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Abstract 

Using an antibody screen against isolated lipid raft proteins from human myelomonocytic 

cells, our laboratory previously discovered two novel, highly related proteins. Based on 

their enrichment in detergent resistant membrane fractions (DRMs) and their localization 

to the endoplasmic reticulum (ER), they were named ER lipid raft-associated protein 

(erlin) -1 and -2. Erlins belong to the group of Stomatin/ Prohibitin/ Flotillin/ HflK/C 

(SPFH) domain-containing proteins. Members of this protein group differ in respect to 

subcellular distribution and function; yet all of them are associated with DRMs and form 

oligomers, suggesting that these properties are important for their function. Erlins are 

evolutionary conserved with homologues in the nematode Caenorhabditis elegans, plants 

and vertebrates. The function of the erlin proteins was completely unexplored at the 

beginning of this study.  

The first part of this study was aimed at characterizing complex formation of the 

erlins and identifying domains required for complex formation and DRM association. We 

determined that erlins form homo- and hetero-oligomers as well as high MW complexes, 

and each type of complex formation is dependent on distinct regions within the erlin 

proteins. While oligomerization and DRM association are mediated by a region 

immediately downstream of the SPFH domain (residues 228-299), formation of high MW 

complexes is absolutely dependent on a phenylalanine residue C-terminal to this region 

(F305). Erlin mutants lacking F305 disrupt multimeric erlin complexes and likely have a 

dominant negative effect on erlin function. 

While this study was being conducted, a different group reported that erlins 

function in ER-associated protein degradation (ERAD) of activated inositol-1,4,5

trisphosphate receptors (IP3Rs) and thus might negatively regulate IP3R signalling. We 

tested this model in C. elegans, which contains one erlin homologue that we found was 

highly similar to human erlins. However, loss of erlin protein had no effect on IP3R

dependent processes in C. elegans. Using C. elegans as well as mammalian cells, we also 

tested if erlins play a more general role in ERAD, but our data did not support a major 

function for erlins in ERAD. Our data indicate that erlins do not play an important role in 

the regulation of IP3R signalling or in the ERAD pathway. 
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Preface 

Sections of chapter 1.2, including figures 1.2, 1.3 and 1.4 are taken out of the following 

review article on SPFH domain-containing proteins that was written in collaboration with 

Duncan Browman: 

Browman, D.T.*, Hoegg M.B.* and Robbins, S.M. (2007) “The SPFH domain-

containing proteins: more than lipid raft markers”. Trends in Cell Biology, 17(8): 394

402 

* Both authors contributed equally 

A version of chapter 3 has been published in the “Journal of Biological Chemistry”. 

Hoegg, M.B., Browman D.T., Resek, M.E., Robbins, S.M., (2009) “Distinct Regions 

within the Erlins are required for Oligomerization and Associtation with High Molecular 

Weight Complexes”. Journal of Biological Chemistry, 284(12): 7766-7776 

A version of chapter 4.2.3 is currently being prepared for publication in PLoS One. 

Hoegg, M.B., Robbins, S.M. McGhee, J.D. “Characterization of erlin function in C. 

elegans”. 

Duncan Browman assisted in design and cloning of erlin truncation mutants used for 

initial characterization of oligomerization and DRM association domains (Chapter 3.2.2). 

Experiments to generate figure 4.4A were also performed in collaboration with Duncan 

Browman.  
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1 

Chapter One: Introduction 

1.1 Lipid rafts 

1.1.1 A historical perspective of the lipid raft concept 

Cell membranes are lipid bilayers that surround cells and their organelles. The main lipid 

species of cell membranes are phospholipids, sphingomyelin, glycosphingolipids (GSLs) 

and cholesterol (van Meer et al. 2008). All membrane lipids except cholesterol contain 

two long acyl chains (~16 to 20 hydrocarbon groups). While hydrocarbon chains of 

phospholipids tend to be unsaturated, those of sphingomyelin and GSLs are saturated 

(van Meer et al. 2008). There is an asymmetrical distribution of lipid species between the 

two membrane leaflets, with, for example, GSLs only being found in the outer leaflet of 

membranes. The phospholipid compostion also differs between the two leaflets, but 

cholesterol is found in both leaflets (Janmey and Kinnunen 2006). According to the fluid 

mosaic model, proposed by Singer and Nicholson in 1972, membranes were originally 

viewed as “two dimensional solutions” in which lipids and proteins can diffuse freely 

(Singer and Nicolson 1972). 

However, it is now well agreed on that cellular membranes are not homogenous 

layers of lipids and proteins, but are in some way compartmentalized. The understanding 

of membrane organization has evolved immensely over the last decades.  Electron 

microscopy studies in the 1950s revealed small flask-shaped invaginations in the plasma 

membrane (PM), providing the first evidence for the existence of membrane 

microdomains. These PM invaginations are 50-100 nm in diameter and were named 

caveolae (“little caves”) (Yamada 1955). Several decades later it was discovered that 

caveolae owe their distinct shape to a protein coat that covers the cytosolic face of these 

microdomains and primarily consists of a protein named caveolin (Rothberg et al. 1992; 

Dupree et al. 1993; Drab et al. 2001). 

Another type of membrane compartmentalization was found in polarized 

epithelial cells, in which the protein and lipid composition of the apical PM surface is 

distinct from that of the basolateral PM. Glycosylphosphatidyl inositol (GPI)-anchored 

proteins and GSLs exclusively localize to apical membranes (Rodriguez-Boulan and 

Nelson 1989). The mechanisms determining apical sorting of specific proteins and lipids 



 

 

2 

was unclear, but Simons and colleagues proposed a model in which GSLs and GPI-

anchored proteins (GPI-APs) formed clusters in the exoplasmic leaflet of Golgi 

membranes. These clusters would then be transported in vesicles to the apical PM (van 

Meer 1998). In 1992, Brown and Rose discovered that lipids and proteins destined for 

apical membranes could be separated from components of basolateral membranes based 

on their insolubility in cold non-ionic detergents, like Triton X-100, and their buoyancy 

on a sucrose gradient (Brown and Rose 1992). As GPI-APs do not acquire detergent 

resistance until they enter the Golgi apparatus, it was speculated that these detergent 

resistant membrane (DRM)  fractions contained membrane complexes targeted for apical 

membranes (Brown and Rose 1992). Enrichment of GPI-anchored proteins in DRMs is 

dependent on GSLs and cholesterol (Cerneus et al. 1993; Hanada et al. 1995). Subsequent 

studies found that caveolin was also a component of DRMs and, in addition to caveolae, 

it was also found at Golgi membranes (Kurzchalia et al. 1992; Dupree et al. 1993). Since 

caveolae contain GSLs and GPI-APs (Anderson 1993; Parton 1994), it was initially 

speculated that all DRM microdomains might be defined by the presence of caveolin 

(Sargiacomo et al. 1993). However it soon became evident that not all membrane 

microdomains are caveolae. Despite being deficient in caveolae, lymphocytes were found 

to have detergent resistant microdomains enriched in GPI-APs and GSLs at their 

membranes (Fra et al. 1994).   

The notion that GSL and cholesterol-rich microdomains might exist in biological 

membranes was also supported by earlier studies on model membranes. In artificial 

membranes consisting of phospholipids, GSLs and cholesterol, cholesterol preferentially 

clusters with the saturated acyl chains of GSLs forming a liquid ordered (Lo) phase, 

which is distinct from the liquid disordered (Ld) phase consisting of phospholipids with 

unsaturated acyl chains (Hancock 2006). 

Based primarily on these findings, Simons and colleagues proposed the concept of 

“lipid rafts” in 1997. According to the original model, lipid rafts are dynamic assemblies 

of cholesterol and GSLs in cellular membranes, where lipids are packed more tightly than 

in the remainder of the membrane. In addition to GPI-APs, other signalling molecules, 

like the doubly acylated src-family kinases and some transmembrane proteins, are 
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associated with lipid rafts (Figure 1.1A) (Simons and Ikonen 1997). Another group of 

proteins thought to associate with lipid rafts are the SPFH domain-containing proteins, 

which will be discussed later in this chapter. Lipid raft association of proteins and lipids 

was in most cases inferred from their association with DRMs (Figure 1.1B). Caveolae 

represent one type of lipid raft and have been implicated in several types of vesicular 

trafficking, including endo-, exo- and transcytosis (Parton and Simons 2007). Other lipid 

raft dependent, caveolin independent, endocytosis pathways might exist that are just 

beginning to be characterized (Mayor and Pagano 2007). Several lines of evidence 

suggest that lipid rafts regulate signalling pathways (Simons and Toomre 2000). Many 

proteins involved in signalling pathways show constitutive or inducible association with 

DRMs. Lipid rafts might promote signalling by clustering components of signaling 

pathways. A number of cell surface receptors become associated with DRMs upon 

activation by their cognate ligands, which can also lead to recruitment of downstream 

effector molecules into DRMs. Signalling through these pathways can be disrupted by 

depletion of membrane cholesterol, for example by the cholesterol sequestering agent 

methyl-β-cyclodextrin (M-β-CD). Signalling pathways proposed to be lipid raft-

dependent include signalling through B- and T- cell receptors, Immunoglobulin E (IgE) 

signalling during the allergic immune response, and signalling through a number of 

receptor tyrosine kinases and G-protein coupled receptors (Simons and Toomre 2000). 

Cell surface receptor signalling can also be positively or negatively regulated by different 

lipid raft-dependent endocytosis pathways (Le Roy and Wrana 2005a). 

1.1.2 Current models of lipid rafts 

The initial lipid raft hypothesis was mainly based on electron microscopy studies on fixed 

cell material, model membrane experiments and the association of certain lipids and 

proteins with detergent insoluble, buoyant biochemical isolates (Simons and Ikonen 

1997). As most lipid rafts, except caveolae, are morphologically featureless, they cannot 

be visualized by electron microscopy. The proposed size of lipid rafts (~ 10-200 nm) is 

below the resolution of light microscopy, posing challenges to the observation of lipid 

raft dynamics in living cells. Considerable debate exists over the existence of lipid rafts,  
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Figure 1.1: Traditional model of lipid rafts. 

(A) According to the original lipid raft hypothesis, lipid rafts are nanoscale assemblies of 
certain lipids, like glycosphingolipids (dark blue) and cholesterol (yellow), and proteins, 
including GPI-anchored proteins (orange), doubly acylated proteins (red), SPFH domain-
containing protein (cyan) and some TM-receptors (green). Proteins can move in and out 
of lipid rafts. Lipid rafts were previously thought to be primarily in the plasma membrane 
of cells. (B) Proteins and lipids thought to associate with lipid rafts can be biochemically 
isolated, based on their resistance to cold non-ionic detergents (like Triton-X100) and 
their buoyancy on a sucrose gradient. These biochemical isolates are referred to as 
detergent resistant membrane fractions (DRMs). 
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which is primarily due to the fact that they are difficult to visualize in cellular 

membranes. 

 Nevertheless, in recent years the application of sophisticated imaging techniques 

has allowed insight into dynamics of lipid raft components in the PM of living cells. 

Studies using techniques like single particle tracking (SPT), fluorescence correlation 

spectroscopy (FCS), fluorescence resonance energy transfer (FRET) and stimulated 

emission depletion (STED) showed dynamic clustering of GPI-APs, raft associated TM 

proteins and GSLs into assemblies of 10-50 nm (Lingwood and Simons 2010). Clustering 

generally was found to be cholesterol dependent (Goswami et al. 2008; Eggeling et al. 

2009). GPI-APs dynamically associate with clusters of GSLs and cholesterol, as 

demonstrated by dual colour total internal reflection microscopy (TIRF) (Pinaud et al. 

2009). SPT revealed that crosslinking of GPI-APs results in their clustering and the 

transient recruitment of signalling molecules, which was accompanied by a temporary 

arrest of mobility (Suzuki et al. 2007a; Suzuki et al. 2007b). This and similar findings 

support a role for lipid raft-like membrane domains as “platforms” of cellular signalling. 

 Formation of raft-like clusters might not only be driven by the self-associating 

properties of GSLs and cholesterol, but also by interactions between proteins and lipids. 

The specific structure of membrane-anchoring segments of proteins might sterically 

favour certain membrane lipids in their environment. Thus, the association of TM 

proteins with lipid rafts might be determined by their propensity to favour raft lipids in 

their environment (Pinaud et al. 2009). Some proteins, including caveolin, have also been 

shown to tightly bind specific lipids. Lipid raft-associated proteins might actively 

contribute to the assembly of membrane microdomains by associating with or binding to 

raft lipids. 

Currently lipid rafts are viewed as nanoclusters of specific lipids, like GSLs and 

cholesterol, as well as proteins, including GPI-APs, TM and acylated proteins. Clustering 

of lipids and proteins appears to be very dynamic, and antibody crosslinking or ligand 

stimulation can temporarily inhibit lateral mobility of these clusters or induce 

coalescence into larger clusters. Cluster formation appears to be driven by self-

associating properties of raft lipids and by lipid-protein interactions. Lipid rafts are likely 
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heterogeneous entities, which can differ in respect to size, lipid and protein composition 

and dynamics. Lipid rafts generally appear to play a role in signalling and membrane 

trafficking (Lingwood and Simons 2010; Simons and Gerl 2010). 

1.1.3 Lipid rafts and detergent resistant membranes 

Much of the controversy surrounding the lipid raft concept stems from the fact that 

conclusions about the association of proteins or pathways with lipid rafts are often solely 

based on their association with DRMs. Lipid rafts are thought to be resistant to detergent 

solubilisation due to tight packing of membrane lipids, which prevents detergents from 

penetrating and solubilising these membrane areas. A number of concerns have been 

raised about the model of equating DRMs with lipid rafts. 

DRM isolation needs to be performed at temperatures far below physiological 

conditions. Since phase separation is highly dependent on temperature, some researchers 

have argued that cooling artificially induces formation of detergent resistant Lo 

membrane domains (Brown 2006). In contrast, others propose that cooling merely 

stabilizes pre-existing membrane domains. 

Adding to the controversy, detergents, like T-X100, were found to actively induce 

phase separation in artificial membranes (Heerklotz 2002; Heerklotz et al. 2003). 

However other studies have shown that DRM fractions can only be isolated from model 

membranes that contain Lo phases (Brown 2006). Extrapolating results obtained with 

artificial membrane systems to the situation in membranes of live cells generally needs to 

be performed with caution. The lipid and protein composition of cellular membranes is 

far more heterogeneous than in model membranes, and membrane dynamics in live cells 

are also controlled by interactions with the cytoskeleton (Lingwood and Simons 2010). 

Thus, whether detergents artificially induce phase separation in cellular membranes is 

currently an unresolved issue. 

