure 3.11B). This was indeed the case, as BimEL 

behaved like TMX1 in Figure 3.7D and did not decrease with Q85L when RTN3 was also knocked 

down (Figure 3.11C). Lastly, Rab32 KD caused a statistically significant accumulation of BimEL 

that was slightly mitigated when the cells were placed under starvation (Figure 3.11D). These 

results were also similar to those observed with TMX1 (Figure 3.5C). Taken together, these results 

suggest MAMphagy can also degrade MAM-localized Bcl-2 proteins, which at least in MCF7, 

includes anti-apoptotic Bcl-2 and Mcl-1, and pro-apoptotic BimEL and Puma.  
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Figure 3.11 Active Rab32 degrades Bcl-2 family proteins localized to the MAM 

A. Percoll fractionation of untransfected MCF7 cells. Equal amounts of fractions were loaded.  

B. Immunoblot of MCF7 cells transfected with pcDNA3 or Rab32Q85L and incubated with 

100nM Bafilomycin for 48hrs where indicated. FLAG was used to detect FLAG-tagged 

Rab32Q85L and Tubulin was used as a loading control. Densitometry analysis for n=3 

independent experiments. Average densitometry values are indicated below each bar. ns=not 

significant. *p≤0.05. ***p≤0.001. C. Immunoblot of MCF7 cells co-transfected with pcDNA3 or 

Rab32Q85L and control siRNA or siRNA against RTN3. BimEL was used to assay for 

MAMphagy. FLAG was used to detect FLAG-tagged Rab32Q85L and Tubulin was used as a 

loading control. D. Immunoblot and densitometry analysis of MCF7 cells transfected with 

control siRNA or siRNA against Rab32 after a 4hr EBSS incubation where indicated. BimEL was 

used to assay for MAMphagy and Tubulin was used as a loading control. Average densitometry 

values for BimEL are indicated below each bar. n=3. ns=not significant. **p≤0.01.   
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3.3.6 Active Rab32 delays apoptosis  

Our results suggest Rab32 could play a role for cell survival since MAM-localized Bcl-2 

family proteins regulate ER-mitochondria Ca2+ flux to promote survival or apoptosis 128,129. 

Moreover, autophagic degradation of Bim has been shown to cause resistance to chemotherapy 

380, suggesting autophagy-promoting proteins could sustain tumors in a similar fashion. As 

previously mentioned, high Rab32 expression levels correlate to tumor progression in melanoma 

375. Thus, Rab32 has been proposed to act in a tumor-promoting manner. To investigate whether 

Rab32 could influence cell fate, we treated Q85L and T39N overexpressing cells with 

tunicamycin to trigger ER stress-dependent apoptosis. We decided on this stimulus since ER 

stress has been previously used to induce ERphagy mediated by CCPG1 366 and Sec62 374. 

Conversely, RTN3L ERphagy was triggered by starvation 200. Therefore, in an effort to avoid 

RTN3L-mediated ERphagy, we triggered ER stress with tunicamycin instead. To identify 

apoptotic cells, we stained MCF7 cells with annexin V and analyzed them via flow cytometry. 

We transfected the cells using a vector tagged with eGFP and analyzed only eGFP positive cells 

to study only transfected cells. Our results demonstrated cells overexpressing Rab32T9N were 

significantly more prone to undergo apoptosis compared to cells overexpressing Rab32Q85L 

(Figure 3.12A). In brief, our results suggest Rab32 activation delays ER stress-dependent 

apoptosis in breast cancer cells. 

 

3.3.7 RTN3L and Rab32 act synergistically to worsen breast cancer patient outcomes 

Next, we decided to investigate if Q85L-dependent apoptosis delay is relevant in breast cancer 

given Rab32 is upregulated in almost 25% of breast cancers 376,377. To do this, we generated a gene 

expression microarray dataset from a human breast cancer cohort of primary tumor samples as 

previously described 356. This analysis revealed high mRNA levels of either Rab32 or RTN3 in 

breast tumor tissues are significantly associated with poor patient prognosis with hazard ratios of 

2.32 (p=0.01) and 2.43 (p=0.003), respectively (Figure 3.12B). Consistent with a potential 

synergetic role of Rab32 and RTN3, there was an acceleration of the disease when high levels of 

Rab32 coincided with high levels of RTN3 (Figure 3.12B, right). Under this condition, the 

difference between Rab32/RTN3 double high and double low levels was further magnified 

(HR=3.82, p=0.001). Therefore, MAMphagy mediated by Rab32 and RNT3L could delay 

apoptosis in breast cancer cells, a phenomenon that may compromise the survival of these patients.  
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Figure 3.12 Rab32 delays apoptosis and acts as a negative prognostic marker in breast 

cancer patients 

A. Percent of apoptotic cells was analyzed by flow cytometry via annexin V staining. MCF7 cells 

were transfected with eGFP tagged plasmids and only eGFP positive cells were analyzed to 

remove effects of untransfected cells. Cells were treated with 2 µM of Tunicamycin for 16 h 

before staining. n=3. **p≤0.01. Experiment and data analysis performed by Megan Yap. B. 

Kaplan-Meier patient survival curves generated based on mRNA levels of RAB32 (high vs low; 

left panel), RTN3 (high vs low; middle panel) or RAB32/RTN3 combined (double high vs double 

low; right panel) in patient tumor tissues. n denotes sample size; HR, hazard ratio; p, probability 

value of statistical significance. Analysis performed by Dr. Rongzong Liu.  
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3.4 Discussion 

 

3.4.1 Model for Rab32- and RTN3L- induced MAMphagy 

The origin of the autophagosomal membrane has been a highly researched topic in the field 

of autophagy. As previously mentioned, the Golgi, ER, mitochondria, MAM, and plasma 

membrane have all been reported as sources for the isolation membrane 203,212,226–228. However, a 

consensus has largely emerged that bulk autophagy, particularly due to amino acid starvation, 

derives from the omegasome in the ER 201. Other organelles could then act as a platform for the 

isolation membrane with other types of stimuli. This model could also explain how so many 

organelles can undergo selective autophagy. In support of this hypothesis, mitochondria have been 

observed to contribute their membrane during autophagosome biogenesis in PINK1-Parkin-

mediated mitophagy 381. This study demonstrated mitochondria formed a continuous membrane 

with an LC3-tagged isolation membrane.  

Recent studies have provided evidence for even more specialized autophagy: autophagy of 

ER subdomains. Indeed, ER tubules are targeted by the autophagy receptors RTN3L 200 and 

Atlastin 3 367, ER sheets by FAM134B 370, and peripheral ER by CCPG1 366. Most of these studies 

were performed with starvation or ER stress as autophagy triggers, so more research is required to 

fully tease apart these different types of selective autophagy. Further complicating our ability to 

discern these pathways apart, evidence suggests multiple ERphagy receptors can be activated by 

the same stimuli. They also appear to participate in different stages of stress progression and 

recovery. For example, CCPG1 acts to remove insoluble proteins during ER stress 366 while Sec62 

acts after ER stress has been resolved in order to remove excess chaperones 374. Other ERphagy 

receptors could also be activated by the same stimuli but act at different timepoints, though this 

has not been tested.  

Our results support this model for ER subdomain selective autophagy by demonstrating 

overexpression of active Rab32 promotes autophagic degradation of the MAM subdomain. 

Interestingly, the susceptibility of MAM proteins to Rab32-mediated MAMphagy varied. In 

particular, Calnexin was not subject to this degradation (Figure 3.4C,D) although it was enriched 

in our MAM fraction (Figure 3.8B). A possible explanation for this effect could be that 

Rab32Q85L is known to move Calnexin away from the MAM towards the peripheral ER 290, which 

would remove it from the degradative area. Another protein that is highly associated with MAMs 
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is TMX1, which consistently showed autophagic degradation. A potential explanation for this 

difference could be their distinct MAM targeting, since TMX1 is associated with detergent-

resistant membranes while Calnexin is not 267. The difference could therefore be based on their 

localization to detergent-resistant, lipid raft-like domains, which have been observed at the MAM 

209,307. Lipid rafts are lipid-rich regions that act as microdomains to facilitate lipid-protein and 

protein-protein interactions 18. For instance, Syntaxin-17 moves from a raft-like MAM domain to 

a non-raft like domain when starvation triggers autophagy 307. This movement allows Syntaxin-17 

to recruit the PI3K III complex to the isolation membrane at the MAM 203. Calnexin could therefore 

behave similarly and also move in and out of these domains in an autophagy-dependent manner. 

Potentially, this explanation could also explain why Calnexin associates with core autophagy 

initiators such as AMBRA1 and WIPI1 209. These and other autophagy initiating proteins are 

removed from the isolation membrane before closure of the autophagosome and are therefore not 

degraded 382. Thus, it would make sense for Calnexin to also be spared from degradation in 

MAMphagy.  

Interestingly, Calnexin is also involved in selective autophagy of the ER and mitochondria. A 

recent study demonstrated Calnexin acts as an autophagy co-receptor, binding both misfolded 

proteins and FAM134B during FAM134B-mediated ERphagy 383. Unlike Rab32-mediated 

MAMphagy however, Calnexin was degraded in this type of ERphagy. This finding is further 

evidence that FAM134B and Calnexin are not directly involved in the selective degradation of the 

MAM described here. Calnexin also binds the mitophagy receptor FUNDC1, which accumulates 

at the MAM during hypoxia via Calnexin binding 379. This binding decreases as mitophagy 

proceeds, sparing Calnexin from degradation. FUNDC1 then binds Drp1 to promote mitochondrial 

fission, a process required for mitophagy to proceed. Thus, these studies are consistent with our 

model of MAMphagy where Calnexin is not degraded although other MAM proteins are. 

Importantly, RTN3L-mediated ERphagy described by Grumati et al. (2017) triggered Calnexin 

degradation, which we repeatedly did not observe with Rab32Q85L overexpression (Figures 3.4D; 

3.5B, 3.6A). Similarly, RTN3L ERphagy identified by Grumati et al. (2017) degraded Reticulon-

4, which instead accumulated during Rab32Q85L-mediated degradation (Figure 3.4C,D), possibly 

as a compensation for the degradation of RTN3. This is further evidence that the process triggered 

by Rab32Q85L is not the same type of ER tubule-specific autophagy described by Grumati et al. 

(2017).  
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Nevertheless, an important question remains unanswered: how could RTN3L mediate 

selective autophagy of both ER tubules and MAMs? Firstly, it should be noted that there is 

precedent for an autophagy receptor operating in multiple types of autophagy. For example, p62 

acts as a receptor for protein aggregates 216, sometimes called aggresomes, as well as mitophagy 

384. This could be due to the fact that p62 binds ubiquitinated cargo, which is involved in both 

mechanisms of degradation 216,384. Indeed, p62 was required for the clearance of polyubiquitinated 

aggresomes 216. Similarly, PINK1-Parkin mitophagy ubiquitinates OMM proteins to tag them as 

substrates 363. These proteins are then bound by mitophagy receptors that bind ubiquitin, including 

p62 384.  

Autophagy receptors like p62 must have two properties to be considered canonical 

receptors: i) they must have a LIR motif to bind LC3 and ii) they must also directly bind cargo 

201. Another important characteristic of receptors is their ability to oligomerize, which creates 

cargo-rich areas to facilitate autophagy. Although RTN3L has several LIR motifs, it does not 

bind cargo, making it a non-canonical receptor 200. Instead, RTN3L could act by omitting the 

cargo binding step and oligomerizing within ER tubules directly. This mechanism could be 

regulated within ER tubules, where RTN3 is exclusively found 385, by maintaining a balance 

between RTN3L and RTN3S, since only RTN3L has a LIR motif and heterodimers did not 

trigger ERphagy 200. Thus, both isoforms could be present without triggering autophagy, but 

RTN3L accumulation, via transcription, degradation, enrichment, or other changes, would 

induce ERphagy. This process of RTN3L enrichment at tubules to trigger selective autophagy 

could also happen during MAMphagy, since ER tubules can establish MERCs 188. In fact, 

MAMs are thought to be formed mostly by ER tubules rather than sheets 386. ER tubulation at 

MAMs also helps constrict mitochondria to promote mitochondrial fission 196, a process that 

must precede mitophagy 387. This model could also explain why there was little to no RTN3L on 

the MAM fraction under basal conditions (Figure 3.8B). Namely, since RTN3L accumulation at 

the MAM would trigger MAMphagy, RTN3L would likely only be recruited there when 

MAMphagy is triggered, such as with Rab32Q85L overexpression. In this model, the 

mechanistic switch between degradation of ER tubules as described by Grumati et al. (2017), or 

MAMphagy, would be where RTN3L accumulates. These observations could all come together 

to establish a model where the cell could prime for Rab32-mediated MAMphagy by triggering 

mitochondrial fission first, which would presumably be needed for the degradation of MAMs 
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similarly to mitophagy 387. This model is also consistent with previous studies demonstrating 

Rab32T39N promotes PKA-mediated inhibition of Drp1 at mitochondria 290. Given Rab32Q85L 

did not increase mitochondrial localization of PKA, Drp1 would not be inhibited with activation 

of Rab32, and would thus be able to promote fission preceding MAMphagy. Similarly, both 

RTN3S and RTN3L at the MAM could act to promote ER tubulation required for mitochondrial 

fission. After this step, RTN3L could accumulate, oligomerize, and promote MAMphagy via its 

interaction with Rab32Q85L.  

A question that arises from this model is: how or why would RTN3L accumulate if it cannot 

recognize or bind cargo? It seems more likely that chaperones, which constantly monitor the ER 

for unfolded or accumulated proteins, would act as sensors for ERphagy. As previously mentioned, 

Calnexin binds FAM134B when also bound to unfolded proteins, thus acting as a co-receptor for 

FAM134B-mediated ERphagy 383. It is possible Calnexin acts as a co-receptor for RTN3L as well. 

This hypothesis could be tested by performing a co-immunoprecipitation for Calnexin with HA-

RTN3L. We could also test this hypothesis by analyzing degradation of MAM proteins with 

Rab32Q85L in the absence of Calnexin. If Calnexin indeed acts as a co-receptor, then loss of 

Calnexin in the presence of Rab32Q85L should prevent degradation of TMX1, VDAC1 and other 

MAM substrates we identified (Figure 3.5A) 

 

3.4.2 How could MAMphagy worsen breast cancer patient outcome? 

In the context of breast cancer, MAMphagy could play a role in decreasing patient survival if 

combined high levels of Rab32 and RTN3 are found within patient tissue. This suggests that Rab32 

activation contributes to a worse patient survival, though it is still unclear how. One possibility is 

that MAMphagy alters the balance of Bcl-2 family proteins towards an anti-apoptotic state, which 

can favor the development of chemotherapy-resistant tumorigenic cells 388,389. This could explain 

why Rab32Q85L cells had lower apoptosis rates compared to Rab32T39N (Figure 3.12A). 

However, Rab32Q85L led to the degradation of two anti-apoptotic proteins: Bcl-2 and Mcl-1, and 

two pro-apoptotic proteins: BimEL and Puma (Figure 3.11B), which could result in no overall 

change in pro- and anti-apoptotic proteins. Thus, it is hard to determine, without additional 

experiments, if the degradation of Bcl-2 proteins is responsible for the changes in apoptosis 

observed here.  
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Additionally, while our results show Rab32Q85L slows ER stress-mediated apoptosis from 

incubation with tunicamycin (Figure 3.12A), our lab has previously shown Rab32Q85L 

accelerates staurosporine and TNF-related apoptosis inducing ligand (TRAIL)-mediated apoptosis 

290. This difference could simply be due to the nature of stress triggering apoptosis or the cell line 

used. Nevertheless, our latest data suggests ER stress coupled with Rab32Q85L could worsen 

breast cancer patient outcomes. In support of this hypothesis, Rab32 mRNA and protein levels 

increase with ER stress 390. This could explain why patients with high Rab32 levels have a worse 

prognosis. To test if this is at least in part due to MAMphagy, we could silence RTN3L, which 

should eliminate this tunicamycin-induced apoptosis delay with Rab32Q85L. 

Another potential explanation could be that the Rab32/RTN3L axis would improve 

bioenergetics in advanced tumor tissue. This could occur in several ways. One mechanism would 

rely on MAMphagy acting simply as an energy generating pathway, much like bulk autophagy 

does during starvation. Another plausible mechanism would involve MAMphagy specifically 

degrading certain portions of the MAM to beneficially modulate ER-mitochondria Ca2+ flux and 

mitochondrial ATP production. This scenario seems at first unlikely since Rab32Q85L-expressing 

cells actually had a significantly lower MAM coefficient as assayed by electron microscopy 

(Figure 3.7B), suggesting OXPHOS would decrease. However, MAMphagy likely targets certain 

MAM domains but not others given that it did not significantly degrade Calnexin or Mitofusin-2 

(Figure 3.4D, 3.5A). This could be beneficial to the tumor if it degraded certain domains to provide 

energy as a catabolic pathway but also spared domains to maintain Ca2+ flux and therefore 

mitochondrial ATP production. On the other hand, if MAMphagy is indiscriminate, degradation 

would result in lower ER-mitochondria Ca2+ flux and therefore, lower mitochondrial metabolism. 

Overall, this could help shift the cell towards glycolysis. In support of a model where MAMphagy 

provides energy to tumors, a recent study in leukemia cells demonstrated lipophagy, the selective 

degradation of lipid droplets (LDs), releases free fatty acids stored in LDs, which are then used by 

mitochondria for OXPHOS 391. This pathway increased proliferation of leukemia cells but did not 

operate in normal hematopoietic cells. These results suggest selective autophagy can provide 

substrates for the TCA cycle, promote OXPHOS, and therefore provide energy for tumor cells. 

Thus, MAMphagy could act in a similar way in breast cancer.   
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3.4.3 When is MAMphagy activated? 

Another unanswered question is what conditions or stressors turn on MAMphagy. A co-

immunoprecipitation of RTN3L with FLAG-WT under different conditions could help answer 

this question. Given Rab32WT can bind either GTP or GDP, unlike Q85L or T39N, a condition 

that triggers MAMphagy should promote Rab32WT to bind GTP and thus behave like 

Rab32Q85L. Consequently, this condition would increase RTN3L co-immunoprecipitation 

compared to untreated Rab32WT. Interestingly, a recent study found bulk autophagy is impaired 

when MAM tethers are manipulated, but only with certain stimulus 232. Specifically, silencing 

the MAM tethers VAPB or PTIPIP51 promoted this process, while their overexpression 

impaired rapamycin-mediated autophagy but not starvation-induced autophagy. Given 

Mitofusin-2 and PACS-2 KOs have impaired starvation-induced bulk autophagy 203, as well as 

impaired MAMphagy (Figure 3.7 E,F), this data suggests different MAM tethers participate in 

distinct types of autophagy triggered by different stimuli.  

Bulk autophagy induced by VAPB/PTPIP51 overexpression was dependent on Ca2+ flux at 

the MAM, since MCU KD or inhibition of IP3Rs eliminated the effect 232. Multiple other studies 

support this idea that IP3R-mediated Ca2+ flux disruption triggers autophagy. One study had 

opposite results, however, demonstrating starvation-induced autophagy required IP3R Ca2+ 

release 392. Additionally, a recent study demonstrated Mitofusin-2 was required for bulk 

autophagy triggered by mitochondrial inhibitors 393. Thus, it seems likely that the type of 

autophagy induced, and the machinery it requires, is highly dependent on the type of stimulus 

and MAM tether involved. Therefore, a wide array of conditions and stressors should be tested to 

identify a physiological trigger for MAMphagy. In addition to starvation-induced autophagy, this 

could include ER stressors like tunicamycin, Ca2+ chelation or depletion, and mitochondrial 

inhibitors. 
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Chapter 4: Ypt7 regulates mitochondrial metabolism and ER-mitochondria contact sites  
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4.1 Abstract 

The Rab family of small GTPases is a conserved group of proteins that regulate intracellular 

traffic. Humans have up to 70 members while the model organism Saccharomyces cerevisiae has 

only 11 members. Amongst these 70 members, Rab32 is the only Rab protein known to localize 

to mitochondria. Our lab has shown Rab32 participates in several important processes here, 

including mitochondrial fission and selective autophagic degradation of the mitochondria-

associated membrane (MAM), a membrane contact site (MCS) of the endoplasmic reticulum 

(ER) and mitochondria. This latter process, which we have called MAMphagy, causes a 

significant decrease in ER-mitochondria contact sites. Therefore, Rab32 is an important 

determinant of the extent of ER-mitochondria tethering in cells. However, no Rab32 homolog 

has been identified in yeast. To investigate if such a homolog exists, and if it also regulates 

MAM tethering and function, we performed a simple phylogenetic analysis based on protein-

protein basic local alignment search tool (BLAST) queries to identify reciprocal best BLAST 

hits (RBH). This methodology revealed Ypt7 shares roughly 37% identity with Rab32. 

Additional analysis of conserved Rab subfamily residues suggests Ypt7 is the closest Rab32 

ortholog in yeast. We also demonstrate Ypt7 can significantly alter MAM tethering, suggesting 

Ypt7 could be functionally homologous to Rab32. Additionally, we investigated the effects of 

these Ypt7-dependent changes in MAM tethering by assaying for growth on non-fermentable 

acetate, where yeast metabolism shifts entirely to mitochondrial respiration. Our results 

demonstrate Ypt7 mutants have growth defects under these conditions, suggesting Ypt7-

mediated changes in MAM tethering can lead to changes in mitochondrial respiration. Lastly, we 

also show growth on non-fermentable acetate is facilitated by Ire1, since its inhibition caused 

growth defects in all strains tested. These results suggest Ire1 can promote mitochondrial 

respiration and are in line with reports that respiration can help resolve ER stress in S. cerevisiae. 

In brief, our results suggest Ypt7 is the closest homolog of Rab32 and also regulates MAM 

tethering, which likely explains why Ypt7 negatively affects growth based on mitochondrial 

respiration.  

 

  



 104 

4.2 Background 

 

4.2.1 The Ypt/Rab family  

Saccharomyces cerevisiae has been used as a model organism to understand basic cell 

biology for several reasons, including the fact that it can be grown and maintained easily and 

inexpensively. S. cerevisiae also have a small proteome and are easier to manipulate genetically 

compared to mammalian cells. The wide availability of whole genome libraries of deletions and 

mutations also makes yeast an ideal model. Their short replication time, roughly between 60-90 

minutes 394, is also amenable. Although humans and yeast have obvious differences in their 

metabolism, cell organization, and several other aspects, there is good evolutionary conservation 

between them 319. This has led to the identification of hundreds of orthologs: gene products from 

different organisms with similar functions due to shared evolutionary ancestry 319. One field that 

has greatly benefitted from studies done in S. cerevisiae is that of intracellular traffic. For 

example, the first Ypt/Rab protein was described in the late 80’s as Ypt1 in S. cerevisiae 395. This 

led to the quick identification of Rab1 in mammals 299. The use of S. cerevisiae as a model for 

protein traffic research has led to the identification of 10 other Ypt proteins as well as their 

regulators and effectors, many of which are conserved in humans 336. These and later studies 

have informed our current model of Ypt/Rab proteins as master regulators of cellular traffic 336.  

Ypts/Rabs GTPases have highly specific membrane residency and therefore contribute to 

intracellular membrane identity 218,291. Ypt/Rabs interact with a variety of effectors that promote 

different traffic steps, including motor proteins, sorting adaptors, and tethering factors 218,291. 

Most Ypt/Rab proteins interact with effectors in their active, GTP-bound state 293. Their traffic 

between membranes is in part regulated by the exchange of GTP and GDP, also known as the 

GTP cycle 292,293. Two types of membrane proteins regulate their GTP/GDP binding state: GEFs, 

which catalyze the release of GDP and induce GTP binding due to the high GTP/GDP ratio in 

cells, and GAPs, which promote GTP hydrolysis 294,295. GAPs and GDP-bound Ypts/Rabs are 

removed from acceptor membranes by GDIs following GTP hydrolysis 297–299. Lastly, GDFs help 

Ypts/Rabs to maintain high membrane specificity since they recognize specific Rab-GDI 

complexes and displace GDI, allowing the Ypt/Rab protein to associate with its specific donor 

membrane once more 218,297,299. 
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Ypt effectors, as well as GEFs and GAPs, are also well conserved between humans and yeast 

315.  However, the Rab family is much larger, with up to 70 members in humans, while the Ypt 

family in S. cerevisiae only has 11 members 314,318. In order to investigate if Rab32 has a 

functional ortholog in S. cerevisiae, and whether this ortholog also regulates the MAM, we 

turned to comparative genomics and decided to use the reciprocal best BLAST hit (RBH) 

method 396. This method defines RBHs as genes from two species that are each other’s best 

match in reciprocal BLAST searches 396. We chose this method since it has been successfully 

used to study Ypt/Rab proteins in the past 284,318. Additionally, this method has a relatively high 

specificity and can be performed easily and quickly compared to other methods used to study 

orthologs 397. Thus, we used the Homo sapiens Rab32 sequence as query in the S. cerevisiae 

genome, which revealed Ypt7 as the best match with 36.8% identity (Figure 4.1A). The results 

of the reciprocal BLAST using Ypt7 as a query will be discussed in the results portion of this 

chapter. 

 

4.2.2 Ypt7 in endolysosomal traffic 

Ypt7 was first described in an attempt to uncover the function of mammalian Rab7 by using 

S. cerevisiae 343. This study found Rab7 and Ypt7 have 63% identity and identical effector-

binding sequences. This and additional studies in yeast in the early 90’s revealed Ypt7/Rab7 is a 

multi-functional protein involved in endolysosomal traffic and autophagy due to its ability to 

promote membrane fusion events 343,344,398. Ypt7 localizes mostly to late endosomes and is 

commonly used as a marker for this organelle 343,344. Here, Ypt7 can promote several types of 

fusion events, including homotypic fusion of late endosomes and vacuoles as well 

autophagosome-vacuole and late endosome-vacuole fusion 343,344,399. Ypt7 mediates these events 

in concert with its effector, the homotypic vacuolar fusion and protein sorting (HOPS) complex, 

which localizes to late endosomes and vacuoles 400. Together, Ypt7-HOPS establish membrane 

tethering that precedes SNARE-mediated fusion of vesicles 398,401. 

 Ypt7 is also required for the maturation of early endosomes into late endosomes 330. Early 

endosomes are characterized by the presence of Vps21/Ypt5 while late endosomes specifically 

contain Ypt7 321,343. At their respective membranes, Vps21 and Ypt7 bind tethering complexes to 

tether the membranes of vesicles and prepare them for fusion 402,403. In the case of Ypt7, this is 

the HOPS complex, while Vps21 in early endosomes binds the tethering complex class C core 
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vacuole/endosome tethering (CORVET) 403,404. Early to late endosome maturation requires the 

exchange of Vps21 with Ypt7, which is promoted by the Ypt7 GEF Mon1-Cz1 found on late 

endosomes 330.  

The Mon1-Ccz1 complex is conserved in mammals as biogenesis of lysosome-related 

organelles complex 3 (BLOC-3), a melanosomal Rab32 GEF 330,405. GEFs promote GDP to GTP 

exchange by displacing Mg2+, a Ypt/Rab cofactor which usually hides their GTPase active site 

406. Recent research has shown Mon1-Ccz1 activity requires interaction with a lysine (K) at 

position 38 (K38) in Ypt7 405. This positively charged lysine is thought to insert into Mon1-

Ccz1’s nucleotide-binding pocket, displacing Mg2+ and allowing GDP release. This residue is 

well conserved in the Rab7 subfamily but variable in other Rabs. Interestingly, Rab32 has an 

arginine (R) in its equivalent position when aligned with Rab7: R55 (Figure 4.1D). This 

positively charged amino acid could also promote displacement of the Mg2+ cofactor, suggesting 

both Ypt7 and Rab32 have a conserved residue that is used to insert into the nucleotide-binding 

pocket of this GEF. In turn, this suggests these proteins share a certain degree of homology. 

ypt7 cells have vacuole fusion defects and exhibit vacuolar fragmentation 343,344. They also 

have defects in sorting of membrane-bound vacuolar proteins dependent on AP-3, which Ypt7 

also regulates 407. Rab32 performs a very similar function in melanogenic cells since it also 

mediates AP-3 traffic and its loss results in defects in delivery of membrane-bound Tyrosinase to 

the melanosome 300,301,343. On late endosomes, Ypt7 can also interact with the retromer complex, 

which mediates retrograde traffic 399. An example of this type of transport is a process called 

endosome recycling, whereby endosomes originating at the plasma membrane are processed to 

return content to the plasma membrane 329. During endosome recycling, retromer assembly on 

the endosomal membrane eventually releases Ypt7, allowing it to instead participate in fusion by 

interacting with the vacuole-localized HOPS complex. Thus, Ypt7 is able to mediate both 

endosome fusion and recycling. Additionally, Ypt7 is required for autophagosome-vacuole 

fusion via the HOPS complex 399. Hence, ypt7 cells also have autophagosome accumulation 

defects 346. More recent research has found Ypt7 is present in a mitochondria-vacuole tethering 

complex which has been implicated in mitochondrial metabolism, potentially expanding the list 

of Ypt7 functions 347,348. 
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4.2.3 Ypt7 participates in vacuole-mitochondria contact tethering 

Recent studies have shown Ypt7 also localizes to mitochondria-vacuole MCS as 

demonstrated by fluorescence microscopy colocalization with a mitochondrial marker 347. These 

MCS are maintained by the vacuole and mitochondria patch (vCLAMP), which is composed of 

the mitochondrial proteins Mcp1 and Tom40 and the vacuolar proteins Vps13, Vps39, and Ypt7 

347,408. vCLAMP was first described in a genetic screen for synthetic lethality of ERMES 

mutants, suggesting vCLAMP could compensate for ERMES 348. Although three of the four 

ERMES subunits bear lipid-binding motifs, their deletion causes only a minor decrease in 

mitochondrial phospholipid content 35. However, concomitant loss of vCLAMP subunits results 

in mitochondria with significantly lower phospholipid levels and eventual cell death 347,348. 

ERMES loss also results in small growth defects 36,409 which can be rescued by overexpressing 

vCLAMP component Vps39 347. Together, these observations suggest vCLAMP can compensate 

for phospholipid transfer defects in ERMES mutants 348. Recent evidence has shown vCLAMP 

component Vps13 can bind and transport phospholipids between liposomes in vitro, supporting 

this hypothesis 410. Thus, vCLAMPs could compensate for lipid transfer by acting as a bypass 

route in ERMES mutants 39. This is thought to occur via the nucleus-vacuole junction (NVJ), so 

that lipids synthesized in the ER would be transferred to the vacuole at the NVJ and then 

transferred to mitochondria at vCLAMPs 39,347. This model has not been tested, however.  

Both ERMES and vCLAMP formation appear to be dynamically regulated. Specifically, 

deletion of vCLAMP components massively upregulates ERMES as determined by fluorescence 

and electron microscopy  347,348. Similarly, deletion of ERMES subunits significantly increases 

vCLAMPs. vCLAMP and ERMES formation are also influenced by the carbon source available 

to yeast. Yeast preferentially perform glycolysis in the presence of fermentable carbons such as 

glucose, though they can also survive on non-fermentable carbons like acetate 113. S. cerevisiae 

can use acetate in two main pathways: the TCA cycle or the glyoxylate cycle. In the former, 

acetate is converted into acetyl coenzyme A (acetyl-CoA) via the action of acetyl-CoA synthase. 