The lipid and protein composition of DRMs varies greatly based on the type and 

concentration of detergent used, leading to confusing information about the molecular 

composition of lipid rafts. However, the non-ionic detergent T-X100 is most commonly 

used for DRM preparations, as it was shown to be more stringent than other detergents, 
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(like Lubrol, Tween and Brij) in solubilising the majority of membrane proteins and 

lipids, while enriching for known raft components (Schuck et al. 2003). 

The cholesterol depleting agent methyl-β-cyclodextrin (M-β-CD) is commonly 

used to show that association of a given protein with DRMs is dependent on cholesterol 

(Simons and Gerl 2010). This approach is often used to strengthen the case that detergent 

resistance is indeed an indicator for association of a protein with cholesterol enriched 

lipid rafts. Assumptions about the dependency of a cellular process on lipid rafts are often 

based on its sensitivity to M-β-CD. Cholesterol is involved in many cellular processes, 

many of which are unrelated to lipid rafts. Cholesterol depletion disrupts actin 

cytoskeleton dynamics and causes PM depolarization and depletion of Ca2+ stores. M-β 

CD was also shown to inhibit lateral mobility of PM proteins, a side effect that is 

unrelated to cholesterol. It is therefore important to practice caution when interpreting 

experiments that involve the use of M-β-CD (Simons and Gerl 2010). 

DRM association is nevertheless a useful tool to determine if a protein of interest 

has the propensity to interact with lipid raft-like domains. It is currently the only method 

available to identify novel components of lipid rafts, as currently used imaging 

techniques only allow for the study of known lipid raft molecules. 

1.1.4 Intracellular lipid rafts 

Current concepts of lipid raft organization are almost exclusively based on analyses of 

lipid and protein dynamics on the cell surface. Initially, lipid rafts were thought to form 

in late Golgi membranes, since GPI-APs do not acquire detergent resistance until they 

reach this subcellular compartment (Brown and Rose 1992). Early endosomes have a 

lipid composition similar to the PM and likely have raft-like domains in their membranes 

(van Meer et al. 2008). The amount of cholesterol and sphingolipids, which are both 

thought to be essential lipid raft components, increases in cellular membranes along the 

secretory pathway. 

Although the endoplasmic reticulum (ER) membrane is the site of cholesterol 

synthesis and the early steps of sphingolipid synthesis, it only contains low levels of these 

lipids (van Meer et al. 2008). Based on its lipid composition, the existence of lipid rafts in 

the ER membrane initially seemed unlikely. However, several studies suggest that 
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microdomains might exist in the ER membrane and are potentially involved in GPI-

anchor synthesis and folding of GPI-APs. These findings are somewhat surprising, as it 

was originally shown that GPI-anchored proteins do not associate with DRMs until they 

reach the Golgi compartment (Brown and Rose 1992). GPI-anchor biosynthesis is a multi 

step pathway taking place in the ER. Several intermediates of GPI-anchor biosynthesis 

have been found to associate with DRMs, indicating that certain steps of this pathway 

take place in membrane rafts (Sevlever et al. 1999). Moreover, cholesterol dependent ER 

membrane rafts have been implicated in the folding and maturation of the GPI-anchored 

prion protein (Sarnataro et al. 2004; Campana et al. 2005; Campana et al. 2006). The ER 

lipid raft associated proteins (erlins), which are the subject of this dissertation, are DRM 

associated ER-membrane proteins and are likely components of ER membrane rafts. 

Mitochondrial membranes also have low cholesterol content, but contain high 

levels of cardiolipin (CL) and phosphatidylethanolamine (PE). Interestingly, both CL and 

PE have been shown to form clusters in bacterial membranes and may do the same in 

mitochondrial membranes of eukaryotes (Osman et al. 2009b). 

Although controversial, a number of studies suggest the presence of raft-like 

domains in ER and mitochondrial membranes. Evidence for membrane rafts in these 

organelles primarily stems from cholesterol-dependent DRM association of several ER 

and mitochondrial proteins. Advanced imaging techniques used to study raft dynamics at 

the cell surface have not yet been applied to these intracellular membranes. 

1.2 SPFH domain-containing proteins 

Proteins containing the stomatin/prohibitin/flotillin/HflK/C (SPFH) domain are found in 

many different species from bacteria to mammals (Tavernarakis et al. 1999; Morrow and 

Parton 2005b; Rivera-Milla et al. 2006). Mammalian family members include the 

prohibitins (PHBs), flotillins, stomatin, stomatin-like proteins (SLPs), podocin and the 

erlins (Tavernarakis et al. 1999; Morrow and Parton 2005b; Browman et al. 2006). This 

dissertation represents a detailed characterization of the erlins, the most recently 

discovered members of this protein class (Browman et al. 2006), which will be discussed 

in section 1.3 of this chapter. Members of this protein group differ in respect to 
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subcellular locations, but they all have been found to associate with DRMs. Thus SPFH 

domain-containing proteins appear to occupy lipid raft-like microdomains in diverse 

cellular membranes, including the PM, Golgi apparatus, lipid droplets, mitochondria and 

the ER (Figure 1.2) (Langhorst et al. 2005; Morrow and Parton 2005b; Browman et al. 

2006). 

Consistent with their varied subcellular distribution, SPFH domain proteins have 

been implicated in a wide range of cellular processes. Another common biochemical 

characteristic is the propensity to form oligo- and multimeric complexes, which will be 

the subject of chapter three. 

1.2.1 The SPFH domain 

As implied by their name, SPFH domain containing proteins are defined by the SPFH or 

PHB domain itself (Figure 1.3) (Tavernarakis et al. 1999; Morrow and Parton 2005b). 

Both terms essentially describe the same domain, although they were identified by 

different domain recognition algorithms and their boundaries differ slightly in many 

proteins. The SPFH domain was originally identified using position-specific iterative-

BLAST and is slightly larger than the PHB domain, which is defined by the Simple 

Modular Architecture Research Tool (SMART; http://smart.embl.de) (Tavernarakis et al. 

1999; Morrow and Parton 2005b). Although initially considered evolutionary conserved, 

it was recently suggested that the SPFH domain emerged independently in different 

proteins by convergent evolution (Rivera-Milla et al. 2006). Both evolutionary 

conservation and convergent evolution would be a strong indicator for an important 

function of this domain.  

To this date the role of this domain is not well understood. As DRM association 

and oligomerization are common features of SPFH domain containing proteins, these 

characteristics were originally thought to be mediated by the shared domain. However, 

many studies showed that the SPFH domain alone is not sufficient to target proteins to 

DRMs or multi-protein complexes. Recently, the SPFH domains of podocin and the 

Caenorhabditis elegans stomatin homolog MEC-2 were reported to bind cholesterol 

(Huber et al. 2006). In addition to the SPFH domain, cholesterol binding also requires 

part of the N-terminal hydrophobic domain. Specifically, a proline residue conserved in  

http://smart.embl.de/�


 

 

 

 

 
 

 

 

10 

Figure 1.2: Subcellular localization of SPFH domain containing proteins.  

Subcellular distribution of mammalian SPFH domain containing proteins in epithelial or 
fibroblast cells: The prohibitins (red) are found at the inner mitochondrial membrane and 
in the nucleus. Erlin-1 and -2 (blue) localize to the endoplasmic reticulum, which 
includes the outer nuclear membrane (ONM). Podocin (green) is found at the plasma 
membrane of  podocyte foot processes only. Stomatin-1a (yellow) localizes to the plasma 
membrane, endosomes and lipid droplets. Subcellular localizations of flotillin-1 and -2 
(purple) include the plasma membrane, endosomes, lipid droplets, the trans-Golgi 
network and the nucleus. ONM= outer nuclear membrane; INM= inner nuclear 
membrane 
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Figure 1.3: Domain structure of SPFH domain containing proteins.   

This figure shows the domain structure of the mammalian SPFH domain containing 
proteins, prohibitin-1 and -2, erlin-1 and -2, podocin, stomatin-1a and flotillin-1 and -2. 
Transmembrane domains are shown in grey, as predicted by the TMAP algorithm 
available at SDSC Biology workbench (http://workbench.sdsc.edu). Brown boxes 
represent hydrophobic domains of prohibitin-2 (Kasashima et al. 2006) and the flotillins 
(Rivera-Milla et al. 2006). Blue boxes show SPFH/ Band_7 domains (pfam01145) and 
green boxes represent flotillin domains (pfam03149). Boundaries of these two conserved 
domains are based on the SMART database (http://smart.embl-heidelberg.de). 
Palmitoylation sites are marked in red and the myristoylation site of flotillin-2 is marked 
in orange. Numbers in corresponding colours indicate the amino acid residues marking 
the boundaries of the domains. 

http://workbench.sdsc.edu/�
http://smart.embl-heidelberg.de/�
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both proteins is indispensable for cholesterol binding. Palmitoylation of MEC-2 and 

podocin further contributes to cholesterol binding. Cholesterol binding is required for the 

normal function of these proteins, which will be discussed below, but it is dispensable for 

their oligomerization and membrane association. It remains to be determined if the SPFH 

domains of other proteins can also bind cholesterol, and how cholesterol binding 

correlates with enrichment in lipid rafts. 

1.2.2 Membrane topology and subcellular targeting of SPFH domain containing 
proteins 

Although all SPFH domain-containing proteins are membrane associated through N-

terminal hydrophobic regions, there is some variation in their membrane topologies 

(Figure 1.4). Prohibitin-1 (PHB-1) contains a TM domain that spans the inner 

mitochondrial membrane with the C-terminus facing the intermembrane space (Tatsuta et 

al. 2005). Stomatin, SLP-3 (a close relative of stomatin) and podocin are inserted into the 

membrane via an intra-membrane domain resulting in a hairpin-like topology with both 

their N- and C-termini facing the cytoplasm (Huber et al. 2003; Morrow and Parton 

2005b; Wetzel et al. 2007).  The flotillins lack putative trans- or intramembrane domains; 

instead, membrane attachment is mediated by N-terminal hydrophobic regions and 

palmitoylation (flotillin-1) or by palmitoylation and myristoylation (flotillin-2) 

(Langhorst et al. 2005; Morrow and Parton 2005b). Palmitoylation sites are also found in 

stomatin and podocin, but their involvement in membrane attachment has not been 

characterized (Huber et al. 2006; Umlauf et al. 2006). 

Subcellular targeting of SPFH domain-containing proteins occurs in most cases in 

the absence of known sorting motifs, identifiable by current algorithms (Tatsuta et al. 

2005; Browman et al. 2006; Kasashima et al. 2006).  The extreme N-termini (including 

the hydrophobic regions) of PHB-1 and -2 and stomatin are sufficient to target a 

heterologous protein to the mitochondria or the PM and cytoplasmic vesicular structures, 

respectively; however, only the N-terminus of PHB-2 contains a predicted mitochondrial 

targeting sequence (Tatsuta et al. 2005; Browman et al. 2006; Kasashima et al. 2006).  
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Figure 1.4: Membrane Topology of SPFH domain containing proteins. 

Predicted membrane topology of the SPFH domain containing proteins, prohibitin-1, 
stomatin-1a, podocin and flotillin-1: Prohibitin-1 is inserted into the inner mitochondrial 
membrane (IMM) by an N-terminal transmembrane domain. The C-terminal region is 
facing the mitochondrial intramembrane space (Outer mitochondrial membrane = OMM). 
Stomatin-1a is inserted into the plasma membrane by a hairpin-like transmembrane 
domain and the N- and C-terminal regions are facing the cytoplasm. Membrane 
association is also facilitated by a palmitate residue N-terminal to the transmembrane 
domain. Podocin has a membrane topology similar to stomatin-1a, but it has a longer C-
terminal cytoplasmic tail. Membrane association of flotillin-1 is thought to be mediated 
by two hydrophobic regions within the SPFH domain and a palmitate residue.Grey= 
transmembrane domain; brown=hydrophobic domain; blue= SPFH domain; green= 
flotillin domain. 
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Since these short N-terminal regions mainly consist of  trans- or intramembrane domains, 

it is unlikely that their subcellular targeting is mediated by binding to other proteins  

(Tatsuta et al. 2005; Browman et al. 2006; Kasashima et al. 2006). Instead they might 

contain novel, previously unidentified sorting motifs that direct targeting to specific 

cellular membranes.  In contrast, nuclear targeting of the PHBs requires more C-terminal 

sequences, suggesting that mitochondrial and nuclear targeting of PHB-1 and -2 are 

mediated by independent mechanisms (Kasashima et al. 2006). Finally, flotillin-1 is able 

to reach the cell surface through a non-classical, Golgi-independent trafficking 

mechanism (Morrow et al. 2002).  Research into how these evolutionarily well-

represented proteins reach their final destinations in the absence of known sorting motifs 

will likely lead to discoveries of as of yet unappreciated but fundamental cellular 

mechanisms for protein sorting. 

1.2.3 Flotillins 

Flotillins were first discovered as proteins upregulated during axonal regeneration in the 

optic nerve of goldfish. Based on their potential role in axon regeneration, they were 

initially named reggie-1 (flotillin-2) and reggie-2 (flotillin-1) (Schulte et al. 1997). 

Flotillin-1 was independently identified in the “floating” lipid raft fraction isolated from 

murine lung tissue (Bickel et al. 1997). Flotillins are found at the PM, endosomes, the 

Golgi apparatus, lipid droplets and the nucleus. As demonstrated by electron microscopy, 

flotillins form clusters of ≤ 100 nm and might define a type of lipid raft that is distinct 

from caveolae. In adipocytes, T-cells and neuronal cells, flotillins have been implicated 

in coupling cell-surface receptor signalling to the regulation of actin dynamics, likely by 

clustering signalling adapter proteins (Stuermer 2010). As initially suspected, flotillins 

were recently shown to indeed play a role in axonal regeneration in vivo and in neurite 

outgrowth in cultured neurons, likely by modulating cytoskeletal dynamics (Munderloh 

et al. 2009). 

Recent studies have shown that flotillins also define a novel endocytosis pathway. 

Current models of endocytosis  acknowledge three major endocytic pathways (Le Roy 

and Wrana 2005b; Perret et al. 2005).  Endocytosis through clathrin-coated pits is the best 

characterized endocytic pathway. This endocytic route is independent of lipid rafts and 
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functions in the receptor-dependent uptake of transferrin, LDL (low density lipoproteins) 

and growth factors. A second, lipid raft-dependent endocytosis pathway is mediated by 

caveolae, as determined by its sensitivity to cholesterol depletion, and is involved in the 

uptake of GPI-APs and opportunistic ligands including simian virus 40 (SV40) and 

cholera toxin (CTx). Budding of both clathrin-coated pits and caveolae from the PM 

during endocytosis is dependent on dynamin. Numerous publications in the past five 

years provide evidence that GPI-APs and CTx can be internalized via a third lipid raft-

dependent pathway that is independent of clathrin, caveolin and dynamin (Le Roy and 

Wrana 2005b; Perret et al. 2005).  

Several recent studies indicate that flotillins might be the defining element of such 

an endocytic pathway (Hansen and Nichols 2009). Co-assembly of flotillin-1 and -2 in 

the PM was shown to induce membrane invaginations similar to caveolae, which can bud 

towards the cell interior (Frick et al. 2007). Flotillins appear to define an endocytosis 

pathway mediating uptake of some GPI-APs, CTx, proteoglycan-binding ligands and 

fluids, which is independent of clathrin and caveolin (Glebov et al. 2006; Payne et al. 

2007; Blanchet et al. 2008; Ait-Slimane et al. 2009). Internalization of flotillins depends 

on their phosphorylation by the src-family kinase fyn (Riento et al. 2009). Contradicting 

evidence exist on the involvement of dynamin in this pathway (Glebov et al. 2006; Payne 

et al. 2007; Ait-Slimane et al. 2009), and it is therefore possible that flotillins are 

involved in both dynamin-dependendent and independent endocytosis.  

1.2.4 Prohibitins 

PHB-1 and -2 are the most evolutionary conserved members of the SPFH domain-

containing proteins with homologues in virtually all species (Osman et al. 2009b). They 

form multimeric ring-shaped complexes at the inner mitochondrial membrane (IMM) 

(Tatsuta et al. 2005), but they also show nuclear localization.  Although PHB-1 was 

originally discovered as an inhibitor of cell proliferation, PHB can have inhibitory as well 

as stimulatory effects on cell growth.  

PHBs inhibit growth of steroid-hormone responsive cell lines by negatively 

regulating nuclear hormone receptor activity. While PHB-1 blocks the activity of 

androgen, glucocorticoid and progesterone receptors, PHB-2 is a repressor of estrogen 
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receptors (Montano et al. 1999; Gamble et al. 2004; Gamble et al. 2006). Nuclear 

localization of PHB-2 depends on the presence of estrogen and its receptor (Kasashima et 

al. 2006). 

In contrast, it was also found that loss of PHBs inhibits cell proliferation, 

decreases resistance to apoptosis and accelerate senescence in mammalian cells 

(Merkwirth et al. 2008; Schleicher et al. 2008; Sievers et al. 2010). Complete loss of 

PHBs in mice and C. elegans causes embryonic arrest, demonstrating that PHBs are 

essential in these species (Artal-Sanz et al. 2003; Merkwirth et al. 2008; Artal-Sanz and 

Tavernarakis 2009). PHB knock-down by RNAi at postembryonic stages reduces life 

span in C. elegans (Artal-Sanz and Tavernarakis 2009). PHB deficient yeast are viable, 

but show reduced replicative life span (Coates et al. 1997). In all three species loss of 

PHBs induces changes in mitochondrial morphology, which are likely the underlying 

cause for reduced growth, viability and life span (Artal-Sanz et al. 2003; Merkwirth et al. 

2008; Osman et al. 2009a).  

How PHBs affect mitochondrial morphology is not well understood, but recent 

discoveries have provided clues towards a potential mechanism. In mouse embryonic 

fibroblasts, loss of PHBs alters processing of OPA1, a dynamin-like GTPase essential for 

mitochondrial fusion and cristae morphogenesis. Specifically long isoforms of OPA1 

were lost in the absence of PHBs, leading to mitochondrial fragmentation and abnormal 

cristae formation (Merkwirth et al. 2008). Studies in yeast suggest that PHBs stabilize 

mitochondrial membrane proteins, including components of the electron transport chain, 

by associating with the mitochondrial m-AAA protease and thus limiting its proteolytic 

activity (Steglich et al. 1999; Nijtmans et al. 2000). The effect of mammalian PHBs on 

OPA1 processing could potentially be mediated by m-AAA proteases, which have been 

shown to be involved in cleavage of OPA1 (Ishihara et al. 2006). Thus PHBs might 

regulate mitochondrial morphology and function by stabilizing certain proteins in 

mitochondrial membranes.  

A recently published screen in yeast for genes essential in the absence of PHBs 

identified genes that regulate levels of phosphatidylethanolamine (PE) and cardiolipin 

(CL) in mitochondrial membranes (Osman et al. 2009a). Mutations in these genes reduce 
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PE and CL levels in mitochondrial membranes, which alters processing of Mgm1, the 

yeast homologue of OPA1, leading to aberrant cristae morphogenesis (Osman et al. 

2009a). As PE and CL have been shown to form clusters in bacterial membranes, they 

might likely do the same in mitochondrial membranes of eukaryotic cells (Osman et al. 

2009b). Mitochondrial membrane rafts consisting of PE and CL might promote stability 

and regulate proteolysis of membrane proteins, possibly by controlling activity of m-

AAA protease. PHBs might promote clustering of these lipids, potentially by binding 

them. When PE and CL levels are normal, they might be able to cluster based on their 

biophysical properties alone, but if levels of these lipids are reduced, clustering might 

only occur in the presence of PHBs (Osman et al. 2009b). 

1.2.5 Stomatin and stomatin-related proteins 

Stomatin was first isolated from erythrocyte membranes as band 7.2 protein (Hiebl-

Dirschmied et al. 1991), and was subsequently shown to be absent in erythrocytes of 

patients with overhydrated hereditary stomatocytosis (OHS) (Stewart et al. 1993). OHS is 

a disease characterized by inappropriate cation regulation in erythrocytes resulting in 

severe anaemia (Stewart and Turner 1999).  

The link between stomatin and OHS is still enigmatic, but an important role for 

stomatin in human erythrocytes was recently uncovered. Except for human and a few 

other species, most vertebrates are able to synthesize Vitamin C/ ascorbic acid. Humans 

need to take up Vitamin C from their diet, which is then transported by blood cells and 

distributed throughout the body (Troadec and Kaplan 2008). It was recently shown that 

dehydroascorbic acid (DHA), the oxidized form of ascorbic acid, is taken up into 

erythrocytes by the glucose transporter Glut-1. As red blood cells mature, Glut-1 switches 

from glucose to DHA transport. This switch was shown to be mediated by stomatin 

(Montel-Hagen et al. 2008). The exact mechanism by which stomatin alters the transport 

properties of Glut-1 is still unknown, but earlier studies have reported an interaction 

between the two proteins that can lead to recruitment of Glut-1 into lipid rafts and a 

decrease in glucose uptake (Zhang et al. 2001; Kumar et al. 2004). Binding of Glut1 by 

stomatin in erythrocyte membranes might lead to its recruitment into raft-like domains 

inducing a change in transport activity of the glucose transporter.  
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Several SPFH domain-containing proteins in mammals and C. elegans share close 

similarity with stomatin. These include SLP1-3 and podocin in mammals and MEC-2, 

UNC-1 and UNC-24 in C. elegans. These proteins could be considered a sub-group 

within the SPFH domain proteins, which we will refer to here as the “stomatin family”. 

SLP-3 is the closest relative of stomatin, and UNC-1 and MEC-2 are their closest 

homologues in C. elegans. Stomatin is more closely related to podocin than to SLP1 and 

SLP2, which are fairly distant relatives of stomatin. UNC-24 is the C. elegans homologue 

of SLP-1. SLP-1 and UNC-24 both contain a sterol carrier domain in addition to the 

SPFH domain (Barnes et al. 1996; Mairhofer et al. 2009).  

SLP-1 localizes to late endosomes, binds to stomatin and thus likely functions in 

targeting of stomatin to late endosomes (Mairhofer et al. 2009). SLP-2 interacts with and 

stabilizes PHBs in the IMM (Da Cruz et al. 2008), and was shown to be required for 

mitochondrial hyperfusion and stabilization of long OPA1 isoforms under stress 

conditions (Tondera et al. 2009). It therefore appears to enhance PHB function.  

Mutations in unc-1 and unc-24 lead to an uncoordinated locomotion (unc) 

phenotype in C. elegans (Park and Horvitz 1986; Barnes et al. 1996). UNC-24 is 

necessary for stabilizing UNC-1 protein in neurons, and both proteins modulate 

sensitivity to volatile anaesthetics (Rajaram et al. 1998; Sedensky et al. 2001). UNC-1 

localizes to gap junctions in neurons and muscle cells, where it appears to modulate their 

opening. Thus unc-1 mutations might alter locomotion and sensitivity to anaesthetics by 

affecting electrical coupling between cells (Chen et al. 2007).   

Mechanosensory cells convert mechanical stimuli into electric signals, which 

requires mechanosensitive ion channels formed by proteins of the degenerin/ epithelial 

sodium channel (DEG/ENaC) or transient receptor potential (TRP) superfamilies 

(Ernstrom and Chalfie 2002). Several stomatin family proteins have been shown to be 

involved in mechanosensation, by interacting with and regulating these ion channels 

(Gillespie and Walker 2001; Ernstrom and Chalfie 2002; Price et al. 2004; Zhang et al. 

2004; Huber et al. 2006; Wetzel et al. 2007). 

The first SPFH domain containing protein shown to be involved in 

mechanosensation was the C. elegans stomatin homologue MEC-2 (Huang et al. 1995). 
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MEC-2 is exclusively expressed in touch receptor neurons of the nematode and exists in a 

multiprotein complex with the degenerin-type channel proteins MEC-4 and MEC-10. 

This mechanoreceptor complex is found in punctae along the PM of neuronal processes 

and is essential for response to gentle body touch (Huang et al. 1995; Zhang et al. 2004). 

Experiments in Xenopus oocytes showed that MEC-2 causes opening of the MEC

4/MEC-10 channel (Goodman et al. 2002). This effect depends on the ability of MEC-2 

to bind cholesterol (Brown et al. 2008). Worms expressing a cholesterol-binding 

defective version of MEC-2 do not show a punctate distribution of the mechanoreceptor 

complex and are completely insensitive to touch (Huber et al. 2006). Thus cholesterol 

binding of MEC-2 is required for its function in mechanosensation. UNC-24 binds to 

MEC-2 in the mechanoreceptor complex and also contributes to mechanosensation 

(Zhang et al. 2004). 

Recent reports demonstrated functions for SLP-3 and stomatin in 

mechanosensation of mice, suggesting that this function is conserved in mammalian 

systems (Martinez-Salgado et al. 2007; Wetzel et al. 2007).  While stomatin is expressed 

in a wide variety of tissues, SLP-3 expression is restricted to neuronal tissue. SLP-3 

deficient mice show strongly reduced touch-sensitivity due to the loss of function of a 

subset of skin mechanoreceptors that are dependent on SLP-3 (Wetzel et al. 2007). Loss 

of stomatin only affects one type of skin mechanoreceptor, and thus plays a rather minor 

role in mechanosensation (Martinez-Salgado et al. 2007). In mammals, touch sensation of 

the skin is thought to be transduced by acid-sensing ion channels (ASICs), which are also 

members of the DEG/ENaC superfamily. ASICs are proton-gated ion channels expressed 

in different parts of the nervous system that are involved in nociception, taste and 

mechanosensation (Wemmie et al. 2006). SLP-3 and stomatin interact with and modulate 

the activity of different ASICs in heterologous cell systems (Price et al. 2004; Wetzel et 

al. 2007). This suggests that these two proteins might mediate touch sensitivity by 

regulating ASICs in mechanosensory nerve endings in the skin, similar to the regulation 

of MEC-4 and -10 by MEC-2 (Wetzel et al. 2007). However, these models are based on 

studies utilizing heterologous cells transfected with SLP-3 or stomatin, and the observed 

interaction of SLP-3 or stomatin with ASICs still needs to be confirmed in vivo. 
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Podocin exclusively localizes to the slit diaphragm, a specialized intercellular 

junction in the mammalian kidney (Huber and Benzing 2005). The slit diaphragm 

connects the foot processes of podocytes, which are specialized kidney epithelial cells, to 

form a tight filtration slit around the glomerular capillaries and is a crucial part of the 

filtration barrier in the kidney. Mutations in podocin or other slit diaphragm proteins lead 

to congenital nephrotic syndromes, which are characterized by kidney failure resulting 

from disruption of the kidney filtration barrier (Huber and Benzing 2005). Recently, the 

non-selective cation channel TRPC6 was identified as an additional component of the slit 

diaphragm protein complex. Podocin was shown to interact with TRPC6 and to enhance 

its ion channel activity, which requires cholesterol binding of podocin (Huber et al. 

2006). Interestingly, TRPC6 becomes activated in response to mechanical membrane 

stretching, indicating that it might act as a sensor of glomerular pressure or filtration rate 

in the kidney (Spassova et al. 2006). Thus, by regulating TRPC6 activity, podocin might 

be involved in mechanosensation at the kidney filtration barrier (Huber et al. 2006). 

1.2.6 Common mechanisms for SPFH domain protein function 

SPFH-domain containing proteins have been implicated in a wide range of cellular 

processes, including membrane-cytoskeleton coupling, endocytosis, stabilization of 

membrane proteins and modulation of membrane channel activity. The exact molecular 

mechanisms by which SPFH domain proteins carry out these functions are still poorly 

understood. However recent studies have begun to shed light on this issue. 

MEC-2 and podocin were found to bind cholesterol, which is largely mediated by 

their SPFH domains. Cholesterol binding is required for their function in activation of 

mechanosensitive ion channels (Huber et al. 2006). A link between membrane lipids and 

PHBs was also recently revealed in yeast. Yeast mutants with reduced levels of CL and 

PE in their mitochondrial membranes are absolutely dependent on PHBs (Osman et al. 

2009a). One possible interpretation of this observation is that PHBs facilitate the 

formation of CL and PE enriched microdomains in the mitochondrial membrane, which 

could be required for the activity of certain membrane proteins (Osman et al. 2009b). 

Whether PHBs and other SPFH domain proteins actively bind lipids, similar to MEC-2 

and podocin, remains to be determined. However all SPFH domain proteins associate 
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with DRMs, which indicates their association with lipid raft-like domains in cellular 

membranes. In addition, they form stable multimeric complexes, which will be discussed 

in more detail in chapter three. 

By binding to certain membrane lipids and forming large protein complexes, 

SPFH domain proteins could induce the formation of lipid domains in various cellular 

membranes. These lipid domains could either facilitate the clustering or modulate the 

activity of membrane proteins. A local concentration of membrane lipids, especially 

cholesterol, can alter membrane thickness and stiffness, which could have a direct effect 

on membrane protein activity. 