Acetyl-CoA can then be oxidized in the mitochondrial matrix via the TCA cycle and therefore 

fuels OXPHOS. Acetate can also be used in the glyoxylate cycle, an anabolic pathway that 

produces TCA cycle intermediates, including succinate, malate, and oxaloacetate. This pathway 

therefore exclusively supports catabolism through OXPHOS. Thus, yeast can only catabolize this 

non-fermentable carbon through OXPHOS, allowing researchers to use acetate and similar non-
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fermentable carbons to assay exclusively for respiration. Interestingly, yeast grown in non-

fermentable carbon have significantly more ERMES complexes compared to yeast grown in 

glucose 347. These cells also had a concomitant decrease in vCLAMPs. On the contrary, yeast 

grown on glucose had significantly more vCLAMPs and fewer ERMES complexes. Together, 

these results suggest yeast forced to rely on mitochondrial respiration have more ER-

mitochondria contacts and fewer vacuole-mitochondria contacts. 

Mammalian lysosome-mitochondrial contacts have also been recently described using 

electron microscopy 349. Interestingly, these MCS contain Rab7. This research has also shown 

dominant active Rab7 increases mitochondria-lysosome contacts. Recruitment of the Rab7 GAP 

TBC1 domain family member 15 (TBCD151) to mitochondria instead decreased these contact 

sites. Thus, Rab7 activation appears to decrease mitochondria-lysosome contacts, which suggests 

activation of Ypt7 could decrease vCLAMP formation. Given a decrease in vCLAMPs was 

previously shown to increase ERMES 347,348, this also suggests Ypt7 activation could promote 

ER-mitochondria tethering.   

 

4.2.4 Are ERMES and mitochondrial metabolism in yeast regulated by ER stress?  

ER stress is a well-known inducer of MAMs in the mammalian system, since starvation, 

tunicamycin, and other ER stressors have repeatedly been shown to increase the number of 

MERCs as assayed by fluorescence and electron microscopy 15,185,411. This increase in ER-

mitochondria contact sites promotes ER Ca2+ release coupled with mitochondrial Ca2+ uptake, 

which in turn promotes OXPHOS and ATP synthesis to improve cell survival 185,411. Whether ER 

stress also modulates ER-mitochondria contact site formation and MAM functions in yeast is 

poorly understood. Nevertheless, yeast also: i) increase cytosolic Ca2+ in response to ER stress 97 

ii) alter mitochondrial metabolism and begin programmed cell death (PCD) in response to Ca2+ 

flux 133,135,138 iii) require Ca2+ for transcription changes in an Ire1-dependent and -independent 

manner during prolonged ER stress as part of the Ca2+ cell survival (CCS) pathway 97 iv) 

increase mitochondrial respiration to resolve ER stress 138,184, and v) require adequate ER Ca2+ 

levels to resolve ER stress, since cells without the ER Ca2+ pump Spf1/Cod1 have severe protein 

folding defects 102,138. This suggests S. cerevisiae also have Ca2+-induced changes in 

mitochondrial metabolism, mitochondrial PCD, and ER stress resolution. Taken together, this 
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evidence suggests yeast also coordinate ER stress, Ca2+ flux, respiration, and PCD in an 

integrated response that resembles the mammalian MAM system. 

Taking all this information together, changes in vCLAMP tethering via Ypt7 activation state 

could alter ERMES content and in turn influence mitochondrial metabolism. Therefore, we 

hypothesize Ypt7 inactivation can increase the number of mitochondria-vacuole contact sites and 

also decrease ER-mitochondria contact sites. We also hypothesize Ypt7 inactivation can promote 

mitochondrial respiration as a consequence of these changes. To investigate if ER stress can also 

induce ER-mitochondria contact sites and mitochondrial metabolism in yeast, we also used an 

Ire1 inhibitor and hypothesized this would reduce the amount of ER-mitochondria contacts.  

 

4.3 Results 

 

4.3.1 Ypt7 as a potential Rab32 S. cerevisiae functional homolog 

To perform a RBH analysis we used the human Rab32 sequence as a query in a protein-

protein BLAST search in the S. cerevisiae genome. The best match obtained was Ypt7, which 

had an amino acid identity of 36.8% (Figure 4.1A). A threshold of 30% identity is usually 

applied to these analyses 396, so Ypt32 at 36.3%, Ypt1 at 35.3%, Ypt31 at 34.5%, and Ypt6 at 

33.8%, are also closely related to Rab32 (Figure 4.1A). Additionally, 3 of the 4 members of the 

Ypt5-like subfamily also shared identity percentages above 30%, suggesting this family could 

also be in part functionally homologous to Rab32 (Figure 4.1A). Next, we used the sequence of 

the best match, Ypt7, as query in a protein-protein BLAST of the human genome. As seen in 

Figure 4.1B, the best scoring match was Rab7 with 61.3% identity, as previously published 344. 

The second-best match was Rab9 at 52% identity, while Rab32 was the 14th best match, with 

35.1% identity (Figure 4.1B). Taken together, these results suggest Rab32 is best represented by 

Ypt7 in S. cerevisiae, although Ypt7 is best represented in the human genome by several Rabs 

other than Rab32. To gain a better understanding of the relationship between Rab32 and Ypt7 we 

also performed a sequence alignment and BLAST search for Rab32’s active site, defined as the 

region that interacts with GTP/GDP 412. This site contains the ultra-conserved FALK sequence 

within the Rab32 subfamily, which is also composed of members Rab38 and Rab29 413. This 

alignment showed good conservation, with the FALK motif altered to FLTK in both Ypt7 and 

Rab7 (Figure 4.1D). This BLAST search also found Ypt7 as a close hit, though Ypt1, Ypt32, and 

Ypt6 were more closely related (Figure 4.1C). Taken together, these results suggest Ypt7 is the 
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most closely related Ypt protein to Rab32. To understand if this extends to functional homology, 

we next investigated whether Ypt7, like Rab32, could influence ER-mitochondria contact sites.
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Figure 4.1 Ypt7 shares homology with Rab32 

A. Homology tree generated by a protein-protein BLAST search (NCBI) with Homo sapiens 

Rab32 as query (yellow box) in the Saccharomyces cerevisiae genome. The best match, Ypt7, is 

highlighted in the red box. Percent identities above 30% are also indicated. The S. cerevisiae 

strain of the genomic sequences queried are indicated in square brackets. B. Homology tree 

generated by a protein-protein BLAST search (NCBI) with Saccharomyces cerevisiae Ypt7 

(yellow box) as query in the Homo sapiens genome. The best two matches, Rab7 and Rab9, are 

highlighted in the blue box. Rab32, the 14th best match, is highlighted in the red box. Percent 

identities above 30% are also indicated. C. Homology tree generated as in A but with the Rab32 

active site sequence highlighted in yellow as the query. The sequence was obtained from amino 

acids 56-65 of Rab32 and is also highlighted in red in panel D. The S. cerevisiae strain of the 

genomic sequences queried are indicated in square brackets. D. Sequence alignment for Rab32, 

Ypt7, and Rab7. The Rab32 effector binding domain is highlighted by the red box and the highly 

conserved Rab7/Ypt7 residue K38 by the blue box.   
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4.3.2 Dominant negative Ypt7 mutants have more ER-mitochondria contacts 

Next, we performed electron microscopy to quantify ER-mitochondria and vacuole-

mitochondria contacts in cells with WT or dominant negative Ypt7, Ypt7T22N. In the 

mammalian system, Rab7 GAP overexpression decreased mitochondria-lysosomes contact sites 

349. This suggests an increase in inactive Rab7 decreases these contacts. Therefore, we 

hypothesized Ypt7T22N would have fewer vacuole-mitochondria contacts compared to WT. 

Moreover, since a decrease in vCLAMPs has been shown to increase ERMES 347,348, we also 

hypothesized Ypt7T22N would have more ER-mitochondria contact sites. Thus, WT and 

Ypt7T22N strains were grown overnight in 2% yeast extract peptone dextrose (YPD), processed 

for electron microscopy, imaged, and quantified. These quantifications revealed Ypt7T22N has 

significantly more MAM compared to WT cells with almost double the ratio of ER-mitochondria 

length/distance (Figure 4.2A). Ypt7T22N also had a statistically significant increase in the 

number of ER-mitochondria contact sites per cell, with over twice as many MERCs compared to 

WT (Figure 4.2A). We did not observe a statistically significant difference in vacuole-

mitochondria contact site length/distance, suggesting these MCS were not altered (Figure 4.2B). 

In terms of number of vacuole-mitochondria contacts per cell, WT cells had an average of 0.54, 

suggesting most cells had between 0 and 1 contacts, while Ypt7T22N cells had a statistically 

significant higher average of 1.07 contacts (Figure 4.2B). In summary, these results show 

dominant negative Ypt7 increases the number of MERCs as well as their overall length and 

distance. However, this change was not coupled with a decrease in vacuole-mitochondria 

contacts as we had hypothesized. Instead, these contact sites increased in Ypt7T22N mutants. 

Next, we wanted to investigate if this increase in MERCs affected mitochondrial metabolism. 
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Figure 4.2 Dominant negative Ypt7 mutants have more ER-mitochondria and vacuole-

mitochondria contacts. 
A. Representative images of electron microscopy for WT and Ypt7T22N cells maintained in 2% 

YPD. The average distance between a continous stretch of ER and mitochondria membranes between 

10-50nm apart was measured and divided by the length along the ER membrane contacting this 

mitochondrion. These values were graphed to obtain a length/distance ratio or MAM coefficient. 

White arrows indicate ER-mitochondria contact sites. The number of ER-mitochondria contacts per 

cell was also counted. Average values for each condition graphed are indicated at the base of each 

bar. n75. *p≤0.05. ** p≤0.01. B. Electron microscopy as in A for vacuole-mitochondria contacts, 

which are indicated by white arrows. n50. *p≤0.05. Images obtained by Dr. Nasser Tahbaz.   
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4.3.3 Dominant active and negative Ypt7 mutants have growth defects in acetate  

As previously described, vCLAMPs outnumber ERMES when glucose is present, while 

growth on a non-fermentable carbon promotes ERMES and decreases vCLAMPs 347. Given 

Ypt7T22N had more ER-mitochondria MCS (Figure 4.2A), we hypothesized these cells would 

have better growth on a non-fermentable carbon. To investigate if Ypt7 influences growth when 

cells are forced to respire, we assayed for growth of WT and Ypt7 mutants on yeast extract 

peptone glucose (YPD) or acetate (YPA). To do this, we assayed for growth in liquid media by 

measuring absorbance in a spectrophotometer after 24hrs of growth from an initial optical 

density (OD) of 0.2. We simultaneously plated serial dilutions on agar and observed colony 

growth. Although there were no significant growth differences in YPD (Figure 4.3A), both the 

dominant active (Ypt7Q68L) and dominant negative (Ypt7T22N) mutants grew significantly 

worse in YPA (Figure 4.3B). This effect was more moderate in Ypt7Q68L mutants, which had 

roughly a 20% decrease while Ypt7T22N had almost a 40% decrease (Figure 4.3B). These 

results were similar on solid media (Figure 4.3B). Interestingly, ypt7 behaved similarly to WT 

in both YPD and YPA (Figure 4.3A,B). Together, these results suggest both dominant active and 

dominant negative Ypt7 have a negative effect on growth when respiration is required, while 

curiously, the absence of Ypt7 has no effect (Figure 4.3B). This suggests these GTP-binding 

mutants have impaired respiration. Therefore, we focused on these mutants for the remaining 

experiments.  

 

4.3.4 Ire1 facilitates growth in acetate, particularly in dominant negative Ypt7 mutants 

In mammals, IRE1 acts as a scaffold for IP3R at MAMs, so that IRE1 loss causes a decrease 

in ER-mitochondria Ca2+ flux and mitochondrial respiration 249. To test if Ire1 is also required for 

mitochondrial respiration in yeast we used the Ire1 inhibitor I, STF-083010. This treatment 

significantly inhibited growth in WT cells to roughly 85% compared to untreated conditions, 

though the effect was more profound on solid versus liquid media (Figure 4.3C). Ypt7Q68L had 

a very similar decrease of roughly 85% in liquid media compared to untreated conditions (Figure 

4.3C). Lastly, Ypt7T22N had a decrease of almost 50% when STF was added in liquid media 

while on agar the decrease appeared even larger (Figure 4.3C). Ire1 therefore seems to boost 

mitochondrial respiration in yeast as well as in mammals, since inhibition of Ire1 decreased 

growth on acetate in all strains.   
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Figure 4.3 Ypt7 dominant active and negative mutants have defective growth on non-

fermentable acetate 

A. Spot assay in YPD shows Ypt7 mutants have no significant growth defects. Strains were 

serially diluted from an initial optical density (OD) of 1 and spotted onto 2% YPD plates. 

Absorbance measurements in YPD after 24hrs of growth were also graphed. Strains were grown 

at 30C from an initial OD of 0.2 and absorbance was measured at 24hrs. n=3 independent 

experiments. ns=not significant. B. Spot assay performed in 2% YPA shows Ypt7 mutants have 

growth defects. Absorbance measurements as in A. n=3. **p≤0.01. C. Spot assay as in B with 

and without 60M of Ire1 inhibitor STF-083010 shows WT and Ypt7 mutants have decreased 

growth on acetate with Ire1 inhibition. n=3. *p≤0.05. **p≤0.01. ***p≤0.001.   
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4.4 Discussion 

 

4.4.1 Is Ypt7 a functional homolog of Rab32? 

Although pairwise alignments with BLAST are used often to identify Rabs 414, RBHs and 

similar genomic methods based on sequence similarity have a number of drawbacks. One of 

these is that ortholog detection becomes increasingly difficult with gene duplication, deletion, 

transposition, and similar genetic and evolutionary events 396. Gene loss and high number of 

paralogs are common in species that have undergone whole genome duplication events, such as 

Saccharomyces cerevisiae. Additionally, the Rab family in humans has undergone dramatic 

expansion and lineage-specific diversification, further complicating the identification of 

homologs 314,315. Some of these issues are exacerbated when sequence identity falls below 30% 

396. Since our BLAST queries revealed sequence identity between Rab32 and Ypt7 to be above 

30% (Figure 4.1), these problems are unlikely to significantly affect our RBH analysis. 

Nevertheless, other phylogenetic approaches can be used in the future to verify the validity of the 

homology described here. For example, software such as InParanoid 415 and ScrollSaw 316 has 

been previously used to identify human orthologs in model organisms and to resolve gene 

duplications events undergone by the Rab family, respectively.  

Although our phylogenetic analysis suggests Ypt7 and Rab32 share some homology, our 

functional assays are less clear. Our earlier results (Figure 3.6A) demonstrated Rab32Q85L 

significantly decreased ER-mitochondria contact sites as assayed by electron microscopy. 

Therefore, in Figure 4.2 we sought to investigate whether Ypt7 could also influence these MCS. 

Specifically, we decided to perform electron microscopy on the dominant negative Ypt7 mutant 

since we observed larger effects with this mutant on our growth assays (Figures 4.3B,C). Our 

results demonstrate Ypt7T22N caused a statistically significant increase in ER-mitochondria 

contact sites (Figure 4.2A). These results are in line with our hypothesis that Ypt7T22N would 

have more MAM since i) Rab7 GAP overexpression decreased vacuole-mitochondria contacts 

and ii) vCLAMP and ERMES are inversely proportional 347–349. However, we did not observe a 

concomitant decrease in vCLAMP content and instead observed a significant increase in the 

number of vCLAMPs per cell (Figure 4.2B). This discrepancy could be explained in light of 

recent evidence suggesting the type of vCLAMP, rather than the total number of vCLAMPs, is 

the determining factor in whether or not vCLAMPs can compensate for ERMES defects 408,416. 
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These studies have found two types of functional vacuole-mitochondria contacts exist in yeast: 

one containing Vps39, Ypt7, and Tom40, which acts only to tether these membranes, and 

another containing Vps13 and Mcp1. These studies also showed the latter complex is enough to 

compensate for growth defects of ERMES mutants in YPD. Interestingly, there were no 

differences in total or mitochondrial phospholipid content when an ERMES mutant also had a 

deficient Vps39-Ypt7-Tom40 vCLAMP. Thus, the amount and number of vCLAMPs containing 

Vps13 was the determining factor for compensation of the growth defects. This suggests 

comparing the number of vCLAMPs, or their relative abundance compared to MERCs, may not 

be enough to determine if ERMES function is altered. Moreover, this evidence suggests there are 

different functional vCLAMP units. Therefore, it will also be important to test if there are 

changes in these functionally different complexes. This can be done by assaying for Vps13 

positive puncta co-localization with mitochondria via immunofluorescence.  

Nevertheless, our results demonstrate the activity of both Rab32 and Ypt7 can determine the 

number and tethering of MERCs. It remains unclear if they do so via similar mechanisms, 

though. To explore the mechanistic basis for these effects, these MCS could be quantified in an 

autophagy-deficient genetic background, such as Atg5 KO cells, which cannot form isolation 

membranes 198. If MAMphagy is responsible for the decrease in MAMs with Rab32Q85L 

overexpression, as we hypothesize, then these conditions should prevent the decrease in ER-

mitochondria contacts. This should also occur in cells with RTN3L siRNA. Another possibility 

is that Ypt7 regulates MAM formation through its role as a component of vCLAMP, as we had 

originally hypothesized. This could be tested by assaying for Vps13-positive vacuole-

mitochondria MCS as suggested above. Lastly, although we did not observe a statistically 

significant difference in vacuole-mitochondria length/distance, there was a significant increase in 

the number of these MCS with Ypt7T22N (Figure 4.2B). We could therefore test if the changes 

in MERCs we observed in Figure 4.2B are due to its role in vCLAMP formation with synthetic 

linkers. Synthetic linkers are constructs which artificially tether two organellar membranes 35. 

This method has been employed in yeast in the past, such as the use of the construct helping in 

mitochondria-ER association (ChiMERA) used to identify ERMES. If Ypt7T22N increases 

MAMs due to a decrease in vCLAMP, as we hypothesized based on previous Rab7 research 349, 

then vacuole-mitochondria synthetic linkers should reverse this effect and decrease the number 

of MERCs.  
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Interestingly, Ypt7 participates in ERphagy, since rapamycin-induced degradation of Sec63-

labelled ER fragments was impaired in ypt7 mutants 417. Additionally, Rab7 participates in 

isolation membrane expansion during mitophagy 418. This suggests Ypt7 could also be involved 

in selective degradation of the ER and/or mitochondria. Though this model is highly speculative, 

if Ypt7 has a similar function to Rab32-mediated MAMphagy, then it is possible Ypt7 activation 

triggers one or both of these types of selective autophagy. 

It will also be important to further test for functional homology in the future. This is 

commonly done by expressing the mammalian homolog in null strains to rescue defects or 

reverse phenotypes. These types of experiments are commonly used to establish functional 

homology for essential S. cerevisiae genes 319 and can be performed via Drag&Drop cloning, 

which uses in vivo homologous recombination in S. cerevisiae to introduce a mammalian gene of 

interest in an inducible vector 419.  However, we did not observe significant changes in ypt7 

growth in YPD or YPA (Figure 4.3B), making this experiment unsuitable for such a test. Instead, 

we could turn to ER-mitochondria contact site quantification, where we observed highly 

significant increases with Ypt7T22N (Figure 4.2A). We could also assay for growth on acetate 

with and without Ire1 inhibition, where we observed statistically significant decreases in WT, 

Ypt7Q68L, and Ypt7T22N (Figure 4.3C). If we still do not observe significant changes for ypt7 

in these experiments, we could assay for vacuolar protein sorting defects in ypt7 as previously 

published 407. Since Rab32 is required for the similar process of melanogenic enzyme sorting 

300,301, it is plausible Rab32 could rescue this mutant and therefore establish at least partial 

functional homology with Ypt7.  

 

4.4.2 Ypt7 regulates ER-mitochondria contact site formation 

Our results show Ypt7T22N significantly increases MERCs (Figure 4.2A). These cells were 

maintained in glucose before imaging, where ERMES have been previously reported to be 

outnumbered by vCLAMPs 347. However, we found both WT and Ypt7T22N cells had at least 

twice as many MERCs as vacuole-mitochondria contact sites when grown in glucose (Figure 

4.2B), contradicting this previous report. As detailed above, one possible explanation for this 

discrepancy is evidence suggesting only Vps13-Mcp1 vCLAMPs, but not Vps39-Ypt7-Tom40 

vCLAMPs, can compensate for ERMES growth defects 408,416. Thus, it is possible Ypt7T22N 
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specifically increased Vps39-Ypt7-Tom40 vCLAMPs, which cannot compensate for ERMES. 

Therefore, ERMES are unlikely to decrease in this genetic background.  

Another possible explanation for our result is that vCLAMP participates in mitochondrial 

fission, which would in turn affect the number of MERCs in cells. This potential function of 

vCLAMP as both a tethering complex and mitochondrial fission machinery is reminiscent of 

Mitofusin-2, which mediates both ER-mitochondria tethering and mitochondrial fusion at the 

MAM 16. Indeed, expression of a dominant negative mutant of Drp1 in mammalian cells induces 

mitochondrial elongation and a significant increase in MERCs 420. In support of our hypothesis, a 

recent study in mammalian cells showed almost 80% of mitochondrial fission events in healthy 

cells occurred at mitochondria-lysosome MCS 349. Moreover, 100% of these mitochondria-

lysosome fission events also colocalized with the ER, suggesting this process occurs at tripartite, 

mitochondria-lysosome-ER MCS. Interestingly, fission at these MCS could be induced by 

recruitment of the Rab7 GAP TBC1D15 to mitochondria via Fis1 binding. 349. This recruitment 

also resulted in mitochondria-lysosome untethering. Therefore, Rab7 GTPase activity appears to 

untether mitochondria-lysosome contacts, likely allowing Drp1-mediated fission to occur at the 

ER-mitochondria contact site left behind. It is therefore possible YptT22N also promotes 

mitochondrial fission in a similar manner, which would result in an increase in MERCs required 

to perform Drp1-mediated fission 196. This is consistent with our results, which indicate 

Ypt7T22N significantly enhanced ER-mitochondria contact formation (Figure 4.2A). To begin to 

investigate if mitochondrial morphology or fission changes occurred in Ypt7T22N cells we could 

assess mitochondrial swelling as well as mitochondrial length in our electron microscopy 

images. 

It is also tempting to speculate whether these tripartite MCS, if they do indeed exist in yeast, 

could allow the vacuole to buffer Ca2+ at these organelles. Given vacuolar Ca2+ uptake is the 

main mechanism of cytosolic Ca2+ buffering in yeast 186, this could allow for quick and efficient 

regulation of mitochondrial Ca2+ uptake due to the short membrane distances of MCS. In this 

hypothetical model, when vacuole-mitochondria-ER contact sites increase, mitochondrial Ca2+ 

levels would drop due to increased vacuolar Ca2+ uptake, resulting in lower mitochondrial 

respiration. This is a highly speculative model since no evidence of these tripartite contact sites 

has been reported in S. cerevisiae, or of vacuolar Ca2+ uptake affecting mitochondrial Ca2+ 
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levels. Therefore, extensive testing of vacuole-mitochondria-ER contacts in fluorescence and 

electron microscopy would be necessary, as well as organellar Ca2+ measurements.  

 

4.4.3 Ypt7 activity impairs growth during mitochondrial respiration 

Growth on acetate has been used as a proxy for mitochondrial respiration in the past since 

acetate can only be metabolized via the TCA cycle 113. Therefore, we assayed for growth of Ypt7 

mutants in acetate as a proxy for the state of their respiration and in turn, their MAM tethering. 

Our results show both dominant active and dominant negative Ypt7 mutants had impaired 

growth when forced to respire (Figure 4.3B). Previous results from our lab showed Rab32Q85L 

overexpression increases IP3R-mediated Ca2+ release as well as mitochondrial Ca2+ uptake 290. 

This suggests these cells likely have higher respiration rates, though this has not been tested. Our 

results in Chapter 3 suggest Rab32Q85L-mediated autophagic degradation of MAMs could 

decrease ER-mitochondria Ca2+ flux and therefore, mitochondrial respiration. However, 

autophagy provides cells with fatty acids, amino acids and sugars, which can be used to support 

mitochondrial metabolism 235. For example, amino acids can have their amino group removed in 

order to be used in the TCA cycle, such as deaminated aspartate, which is converted to 

oxaloacetate 421. This effect could counterbalance a decrease in ER-mitochondria Ca2+ flux due 

to MAMphagy, so it is still unclear what overall effect Rab32Q85L has on mitochondrial 

respiration. Therefore, it would be beneficial to measure oxygen consumption in both models to 

fully understand the effects of Rab32- and Ypt7-mediated changes in respiration and ER-

mitochondria tethering. Regardless, our results suggest Ypt7 can regulate MAM formation and 

mitochondrial respiration.  

A question that arises from these results is: why do Ypt7T22N cells grow poorly when 

respiring on acetate (Figure 4.3B) when they have more MERCs (Figure 4.2A)? Firstly, it is 

important to note that our electron microscopy experiment was performed in 2% YPD. Thus, our 

quantifications are not reflective of the status of MCS on acetate, but rather their status during 

homeostasis on glucose, where WT yeast preferentially perform glycolysis 113. Yet this point 

raises another question, why do Ypt7T22N cells have so many more MERCs in YPD if, like WT 

cells, they should be performing glycolysis rather than OXPHOS? One possibility is that 

Ypt7T22N promotes MAM formation, as evidenced by our microscopy results (Figure 4.2A), 

but that an increase in MAMs does not increase respiration in yeast, as evidenced by the growth 
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defect of this strain on acetate (Figure 4.3B). In other words, it is possible S. cerevisiae MAMs 

are not required for mitochondrial respiration, unlike the mammalian model. However, there is 

abundant evidence that yeast mitochondria accumulate Ca2+ and that their respiration is regulated 

by Ca2+, as described previously 102,133,138,184. Therefore, there must be a regulatory mechanism 

for mitochondrial Ca2+ uptake. If this mechanism is not ER-mitochondria tethering as in 

mammals, it could instead by vacuole-mitochondria tethering. In this model, vacuolar Ca2+ 

uptake would regulate the availability of Ca2+ for mitochondria, which would in turn regulate 

mitochondrial respiration, as hypothesized above. Our microscopy results revealed Ypt7T22N 

cells had roughly twice the number of vacuole-mitochondria MCS compared to WT cells (Figure 

4.2B). Therefore, Ypt7T22N would have lower mitochondrial Ca2+, which is consistent with 

their impaired growth on acetate (Figure 4.3B). Testing of this model would require extensive 

organellar Ca2+ measurements in this mutant as well as vacuolar Ca2+ mutants pmc1 and yvc1 

and ER Ca2+ mutants pmc1 and spf1/cod1.  

 

4.4.4 ER stress regulates mitochondrial respiration in yeast 

Mammalian cells can increase mitochondrial respiration during ER stress by promoting 

MAM tethering 15,185,411. Whether this also occurs in yeast is not known, but recent studies have 

shown ER stress can be relieved by promoting mitochondrial respiration 138,184. Thus, it is 

possible changes in MAM formation could explain this increase in respiration during yeast ER 

stress. We therefore incubated cells with the Ire1 inhibitor STF and hypothesized this treatment 

would decrease growth on acetate. Our results suggest this is the case, since all strains treated 

with STF had decreased growth on acetate (Figure 4.3C). Thus, we conclude yeast also have ER-

stress dependent increases in mitochondrial respiration, suggesting ER stress promotes MAM 

formation. This hypothesis could be further tested by performing electron microscopy and 

measuring MERCs with and without STF incubation. If our hypothesis is correct, then cells 

grown on 2% YPA + STF should have fewer MERCs. Similarly, this experiment could be done 

in ire1 and  hac1 strains, though it is possible these cells could develop adaptations to 

overcome having fewer MERCs. In this case, vCLAMPs should also be quantified.   

Interestingly, Ypt7 might directly interact with the ER stress machinery. Specifically, HAC1 

messenger ribonucleic acid (mRNA) has been shown to interact with several Ypt proteins, 

including Ypt7 320. In this study, the authors found Ypt1 binds HAC1 mRNA during homeostasis 
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and promotes its decay. This interaction declines upon ER stress, allowing HAC1 to be spliced 

and participate in the UPR. Although only Ypt1 was tested to demonstrate HAC1 decay, it is 

possible Ypt7 also regulates HAC1 mRNA stability. If Ypt7 does indeed promote HAC1 mRNA 

degradation in basal conditions, then acetate, which triggers ER stress 422, likely causes Ypt7-

HAC1 to dissociate, allowing for HAC1 translation. This could explain why ypt7 cells did not 

have growth defects in acetate (Figure 4.3), since they would have basal levels of ER stress if 

HAC1 is not being bound and degraded. Thus, ypt7 cells are likely to have adaptations to deal 

with basal ER stress, which could include increased MAM tethering and respiration. This would 

give ypt7 cells a slight growth advantage on acetate. Indeed, ypt7 cells grew slightly better 

than WT cells, though this difference was not statistically significant (Figure 4.3B). This 

hypothesis could be tested by monitoring HAC1 decay via reverse transcription polymerase chain 

reaction (RT-PCR) as well as binding to Ypt7 via RNA chromatin immunoprecipitation (RIP-

ChIP).  
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Chapter 5: Cne1 and Eps1 regulation of mitochondrial respiration and ER-mitochondria 

tethering in S. cerevisiae  
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5.1 Abstract 

The mitochondria-associated membrane (MAM) is a dynamic ER subdomain that responds 

to a multitude of stimuli and pathways, including Ca2+ flux, changing metabolic demands, and 

ER stress. A group of proteins that helps create a coordinated response to these conditions are 

ER folding assistants. The mammalian MAM houses a large number of these proteins, including 

TMX1 and Calnexin. At the MAM, TMX1 and Calnexin interact with the SERCA2b Ca2+ 

ATPase pump and regulate its activity through redox modification of its luminal cysteines. In 

basal conditions, SERCA2b activity is partly maintained by Calnexin, which is thought to 

promote Nox4- and Ero1-mediated oxidation of its luminal cysteines. Therefore, loss of 

Calnexin causes significant decreases in ER Ca2+ content, ER-mitochondrial Ca2+ flux, and 

mitochondrial respiration. The reductase TMX1 instead inhibits SERCA2b, increasing ER Ca2+ 

content, ER-mitochondria Ca2+ flux and mitochondrial respiration. These effects were also 

coupled to changes in the number of ER-mitochondria contact sites as well as their tethering. 

Thus, these folding assistants act as critical regulators of MAM function and structure. We 

wanted to investigate if Saccharomyces cerevisiae folding assistants also regulate ER-

mitochondria contact sites, particularly in light of recent evidence demonstrating loss of 

Glutaredoxin 6 (Grx6) decreased ER Ca2+ content. Therefore, we sought to characterize the 

effects of loss of the Calnexin homolog Cne1 as well as the hypothesized TMX1 homolog, Eps1. 