1.3 Erlins 

To define the molecular composition of non-caveolar lipid rafts, our laboratory 

performed an antibody screen against lipid raft proteins isolated from human 

myelomonocytic cells (Browman et al. 2006). Myelomonocytic cells, like all immune 

cells, are deficient of caveolin and caveolae (Fra et al. 1994). To this end, mice were 

immunized with T-X100 insoluble buoyant DRM fractions isolated from U937 and HL60 

cells, which had been differentiated along the macrophage-like and granulocytic lineage 

respectively (Browman et al. 2006). Of the 900 viable hybridoma clones isolated from 

these mice, 26 produced antibodies that recognized discrete bands on Western blots of 

DRM fractions. Several of these antibodies bound to PM proteins, which had been 

previously reported to associate with DRMs, including the GPI-AP CD14 and the src

family kinase lyn. However some antibodies recognized proteins of intracellular 

compartments, like the mitochondrial protein mitofilin and the ER protein BAP31.  

Two hybridoma clones, 7D3 and 10E6, both recognized the same ~40 kDa 

protein, which was found to be the product of chromosome 10 open reading frame 96 

gene (C10orf96) and was known as KE04p or SPFH-1. In an initial attempt to identify 

the antigen of 10E6 and 7D3 from bands of acrylamide gels by mass spectrometry, a 

different protein, known as C8orf2 or SPFH-2, was identified. KE04p and C8orf2 are 

closely related and share ~80% identity at the amino acid level. At this time these 

proteins were almost completely uncharacterized (Browman et al. 2006). One previous 
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report had identified KE04p as a gene upregulated in dendritic cells upon LPS activation 

(Li et al. 2000). 

Both proteins associate with DRMs and localize to the ER, which was determined 

by immunofluorescent staining of endogenous KE04p and ectopically expressed versions 

of both proteins. Based on these characteristics, the proteins were renamed ER lipid raft-

associated protein (erlin)-1 (KE04p) and erlin-2 (C8orf2) (Browman et al. 2006). Another 

proteomics study independently identified erlin-2 as an ER localized component of 

DRMs (Sprenger et al. 2006). 

Although the amino sequences of erlin-1 and -2 share about 80% overall identity, 

the extreme N- and C-termini show very little conservation between the two proteins. The 

erlins are the most recently discovered members of the SPFH domain containing proteins, 

as a large part of their conserved center region is occupied by the SPFH domain (Figure 

1.5). Like several other SPFH domain proteins, the erlins are thought to be inserted into 

the ER membrane by a predicted N-terminal transmembrane domain. The extreme N-

termini including the TM domains of erlin-1 and -2 are sufficient to target green 

fluorescent protein (GFP) to the ER (Browman et al. 2006). Erlins appear to be type II 

ER membrane proteins, with only the first four amino acids in the cytoplasm and the bulk 

of the protein in the ER lumen. Both erlins are N-glycosylated at asparagine (N) 106 

(Figure 1.5) (Pearce et al. 2007; Pearce et al. 2009). 

Cholesterol depletion of intact cells by M-β-CD treatment does not affect DRM 

association of the erlins (Browman et al. 2006), likely because M-β-CD extracts 

cholesterol primarily from the PM (Neufeld et al. 1996). However when M-β-CD 

treatment is applied after cells have been subjected to hypotonic lysis erlin DRM 

association is disrupted. This finding suggests that erlins associate with raft-like ER 

membrane domains in a cholesterol-dependent manner (Browman et al. 2006). 

Erlins are evolutionary conserved with homologues in C. elegans, Arabidopsis 

thaliana and vertebrates (Ikegawa et al. 1999; Li et al. 2000; Pearce et al. 2007). No 

homologues are found in yeast and Drosophila. While all vertebrates have two copies of 

the erlins, nematodes and plants have only one.  
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Figure 1.5: Structural features of human erlin proteins.   

Schematic of human erlin-1 and -2: Transmembrane (TM) domain is shown in grey, 
prohibitin (PHB) domain is shown in red, red and orange boxes combined represent the 
SPFH domain and red, orange and yellow boxes combined represent HflK/C domain. The 
light blue box indicates a C-terminal region with very little conservation between erlin-1 
and -2. The extreme N-terminus including the TM-domain is sufficient for ER targeting. 
The proposed membrane topology (Pearce et al. 2007; Pearce et al. 2009) is as such that 
the bulk of the erlin proteins is in the ER lumen and only the N-terminal end is exposed 
to the cytosol. Both erlins are glycosylated at asparagine (N) 106. 
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1.4 Rationale, Hypothesis and Objectives 

1.4.1 Rationale 

The erlins are the most recently discovered members of the SPFH domain proteins. There 

is evidence that they reside in, or are potentially the defining feature, of lipid raft like 

domains in the ER membrane. Although some cellular processes have been associated  

with ER membrane domains, their composition and function is still unclear. The strong 

evolutionary conservation of the erlins from nematodes to humans suggests they play a 

fundamental role in cellular processes. At the beginning of the study outlined in this 

thesis, the function of erlin proteins was completely unexplored, and it was unknown 

what regions or domains of these proteins are functionally important. Oligo- and 

multimeric complex formation and association with DRM are common properties of 

SPFH domain proteins and it is likely required for their function. Thus we were interested 

in characterising erlin complex formation, determining which erlin domains are 

responsible for complex formation and DRM association and exploring the function of 

these novel proteins. Results from this study not only contribute to the understanding of 

erlin function, but also provide insight into the role of raft-like domains in the ER 

membrane and the general mechanisms underlying SPFH domain protein function. 

1.4.2 Hypothesis 

Erlin proteins are involved in one or more ER-associated processes and their function is 

dependent on complex formation and association with DRMs, which is mediated by 

distinct domains and sequence motifs within these proteins. 

1.4.3 Objectives 

I. Characterization of erlin complexes 

II. Identification of erlin regions responsible for complex formation and DRM 

association 

III. Characterization of erlin function using mammalian cell lines 

IV. Characterization of erlin function using C. elegans as a model system 
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Chapter Two:  Materials and Methods 

2.1 Chemicals 

All chemicals were purchased from Sigma unless indicated otherwise. 

2.2 Generation of plasmid constructs 

Full length (FL) and truncated versions of erlin proteins were cloned by PCR using FL 

erlin constructs described previously (Browman et al. 2006) as templates (Appendix II). 

Primer sequences used for cloning of FL and truncated erlin constructs are listed in 

appendix III (Table III.1). Cloning of HA-tagged FL erlin-2 and GFP-tagged erlin-1 (FL 

and N29) and erlin-2 (FL and N25) has been described previously (Browman et al. 

2006). The ERL-1 cDNA clone yk705a8 (kindly provided by Yuji Kohara, National 

Institute of Genetics, Mishima, Japan) served as template for cloning ERL-1HA and 

ERL-1(182-312) constructs. Primers used for cloning contained the appropriate 

restriction sites and nucleotide sequences encoding HA- or FLAG-tags where applicable. 

PCR products were gel purified using the Qiaquick gel extraction kit (Qiagen). A-tailing 

reactions (Appendix II) were performed on gel-purified PCR products, which were 

subsequently ligated into pGEM-T-Easy vectors (Promega). Erlin constructs in pGEM-T 

easy were transformed into DH5α heat shock competent E. coli. Plasmid preparations 

(using Qiaprep Spin Miniprep Kit, Qiagen) were performed on resulting bacteria clones, 

and plasmids containing the appropriate inserts were identified by DNA sequencing. 

Subsequently, inserts were sub-cloned into expression vectors. HA- and FLAG-tagged 

constructs were inserted into the XhoI and ClaI sites of pLPCX and pLNCX (Clontech) 

respectively. GFP-tagged contructs were generated by cloning untagged versions of erlin 

constructs into the XhoI and AgeI sites of the pEGFP-N1 vector (Clontech). Erlin-GFP 

constructs were then subcloned into XhoI and NotI sites of pLNCX. His- and GST-

tagged versions of ERL-1(182-312) were generated by cloning the PCR product into 

pTrcHis C (Invitrogen) using BamHI and PstI restriction sites or into pGEX-2T (GE 

Healthcare) using BamHI and SmaI sites respectively. 

Transcriptional reporter constructs were generated by cloning putative erl-1 

promoter regions (relative to erl-1 start codon: reporter1 -182 to +1; reporter 2 -1022 to 
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+1; reporter 3 -1022 to +576) 5’ of nuclear targeted GFP or tdTOMATO (plasmid 

pJM355 or pJM351 respectively, restriction sites: SphI or PstI and BamHI, plasmids 

provided by Jim McGhee). 

Point mutations were introduced into erlin proteins using DpnI-mediated site-

directed mutagenesis. To this end, PCR reactions were performed using Pfu DNA 

polymerase (Appendix II) and complementary primers with a melting point of 78 °C, 

containing 12-15 base pairs on either side of the point mutations (Appendix III, table 

III.2.). Erlin-2HA or ERL-1HA constructs in pLPCX were used as templates for PCR 

reactions. PCR reactions were digested with DpnI, which cleaves the methylated template 

DNA only. DpnI treated DNA was then transformed into TOP10F competent bacteria 

and colonies were screened for the inserted point mutations by DNA sequencing. 

2.3 Antibodies 

Polyclonal antibodies (pAbs) against erlin-1, erlin-2 or both erlins (PAN-erlin Ab) were 

generated by immunizing rabbits with GST-fusion proteins to erlin-1(305-346), erlin

2(321-339) or erlin-1(184-346) (Browman et al. 2006) respectively. GST-fusion proteins 

to human erlins were provided by Mary Resek.  

The polyclonal antibody against C. elegans ERL-1 was raised by immunizing 

rabbits with His-tagged ERL-1(182-312). For expression and purification of His-ERL

1(182-312), 5 litres bacteria culture of TOP10F competent E. coli (Invitrogen) containing 

the ERL-1(182-312)/pTrcHisC expression construct were grown. Expression of the 

fusion protein was induced by treatment with 1 mM IPTG (Invitrogen) for 1 hr. The 

resulting bacteria pellet was subjected to one freeze-thaw cycle at -80 °C and lysed in 50 

ml of His-tag lysis buffer (Appendix I). After 30 min incubation on ice, the suspension 

was sonicated to lyse bacteria. The lysate was cleared by centrifugation (15,000 g for 20 

mins) and 1 ml Ni-NTA slurry (Qiagen) was added to the supernatant. Following a 1 hr 

incubation at 4 °C, lysate and slurry were transferred to a 5 ml polypropylene column 

(Qiagen).The resin was washed 5 times with 10 ml His-tag wash buffer (Appendix I) and 

the His-tag fusion protein was eluted in 4 steps of 1 ml His-tag elution buffer each 

(Appendix I). The protein concentration of elution fractions was estimated by running 

samples in parallel with bovine serum albumin (BSA) standards on Coomassie-stained 
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SDS-PAGE gels. Samples were dialysed against PBS and rabbits were immunized by 5-6 

injections of 50 μg fusion protein each (performed by SACRI Hybridoma Facility, 

University of Calgary). 

ERL-1 antibodies were affinity purified from rabbit serum using a GST-tagged 

version of ERL-1(182-312) that was crosslinked to glutathione sepharose following a 

previously published protocol (Bar-Peled and Raikhel 1996). GST-ERL-1(182-312) and 

GST were isolated from 500 ml culture of TOP10F containing either ERL-1(182

312)/pGEX-2T or pGEX-2T alone. Expression of the fusion protein and bacteria lysis 

were performed as described above for His-tagged protein purification, except that 25 ml 

GST lysis buffer (Appendix I) were used here. 2 ml of glutathione Sepharose 4B (GE 

Healthcare, 50% slurry in GST wash buffer) was added to cleared bacteria lysates and 

samples were incubated for 30 min at RT. Beads were washed 4 times 5 min with GST 

wash buffer (Appendix I), followed by 3 washes in with 0.2 M borate-NaOH pH 8.6. To 

crosslink GST proteins to glutathione sepharose, 1 ml of beads were incubated for 30 min 

at room temperature (RT) with 2 ml of 0.2 M triethanolamine pH 8.3 containing 15.5 mg 

dimethylpimelimidate-HCl. The crosslinking reaction was terminated by two washes (5 

min and 1 hr) with 0.2 M ethanolamine-HCl pH 8.2. To remove loosely bound GST-

fusion protein, beads were washed once in 0.1 M glycine-HCl pH 2.5. Afterwards, beads 

were washed twice with PBS and stored in PBS until use. 

4 ml total α-ERL-1 rabbit serum was diluted with 8 ml PBS/0.1% Tween-20 and 

incubated with GST beads for 4 hrs at 4 °C to remove GST specific antibodies. 

Subsequently, diluted serum was incubated over night with GST-ERL-1(182-312) beads. 

Beads were washed 3 times with PBS/0.1% Tween-20 followed by one wash with PBS. 

Bound antibodies were eluted in three steps of 1 ml 0.1 M Glycine-HCl pH 2.5 and one 

step of 1 ml  0.1 M Glycine-HCl pH 1.5. For each elution step, beads were incubated 

with elution buffer for 5 mins and eluate was neutralized (to pH 7.5) immediately by 

addition of at least 200 μl 1 M Tris-HCl pH8. All elution fractions contained ERL-1 

specific antibody and were therefore combined. Affinity purified α-ERL-1 pAb was 

concentrated using centricon ultracel YM-10 columns (MW cut-off: 10 kDa).  



 

 

  

  

 

 

 

 

  

28 

Antibodies used for Western blotting (WB), immunoprecipitation (IP) and 

immunofluorescence (IF) are listed in the table below, with their specificity and source, 

the dilutions used, the specific applications they were used for, and their individual 

sources. 

Antibody Application Dilution Source 

Primary Antibodies 

3F10, rat α-HA mAb 

high affinity 

12CA5, ms α-HA mAb, 

low affinity 

7D3, ms α-erlin-1 mAb 

10E6, ms α-erlin-1 mAb 

M2, ms α-FLAG mAb 

rb α-calnexin pAB 

(SPA-860) 

rb α-DYDDDK (Flag-) 

tag pAb 

ms α-flotillin-1 mAb 

ms α-flotillin-2 mAb 

ms α-actin, MAB1501 

rb α-grp78 pAb 

rb α-derlin-1 pAb 

ms α-p97/VCP mAb 

rb α-GFP pAb 

rb α-erlin-1 pAb 

rb α-erlin-2 pAb 

WB, IP, IF 

WB 

WB 

WB 

IP 

WB, IF 

WB 

WB 

WB 

WB, IF 

WB 

WB 

WB, IP 

WB 

WB, IP 

WB, IP 

1:2000, 1:100, 1:200 

1:1000 

Undiluted hybridoma 

supernatant 

Undiluted hybridoma 

supernatant 

1:100 

1:5000, 1:500 

1:1000 

1:500 

1:1000 

1:2000, 1:200 

1:10,000 

1:5000 

1:2000, 1:200 

1:2500 

1:1000, 1:50 

1:1000, 1:100 

Roche Applied Science 

S. Robbins 

S. Robbins (Browman 

et al. 2006) 

S. Robbins (Browman 

et al. 2006) 

Sigma 

Stressgen 

Cell signaling 

BD Transduction Labs. 