Our results reveal both cne1 and eps1 cells have growth advantages when cells are forced to 

respire in non-fermentable acetate. These effects were reversed when Ca2+ was chelated with 

BAPTA-AM, suggesting Ca2+ was required for their improved fitness when respiring. This 

strongly suggests cne1 and eps1 cells have higher ER-mitochondria Ca2+ transfer, fueling 

higher and/or more efficient respiration. cne1 cells also had significantly higher maximal 

respiration as assayed by respirometry measurements. cne1 cells also had roughly 40% shorter 

ER-mitochondria contacts and looser tethering between these membranes. These effects were 

coupled with an increase in the average number of contact sites per cell. eps1 instead had no 

significant changes in oxygen consumption or ER-mitochondria contact site tethering. Therefore, 

our results demonstrate the Calnexin homolog, Cne1, is a MAM modulator in S. cerevisiae.  
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5.2 Background 

 

5.2.1 Redox regulation of SERCA2b at MAMs 

ER Ca2+ homeostasis in mammals requires tight regulation of IP3R and SERCA activity. One 

way these proteins are post-translationally regulated at the MAM is via redox modification of 

cysteines 81,258. These redox reactions are catalyzed by ER oxidoreductases with a conserved 

TRX motif composed of two cysteines separated by any two amino acids (CxxC) 274. This motif 

is quite variable, and many proteins have at least one cysteine replaced with another thiol-

containing amino acid such as serine or threonine. Members of the PDI superfamily can catalyze 

disulfide bond formation or isomerization via oxidation of their TRX-like motif cysteines 149. 

Instead, cysteine reduction in the TRX-like motif results in disulfide bond hydrolysis in the 

client. Disulfide bonds are important not only for a protein’s structure but also for its activity 423. 

For example, several studies have shown the ATPase activity of SERCA2b, the ubiquitous 

isoform enriched in MAMs, can be altered via redox regulation of its luminal cysteines and 

cytosolic cysteines 81,255–257. These studies have largely focused on a single conserved cytosolic 

cysteine, cysteine 674 (C674), since modification of the remaining cytosolic cysteines does not 

significantly alter ATPase activity 256. These studies suggest overall hyperoxidation of 

SERCA2b’s cysteines inhibits its activity 257,258. Reversible oxidation of C674 is instead 

associated with increased ATPase activity 256. 

Fewer studies have investigated its two intraluminal cysteines found on the longest loop 

connecting the 11 transmembrane domains of SERCA2b, loop 4 (L4) 81,257. Several studies 

suggest oxidation of L4 cysteines and disulfide bond formation between them inhibits SERCA2b 

81,255,25781,255,257. In one study performed in Xenopus oocytes, a system commonly used to study 

Ca2+, ERp57 overexpression inhibited SERCA2b 257. This was investigated by measuring 

SERCA2b-mediated cytosolic Ca2+ oscillations, which are created by successive waves of Ca2+ 

release induced by IP3R and uptake by SERCA2b. The authors also demonstrated ERp57 

interacts with SERCA2b by binding L4. This interaction decreased when ER Ca2+ fell below 

50M during ER stress, suggesting binding occurs only during homeostasis. Although there was 

no direct evidence of ERp57 oxidizing the luminal cysteines, the authors also showed the effect 

on cytosolic Ca2+ was lost when ERp57’s active site was mutated. Together, these results suggest 

ERp57 inhibits SERCA2b in basal conditions by catalyzing oxidation of the L4 cysteines.  
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On the other hand, reduction of the L4 cysteines via hydrolysis of their disulfide bond can 

activate SERCA2b 255. For example, the reductase ERdj5 binds SERCA2b during ER stress 

when ER Ca2+ levels drop significantly. Under these conditions, ERdj5 can reduce the L4 

cysteines and activate SERCA2b, likely in an effort to restore ER Ca2+ homeostasis by 

increasing Ca2+ uptake. Moreover, loss of ERdj5 via siRNA KD increased L4 cysteine oxidation 

and correlated with lower SERCA2b activity. However, some level of oxidation is required for 

SERCA2b activity 255,257,258. Indeed, several studies suggest SERCA2b is most active when its 

luminal, and likely also cytosolic, cysteines are partially oxidized 81,257,258. In summary, these 

studies suggest oxidation activates SERCA2b while partial reduction or extensive oxidation 

inhibits it. 

Two other MAM-localized folding assistant also regulate SERCA2b: Calnexin and TMX1 

259,260,267. Importantly, studies in Calnexin and TMX1 KOs have shown loss of their SERCA2b 

regulation has direct effects on MAM functions and structure. 

 

5.2.2 Calnexin and TMX1 oppositely regulate SERCA2b activity 

Calnexin interacts with SERCA2b in basal conditions in its palmitoylated form, a post-

translational modification that enriches it at the MAM 266,267. Palmitoylated Calnexin can also 

interact with the RTC, particularly in the peripheral ER, where it participates in protein folding 

of newly synthesized glycoproteins 266. Depalmitoylation causes Calnexin to redistribute 

throughout the bulk ER, a process that can be triggered by short-term ER stress induced by 

tunicamycin or reducing agent DTT 267.  

Previous results from our laboratory suggest Calnexin is required for SERCA2b activation in 

a redox-dependent manner 259,267. This was determined in part by measuring ATPase activity 

from isolated light membranes 259. These experiments demonstrated Calnexin KOs had 

significantly lower ATPase activity derived from SERCA2b compared to their WT counterparts. 

A BIAM switch assay also revealed Calnexin KOs had significantly more reduced SERCA2b 

compared to WT cells, suggesting Calnexin is required to maintain SERCA2b oxidation. This 

suggests Calnexin likely promotes oxidation of the L4 cysteines to maintain SERCA2b in an 

active state. 

Calnexin interacts with several oxidoreductases which are likely to catalyze SERCA2b L4 

cysteine oxidation. One of these interactors is the nicotinamide-adenine dinucleotide phosphate 
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(NADPH) oxidase Nox4, which is known to oxidize and activate SERCA2b 424,425. When WT 

and Calnexin KO cells were chemically inhibited for Nox4, WT and KOs behaved similarly. 

Specifically, SERCA2b oxidation and ATPase activity decreased in WT cells to roughly the 

same levels as KOs 259. This effect was also observed when cells were treated with an Ero1 

inhibitor. Together, these results demonstrate Calnexin maintains SERCA2b oxidation and 

activity in basal conditions by promoting Nox4- and Ero1- mediated SERCA2b oxidation. 

Therefore, Calnexin KOs have a number of defects, including significantly lower ER Ca2+. 

Calnexin KOs did not have increased UPR induction though, which has also been reported in 

other studies 259,267,426. They also have lower cytosolic and mitochondrial Ca2+ levels 259. 

Additionally, electron microscopy revealed they have tighter and longer ER-mitochondria 

contacts and more tethering proteins. Thus, Calnexin KOs have more MAMs overall, likely to 

compensate for their decreased ER-mitochondria Ca2+ flux. Lastly, they had a lower respiration 

rate and were more reliant on glycolysis.  

TMX1 instead inhibits SERCA2b, though the mechanism for this effect is less understood. 

TMX1-SERCA2b interaction occurs preferentially when cells are undergoing oxidative stress, 

such as after incubation with the oxidant buthionine sulfoximine (BSO) 260. These conditions 

promote TMX1 MAM enrichment, which likely contributes to this increased interaction. In 

support of the hypothesis that TMX1 inhibits SERCA2b, TMX1 KOs have higher ER Ca2+ while 

cells overexpressing TMX1 have decreased ER Ca2+. Moreover, TMX1 overexpression was 

coupled with increased mitochondrial Ca2+ uptake and oxygen consumption, suggesting 

mitochondrial respiration was induced. Like Calnexin KOs, TMX1 KOs do not have increased 

levels of basal ER stress 427. However, TMX1 loss caused better ER Ca2+ uptake and decreased 

ER Ca2+ release 260. Consistent with these results, TMX1 KOs had a significant decrease in ER-

mitochondria contact site length as assayed by electron microscopy. Mitochondrial Ca2+ and 

respiration also decreased in these cells. Additionally, TMX1 KOs had a shift to glycolytic 

metabolism since they had higher amounts of glycolytic enzymes, possibly to compensate for 

their lower respiration rate.  

However, another study found stable TMX1-silenced cells have higher mitochondrial Ca2+ 

and respiration rate compared to WT cells 427. This study also found TMX1 KD caused an 

increase in mitochondrial proximity to the plasma membrane. These cells also had shorter and 

looser MERCs, suggesting TMX1 silencing reduces ER-mitochondria MCS but promotes plasma 
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membrane-mitochondria MCS. Importantly, mitochondrial Ca2+ levels have been shown to 

increase upon shorter plasma membrane-mitochondria distances 428. Therefore, it is likely TMX1 

KD cells compensate for their shorter and looser MAMs by increasing plasma membrane-

mitochondria proximity, resulting in an overall increased mitochondrial Ca2+ and respiration. 

Although this hypothesis reconciles the TMX1 KO and KD results, taken together, these studies 

suggest loss of TMX1 results in complex phenotypes with compensatory pathways.  

 

5.2.3 ER Ca2+ regulation in S. cerevisiae  

ER Ca2+ in S. cerevisiae is largely dependent on the Ca2+ ATPase pump Pmr1 98,101,102. The 

Spf1/Cod1 ATPase pump is also thought to transport Ca2+ into the ER, although there is still no 

direct evidence of Ca2+ being one of its substrates 102,104,105. Nevertheless, loss of either ATPase 

significantly decreases ER Ca2+, which in turn causes defects in protein folding and ERAD 

98,101,102. Spf1/Cod1 is not related to SERCA and instead belongs to a group of poorly understood 

ER-localized ATPases with no known function 105. While Pmr1 is found on both the ER and 

Golgi, Spf1/Cod1 is exclusively ER-localized 98,101,102. This difference could explain why 

spf1/cod1 cells have high basal UPR signaling but pmr1 cells do not 95,98. Another factor that 

could prevent pmr1 cells from activating the UPR in basal conditions is the fact they have a 

stimulated high affinity Ca2+ system (HACS) at the plasma membrane 95,98. This results in higher 

cytosolic Ca2+, activation of the Ca2+ cell survival (CCS) pathway, and calcineurin-mediated 

transcription changes, which improve the cell’s survival 95,98. Pmr1 does not share extensive 

homology with SERCA either and is more related to mammalian Golgi-localized secretory 

pathway Ca2+ ATPases (SPCAs) instead 101. Nevertheless, mammalian SERCA rescues Pmr1 

loss, which causes decreased ER Ca2+ levels and defects in protein folding, sorting, and ERAD 

95,98,101,102. Thus, Pmr1 is thought to act as a SERCA functional homolog 101. As previously 

mentioned, no IP3R homolog has been found in S. cerevisiae and the main mechanism by which 

this species releases ER Ca2+ into the cytosol remains unknown 20. One hypothesis is that it 

occurs occur via diffusion along the secretory pathway, though this has not been tested 100.   

Very little is known regarding Pmr1 and Spf1/Cod1 post-translational regulation. However, a 

recent study found ER Ca2+ levels drop upon loss of an ER folding assistant, an effect that is also 

observed in Calnexin KOs 108,259. This study investigated the ER/Golgi Glutaredoxin 6 (Grx6), 

one of two glutathione-dependent oxidoreductases in S. cerevisiae 108. Glutaredoxins catalyze the 
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reversible post-translational addition of glutathione, the cell’s most abundant antioxidant 429. 

Grx6 is predicted to have deglutathionylation activity and therefore likely catalyzes the 

reversible removal of glutathione via reduction of a client’s disulfide bond 108,282. This study 

found grx6 cells had decreased ER Ca2+ levels but no significant UPR induction, phenocopying 

pmr1 cells 98,108. grx6 cells also had more a more oxidizing ER compared to WT cells 108. 

Lastly, Grx6 loss increased cytosolic Ca2+ via HACS, which resulted in activation of the CCS 

pathway and calcineurin-mediated transcription changes, once more phenocopying pmr1 cells 

98,108. In brief, although Pmr1 activity was not directly tested, these results suggest redox 

regulation by ER folding assistants can influence luminal Ca2+ levels in yeast too. 

 

5.2.4 Cne1 and Eps1: MAM regulators? 

The yeast homolog of mammalian Calnexin, Cne1, is also an ER membrane chaperone 268. 

Although it only shares roughly 23% amino acid identity with Calnexin, Cne1 has similar 

chaperoning activities 268,269. Indeed, Cne1 also binds glycoproteins and can prevent their 

aggregation 268. Unlike Calnexin though, it does not bind or require Ca2+ 268,269. There is very 

little known regarding the potential for Cne1 to regulate MAMs or even interact with the MAM 

proteome. Thus, there is no evidence Cne1 interacts, physically or genetically, with either S. 

cerevisiae ER Ca2+ pump. It is also unknown if Cne1 can interact with the ER-localized yeast 

NADPH oxidase 1 (Yno1), the only NOX enzyme in S. cerevisiae 430. Likewise, a Cne1-Ero1 

interaction has not been reported, though there is also no evidence of Calnexin-Ero1 binding in 

mammals. Nevertheless, Cne1 interacts with and can increase the reductase activity of Mpd1, 

which catalyzes disulfide bond formation for Cne1-bound glycoproteins 283. Therefore, like 

Calnexin, Cne1 interacts with at least one oxidoreductase, which could in turn regulate MAM 

proteins as in mammals. Though not experimentally tested, Mpd1 is hypothesized to be 

functionally homologous to ERp57, suggesting Mpd1 could have substrates similar to those of 

ERp57 283. Given ERp57 oxidizes SERCA2b and impairs its activity 257, it is possible Mpd1 acts 

on the SERCA2b functional homolog Pmr1. This hypothesis is supported by the recent evidence 

that Grx6 loss oxidizes the ER lumen and decreases ER Ca2+ content 108. This strongly suggests 

the presence of a redox-dependent mechanism that regulates ER Ca2+ uptake in S. cerevisiae. If 

this mechanism is similar to regulation of mammalian SERCA2b, then Pmr1 could be a target of 

these redox-dependent ER Ca2+ changes. In other words, if Pmr1 activity is regulated by its 
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oxidative state, then Cne1-mediated Mpd1 reductase activity could directly activate or inhibit 

this Ca2+ ATPase. A similar scenario could involve Cne1 altering the ER’s redox state via Mpd1 

activity rather than Mpd1 directly binding and regulating Pmr1. This would result in a similar 

redox-dependent change in ER Ca2+ levels like that of grx6 cells. Therefore, we hypothesize 

Cne1 can also regulate ER Ca2+ in a redox-dependent manner, causing changes in MAM 

tethering and or/function.  

Several lines of evidence suggest the closest TMX1 homolog in yeast is Eps1. Firstly, Eps1 

is the only transmembrane member of the yeast PDI family 285. Thus, Eps1 substrates are likely 

similar to TMX1 substrates. Indeed, both proteins interact exclusively with membrane-bound 

substrates 272,286. Secondly, a phylogenetic study of TRX-like proteins across thousands of 

species from all domains suggests TMX1 and Eps1 are part of the same phylogenetic group 

based on their active site motif properties 274. Thirdly, both Eps1 and TMX1 participate in ERAD 

of membrane-bound proteins 278,286,287. No oxidative or reductase activity has been demonstrated 

for Eps1 yet, so it remains unclear how Eps1 participates in this process. Nevertheless, several 

studies suggest Eps1 can catalyze disulfide bond reactions. For example, Δeps1 cells have 

impaired secretion of proteins containing disulfide bonds 286. Additionally, crystallography and 

phylogenetic analysis of its two TRX-like motifs suggests Eps1 has disulfide isomerization 

activity 289. Additional studies suggest its first TRX-like motif, CPHC, is active, while its second 

motif, CDKC, aids the first but is inactive by itself 287,288. Taken together, these studies 

demonstrate Eps1 and TMX1 have similar a localization, function, and catalytic activity. As with 

Cne1, there is no reported physical or genetic interaction of Eps1 with either ER Ca2+ pump. 

Nevertheless, Eps1 loss could alter the ER’s oxidizing environment and alter luminal Ca2+ levels 

in a similar manner as grx6 cells. Therefore, we hypothesize Eps1 will also regulate ER-

mitochondria Ca2+ flux, mitochondrial metabolism, and/or MAM tethering.  