BD Transduction Labs. 

Millipore 

Sigma 

Sigma 

Abcam 

L. Berthiaume, 

University of Alberta, 

Edmonton 

described here 

described here 
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PAN-erlin rb pAb 

rb α-ERL-1 pAb 

WB, IP, IF 

WB, IF 

1:1000, 1:200 , 1:200 

1:2000, 1:50 

described here 

described here 

Secondary Antibodies 

goat α-rabbit IgG-HRP 

goat α-mouse IgG-HRP 

goat α-rat IgG-HRP 

mouse α-rabbit light 

chain specific IgG-HRP 

goat α-rat light chain-

specific IgG-HRP 

goat α-rat IgG 

AlexaFluor 488 

donkey α-rabbit IgG 

AlexaFluor 488 or 568 

goat α-mouse IgG 

AlexaFluor 488 

WB 

WB 

WB 

WB 

WB 

IF 

IF 

IF 

1:10,000 

1:10,000 

1:10,000 

1:10,000 

1:10,000 

1:1000 

1:1000 

1:1000 

Santa Cruz 

Santa Cruz 

Santa Cruz 

Jackson 

ImmunoResearch 

Jackson 

ImmunoResearch 

Molecular Probes 

Molecular Probes 

Molecular Probes 

Table 2.1. List of antibodies. 

2.4 Polyacrylamide gel electrophoresis 

Protein samples were boiled in Laemmli sample buffer and resolved on 10% (or 12% for 

CD3δ experiments) sodium sodecyl sulphate polyacrylamide gel electrophoresis (SDS

PAGE) gels (18 x 16 cm). Samples were run for 900-1000 volt hours and either used for 

Western blotting or subjected to Coomassie staining using GelCode Blue Stain (Pierce). 

Solutions and buffers used for SDS-PAGE are listed in appendix I. 

2.5 Western Blotting 

Following gel electrophoresis, protein samples were transferred to a nitrocellulose 

membrane (Schleicher & Schell) in a wet transfer apparatus (Hoefer) filled with Towbin 

buffer (Appendix I) for 2-3 hrs at 800 mA. Nitrocellulose membranes were blocked by 

incubation with TBS-T (Tris buffered saline (TBS, appendix I), 0.1% Tween 20) with 5% 
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skim milk powder (Carnation) for at least 30 mins at RT. Primary antibodies were diluted 

in blocking buffer, and incubation of membranes with primary antibody was performed 

over night at 4 °C. Next, membranes were washed 3 times 5-10 min with TBS-T. 

Membranes were then incubated with horse radish peroxidase (HRP)-coupled secondary 

antibody (diluted 1:10,000 in blocking buffer) for 1 hr at RT. After 3 additional washes 

with TBS-T, membranes were developed by addition of ECL solution and exposed to 

film. 

If membranes were reprobed with a primary antibody of a different species, a 

pinch of Sodium-Azide was added to the second primary antibody dilution, to inactivate 

the original HRP-signal. 

2.6 RT-PCR 

One well of nearly confluent cells grown in a 6-well plate or a pellet of worms from 4 

NGM plates washed in ddH20 was resuspendend in 1 ml of TRIZOL reagent (Invitrogen). 

For RNA isolation from cell lines, the TRIZOL lysate was incubated for 5 mins at RT or 

frozen at -80 °C before proceeding with RNA isolation protocol. For isolation of C. 

elegans RNA, TRIZOL lysates were frozen at -80 °C, thawed and then vigorously 

vortexed over a 10 min period. Insoluble worm material was removed by spinning lysates 

for 10 min at 16,000 g at 4 °C. Subsequently, RNA was isolated from TRIZOL lysates 

according to the manufacturer’s instructions. 

Complementary DNA (cDNA) was synthesized from 2 μg RNA using 

SuperScript II Reverse Transcriptase (Invitrogen) following the manufacturer’s protocol. 

2 μl of the resulting cDNA was used in a PCR reaction (Appendix II) to amplify an RNA 

region of erlin-1 and -2, grp78, GAP-DH or ERL-1 (for primer sequences see appendix 

III, table III.3.). In ER stress experiments, GAP-DH primers were added to erlin or grp78 

PCR reactions after ~5 cycles into the PCR program. RT-PCR reactions were diluted 

with 6X DNA loading dye and loaded onto a 1.5 or 2% agarose gel with ethidium 

bromide (Appendix I). Products were visualized and documented using a BioRad Gel 

Doc 2000 and the Quantity One 4.0.3 software. 
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2.7 Cell culture methods 

2.7.1 Cell culture 

NIH-3T3, HeLa, HEK293, HepG2, MCF7, MDA-MB231, HCT116, U87, IMR5, SHEP, 

SH-SY-5Y, S-KN-BE(2) and Bosc23 cells were grown in Dulbecco’s modified Eagles’s 

medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco). 

U937, THP-1, Jurkat and Raji cells were grown in RPMI Complete Medium (RPMI 

1640, 10% FBS, 1% penicillin/streptomycin, 1% sodium pyruvate (all Gibco) and 50 μM 

β-Mercaptoethanol (β-ME, Sigma)). For maintainance of  NIH-3T3 cell lines stably 

expressing erlin constructs in either pLPCX or pLNCX vectors, growth media was 

supplemented with 2 μg/ml puromycin (Sigma) or 1 mg/ml G418 (Gibco) respectively. 

All cell lines were kept in a humidified incubator at 37 °C with 5% CO2. 

Frozen pellets of two 140 mm tissue culture dishes of nearly confluent cells were 

used for IPs, Sucrose Density Gradient Centrifugations and isolation of membrane 

fractions and DRMs. For harvesting, cells were washed briefly in PBS, detached with a 

cell scraper and pelleted by centrifugation at 1000 g for 5 mins. Cell pellets were stored 

at -80 ºC until use. 

2.7.2 Transfection of cell cell lines with plasmid constructs 

Transfection of cell lines with plasmid constructs was performed using the transfection 

reagent Fugene 6 (Roche) following the manufacturer’s protocol. Transfection reagent 

and DNA were used at a ratio of 3:1 for transfection of HEK293 cell and 3:2 for 

transfections of HeLa and Bosc23 cells. 

2.7.3 Transfection of cell lines with short interfering (si) RNAs 

Predesigned siRNA duplexes specific for human erlin mRNAs were purchased from 

Qiagen. We obtained two erlin-1 specific siRNAs with catalogue numbers SI00731402 

(Hs_SPFH1_2) and SI00731409 (Hs_SPFH1_3), which we here refer to as siRNAs E1_1 

and E1_2 respectively. Catalogue numbers of the two erlin-2 specific siRNAs purchased 

are SI00731437 (Hs_SPFH2_3) and SI03167234 (Hs_SPFH2_6), here referred to as 

E2_1and E2_2. “AllStars negative control siRNA” (Qiagen) was used as negative 
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control. siRNA transfection of HeLa cells was performed using HiPerFect Transfection 

Reagent (Qiagen). Cells were transfected in 6-well plates (2.3*106 cells/well) according 

to the manufacturer’s protocol for “reverse transfection of adherent cells” using 10 nM 

siRNA and 12 µl HiPerfect for each well. Cells were seeded into wells shortly before 

transfection. 72 hrs after transfection cells were lysed in RIPA buffer and erlin protein 

levels were analyzed by Western blot. 

2.7.4 Retroviral infection and generation of stable cell lines 

Bosc23 cells in 6-well plates (< 50% confluency) were transfected with pLNCX or 

pLPCX retroviral expression constructs using Fugene 6 (Roche), according to the 

manufacturer‘s instructions. Cell culture medium was replaced 24 hours after 

transfection. After 48 hours, the virus containing media was filtered through a 0.45 μM 

syringe filter, and stored in 0.5 ml aliquots at -80°C until use. 

For infection, subconfluent NIH-3T3 cells in 6-well plates were incubated with 

0.5 ml retroviral supernatant diluted 1:1 with growth medium containing 8 μg/ml 

polybrene. After 24 hours, the virus-containing media was replaced with 2 ml of fresh 

media. 48 hrs after infection, cells were replated into 15 cm tissue culture dishes at very 

low densities in media supplemented with the appropriate selection antibiotic. Cells were 

grown to confluency and tested for expression of erlin constructs.  

Most erlin construct were expressed at sufficiently high levels that pools of 

infected cells could be used for experiments. A few erlin constructs (E2 N188HA, 

N227HA and E1 FL HA and E1 N305HA) showed relatively low expression levels, 

which made it necessary to isolate high expressing clones from infected cells. To this end 

6 to 12 colonies were picked for each erlin construct and grown in duplicate wells in a 24 

well dish until confluent. Clones showing high erlin expression were identified by 

Western blotting. 

2.7.5 Preparation of cell lysates for Western Blotting 

Where applicable, cells where treated with tunicamycin (TN), thapsigargin (TG), 

brefeldin A (BFA), MG132, lactacystin or cycloheximide (CHX) prior to lysis. TN and 
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BFA stocks were prepared in absolute ethanol; stocks of MG132, lactacystin and CHX 

were prepared in DMSO. 

Cells were lysed in an appropriate volume of RIPA buffer (Appendix I), lysates 

were incubated for ~10 min on ice and cleared by spinning for 10 min at 16,000 g at 4 

°C. Protein concentration of lysates was determined using the BCA Protein Assay 

(Pierce). Volumes of lysates were adjusted with lysis buffer to achieve equal protein 

concentrations across samples and 4x Laemmli sample buffer was added.  

Treatment with PNGase F (New England Biolabs) was performed according to 

the manufacturer’s protocol. 

2.7.6 Isolation of membrane fractions 

To separate cytosolic and membrane fractions, cells were subjected to hypotonic lysis. To 

this end, cell pellets that had been frozen at -80 °C were resuspended in hypotonic 

medium (Appendix I) and incubated on ice for 30 min (Robbins et al. 1995). Next, cells 

were passed 20 times through a 26½ gauge needle. Membrane fractions were pelleted by 

centrifugation at 16 000 g for 10 min at 4 °C and resupended in Laemmli sample buffer.  

Equal parts of cytosolic (supernatant) and membrane (pellet) fraction were analyzed by 

Western blotting. 

2.7.7 Methyl-β-Cyclodextrin (M-β-CD) treatment of membrane fractions 

Membrane fractions isolated from two 15 cm dishes of HeLa cells were resuspended in 5 

ml PBS containing 50 mM M-β-CD and incubated for 30 mins at 37 °C on a rotating 

platform. Following incubation, membranes were pelleted by centrifugation, lysed in the 

appropriate lysis buffer and subjected to DRM isolation, IP or sucrose density gradient 

centrifugation. 

2.7.8 Isolation of detergent resistant membrane (DRM) fractions  

DRM fractions were prepared as described previously (Figure 2.1A) (Robbins et al. 

1995): Frozen cell pellets were lysed in 1 ml 1% Triton X-100/ mes-buffered saline 

(MBS, Appendix I) and homogenized by 25 strokes in Dounce homogenizer. Where 

indicated, 20 mM N-ethylmaleimide was added to lysis buffer. The lysate was adjusted to 



 

 

 

 

 

 

34 

40% sucrose in a volume of 2 ml, overlayed with a 10 ml continuous 30-5% sucrose 

gradient and spun at 170,000 g for 17 hrs in a SW41 rotor. After centrifugation, the top 

~3.5 ml of the gradient were discarded and the next 3.5 to 4 ml containing the opaque 

band of detergent resistant material were diluted with 8 ml MBS and subjected to another 

ultracentrifuge spin of 1 hr to pellet the DRM fraction. Proteins within the soluble 

fraction in the bottom 2 ml of the gradient were precipitated with trichloroacetic acid 

(TCA, 20% final concentration) on ice for 15-20 min. Precipitated proteins were 

collected by centrifugation for 15 min at 16,000 g at 4 °C. DRM and soluble fractions 

were resuspended in a 1:1 mixture of 2x Laemmli sample buffer and 1 M Tris (pH 11). 

TCA precipitated proteins from soluble fractions were solubilised by sonication. Equal 

parts of each fraction were analyzed by Western blotting.  

When DRM isolation was performed on M-β-CD treated membranes, the gradient 

was fractionated into six 2 ml fractions, which were diluted in 10 ml MBS and subjected 

to 1 hr of ultracentrifugation to separate soluble (supernatant) and insoluble (pellet) 

fractions. Proteins in soluble fractions were TCA precipitated and collected by 20 min 

centrifugation at 11,000 rpm in a Beckman JA-17 rotor. DRM and TCA-precipitated 

soluble fractions were resuspended as described above and equal portions of insoluble 

material from all fractions (1-6) and soluble material from fraction 6 were analyzed on 

Western blots. 

2.7.9 Sucrose density gradient centrifugation 

To separate protein complexes by size, sucrose gradient centrifugation was performed as 

described previously (Figure 2.1B) (Polyak and Deans 2002) with minor modifications. 

Frozen cell pellets were lysed in 1% Triton-X100/MBS and homogenized with 25 strokes 

in a Dounce homogenizer. Lysates were cleared by 10 min centrifugation at 16,000 g and 

1 ml of  lysate was layered on top of an 11 ml 40-5% continuous sucrose gradient 

(containing 1% Triton X-100). Gradients were spun at 170,000 g for 17 hrs at 4 ºC in an 

SW41 rotor (Beckman). Gel Filtration molecular weight (MW) standards (Amersham) 

were resuspended in 1% Triton/MBS and ran in parallel. Twelve 1 ml fractions were 

collected from each gradient, and equal volumes of each fraction were mixed with 

Laemmli sample buffer and analyzed by Western Blotting. 
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Figure 2.1: Schematics of subcellular fractionation protocols. 
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2.7.10 Immunoprecipitations 

For erlin oligomerization experiments, IPs were performed from frozen cell pellets and 

cells were lysed in RIPA buffer. For all other IP experiments, cells were washed once 

with cold PBS and lysed on cell culture dishes directly using NP-40 lysis buffer or TNE-

buffer containing 1% T-X100 as indicated (for lysis buffer recipes see appendix I). 