 

5.3 Results 

 

5.3.1 Eps1 and TMX1 are reciprocal best BLAST hits (RBHs) 

To investigate if Eps1 is the most closely related yeast protein to TMX1 we performed a 

RBH analysis wherein we used the human TMX1 sequence as a query in a protein-protein 

BLAST search in the S. cerevisiae genome. The best match for this search was Eps1 with 33.7% 
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identity (Figure 5.1A). This hit was followed by the mitochondrial thioredoxin Trx3 at 33.3%, 

and the cytosolic thioredoxin Trx1 at 30.2% 431 (Figure 5.1A). The remaining 4 yeast PDI family 

members, Pdi1, Eug1, Mpd1 and Mpd2, all fell below 30% identity (Figure 5.1A), which 

significantly decreases confidence in a RBH analysis 396. Together, this suggests Eps1 is the 

closest TMX1 homolog in S. cerevisiae. Next, we performed the reciprocal BLAST search with 

Eps1 as the query and found TMX1 to be the best match with 33.7% identity, followed by PDI at 

32.8% (Figure 5.1B). TMX3 and TMX4 were also closely related, with 30.6% and 29.9% 

identity, respectively (Figure 5.1B). Lastly, we performed sequence alignment to compare the 

active sites of TMX1 and Eps1 (Figure 5.1C). As previously mentioned, Eps1’s first TRX-like 

motif binds ERAD substrates and is predicted to have disulfide isomerase activity, while its 

second motif is likely inactive 287–289. We observed good conservation between TMX1’s CPAC 

motif and Eps1’s first motif, CPHC (Figure 5.1C). Lastly, we found Eps1 as the best match in a 

BLAST search with the CPAC sequence as query in the S. cerevisiae genome (Figure 5.1D). 

Together, these results demonstrate TMX1 and Eps1 are a RBH pair, strongly suggesting Eps1 is 

the S. cerevisiae homolog of mammalian TMX1.  
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Figure 5.1 Eps1 is the closest TMX1 homolog in Saccharomyces cerevisiae 

A. Phylogenetic tree generated by NCBI protein-protein BLAST with Homo sapiens TMX1 as 

query in the Saccharomyces cerevisiae genome identifies Eps1 as the best match. Query is 

highlighed in yellow and best match in red. Square brackets indicate genome dataset eg. [S288C] 

and are followed by percent identity of each pairwise alignment. B. Reciprocal BLAST search 

with best match from A, Eps1, identifies TMX1 in the Homo sapiens genome. Query is 

highlighted in yellow and best match in red. Percent identitiy of each pairwise alignment is also 

indicated. C. Sequence alignment of Eps1 and TMX1 sequences. TMX1 active site highlighted 

in red shows good conservation with TRX-like motif in Eps1. D. Phylogenetic tree as in A with 

TMX1 active site as query instead identifies Eps1 as the best match. Square brackets indicate 

genome dataset.   
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5.3.2 eps1 and cne1 have growth advantages on acetate 

To investigate the bioenergetics of these strains, we compared growth on glucose (YPD) 

versus acetate (YPA) in liquid and solid media. As previously mentioned, non-fermentable 

acetate forces S. cerevisiae to respire while glucose allows cells to perform glycolysis, their 

preferred metabolic pathway 113. We assayed growth in liquid media by measuring absorbance 

after 24hrs of growth from an initial OD600 of 0.2. At the same time, we plated serial dilutions on 

agar plates and observed colony growth. We also used cells lacking the ERMES subunits Gem1 

and Mdm34 as positive controls for MAM disruption. Due to their disrupted ER-mitochondria 

tethering, both strains have impaired growth in another non-fermentable carbon, glycerol 35,36,409.  

Our results showed eps1 had a small but statistically significant growth defect of roughly 

10% in YPD (Figure 5.2A). This effect was less obvious on solid media, where there was only a 

minimal decrease in eps1 growth at 10-3 compared to WT (Figure 5.2A). Although gem1 and 

mdm34 have been previously reported to be slightly growth impaired on YPD 36,409, we did not 

observe statistically significant changes for these strains in liquid or solid YPD (Figure 5.2A). In 

brief, our results indicate eps1 had a small growth defect on YPD while cne1 and ERMES 

mutants behaved like WT cells.  

Next, we investigated growth on YPA, where we observed growth defects for both ERMES 

mutants on liquid and solid YPA (Figure 5.2B). These results are consistent with their role in the 

formation of MAMs that favor mitochondrial metabolism. They are also consistent with 

previously published results on non-fermentable glycerol 35,36. cne1 and eps1 instead grew 

significantly better than WT, with a roughly 15% higher OD600 (Figure 5.2B). This effect was 

more pronounced in liquid media, while there was only a slight advantage on our plates (Figure 

5.2B). These results suggest Cne1 and Eps1 loss improves TCA efficiency and/or promotes 

mitochondrial respiration. In order to distinguish between these scenarios, we performed 

respirometry experiments (see below).  

We also assessed growth in YPD supplemented with cobalt (II) chloride hexahydrate 

(CoCl2•6H2O) to simulate hypoxia, which inhibits mitochondrial respiration while allowing for 

glycolysis to proceed. This experiment revealed no growth changes for cne1 or eps1 

compared to WT (Figure 5.2C). This was also the case for both ERMES mutants (Figure 5.2C). 

Overall, these results are very similar to those obtained in YPD plates (Figure 5.2A). Thus, it 

appears hypoxia does not significantly alter metabolism when cells have access to glucose. In 
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other words, MAM disruption or loss of the folding assistants Eps1 or Cne1 does not affect 

growth when cells are performing glycolysis. We also assayed for growth on YPD supplemented 

with 2-deoxyglucose (2-DG), a glucose analog that inhibits glycolysis. All strains behaved 

similarly to WT, once again phenocopying growth on the untreated YPD plate (Figure 5.2A,D). 

Therefore, these results suggest glycolysis inhibition and hypoxia do not significantly affect 

growth of eps1, cne1, or ERMES mutants. 

 

5.3.3 Ca2+ chelation eliminates growth advantages of eps1 and cne1 on acetate 

Lastly, we investigated the effect of Ca2+ chelation on cne1 and eps1 growth when forced 

to respire on YPA. Ca2+ shortage is known to trigger ER stress and decrease growth and cell size 

in yeast 138. Interestingly, a recent study suggests Ca2+ shortage can also promote mitochondrial 

metabolism, although this effect was dependent on the type of carbon provided 138. In media with 

trace amounts of Ca2+, non-fermentable glycerol induced mitochondrial respiration while glucose 

did not. This is likely because yeast will only respire when fermentable carbons like glucose are 

completely exhausted 113. Thus, Ca2+ shortage in glucose did not promote respiration because 

glycolysis was still strongly favoured over mitochondrial respiration.  

We performed our experiments on non-fermentable YPA and chelated Ca2+ with 1,2-Bis(2-

aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM). 

These experiments revealed both cne1 and eps1 had very similar growth to the WT strain 

under low (0.5mM) and high (5mM) concentrations (Figure 5.2E). These results differed from 

our untreated YPA conditions, where both cne1 and eps1 had growth advantages over WT 

(Figure 5.2B). Thus, Ca2+ chelation appears to remove the growth advantage of cne1 and eps1 

on YPA, suggesting their increased and/or more efficient respiration is Ca2+-dependent. 

Specifically, we hypothesize this is due to disrupted ER-mitochondria Ca2+ flux. Therefore, we 

next investigated their mitochondrial metabolism by measuring oxygen consumption.   
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Figure 5.2 cne1 and eps1 have growth advantages on non-fermentable acetate 

A. Spot assay in 2% YPD shows a small growth defect for eps1. Absorbance measurements 

were taken to obtain optical density (OD600). Strains were grown from an initial OD600 of 0.2 and 

assayed at 24hrs. (n=5). ns=not significant. *p≤0.05. B. Spot assay in 2% YPA reveals cne1 

and eps1 mutants have growth advantages. Absorbance measurements performed as in A in 

YPA. (n=3). *p≤0.05. C. Spot assay in 2% YPD + 1mM CoCl2 has no effect. D. Spot assay in 

2% YPD + 0.1% 2-deoxyglucose (2DG) has no effect. E. Spot assay in 2% YPA + BAPTA-AM 

(0.5mM and 5mM) indicates Ca2+-dependent effect of growth advantage in cne1 and eps1. 

Panels C, D and E were performed in conjunction with Alicia Wu.  
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5.3.4 cne1 have higher maximal respiration rates 

To assess cellular respiration, we measured oxygen concentration changes in an Oroboros 

respirometer in intact WT, cne1 and eps1 cells. All strains were grown overnight in YPA and 

equal amounts were loaded into the oxygen chambers, where oxygen concentration was 

measured over time. From these measurements, oxygen flux per milligram (pmol/s*mg) was 

obtained and graphed (Figure 5.3). Although we observed a small increase in cne1 basal 

respiration (‘Routine’), and a small decrease for eps1, these differences were not statistically 

significant (Figure 5.3). As a vector control for carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP), ethanol was then added (‘Routine-EtOH). As expected, addition of 

ethanol alone did not cause any significant changes (Figure 5.3). Lastly, we added the uncoupler 

FCCP by stepwise addition to obtain a maximal response. This allows us to obtain a measure of 

electron transfer system capacity (‘ET’) (Figure 5.3). This revealed cne1 cells had a 

significantly higher maximal respiration rate compared to that of WT cells (Figure 5.3). 

Together, these results reveal Cne1 loss significantly improves maximal mitochondrial 

respiration rate while Eps1 loss does not alter basal or maximal mitochondrial respiration.  

These results are consistent with the significant growth advantage of cne1 in YPA (Figure 

5.2B), suggesting these cells have increased and/or more efficient OXPHOS. We could not 

detect citrate synthase activity in these samples, so at the moment we cannot determine whether 

this effect is due to a more efficient TCA cycle. Nevertheless, our respirometry results revealed 

statistically significant changes (Figure 5.3), confirming cne1 cells have increased OXPHOS 

when grown on acetate. We also observed the growth advantage on acetate disappear when 

cne1 were incubated with BAPTA-AM (Figure 5.2E). Together, these results indicate the 

growth advantage of cne1 cells on YPA is Ca2+-dependent, suggesting ER-mitochondria Ca2+ 

flux is involved.  
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Figure 5.3 cne1 have higher maximal respiration rates 

Respiration rate of intact cells grown in 2% YPA was calculated and normalized to WT. Oxygen 

concentration was measured in an Oroboros 2k respirometer at 30C. Equal amounts (0.1mg) of 

cells were loaded into oxygen chambers. Cells were allowed to stabilize for routine measurement 

(‘Routine’), then 40L of pure ethanol was added (Routine-EtOH) as a vector control for FCCP. 

This was followed by stepwise addition of 1mM FCCP to calculate maximal electron transfer 

(ET) capacity. n=3 **p≤0.01. Experiments were performed in conjunction with Alicia Wu. 

Results were analyzed by Dr. Hélène Lemieux.   
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5.3.5 cne1 have more ER-mitochondria contact sites per cell   

Lastly, we performed electron microscopy to investigate if the growth and respiration effects 

we observed are associated with changes in MAMs. To do this, we grew WT, eps1, and cne1 

cells overnight in YPD and prepared them for electron microscopy analysis the following day. 

After imaging, we quantified the total number of ER-mitochondria contact sites per cell (Figure 

5.4A,B). We also obtained the average distance between the ER and mitochondrial membranes 

in individual ER-mitochondria contacts (Figure 5.4D). Additionally, we obtained the length of 

individual ER-mitochondria contact sites by measuring the length of a continuous ER membrane 

50nm from the membrane of a mitochondrion (Figure 5.4E). We then calculated a MAM 

coefficient by dividing the length of each contact by the average distance between the 

membranes (Figure 5.4C). This allows us to obtain a factor proportional to MAM content for 

each strain.  

This experiment revealed eps1 cells were not statistically different from WT cells in terms 

of number of MAMs per cell (Figure 5.4B). They also had no significant differences in MAM 

length (Figure 5.4E), distance (Figure 5.4D), or length/distance (Figure 5.3C). On the other hand, 

cne1 cells had a significant increase of almost 20% in the number of MAMs per cell (Figure 

5.4B). They also had a small but significant increase in contact site distance, indicating cne1 

cells have looser MAMs (Figure 5.4D). This effect was coupled with ~40% decrease in average 

MAM length (Figure 5.4E). Together, these measurements resulted in a significantly lower 

MAM coefficient or length/distance ratio (Figure 5.4C). In summary, these results demonstrate 

Eps1 loss does not alter the number of MAMs in cells nor their tethering or length. Conversely, 

Cne1 increases the number of contact sites, but these are shorter and looser contacts, causing in 

an overall decrease in the MAM coefficient.   
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Figure 5.4 cne1 have more ER-mitochondria contact sites per cell 

A. Representative images of electron microscopy for WT, cne1, and eps1 cells. ER-

mitochondria MCS are indicated by white arrows. Cells were grown in 2% YPD. B. Average 

number of ER-mitochondria contact sites per cell. Average values indicated at the base of each 

bar. n=100. ns= not significant. *p≤0.05. C. Average ER-mitochondria contact site coefficient 

calculated by dividing the average length of contacts by the distance between the membranes 

involved. Distances within 10-50nm between ER and mitochondria membranes were measured 

at several points along a continous MCS to obtain an average MAM distance value. The length 

of the continous ER membrane engaged in the MCS was measured to obtain an average MAM 

length value. Average values indicated at the base of each bar. n=100. ns= not significant. 

**p≤0.01 D. Average ER-mitochondria contact site distance was measured in nm. Average 

values indicated at the base of each bar. n=100. E. Average ER-mitochondria contact site length 

was measured in nm. Average values indicated at the base of each bar. n=100. ***p≤0.001. 

Sample preparation and contact site quantification was performed in conjunction with Alicia Wu.  
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5.4 Discussion  

 

5.4.1 Cne1 is a MAM modulator  

ER folding assistants are well represented in the MAM proteome in mammalian cells 170. 

Many of these proteins have been shown to influence Ca2+ homeostasis via IP3R or SERCA2b 

activity regulation. For example, Calnexin binds SERCA2b in basal conditions and promotes its 

activity by maintaining its oxidation status via Nox4 and Ero1 action 259. TMX1 instead 

interacts with SERCA2b following oxidative stress 260. Under these conditions, TMX1 inhibits 

SERCA2b through a still unknown mechanism. Loss of TMX1 or Calnexin therefore causes Ca2+ 

dysregulation and changes in MAM tethering 259,260,267. Hence, loss of Calnexin-mediated 

SERCA2b activity increases MAM length/distance as well as the number of ER-mitochondria 

contact sites per cell 259. In TMX1 KOs, an increase in SERCA2b activity is likely responsible 

for the reduced MAM length observed in these cells 260. In brief, these results demonstrate 

Calnexin and TMX1 are important modulators of MAMs. 

Our electron microscopy results revealed Cne1 loss caused a significant increase in the 

average number of ER-mitochondria contacts per cell (Figure 5.4B). We also observed a 

significant drop in MAM length/distance of almost 30% compared to WT cells (Figure 5.4C). 

Thus, although Cne1 loss increased the number of MAMs per cell, it led to an overall decrease in 

their MAM coefficient (Figure 5.4B, C). Although at first counterintuitive, these results can be 

explained by the fact the contact sites were looser and almost 40% shorter (Figure 5.4D, E). 

Together, these results suggest cne1 cells have more MAMs, though these are shorter and 

looser contacts that result in an overall lower MAM content.  

Although Calnexin loss also caused an increase in the number of MAMs per cell in 

mammalian cells, it instead caused an overall increase in the MAM coefficient 259. MCS in these 

cells were also investigated using the split-green fluorescent protein-based contact site sensor 

(SPLICS), which allows for in vivo quantification of tight/short (8-10nm) versus loose/long (40-

50nm) contacts via expression of a SPLICSshort or SPLICSlong plasmid. This assay revealed 

Calnexin KOs have significantly more loose contacts while the number of tight contacts 

remained unchanged. Lastly, their overall contact site length was significantly larger compared 

to WT cells. Taking all this information together, Calnexin loss increases MAM content by 

increasing the number of contact sites as well as their overall length, counteracting its 
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concomitant increase in loose contacts. Our results now show Cne1 loss increases the number of 

MAMs per cells, much like Calnexin KOs. However, these contacts are shorter and looser, 

causing an overall reduction in the MAM coefficient, as opposed to Calnexin KOs. Before we 

speculate as to what these observations suggest, we will first address our respirometry results.  

 

5.4.2 Cne1 dampens mitochondrial respiration 

Our results demonstrate Cne1 loss significantly increased maximal respiration (Figure 5.3) 

while Calnexin KOs had lower basal and maximal respiration 259. However, the measurements in 

mammalian cells were normalized to citrate synthase activity, as the reaction catalyzed by this 

enzyme is the rate-limiting step in the TCA 432. These measurements revealed Calnexin KOs 

have significantly higher citrate synthase activity compared to WT cells 259. Thus, although 

Calnexin KOs have lower SERCA2b activity and therefore decreased ER-mitochondria Ca2+ flux 

and respiration, their TCA is more active 259. This could be a compensatory mechanism whereby 

Calnexin KOs adapt to their lower mitochondrial Ca2+ content by increasing the activity or 

efficiency of TCA enzymes. Since we could not obtain citrate synthase activity measurements 

for our samples, it is possible cne1 cells also have decreased respiration when normalized to 

citrate synthase activity. Therefore, it will be important to obtain these measurements in the 

future. Nevertheless, cne1 cells displayed better growth on acetate compared to WT cells 

(Figure 5.2B), which is further evidence that they respire more, regardless of whether they do so 

more efficiently or not. 

A factor that could also alter our respirometry results is oxygen consumption unrelated to 

mitochondrial respiration. This includes oxygen required for redox reactions catalyzed by ER 

oxidoreductases and peroxisomal oxidases, which catalyze fatty acid oxidation 433,434. Since we 

are dealing with strains lacking ER folding assistants, changes in oxygen consumption in the ER 

are likely occurring. Hence, it will be important to assay for oxygen consumption by ER 

oxidoreductases by blocking mitochondrial oxygen consumption with ATP synthase inhibitor 

triethyltin. This experiment will be particularly important to perform in eps1 since they 

accumulate redox-sensitive proteins and are therefore likely to have high ROS and oxidative 

stress levels 286,287. Loss of another ER-localized oxidoreductase, Grx6, results in a more 

oxidizing ER lumen, suggesting eps1 could also have this phenotype 108. cne1 cells could also 

have redox imbalances since Cne1 increases the reductase activity of Mpd1 283. There is some 
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evidence yeast PDI family members can compensate for each other 281,283, so it is also possible 

loss of Eps1 or Cne1, and in turn Mpd1 activity, does not cause significant redox or respiration 

changes. ROS measurements will allow us to test these hypotheses in the future. This can be 

done with dihyroethidium (DHE), a quantifiable fluorescent ROS probe.  

 

5.4.3 Cne1 modulates the MAM but in an opposite manner as Calnexin 

Growth on non-fermentable carbons has been previously used to investigate mitochondrial 

metabolism in yeast, including the metabolism of ERMES mutants 35. Our growth assays on 

YPA confirm gem1 and mdm34 have limited growth on non-fermentable carbons, as 

previously published 35,36. This phenotype in ERMES mutants was originally attributed to a 

decrease in ER-mitochondria Ca2+ flux arising from their disrupted MAMs, which would result 

in lower mitochondrial respiration and hence, inhibited growth on non-fermentable carbons 35,36. 

Our results show cne1 has a small but significant Ca2+-dependent (Figure 5.2E) growth 

advantage on YPA (Figure 5.2B) as well as a higher maximal respiration rate (Figure 5.3). Thus, 

their improved growth on YPA is very likely dependent on ER-mitochondria Ca2+ flux. 

Together, these results strongly suggest Cne1 inhibits ER-mitochondria MCS, ER-mitochondria 

Ca2+ flux, and mitochondrial respiration. Interestingly, these results are largely those observed in 

Calnexin KOs, which have low ER-mitochondria Ca2+ flux and low respiration, but a higher 

MAM coefficient and higher incidence of long ER-mitochondria contacts 259. Therefore, our 

results argue Cne1 can modulate the MAM, but has largely the opposite effect of Calnexin.  

This is likely due to differences in how Cne1 regulates ER Ca2+ as opposed to Calnexin. It 

could also be due to differences in redox regulation in S. cerevisiae. Indeed, it remains unclear if 

Cne1 regulates ER-mitochondria contacts through the same mechanism as Calnexin: SERCA2b 

Ca2+ pump activation 259. Since BAPTA-AM was able to eliminate the growth advantage of 

cne1 on YPA, this strongly suggests Cne1’s absence increases mitochondrial Ca2+ uptake. To 

test if Cne1 mediates this effect similarly to Calnexin, a co-immunoprecipitation for the SERCA 

functional homolog Pmr1 should be performed. The ER-localized ATPase Spf1/Cod1 and the 

Ca2+/H+ antiporter Gdt1/Grc1 should also be tested. An interaction with any of these candidates 

suggests Cne1 could regulate their folding or Mpd1-mediated redox regulation. For example, if 

Cne1 participates in Pmr1 folding, then Cne1 loss could phenocopy pmr1, which have low 

luminal Ca2+ 92,98,101,102. This decrease in ER Ca2+ could lead to a decrease in ER-mitochondria 
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Ca2+ flux such as that observed in Calnexin KOs 259. However, our results suggest cne1 cells 

actually have higher ER-mitochondria Ca2+ flux, which could be a result of compensation. Thus, 

if  cne1 cells have less functional Pmr1, they could adapt by having more ER-mitochondria 

contacts, which we observed (Figure 5.4B). Although redox regulation of Pmr1 or other ER Ca2+ 

regulators has not been demonstrated in yeast, oxidative stress due to loss of oxidoreductase 

Grx6 caused a decrease in luminal Ca2+ 108. This strongly suggests redox regulation of ER Ca2+ 

pumps occurs in S. cerevisiae as well. Hence, Cne1 could regulate Pmr1 through Mpd1 activity, 

so Pmr1 redox modifications and redox-dependent changes in Pmr1 activity should also be 

investigated as previously published for known Mpd1 substrates 435. These experiments should 

be performed in conjunction with measurements of luminal Ca2+ to detect Pmr1 activity as 

previously published for pmr1 cells 92.  

 

5.4.4 Eps1 is not a MAM modulator, unlike its homolog TMX1 

To investigate if S. cerevisiae folding assistants are also MAM modulators, we sought to 

identify a TMX1 homolog. Our RBH analysis revealed Eps1 and TMX1 are a RBH pair (Figure 

5.1). This is consistent with previous studies demonstrating Eps1 is the only membrane-bound 

PDI family protein in yeast and functions in ERAD of membrane substrates like TMX1 278,285,286. 

Nevertheless, Eps1 has previously only been hypothesized to be homologous to TMX1 283. Thus, 

our results are the first to demonstrate, through RBH analysis, that Eps1 is the closest S. 

cerevisiae homolog to mammalian TMX1.  

Our electron microscopy results revealed Eps1 loss did not alter any of the ER-mitochondria 

contact site aspects we assessed. Specifically, we observed no changes in MAM length, distance, 

or number (Figure 5.4B-E), demonstrating Eps1 does not modulate MAM structure. As with 

cne1 and both ERMES mutants, hypoxia and glycolysis inhibition did not affect their growth 

on YPD (Figure 5.2C, D), though Ca2+ chelation removed their growth advantage on YPA 

(Figure 5.2E). This suggests ER-mitochondria Ca2+ flux was responsible for their improved 

fitness when forced to respire. However, we did not observe an increase in respiration in eps1 

(Figure 5.3). We also did not observe any changes in MAM abundance or tethering (Figure 5.4B-

E). Together, these results suggest Eps1 loss provides a growth advantage on acetate that is not 

dependent on an increase in MAMs and/or respiration. 



 144 

One possible explanation for this is that their mitochondria uptake Ca2+ from another source 

that is not the ER. This could theoretically occur at vCLAMPs or at plasma membrane-

mitochondria contact sites. Though Ca2+ flux at vCLAMPs has not been reported, vacuolar 

uptake is the main cytosolic Ca2+ buffering system in yeast 186, so it is possible the vacuole could 

regulate mitochondrial Ca2+. Similarly, though plasma membrane-mitochondria contacts in yeast 

have not been reported to house Ca2+ flux, these MCS in mammals are known to regulate 

mitochondrial Ca2+ 427. As previously mentioned, TMX1 KD cells had shorter plasma 

membrane-mitochondria distances 427. This study suggested these MCS led to the increase in 

respiration observed in TMX1-silenced cells despite their looser MAMs. Since BAPTA-AM 

removed eps1’s acetate growth advantage (Figure 5.2E), Eps1 loss appears to promote 

mitochondrial metabolism in a Ca2+-dependent manner. Therefore, it is possible eps1 have 

shorter plasma membrane-mitochondria contact sites fueling their TCA cycle.  

However, our respirometry analysis demonstrated Eps1 loss has no effect on oxygen 

consumption (Figure 5.3), suggesting that unlike TMX1 KOs 260, eps1 did not shift metabolism 

away from mitochondrial respiration. Specifically, TMX1 loss in mammalian cells lowers 

mitochondrial respiration when normalized to citrate synthase activity 260. Given we observed no 

increase in oxygen consumption in eps1 (Figure 5.3), the most likely explanation for our results 

is that these cells have a significantly higher citrate synthase activity. This would explain their 

Ca2+-dependent growth advantage on YPA despite the fact they did not have more MAMs. 

Although it is possible these cells also have shorter plasma membrane-mitochondria contact sites 

like TMX1 KD cells 427, we did not observe any significant changes in MAM numbers or 

tethering (Figure 5.4B-E), unlike the shorter MAMs observed in mammals. Thus, eps1 would 

not require compensatory plasma membrane-mitochondria contact sites. We therefore think it is 

unlikely mitochondria move closer to the plasma membrane in these cells. 

Another factor that could contribute to oxygen consumption in these strains is ER stress. In 

mammals, ER stress is a well-known inducer of mitochondrial respiration and MAMs 185. A 

recent study in S. cerevisiae found cells undergoing short term ER stress following incubation 

with tunicamycin or oxidative stressor DTT had a significant increase in oxygen consumption 

184. This suggests ER and oxidative stress induce mitochondrial respiration in yeast. Although 

cne1 do not have increased ER stress compared to their WT counterpart, previous studies have 

shown eps1 cells have higher basal UPR signaling 287. Our results revealed eps1 cells did not 
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increase their basal or maximal respiration rates (Figure 5.3), suggesting their high basal ER 

stress does not induce respiration. One possible explanation for this is that only acute, short term 

ER stress promotes respiration, while long term stress such as that in strains with high basal 

UPR, does not. 

TMX1 KOs also had a shift towards glycolysis, while eps1 cells did not, since they had 

decreased growth on YPD (Figure 5.2A). eps1 also had no growth advantage over WT cells 

when glycolysis was coupled with hypoxia (Figure 5.2C), further suggesting Eps1 loss does not 

significantly induce glycolysis. In summary, our results argue Eps1 does not share TMX1’s 

MAM-related functions. Instead, Eps1 is likely restricted to TMX1’s role as a folding assistant, 

including their shared role in ERAD of membrane proteins 278,286,287.  

We also incubated cells with CoCl2•6H2O to simulate hypoxia and inhibit mitochondrial 

respiration. This eliminated the small growth defects observed in YPD for eps1 cells (Figure 

5.2A, C). In other words, when respiration is inhibited but glucose is available, Eps1 loss no 

longer causes glycolysis defects. These puzzling results could be due to the effects of hypoxic 

stress on cells, which causes a strong upregulation of oxidoreductases 436,437. Without Eps1, these 

cells are likely to have redox defects, which would trigger hypoxic stress. Indeed, these cells 

accumulate proteins requiring disulfide bonds, which can cause oxidative and ER stress 286,287. 

eps1 cells also have higher basal UPR induction 287. This would in turn upregulate other 

oxidoreductases. This stress alone could contribute to their growth defect observed in YPD 

(Figure 5.2A). In addition, these cells are likely better equipped to deal with this kind of stress 

under minimal hypoxia, since they would already have more oxidoreductases than WT cells. 

This would likely eliminate their growth defects compared to WT cells, as was observed when 

cells were incubated with CoCl2•6H2O (Figure 5.2C). High hypoxia levels could therefore 

sensitize these cells and result in growth defects instead. This hypothesis could be tested by 

increasing CoCl2•6H2O concentration above 1mM, which was tested here (Figure 5.2C).  
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Chapter 6: Discussion  
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6.1 Rab32 regulates MAM composition, structure, and function  

The MAM is a highly regulated structure that serves as a platform for a multitude of 

processes. Tethering at the MAM is a dynamic process that responds to the cell’s bioenergetic 

demands, stressors, and Ca2+ levels, amongst other variables 15,18,19. MAM abundance can also 

change drastically so that ~5-20% of all mitochondrial surface at any one time is engaged in a 

MERC 15,19. In this work, we sought to develop a better understanding of proteins known to 

regulate the MAM. One of these proteins is the small GTPase Rab32, which has been previously 

shown to influence the MAM proteome, ER-mitochondria Ca2+ flux, and mitochondrial fission 

267,290,305, amongst its many other functions. One of its additional functions is a poorly understood 

role in autophagy, with several studies reporting defects in this process with loss of Rab32 310,311. 

Other studies have demonstrated cargo recruitment and traffic in melanosome biogenesis 

requires Rab32 300,301,303. Therefore, we hypothesized Rab32 performs cargo recruitment and/or 

traffic for biogenesis of another LRO in non-melanogenic cells, the autophagosome. 

Overwhelming evidence suggests autophagosome biogenesis in response to starvation-

induced autophagy begins at the MAM, where Rab32 is enriched 203–206,290. This process starts at 

the omegasome, a PI3P-enriched portion of the ER that acts as a platform for biogenesis of the 

isolation membrane 206,210. The ULK1 and PI3K III complexes are then recruited to the MAM 

with the help of Syntaxin-17, which binds the PI3K III complex subunit Atg14L 203. This binding 

is preceded by Syntaxin-17-Rab32 binding, which prevents Rab32 from recruiting PKA to the 

MAM to inhibit Drp1307. Therefore, starvation likely allows Rab32 to change binding partners, 

potentially to an autophagy-related effector. 

In Chapter 3, we demonstrate dominant-active Rab32, Rab32Q85L, induced selective 

autophagy of the MAM (Figures 3.4, 3.5), which we propose to call “MAMphagy”. Rab32Q85L 

altered MAM composition, as several MAM-localized proteins were significantly reduced 

(Figure 3.5). MAM structure was also altered with Rab32Q85L, which caused an increase in the 

distance between the ER and mitochondrial membranes and ~50% decrease in their length 

(Figure 3.7C,D). Rab32Q85L also delayed apoptosis (Figure 3.12A), suggesting Rab32 alters 

MAM function. We also identified RTN3L as a bona fide effector for Rab32 (Figures 3.8, 3.9). 