Lysates were cleared by centrifugation at 16,000 g for 10 min at 4 ºC, and 0.5 to 1 

mg protein of the cell lysate was used per IP reaction. After preclearing lysates by 

incubation with protein G sepharose for 45 min, samples were incubated with primary Ab 

for 1 hr, followed by protein G sepharose for an additional hour. Immunoprecipitates 

were washed in lysis buffer (3 times, 5 min), resuspended in Laemmli sample buffer, and 

analyzed by Western blotting. 

2.7.11 Immunofluorescent staining of cells 

For immunofluorescent staining, cells were seeded onto acid-washed coverslips in 

DMEM containing 10% charcoal-stripped FBS one day prior to fixation. Transient 

transfections with HA-tagged erlin constructs were performed on cells seeded onto 

coverslips as described above and cells were fixed 24 hrs post transfection. Cells were 

fixed with 4% paraformaldehyde in PBS for 10 min at RT and permeabilized for 5 min 

with 0.2% Triton X-100 in PBS. Primary and secondary antibodies were diluted in 1% 

BSA in PBS, and cells were incubated with each antibody for at least1 hr at RT. After 

fixation and each antibody incubation, cells were washed three times for 5 min in PBS. 

Coverslips were mounted using Fluorescence Mounting Medium (Dako).  
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2.8 C. elegans methods 

2.8.1 Strains 

The Bristol strain N2 was used as wild type strain (Brenner 1974). Strain FX2703 erl-

1(tm2703) was obtained from the National Bioresource Project (Tokyo, Japan) and 

outcrossed five times before performing experiments. Strains JT73 itr-1(sa73) and 

SJ4005 zcIs4[hsp-4::GFP] V were obtained from the Caenorhabditis Genetics Center 

(University of Minnesota, Minneapolis, MN). Strains HR438 unc-24(e138) and HR762 

itr-1(sy290) unc-24(e138) were kindly provided by Paul Mains (University of Calgary, 

Calgary, AB, Canada). Strain CK10 bkIs10[Paex-3::tau-V337M,Pmyo-2::GFP] was 

kindly provided by Brian Kraemer (University of Washington, Seattle, WA).  

2.8.2 Maintenance  

All C. elegans strains were grown on nematode growth medium (NGM) plates seeded 

with OP50 or HB101 E. coli as a food source. Worms were grown at 20 °C unless 

indicated otherwise. 

2.8.3 Mating 

C. elegans mating was performed for the purpose of outcrossing the FX2703 strain 

against the N2 wild type strain and to generate crosses between FX2703 and other mutant 

or transgenic strains. N2 males were kindly provided by the Paul Mains (University of 

Calgary). FX2703 males were generated by exposing L4 hermaphrodites to heat shock at 

30 °C for 6 hrs, which increases the chance of male offspring. Male offspring were 

picked and propagated by mating with FX2703 hermaphrodites. 

To set up crosses, 4-6 L4 hermaphrodites of one strain were placed onto a plate 

with 15-20 males of another strain and allowed to mate over night. The following day, 

each hermaphrodite was transferred to a separate plate, allowed to lay eggs for one day 

and was subsequently removed from plates. Successful mating of the mother was 

determined by the occurrence of males in the offspring. Once F1 offspring reached the L4 

stage, 4 F1 hermaphrodites were each transferred to separate plates. After F1 

hermaphrodites produced offspring, they were genotyped by PCR (described below), to 

confirm their heterozygosity for erl-1(tm2703). At least 16 F2 hermaphrodites were 
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picked and screened for the desired phenotype by genotyping or by phenotypic analysis, 

when applicable. 

erl-1 and itr-1 are genetically linked, as they are both located on chromosome IV 

and the genes are only ~4.7 map units apart, indicating that there is a 4% probability of a 

recombination event occurring between the two loci. Thus, ~100 F2 hermaphrodites were 

picked and screened to optimize the chance of identifying one that is homozygous for one 

locus (itr-1) and heterozygous for the other (erl-1). For crosses between FX2703 and 

HR438 unc-24(e138) and HR762 itr-1(sy290) unc-24(e138), F2 offspring showing unc 

phenotype were picked and screened for erl-1(tm2703) heterozygosity. For crosses 

between FX2703 and JT73 itr-1(sa73), ~200 F2 offspring were picked and itr-1(sa73) 

homozygotes were identified based on their reduced brood size and delayed growth of 

offspring. Once F2 mothers homozygous for the itr-1 and/or unc-24 mutations and 

heterozygous for erl-1(tm2703) were identified, 16 hermaphrodites (F3) of their offpring 

were picked and screened for erl-1(tm2703) homozygosity. The genotype of crosses was 

confirmed by DNA sequencing (for primers see appendix III, table III.4). 

2.8.4 Genomic PCR 

To prepare worm lysate for genomic PCR, one adult worm was transferred to a PCR tube 

containing 2 μl alkaline lysis buffer (Appendix I). The lysis buffer containing the worm 

was overlayed with 5 μl mineral oil and the sample was incubated at 95 °C for 20 mins. 

The sample was cooled on ice and 2 μl each of neutralizing buffer and 3x worm lysis 

buffer (for buffer recipes see appendix I) was added. The sample was incubated at 60 °C 

for 60 mins, followed by 95 °C for 15 mins. 2.5 μl worm lysate was used per PCR 

reaction (Appendix II). Genotyping of erl-1 was performed using two different primer 

sets: One primer set bound outside and another one bound within the genomic region that 

is deleted in erl-1(tm2703) (Appendix III, table III.5). 

2.8.5 Worm injections 

Injections of erl-1 reporter constructs were performed by James McGhee. Constructs 

were injected at 50 μg/ml into the syncitial gonad arm of young adult hermaphrodites.  
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Plasmid pRF4 [rol-6(su1006)] was co-injected into N2 hermaphrodites as a 

transformation marker. F1 progeny of injected worms with a roller phenotype were 

picked and propagated by isolating progeny with a roller phenotype. erl-1 reporter 

constructs were also injected into unc-119(ed3) adults, whereas an unc-119 wt transgene 

was co-injected as transformation marker. When using this approach, F1 progeny 

showing normal phenotype were picked and propagated. For each erl-1 reporter 

construct, several transgenic lines were examined for reporter gene expression by 

fluorescence microscopy. 

2.8.6 Isolation of C. elegans embryos and generation of age-synchronized populations 

Embryos were isolated from adult hermaphrodites by hypochlorite treatment, which 

ruptures all larvae and adults worms, while leaving embryos intact. 

For IF staining and Western blot analyses of developmental stages, ~5 and 25-30 

HB101 plates of worms were used respectively. Worms were washed 3 times in sterile 

ddH2O and 2 volumes of 6% NaOCl and 5 volumes of NaOH was added to 3 volumes of 

worm pellet. After ~50% of worms were ruptured (3-6 mins of treatment), the reaction 

was stopped by filling the tube with ddH2O and embryos were pelleted by centrifugation. 

Embryos were washed 3 times with ddH2O. 

To obtain age-synchronized populations of larvae, embryos were resuspended in 

M9 buffer and transferred to a tissue culture flask. After at least 14 hr incubation on a 

rotating shaker at RT, all viable embryos had grown to L1 arrest and where therefore 

synchronized. L1 larvae were transferred to NGM plates with E. coli and grown to the 

desired stage at 20 °C. 

2.8.7 Preparation of protein extracts 

For preparation of C. elegans protein samples, worms were harvested and washed in 

ddH20 and frozen at -80 °C. Frozen pellets were resuspended in RIPA buffer (Appendix 

I) and homogenized by sonication. Lysates were cleared by centrifugation at 16,000 x g 

for 10 min at 4 °C. Protein concentrations were determined using the BCA protein assay 

(Pierce). Samples were analyzed by Western blotting as described above. 



 

 

 

 

 

 

40 

2.8.8 Mounting of worms for microscopy 

For microscopy, worms were mounted onto a 2% agarose pad containing a 5 μl 

anesthetising solution. A 22 x 50 mm coverslip was place on top and sealed with a 

paraffin/Vaseline paste. 

2.8.9 Immunofluorescent staining of embryos and larvae 

Embryos, larvae and adult worms were permeabilized using the freeze crack method 

(Albertson 1984). Freeze cracking permeabilizes worms and embryos by removing parts 

of the cuticle. 

Worms or embryos were transferred into a 5 μl drop of M9 buffer (Appendix I) on 

a coverslide coated with polylysine and gelatine. A 22 x 50 mm coverslip was placed on 

top of worms, and worms were immobilized by applying gentle pressure onto the 

coverslip. The coverslide/coverslip sandwich was then placed on top of a metal block in a 

dry ice bath. The coverslip was pressed down gently for a few seconds until it froze to the 

coverslide. After at least one hour incubation on dry ice, the coverslip was popped off.  

 Slides were immediately transferred into ice-cold methanol for 5 min, followed 

by a 5 min incubation in ice cold acetone. Rehydration of slides was performed in a series 

of alcohols (95%, 70%, 50% and 30% Ethanol, 2 min each). PBS with 5% BSA (Roche) 

and 0.1% Triton X-100 was used for blocking and antibody dilution. Fixation, blocking 

and washing steps were performed in glass staining jars. Incubation with primary 

antibodies was performed over night. A 50 μl drop of diluted antibody was added onto 

worms on the coverslide (in wet chamber) and a piece of parafilm was placed on top. 

Slides were stained with affinity purified α-ERL-1 and mouse α-actin. The latter antibody 

was used as a control for antibody penetration. The next day, slides were washed and 

incubated with fluorescently labelled secondary antibody for 1 hour. Following each 

antibody incubation, slides were washed three times for 10 minutes in PBS/0.1% T

X100. Slides were mounted using fluorescence mounting media (Dako). 

2.8.10 Immunofluorescent staining of dissected gonads and intestines 

Worms (~100 first day adult hermaphrodites) were washed off plates, resuspended in ~2 

ml PBS and transferred into a watch glass. Worms were anesthetised by adding 5 μl of 

100 mM levamisole to worm suspension. Using a 25 gauge needle, worms were cut open 
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at the head behind the pharynx, leading to exposure of gonads and intestines. Excess PBS 

was removed using a pulled Pasteur pipette and worms were fixed with 3% PFA 

(Electron Microscopy Sciences) in phosphate buffer (Sigma) for 10 mins at RT. 

Following fixation, dissected worms were washed 4 times in PBS/ 0.1% Tween-20 (PBS

T), and permeabilized in ice-cold methanol for 30 mins at -20 °C.  

After two washes with PBS-T, dissected gonads and intestines were blocked with 

30% goat serum in PBS for 30 mins. Primary antibody (affinity purified rb α-ERL-1) was 

diluted 1:100 in blocking buffer and incubated O/N at 4 °C. Samples were washed 3 

times  for 5 min with PBS-T. Incubation with secondary antibody and DAPI (diluted in 

blocking buffer) was performed at RT for 1 hr. Stained samples were mounted onto a 1% 

agarose pad with a 22x50 mm coverslip placed on top.  

2.8.11 Phenotypic analysis 

For measuring growth rate, one day old adults were allowed to lay eggs on NGM plates 

for two hours. Adults were subsequently removed and plates were kept at 20 or 26°C. 

Images of developing larvae were acquired every 24 hrs for four days using a Canon 

digital camera mounted onto a dissecting scope. Lengths of worms were measured using 

ImageJ version 1.42q (National Institutes of Health, USA). 

To determine life span, L4 animals were picked and transferred onto a fresh plate 

every 2 days. Animals were considered dead, when no movement in response to touch 

was observed. Between 21 and 27 animals were scored per strain. 

Brood size was determined by picking L4 animals (two animals per plate) and 

transferring these to a fresh plate every 24 hours until egg laying ceased. Offspring were 

counted two days after mothers were removed from plates. Individual brood size was 

calculated from the average brood size of two mothers on each plate. Rates of embryonic 

arrest were determined by counting unhatched embryos 24 hrs after removal of mothers. 

Defecation rates of first day adults grown at 20 °C were determined by measuring 

times between posterior body contractions. During measurements, plates were placed on 

top of a petri dish that contained cold water and served as a heat sink. This prevented 

heating of plates, which we had found to increase defecation rates. For each strain on 

average six defecation cycles of five worms each were measured.  
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To determine thrashing rates, worms were placed in a 96-well plate, containing 

100 μl M9 buffer (Appendix I) per well. For each time point, thrashes of 5 worms were 

counted for 3 times 1 min. A thrash was defined as a change in direction of bending in 

the mid-body.  

2.8.12 ER stress experiments 

To assess sensitivity of worms to tunicamycin (TN, Calbiochem), first day gravid adults 

were allowed to lay eggs for ~4 hours on plates containing different concentrations of 

TN. After 72 hours plates were scored by dividing worms into three categories: (1) dead, 

(2) < L4 and (3) ≥ L4. 

Levels of ER stress were determined by plating mixed stage zcIs4[hsp-4::GFP] 

worms onto plates containing 5 μg/ml TN for the times indicated. GFP expression was 

analyzed by Western blotting and fluorescence microscopy.  

2.9 Microscopy and Image Processing 

Images of mammalian cells and C. elegans embryos were acquired as Z-stacks using an 

LSM 510 Meta confocal on an Axiovert 200M microscope with a 63x/1.4 Plan 

Apochromat objective (all from Carl Zeiss) and are presented as projections of three focal 

planes, which were generated using LSM Image Browser (Carl Zeiss).  

Images of C. elegans larvae and adults were acquired on a Zeiss Axioplan 2i 

microscope equipped with a Hamamatsu OrcaER digital camera using a Zeiss Plan 

Neofluar 5x/0.15 or 20x/0.5 objective. Images of dissected gonads and intestines were 

acquired on Zeiss Imager Z1 microscope equipped with an Axiocam MRM digital 

camera using an EC Plan-Neofluar 40x/1.30 Oil DIC M27 objective. 

Images of L4 larvae and dissected gonads and intestines were assembled using 

Adobe Photoshop. For presentation purposes, levels, contrast and brightness were 

adjusted across the entire image using Adobe Photoshop.  

2.10 Bioinformatics 

Conserved domains in human and C. elegans erlin proteins were determined as follows: 

The prohibitin (PHB) domain (smart00244) was identified by the Simple Modular 

http:40x/1.30
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Architecture Research Tool (SMART; http://smart.embl.de ). The SPFH domain 

corresponds to the Band_7/SPFH domain (pfam01145), and the HflK/C domain 

corresponds to the conserved domains Band_7/HflK (cd0304) and Band_7/HflC 

(cd0305), which were determined based on homologies to the bacterial membrane 

protease subunits HflK and HflC. All are available at the conserved domain database at 

NCBI. 