Our results suggest RTN3L is required for MAMphagy since its KD impaired degradation of 

TMX1 (Figure 3.9D), which was otherwise degraded by ~50% with Rab32Q85L (Figure 3.5A).  
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Our results also indicated Rab32 KD impaired starvation-induced autophagy (Figure 3.3), 

suggesting Rab32 is involved in this process. Rab32 KD also caused a significant accumulation 

of TMX1 in untreated cells (Figure 3.6B), suggesting Rab32 is required for basal degradation of 

this reductase. However, starvation did not induce degradation of TMX1 in control cells (Figure 

3.6A), possibly suggesting starvation does not trigger Rab32-mediated MAMphagy, and 

consequently, TMX1 degradation. Another possible explanation for these results is that longer 

starvation periods are required to observe significant changes in TMX1, which was particularly 

abundant in MCF7 cells (Figure 3.5A). Thus, we cannot conclude whether or not starvation 

induces Rab32- and RTN3L-dependent MAMphagy. However, given Rab32 KD caused a 

significant decrease in autophagosome formation (Figure 3.3B) and LC3II levels (Figure 3.3D) 

during starvation, it appears Rab32 contributes to at least one type of starvation-induced 

autophagy. Therefore, the most likely scenario is that during starvation, Rab32 participates in 

non-selective starvation-induced autophagy at the MAM, and not in MAMphagy. In support of 

this hypothesis, a study reported MERCs increase significantly following starvation-induced 

autophagy 438. In stark contrast, we observed Rab32Q85L caused a significant decrease in 

MERCs (Figure 3.7B). This strongly suggests the process of Rab32-mediated MAMphagy we 

describe in this work is different from starvation-induced autophagy.  

If we incorporate this knowledge into the model of starvation-induced isolation membrane 

formation at the MAM, Rab32 likely participates in this process after Syntaxin-17 releases it to 

bind Atg14L. Future research will have to investigate the exact mechanistic role of Rab32 in this 

type of non-selective autophagy. For example, future experiments could investigate if Rab32 has 

any other autophagy-related effectors, particularly those known to become MAM-enriched 

following starvation. Although we did not find an interaction with Atg14L (Figure 3.8A), other 

ULK1 and PI3K III subunits should be tested in the future.  

A question that arises from these observations is how Rab32 participates in both non-

selective starvation-induced autophagy and MAMphagy. Of the models and hypotheses 

discussed in Chapter 3, we propose the following unifying model (Figure 6.1). As previously 

published, Syntaxin-17 binds Rab32 and inhibits its AKAP activity in homeostasis, allowing 

Drp1 to mediate mitochondrial fission as needed 307. Starvation triggers Syntaxin-17 binding to 

Atg14L, releasing Rab32 and allowing it to act as an AKAP 307. Previous research has shown 

starvation-induced autophagy blocks mitochondrial fission via PKA-mediated inhibition of 
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Drp1439. Drp1 inactivation under these conditions could be mediated by Rab32T39N, which can 

increase PKA-mediated inhibitory phosphorylation of Drp1 at the MAM 290. In a third scenario, a 

yet unknown condition or stressor would instead promote MAMphagy. Since mitophagy requires 

fission to proceed 387, it is likely MAMphagy has the same requirement. Rab32Q85L does not 

alter PKA localization 290, suggesting Drp1 can mediate mitochondrial fission when Rab32 is 

activated. Therefore, we propose Drp1-mediated fission precedes MAMphagy. It is unclear how 

RTN3L is recruited and/or activated at the MAM, but one possibility is that it accumulates to 

promote ER tubulation required for Drp1-mediated mitochondrial fission. This is consistent with 

its activity as an ER shaping protein 372 and with studies demonstrating ER tubulation at MAMs 

precedes Drp1-mediated fission 196. This tubulation could involve RTN3S and RTN3L, but 

MAMphagy would only be triggered by accumulation and oligomerization of RTN3L.  
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Figure 6.1 Proposed model for Rab32 activities at the MAM 

Schematic drawing of the effects of Rab32 on autophagy at the MAM. Starvation triggers bulk 

autophagy at the MAM, which begins with isolation membrane (IM) biogenesis at the 

omegasome. Rab32 participates in this process with an unidentified effector. Mitofusin-2 

tethering is required for this process as well as MAMphagy. MAMphagy is presumably preceded 

by Drp1-mediated mitochondrial fission, which occurs when an ER tubule at the MAM extends 

around a mitochondrion. Given RTN3 maintains ER tubules, we hypothesize both the short and 

long isoforms of RTN3 will become enriched here. Once fission is complete, MAMphagy can 

proceed. Here, active Rab32 interacts with RTN3L to promote degradation of the MAM.   
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6.2 Ypt7 regulation of MAMs in S. cerevisiae  

Saccharomyces cerevisiae is a model organism that has been extremely useful in the field of 

MCS. Indeed, studies in S. cerevisiae identified the ERMES complex 35 and more recently, 

vCLAMP, a complex that establishes MCS between the vacuole and mitochondria 347,348. To 

deepen our understanding of MAM regulation in S. cerevisiae, we sought to identify a functional 

homolog for the mammalian MAM regulator Rab32. Our phylogenetic analysis identified Ypt7 

as the most closely related protein in this organism (Figure 4.1). Although Ypt7 is largely known 

for its functions in endolysosomal traffic 330,343,344,399,403, more recent research has demonstrated 

Ypt7 is a component of vCLAMP 347.  

Research has shown vCLAMPs and ERMES are regulated by the cell’s energetics. 

Specifically, vCLAMPs were strongly induced when yeast were grown on fermentable carbons 

compared to non-fermentable carbons 347. ERMES subunits were instead upregulated on non-

fermentable carbons, where yeast are forced to respire. Research in mammalian cells has also 

identified lysosome-mitochondria MCS 349. This study reported mitochondrial recruitment of the 

Rab7 GAP TBCD151 decreased these MCS, suggesting Rab7 activation untethers these 

organelles.  

These studies prompted us to study both ER-mitochondria and vacuole-mitochondria 

contacts in Ypt7 mutants. Our results on YPD show a mutant strain with dominant-negative 

Ypt7, Ypt7T22N, had more than double the number of MERCs compared to WT cells (Figure 

4.2A). They also had a significantly larger MAM coefficient, suggesting they have more MAM 

content (Figure 4.2A). We also observed a doubling of vacuole-mitochondria MCS compared to 

WT cells (Figure 4.2B). Additionally, we investigated growth of this mutant on non-fermentable 

acetate as a proxy for MAM-dependent activation of respiration. These experiments revealed 

Ypt7T22N grew significantly worse than WT cells (Figure 4.3A). Together, our results suggest 

Ypt7 inactivation promotes ERMES and vCLAMP tethering when yeast have access to glucose 

(Figure 6.2). On acetate, Ypt7 inactivation causes a respiration defect that results in a growth 

defect.  

  



 152 

 
Figure 6.2 Proposed model for dominant-negative Ypt7 effects on MCS in S. cerevisiae 

A. Schematic for growth in YPD. Ypt7T22N increases MAMs and vCLAMPs. In WT cells YPD 

increases vCLAMPs and reduces ERMES. Unknown channel mediates mitochondrial Ca2+ 

uptake. B. Schematic for growth in YPA. Ypt7T22N have decreased growth, potentially due to 

lower TCA activity. The status of MCS in YPA in Ypt7T22N remains unknown (?).  
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These results raise several questions. Firstly, the fact that Ypt7T22N increased MERCs on 

glucose (Figure 4.2A) but impaired growth when cells were shifted to a respiratory metabolism 

(Figure 4.3B) was an unexpected result. Ypt7T22N cells have more MERCs than WT cells when 

grown on glucose (Figure 4.2A), when yeast preferentially perform glycolysis113 and have been 

reported to have few ERMES 347. When yeast were previously shifted to a non-fermentable 

carbon, ERMES abundance increased 347. Therefore, the high number of MERCs in Ypt7T22N 

cells in glucose (Figure 4.2A) should give them an advantage when shifted to acetate (Figure 

4.3B). However, these cells grew significantly less than WT cells on acetate (Figure 4.3B), 

suggesting Ypt7T22N cannot further increase MERCs to the level required for WT growth on 

acetate. These results could be explained by several scenarios, including: i) Ypt7T22N prevents 

further MERC upregulation than that observed on glucose ii) Ypt7T22N cells are unable to 

detect and/or signal a shift towards respiration, or iii) Ypt7T22N cells have inefficient TCA 

enzymes, so that despite having more MERCs, they have low respiratory capacity. 

A number of experiments will be needed to understand this phenotype. Firstly, electron 

microscopy in YPA should be performed to confirm Ypt7T22N have fewer MERCs than WT 

cells under these conditions. Secondly, respiration and citrate synthase activity should be 

measured to confirm this mutant is outperformed by WT on acetate. Ca2+ chelation or depletion 

should also be used to test the effects are dependent on ER-mitochondria Ca2+ flux, as we expect.  

Another aspect of this work that requires further research is whether Ypt7 mediates these 

MAM-related effects through the same mechanisms as Rab32. Both Rab32Q85L and Ypt7T22N 

caused significant changes in MAM length/distance (Figures 3.7B, 4.2A), suggesting MAM 

content and structure was altered. Interestingly, Ypt7 was required for yeast ERphagy 417, so it is 

possible Ypt7 also mediates some type of subdomain-specific ERphagy like Rab32. However, it 

is also possible Ypt7 is required for ERphagy only for its ability to induce autophagosome-

vacuole fusion 346,399. Therefore, it remains unclear if Ypt7 regulates MAM structure via a 

similar mechanism as Rab32.  

In terms of regulation of MAM activity, both Rab32 and Ypt7 appear to regulate ER-

mitochondria Ca2+ flux, though the mechanisms for these effects remain unknown. Previous 

research has suggested Rab32Q85L could decrease SERCA2b activity 290. We hypothesized 

Ypt7 instead altered MAMs, and in turn ER-mitochondria Ca2+ flux, via regulation of vCLAMP 

formation. As discussed in Chapter 4, several experiments should be performed to confirm this is 
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the case. Alternatively, Ypt7 could mediate these effects via a mechanism similar to that 

proposed for Rab32Q85L: regulation of ER Ca2+ uptake. This seems unlikely, however, since 

unlike Rab32, Ypt7 does not localize to the ER and so does not have direct access to ER Ca2+ 

channels and pumps. In brief, the mechanisms for the Ypt7-mediated effects on MAM structure 

and function we have reported require clarification.  

Lastly, another important contribution from our work is evidence that MAMs in yeast are 

also induced by ER stress. Specifically, Ire inhibition caused a significant growth defect in WT 

yeast grown on acetate (Figure 4.3C), suggesting respiration, and therefore MAMs, were 

impaired. 

 

6.3  Cne1 regulation of MAMs in S. cerevisiae  

Studies in mammals have demonstrated the MAM is particularly enriched in chaperones and 

oxidoreductases 170. Additional studies have detailed how many of these proteins regulate the 

activity of IP3R and SERCA2b, resulting in changes in ER-mitochondria Ca2+ flux. SERCA2b 

ATPase activity is significantly lower in Calnexin KOs, suggesting this chaperone is required to 

sustain SERCA2b activity 259. This study also revealed Calnexin required the activity of Nox4 

and Ero1 to activate SERCA2b. Decreased SERCA2b activity in Calnexin KOs resulted in 

several MAM-associated defects, including: i) lower ER Ca2+, ii) lower ER-mitochondria Ca2+ 

transfer, iii) lower respiration rates, and iv) tighter MERCs.  

In Chapter 5 we demonstrate loss of the Calnexin homolog Cne1 also causes MAM-

associated defects. Specifically, our results revealed cne1 cells have i) more MERCs per cell 

(Figure 5.4B), ii) looser (Figure 5.4D) and shorter (Figure 5.4E) MERCs, and iii) a lower MAM 

length/distance ratio (Figure 5.4B), suggesting MAM content decreased. cne1 cells also had: 

iv) a higher maximal respiration (Figure 5.3) and v) a Ca2+-dependent growth advantage when 

respiring in YPA (Figure 5.2B, E). In brief, our results do not fully replicate the effects observed 

in Calnexin KOs. Instead, they suggest Cne1 dampens maximal respiration, which results in a 

growth defect when cells are forced to respire on acetate. This growth difference on acetate 

disappeared with Ca2+ chelation, suggesting Cne1 dampens Ca2+-dependent activation of TCA 

enzymes in mitochondria. In turn, this points towards Cne1 decreasing Ca2+ release from the ER. 

How Cne1 mediates this process will have to be the focus of future studies. Based on our 

results and previous research, we propose a model (Figure 6.3) whereby Cne1 determines Mdp1-
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mediated redox regulation of Pmr1 since this ATPase is the main determinant of ER Ca2+ in 

yeast, though regulation of Spf1/Cod1 could also occur 102,104. Recent research has shown redox 

regulation of Ca2+ channel activity by oxidoreductases occurs in S. cerevisiae, supporting our 

hypothesis 262. Cne1 is known to activate Mpd1 reductase activity 283. Therefore, we hypothesize 

cne1 cells have lower Mpd1 activity and higher ER ROS. We also hypothesize Mpd1 reduces 

Pmr1 and/or Spf1/Cod1 and promotes their ATPase activity. This would cause cne1 cells to 

have lower Pmr1 and/or Spf1/Cod1 activity, resulting in low ER Ca2+, higher cytosolic Ca2+, and 

higher mitochondrial Ca2+. In turn, this likely increases TCA activity, improving growth on 

acetate (Figure 5.2B) and increasing respiration (Figure 5.3).  
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Figure 6.3 Proposed model for Cne1 regulation of S. cerevisiae MAMs 

A. Schematic of growth on YPD. In WT cells, Cne1 maintains Mpd1 reductase activity, which 

reduces ROS and presumably activates Pmr1 and/or Spf1/Cod1 in a redox-dependent manner. 

Redox modification indicated by red star. cne1 cells have more MAMs, though they are looser 

and shorter. Loss of Cne1 would result in lower Pmr1 and/or Spf1/Cod1 activity, resulting in 

higher cytosolic and mitochondria Ca2+. Unknown channel mediates mitochondrial Ca2+ uptake. 

B. Schematic of growth on YPA. The status of MAMs in cne1 cells is unclear (?), though they 

have a Ca2+-dependent increase in TCA activity.   
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6.4 Conclusion 

In summary, in Chapter 3 we demonstrate Rab32 is capable of a large restructuring of the 

MAM by promoting its specific degradation when activated. We propose to call this type of 

selective autophagy that targets ER-mitochondria contacts “MAMphagy”. The specificity of this 

pathway was assayed via immunoblotting of several ER, mitochondrial and MAM proteins, as 

well as electron microscopy. This process is promoted by activation of the MAM protein Rab32, 

whose role in autophagy had not been fully explored previously. We also show the long isoform 

of the ERphagy receptor RTN3, RTN3L, is an effector of GTP-bound Rab32. Together, Rab32 

and RTN3L also promote the degradation of Bcl-2 proteins found at the MAM. We also found 

active Rab32 delayed tunicamycin-induced apoptosis in breast cancer cells. Lastly, patient data 

showed breast cancer outcomes worsened with high Rab32 and RTN3L mRNA levels, suggesting 

MAMphagy could be detrimental to the survival of breast cancer patients.  

Our work in S. cerevisiae revealed two previously unknown regulators of MAM in this 

organism: Ypt7 and Cne1. Specifically, we show Ypt7 inactivation induces ER-mitochondria 

MCS formation. When these cells were forced to respire, they grew worse than WT cells. 

Together, these results suggest Ypt7 inactivation results in lower respiratory capacity, likely due 

to lower TCA enzyme efficiency, despite their increased MAM content. We also demonstrate 

Cne1 helps maintain ER-mitochondria MCS. Interestingly, Cne1 appears to simultaneously 

dampen respiration in a Ca2+-dependent manner, suggesting it regulates ER-mitochondria Ca2+ 

flux. 

Together, this work provides new knowledge on how cells regulate MAM tethering, 

structure, and composition, to adapt to the cell’s bioenergetic demands. This knowledge should 

in turn help scientists better understand this dynamic and complex cellular structure that has been 

implicated in diseases such as cancer.  
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