Multiple amino acid alignment was performed using ClustalW analysis and 

putative TM segments were predicted using the TMAP algorithm. Both are available at 

SDSC Biology Workbench (www.workbench.sdsc.edu). 

http://smart.embl.de/�
http:www.workbench.sdsc.edu
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Chapter Three:
 
Biochemical Characterization of Erlin Complexes 


3.1 Background 

3.1.1 Complex formation of SPFH domain containing proteins 

SPFH domain-containing proteins have a propensity to form oligomers (Langhorst et al. 

2005). The prohibitins, stomatin and podocin have been all found to exist in large 

multimeric complexes of 12 or more monomers. PHB-1 and -2 and flotillin-1 and -2 form 

hetero-oligomers, while stomatin and podocin form homo-oligomers (Langhorst et al. 

2005; Tatsuta et al. 2005; Huber et al. 2006). Complex formation of flotillins, podocin 

and stomatin has only been investigated using biochemical methods; the structure of 

these complexes is therefore unknown. On the other hand, ultrastructural analyses of 

PHB complexes revealed their ring-like structure (Tatsuta et al. 2005). PHB complex 

formation is thought to be a two-step process: Upon import into the inner mitochondrial 

membrane (IMM), PHB-1 and -2 form hetero-oligomeric intermediates of ~120 kDa, 

which then aggregate into ring-like structures of 1.2 MDa. Complex formation of the 

PHBs requires a coiled-coil region close to the C-terminus of these proteins, which also 

encompasses the C-terminal end of the SPFH domain (Tatsuta et al. 2005). Recently, 

chemical cross-linking experiments have revealed that the flotillins form homo- and 

hetero-tetramers that are dependent upon regions with coiled-coil secondary structure 

within the flotillin domain, which localizes to the C-terminal part of these proteins (Solis 

et al. 2007). 

While complex formation of SPFH domain-containing proteins generally depends 

on C-terminal regions, the exact amino acid residues involved are in most cases 

unknown. For stomatin however, a hydrophobic region of nine amino acids (264-272) C-

terminal to the SPFH domain has been identified as crucial for oligomerization. Mutation 

of either one of these residues abrogates stomatin complex formation (Umlauf et al. 

2006). 

Podocin not only uses its C-terminal regions to oligomerize, but also the N-

terminal region preceding the TM, which, at 100 amino acids, is much longer than the 

corresponding N-terminal stretches of other SPFH domain proteins (Huber et al. 2003) 
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Hetero-oligomerization might be necessary for the stability of some SPFH domain 

containing proteins. Loss of PHB-1 protein leads to the loss of PHB-2 and vice versa, 

which was shown in knockout strains of mice and yeast and RNAi experiments in HeLa 

cells and C. elegans (Tatsuta et al. 2005; Kasashima et al. 2006; Merkwirth et al. 2008; 

Artal-Sanz and Tavernarakis 2009). This interdependence was found to be at the protein 

level, since mRNA levels of the partner protein remained unchanged following 

knockdown of either PHB-1 or -2 (Kasashima et al. 2006; Merkwirth et al. 2008; Artal-

Sanz and Tavernarakis 2009). Loss of the partner protein might destabilize protein 

structure of PHB-1 or -2 leading to aberrant degradation by quality control mechanisms. 

Despite their apparent existence as obligate hetero-oligomers, PHB-1 and -2 appear to 

have at least partially diverging functions especially within the nucleus (see chapter 

1.2.4.). Perhaps, in the nucleus prohibitin monomers and/or homo-oligomers are 

protected from mitochondrial or cytosolic degradation machineries. 

Compared to the prohibitins, the flotillins exhibit a more asymmetric relationship. 

Transfection of mammalian cell lines with flotillin-2 specific siRNA leads to a reduction 

in protein levels of both flotillin-1 and -2 (Solis et al. 2007). Loss of flotillin-1 can be 

prevented by treatment with the proteasome inhibitor lactacystin, indicating that flotillin

1 becomes rapidly degraded by the proteasome in the absence of flotillin-2. In contrast, 

knockdown of flotillin-1 does not affect levels of flotillin-2 (Solis et al. 2007).  It remains 

to be determined if flotillin-2 is also functionally independent of flotillin-1.  

3.1.2 Determinants for DRM association of SPFH domain containing proteins 

Several types of structural features have been shown to mediate DRM association of 

proteins (Brown 2006). The most well characterized DRM targeting determinants of 

peripheral membrane proteins are posttranslational modifications containing saturated 

acyl chains, like GPI-anchors, palmitoylation and myristoylation. DRM association of 

TM proteins is often determined by the specific structure of the TM domain or by a 

palmitoyl residue adjacent to the TM domain (Brown 2006). 

DRM association of SPFH domain-containing proteins appears to be mediated by 

several structural components. The SPFH domain of MEC-2 and podocin was shown to 

bind cholesterol and therefore likely plays a role in targeting to DRMs. Palmitoylation 
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probably also contributes to DRM association of the two proteins, since it enhances 

cholesterol binding (Huber et al. 2006). In addition, regions C-terminal to the SPFH 

domain are important for inferring detergent resistance to members of this protein group. 

C-terminal regions of podocin are required for its association with DRMs, but the exact 

region responsible remains to be specified (Huber et al. 2003). In the case of stomatin, 

three amino acids within the nine amino acid hydrophobic stretch required for 

oligomerization are indispensable for DRM enrichment. This hydrophobic stretch is 

downstream of the SPFH domain. Furthermore, DRM association of stomatin was found 

to be independent of oligomerization, indicating that oligomerization is a prerequisite for 

lipid raft association (Umlauf et al. 2006). Generally, lipid raft association of SPFH 

domain-containing proteins seems to be mediated by cholesterol binding, which requires 

the SPFH domain and palmitoylation, but also by additional C-terminal sequences. 

3.1.3 Rationale 

Because all SPFH domain-containing proteins investigated to date form lower or higher 

order complexes, we were interested in analyzing complex formation of the erlin 

proteins. Complex formation appears to be functionally important for SPFH domain 

protein. For example, hetero-oligomerization of PHBs and flotillins is required for their 

protein stability (Kasashima et al. 2006; Solis et al. 2007). Furthermore, DRM association 

is likely necessary for the function of this protein group, since cholesterol binding, which 

probably contributes to DRM association, is important for the function of podocin and 

MEC-2. Since complex formation and DRM association appear to be functionally 

important features of SPFH domain proteins, we set out to identify domains within the 

erlins that mediate these properties. This approach will allow us to define functionally 

important regions within the erlin proteins.  
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3.2 Results 

3.2.1 Erlins form oligomers and high molecular weight complexes 

3.2.1.1 Characterization of polyclonal erlin antibodies 

Erlins were originally discovered in an antibody screen against isolated lipid raft proteins, 

in which two hybridoma clones producing monoclonal antibodies against erlin-1 (7D3 

and 10E6) had been isolated (Browman et al. 2006). At the beginning of the present study 

these were the only erlin antibodies available and they exclusively bound to human erlin

1. 7D3 and 10E6 both recognize a short 25 amino acid epitope in the C-terminus of erlin

1 (residues 305-330) (Browman et al. 2006). When used for Western blotting 7D3 and 

10E6 detected both endogenous erlin-1 in HeLa cells and ectopically expressed human 

erlin-1HA in NIH-3T3 murine fibroblasts, whereas 7D3 generally yielded a stronger 

signal than 10E6 (Figure 3.1A). 10E6, but not 7D3, can be used for immunoprecipitation 

and immunofluorescence ; however the binding efficiency of the antibody does not 

appear to be very high, which may be due to masking of the short epitope (Browman 

2006). 

We set out to generate additional erlin antibodies, to obtain erlin-2 specific 

antibodies and higher affinity antibodies against erlin-1. To produce antibodies specific 

for either erlin-1 or -2, we immunized rabbits with GST-fusion proteins to erlin-1-(305

346) or erlin-2-(321-339) (Figure 3.1B). These are C-terminal regions of the erlins that 

show very little conservation between erlin-1 and -2. As anticipated, the resulting antisera 

detected human erlin-1 or -2 both in its endogenous form and when ectopically expressed 

in NIH-3T3 cells. Erlin-1 or -2 specific antibodies did not detect mouse erlin in vector 

control NIH-3T3 cells (Figure 3.1C). In order to generate an antibody that recognized 

both erlins and had broader species specificity, we used a GST-fusion protein to the C-

terminal half of erlin-1 (residues 184-346) as antigen (Figure 3.1B). A large portion of 

the C-terminal half of erlin-1 is conserved between both erlins across many species. 

Using this strategy we obtained an antibody that recognized erlin-1 and -2 in human and 

mouse cells. Thus we referred to this antibody as “PAN-erlin” antibody. On Western 

blots, the PAN-erlin antibody recognized a double band around 40 kDa, of which the 

lower corresponded to erlin-1 and the higher to erlin-2 (Figure 3.1C). The PAN-erlin  



 

 

48 

Figure 3.1: Characterization of polyclonal erlin antibodies. 

(A) and (C) Erlin antibodies  were tested on Western blots with total lysates from HeLa 
cells and NIH-3T3 cells stably expressing either empty vector (pLPCX), erlin-1HA 
(E1HA) or erlin-2HA (E2HA). (A) Western blots were probed with previously described 
erlin-1 mAbs (hybridoma clones 7D3 and 10E6) (B) Schematics of GST-erlin constructs 
used for immunization of rabbits to generate polyclonal erlin antibodies. Blue boxes 
indicate regions, which show little conservation between erlin-1 and -2. All other regions 
are highly conserved between the two proteins. (C) Western blots probed  with rabbit 
polyclonal antibodies (pAbs) generated against erlin proteins. 
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antibody could also be used for immunofluorescence staining of endogenous erlin 

proteins (Figure 3.2). These antibodies provided us with important tools for our study. 

Erlin-1 was previously found to be expressed in all human cancer cell lines tested 

(Browman 2006). It was, however, unknown, if the same was true for erlin-2. Using the 

newly generated erlin-2 pAb, we examined expression levels of both erlin proteins in 

cancer cell lines of epithelial, myelomonocytic, lymphocytic and neural origin by 

Western blotting. As shown before for erlin-1, erlin-2 was found to be expressed in all 

cell lines tested (Figure 3.3). This indicated that erlin-1 and -2 are generally expressed 

together in a wide range of cell lines. 

3.2.1.2 Erlin-1 and -2 form Homo- and Hetero-oligomers 

An earlier study reported that in addition to the ~40 kDa band corresponding to 

monomeric erlin protein, higher molecular weight (MW) bands of ~80 kDa, possibly 

representing dimeric versions of the protein, can be detected in DRM fractions by 

Western blotting (Browman 2006; Browman et al. 2006). For erlin-1, the high MW can 

only be observed when reducing agents, like β-mercaptoethanol (β-ME), are omitted 

from the sample buffer. In contrast, higher MW bands on erlin-2 Western blots are stable 

even under reducing conditions (Figure 3.4) (Browman 2006). To ensure that these 

higher bands were not just formed by post-lysis disulfide bond formation, N

ethylmaleimide (NEM) was added to the lysis buffer. NEM irreversibly modifies cysteine 

residues in proteins and thus prevents disulfide bond formation. It is also commonly used 

in lysis buffers to inhibit de-sumoylation and de-ubiquitination. Addition of NEM did not 

prevent the occurrence of high MW bands on erlin-1 and -2 Western blots. The size of 

erlin-1 bands under both reducing and non-reducing conditions was not affected by 

addition of NEM. However on erlin-2 Western blots performed under non-reducing 

conditions, addition of NEM slightly increased the size of the dimeric band. On non-

reducing erlin-2 blots, NEM also ameliorated the appearance of a lower MW band, which 

is ~5 kDa smaller than the band corresponding to monomeric erlin-2. This band is only 

detected under non-reducing conditions and could potentially be a cleavage product or a 

version of erlin-2 lacking yet to be identified modifications (Figure 3.4).  
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Figure 3.2: Immunofluorescent staining of endogenous erlin wih PAN-erlin pAb. 

Endogenous erlins were stained in 3T3 pLPCX cells using PAN-erlin antibody (left 
panel). Right panel shows a cell stained with preimmuneserum (PI). 

Figure 3.3: Both erlin proteins are widely expressed in human cancer cell lines. 

Erlin-1 and -2 protein levels of various human cancer cell lines were determined by 
Western blotting. Western blots were probed with erlin-1 mAb (7D3), erlin-2 pAb and 
actin mAb as loading control. Lysates of NIH-3T3 cells stably expressing E1HA or 
E2HA were used as positive controls. 



 

 

 

51 

Figure 3.4: Higher MW bands on Western blots suggest erlin oligomerization. 

DRM fractions were isolated from NIH-3T3 cells expressing E1HA or E2HA and HeLa 
cells. DRM isolations were performed with or without N-ethyl-maleimide (NEM) in the 
lysis buffer. Samples were analyzed by Western blotting under non-reducing (-β-ME) or 
reducing (+β-ME) conditions. Monomeric erlin bands are marked by arrow heads, higher 
MW bands potentially representing dimers are marked by arrows and lower MW bands in 
erlin-2 samples that only appear under non-reducing conditions are marked by asterisks. 
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The discovery of higher MW bands on Western blots and the fact that oligomerization 

appears to be a common feature of SPFH domain-containing proteins, led us to 

investigate, whether the erlins form homo- and hetero-oligomers. 

We used co-immunoprecipitation experiments to test whether erlin monomers 

could interact with each other, which is the prerequisite for oligomerization (Figure 3.5). 

To examine homo-oligomerization, we stably co-expressed HA- and FLAG- tagged 

versions of either human erlin-1 or erlin-2 and performed immunoprecipitations with 

HA- and FLAG- specific antibodies. We found that erlin-1HA precipitated with erlin

1FLAG, and vice versa, and the same was observed for HA- and FLAG- tagged erlin-2 

(Figure 3.5A). This showed that erlin-1 and -2 monomers have the ability to homo

oligomerize. Next, we examined interactions between erlin-1 and erlin-2 by performing 

immunoprecipitations from lysates of NIH-3T3 cells co-expressing HA-tagged erlin-1 

and FLAG-tagged erlin-2, or vice versa, and found an interaction between ectopically 

expressed erlin-1 and erlin-2 (Figure 3.5B). The same observation had been made 

previously by Duncan Browman, using GFP-tagged, instead of FLAG-tagged, versions of 

erlin proteins (Browman 2006).  

To confirm this finding in an endogenous setting, immunoprecipitations of 

endogenous erlin proteins were performed in HeLa cells, using erlin-1 or -2 specific pAbs 

described above. Consistent with our data on overexpressed proteins, we observed an 

interaction of endogenous erlin-1 and -2 (Figure 3.5C). The interaction between erlin 

monomers appears to be very stable, since all immunoprecipitation experiments 

described here were carried out in RIPA buffer, which contains high amounts of 

detergents (1% T-X100, 1% sodium deoxycholate, 0.1% SDS). Based on these data we 

concluded that erlin-1 and -2 formed homo- and hetero-oligomers. 

3.2.1.3 Protein levels of erlin-1 and -2 are independent from each other. 

Earlier studies on the prohibitins and the flotillins suggest that hetero-oligomerization is 

required for protein stability. PHB-1 and -2 are both dependent on each other for protein 

stability, since loss of one PHB protein leads to the loss of the partner protein (Tatsuta et 

al. 2005; Kasashima et al. 2006; Merkwirth et al. 2008; Artal-Sanz and Tavernarakis 

2009). siRNA mediated knockdown of flotillin-2 causes proteasomal degradation of  
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Figure 3.5: Erlin-1 and -2 form homo- and hetero-oligomers. 

(A) Co-immunoprecipitation of FLAG-tagged with HA-tagged erlin-1 (left panel) or 
erlin-2 (right panel) stably co-expressed in NIH-3T3 murine fibroblasts indicates homo
oligomerization. Immunoprecipitations were performed with HA- and FLAG-tag specific 
antibodies and normal rat and mouse (ms) IgGs respectively were used as negative 
controls. (B) Co-immunoprecipitation of HA-tagged erlin-1 with FLAG-tagged erlin-2 
(left panel) or vice versa (right panel) indicates hetero-oligomerization of ectopically 
expressed erlin-1 and -2. (C) Co-immunoprecipitation of endogenous erlin-1 and -2 was 
performed in HeLa cells using rabbit polyclonal antibodies against either erlin-1 (α-E1) 
or erlin-2 (α-E2). Pre-immunesera (PI) from corresponding rabbits were used as controls. 
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flotillin-1, while protein levels of flotillin-1 are not dependent on its partner protein (Solis 

et al. 2007). 

We therefore investigated if protein levels of erlin-1 and -2 are also dependent on 

each other. To this end, HeLa cells were transfected with siRNA duplexes against either 

erlin-1 or erlin-2 (Figure 3.6). For targeting of each erlin mRNA, two siRNA sequences 

were used in isolation, to control for off-target effects of siRNAs. While siRNAs against 

erlin-1 and -2 dramatically reduced protein levels of erlin-1 and -2 respectively, they did 

not have an obvious effect on levels of the partner protein (Figure 3.6). Lysates of siRNA 

transfected HeLa cells were probed with the 7D3 erlin-1 mAb (Browman et al. 2006), the 

polyclonal antibodies specific for either erlin-1 or -2 and the PAN-erlin antibody  (Figure 

3.1). The siRNA experiment provided an additional confirmation for the specificity of the 

erlin antibodies. Specifically, it showed that the lower MW band on the PAN-erlin blot 

indeed corresponded to erlin-1, while the slightly higher band corresponded to erlin-2 

(Figure 3.6). 

In contrast to the erlins, siRNA mediated knockdown of PHB1 or PHB2 reduces 

protein levels of PHB1 and PHB2 by the same degree, while only reducing PHB1 or 

PHB2 respectively at the mRNA level (Kasashima et al. 2006). A similarly dramatic 

effect on reduction of flotillin-1 levels after siRNA mediated knockdown of flotillin-2 has 

also been reported (Solis et al. 2007). However our data suggested that protein levels of 

erlin-1 and -2 are not dependent on each other. 

3.2.1.4 Erlins form high MW complexes 

Since our initial experiments showed that the erlins have the ability to form homo- and 

hetero-oligomers, we wanted to characterize these oligomeric complexes in more detail. 

Total lysates of HeLa cells or NIH-3T3 cells, expressing empty vector (pLPCX), erlin

1HA or erlin-2HA, were subjected to sucrose density gradient centrifugation and gradient 

fractions were analyzed by SDS-PAGE and Western blotting (Figure 3.7 ). Stained SDS

PAGE gels of gradient fractions demonstrated that this technique resulted in efficient and 

reproducible separation of cellular proteins, with the bulk of the proteins being 

concentrated in the low-density fractions 2 to 6. Thus most proteins appeared to be part of 

low MW protein complexes. HeLa and vector control NIH-3T3 cells showed a similar  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

55 

Figure 3.6: Levels of erlin-1 and -2 are not dependent on each other. 

HeLa cells were transfected with siRNA duplexes against either erlin-1 (E1_1, E1_2) or 
erlin-2 (E2_1, E2_2), or with a control siRNA duplex. Knockdown of erlin proteins was 
assessed by Western blotting using a panel of erlin antibodies. 
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Figure 3.7: Sucrose density gradient centrifugation shows association of erlins with 
high MW complexes. 

Sucrose density gradient centrifugation was performed on total lysates from HeLa cells or 
3T3 cells stably expressing pLPCX vector only, E1HA or E2HA. Cells were lysed in 1% 
Triton X-100 and fractionated by 40-5% sucrose gradient centrifugation. (A) Gels with 
gradient fractions from HeLa and 3T3 pLPCX cells were stained to visualize distribution 
of cellular proteins within the gradient. (B) Western Blot analyses of fractions: 
Distribution of endogenous erlin proteins across the gradient was determined by probing 
Western blots with antibodies specific for either erlin-1 or erlin-2 (HeLa) or with PAN
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erlin pAb, which detects both erlins (3T3). Ectopically expressed HA-tagged erlin-1 and 
2 were detected with an HA-specific antibody. Western blots were also probed for 
calnexin, which localizes to the ER, but is not enriched in high density fractions. 
Distribution of MW standards is indicated at the bottom of the figure. (C) Western blot of 
sucrose gradient centrifugation fractions from 3T3 pLPCX cells lysed in RIPA buffer. 
Endogenous erlins were detected with PAN-erlin pAb. 

distribution of cellular proteins across sucrose gradient fractions (Figure 3.7A). MW 

standards were also run on the gradient to confirm separation of size markers (Figure 

3.7B, bottom).  

Interestingly, both erlin-1 and -2 were enriched in high-density fractions 7 to 12, 

with endogenous proteins in HeLa and NIH-3T3 cells and ectopically expressed HA-

tagged proteins all showing similar distributions (Figure 3.7B). Based on the migration 

pattern of MW standards within the gradient, we estimated that most of the erlin protein 

was associated with high MW complexes of ≥ 600 kDa. In NIH-3T3 cells stably 

expressing erlin-2HA, a smaller pool of ectopically expressed erlin-2HA was also found 

in lower density fractions 3 to 5, which might represent monomeric and dimeric versions 

of erlin-2. To confirm that enrichment in high density fractions is not just a general 

feature of ER membrane proteins, we also examined the distribution of the ER-membrane 

associated chaperone calnexin within these density gradient fractions. In contrast to the 

erlins, calnexin, an ~80 kDa protein, was almost exclusively found in low density 

fractions of both HeLa and NIH-3T3 cells (Figure 3.7B), indicating that it primarily 

exists as monomer, which is consistent with previous reports (Snyers et al. 1998).  For 

sucrose gradient centrifugation experiments cells were routinely lysed with 1% Triton

X100. Erlins became enriched in the same high density fractions, when cells were lysed 

in RIPA buffer, a very stringent lysis buffer (Figure 3.7C). This result demonstrated that 

erlin multimers are very stable structures that are resistant to high amounts of detergents. 

3.2.1.5 Disrupting DRM association of the erlins does not affect their oligomerization or 
high MW complex formation 

The erlins associate with lipid rafts, which was inferred by their presence in DRMs 

(Browman et al. 2006). Hence, we wanted to test whether the ability of erlin monomers to  
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Figure 3.8: Disrupting DRM association of the erlins does not affect their 
oligomerization or high MW complex formation.  

Crude membrane fractions from HeLa cells were treated with PBS only (0 mM M-β-CD) 
or 50 mM M-β-CD in PBS for 30 mins at 37 °C and subsequently subjected to lipid raft 
isolation (A), Immunoprecipitation (B) and sucrose gradient centrifugation (C). (A) 
Pretreated membrane fractions were lysed in 1% T-X100, lysate was adjusted to 40% 
sucrose and overlayed with a 30-5% continuous sucrose gradient. After 
ultracentrifugation six fractions were collected from gradient, which were further 
separated into soluble and insoluble subfractions. Equal parts of insoluble fractions 1-6 
and soluble protein from fraction 6 were analyzed by Western blotting using the PAN
erlin antibody and a flotillin-1 specific antibody as lipid raft marker. (B) 
Immunoprecipitation of endogenous erlins was performed as in figure 3.5C. (C) Sucrose 
gradient centrifugation was performed as in Figure 3.7, and Western blot was probed 
with PAN-erlin antibody. 
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interact with each other and to associate with high MW complexes requires lipid raft 

association. DRM association of erlin proteins can be disrupted by treating purified 

membrane fractions with the cholesterol sequestering agent methyl-β-cyclodextrin (M-β 

CD) (Browman et al. 2006). Treatment of HeLa cell membranes with 50 mM M-β-CD 

prevented erlin-1 and -2 from associating with buoyant, Triton X-100 insoluble fractions 

(Figure 3.8A, insoluble fraction 2 and 3), indicating that erlin lipid raft association was 

efficiently disrupted. A similar effect was observed with the commonly used lipid raft 

marker protein flotillin-1 (Figure 3.8A, lower panels). M-β-CD treated HeLa cell 

membranes were subjected to immunoprecipitation and sucrose gradient centrifugation, 

but M-β-CD neither affected the interaction between erlin-1 and -2, nor their association 

with high MW weight complexes (Figure 3.8B and C). Thus, these biochemical 

properties of the erlins are independent of lipid raft association. 

3.2.2 Identification of erlin regions required for lipid raft association, oligomerization 
and high MW complex formation 

3.2.2.1 Design and expression of erlin truncation mutants used for initial characterization 

Oligomerization and DRM association of the erlins are properties shared with other 

SPFH domain-containing proteins and are likely required for their function. 

Consequently, domains or motifs within the erlins mediating these properties could be 

functionally important. The next objective of this study was therefore to identify erlin 

regions responsible for interactions between erlin monomers and association with high 

MW complexes and DRMs.  

For this purpose, we generated a number of erlin truncation mutants, most of 

which had different regions of the C-terminus removed (Figure 3.9). The shortest C-

terminal truncation mutant consisted of the N-terminal TM domain only (erlin-1 (E1) 

N29, erlin-2 (E2) N25). The second shortest truncation contained a second, although less 

probable, TM domain that had been predicted by some TM domain prediction programs 

(E1 N54, E2 N60). The other C-terminal truncation mutants contained the complete PHB 

domain (E1 and E2, N188), the complete HflK/C domain (E1 N240, E2 N227) or lacked 

only the C-terminal region, which shows very little conservation between erlin-1 and -2 

(E1 and E2 N305). We also generated an N-terminal truncation mutant that lacked the  
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Figure 3.9: Erlin truncation mutants used for initial characterization. 

Schematic of full length and truncated erlin-1 and -2 constructs used for initial 
characterization in this study: Transmembrane (TM) domain is shown in grey, prohibitin 
(PHB) domain is shown in red, red and orange boxes combined represent the SPFH 
domain and red, orange and yellow boxes combined represent the HflK/C domain. The 
light blue box indicates a C-terminal region with very little conservation between erlin-1 
and -2. Dark blue boxes indicate that differentially tagged version of the same mutant 
were generated. HA-, FLAG- or GFP-tags were added to the C-terminus of full length 
(FL) erlins, longer truncation mutants were generated as HA- and GFP-tagged versions. 
The two shortest truncation mutants of erlin-1 and -2 were generated as GFP-tagged 
versions only (indicated by green boxes). 
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Figure 3.10: Expression of GFP tagged erlin constructs. 

GFP-tagged truncated or FL erlin-1 (A) or erlin-2 (B) were stably expressed in NIH-3T3 
cells and expression levels were assessed by Western blotting using a GFP-specific 
antibody. Blots were probed with an actin-specific antibody to confirm equal protein 
loading. 
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predicted TM domain (E1 and E2 ΔN30) (Figure 3.9). 

GFP-tagged versions of these mutants were stably introduced into NIH-3T3 cells 

using retroviral infection. All mutants except E1 ΔN30 and E2 N25 were successfully 

expressed. Truncation mutants of both erlins were generally expressed at lower levels 

than the FL proteins, suggesting they are less stable (Figure 3.10A and B). Erlin-2 

constructs generally showed higher expression levels than erlin-1 constructs, which was 

likely due to an ideal kozak sequence introduced at the transcription start site of erlin-2 

(Kozak 1986; Kozak 1987), which is lacking in erlin-1 constructs.  

3.2.2.2 Membrane association of the erlins requires the predicted N-terminal 
transmembrane domain 

Since membrane association is a prerequisite for DRM association, we first examined if 

the erlin truncation mutants were appropriately targeted to membranes. NIH-3T3 cells 

stably expressing GFP-tagged erlin truncations were subjected to a crude subcellular 

fractionation protocol that resulted in efficient separation of membrane and soluble 

material. Equal parts of each fraction were analyzed by Western blotting (Figure 3.11). 

The ER membrane protein calnexin was enriched in membrane fraction, while the ER 

luminal protein glucose-regulated protein (grp) 78 was concentrated in soluble fractions. 

This showed that the fractionation protocol resulted in efficient separation of ER 

membrane and luminal proteins. FL and C-terminally truncated versions of both erlins 

were enriched in membrane fractions. In contrast E2 ΔN30, which lacked the predicted 

N-terminal TM domain, was enriched in soluble fractions (Figure 3.11). This confirmed 

earlier predictions that membrane association of the erlin proteins is mediated by an N-

terminal TM domain. 

3.2.2.3 DRM association of erlins requires the transmembrane domain and regions 
between the SPFH Domain and the non-conserved C-terminus 

To identify erlin regions required for targeting to lipid rafts, we examined DRM 

association of GFP-tagged erlin truncation mutants (Figure 3.12). To assess DRM 

association, equal parts of soluble and DRM (raft) fractions isolated from NIH-3T3 cells 

stably expressing GFP-tagged erlin truncations were subjected to Western blot analysis. 

Only FL and N305 constructs were found in both soluble and raft fraction, while all  
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Figure 3.11: Membrane association of GFP-tagged erlin truncation mutants. 

NIH-3T3 cells stably expressing GFP-tagged erlin-1 (A) or erlin-2 (B) truncation mutants 
were subjected to hypotonic lysis, and cytosolic (c) and membrane (m) fractions were 
separated by centrifugation. Western blots were probed with antibodies against GFP, 
calnexin (ER membrane marker) and grp78 (soluble protein in ER lumen). 
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Figure 3.12: DRM association of GFP-tagged erlin truncation mutants. 

DRM isolation was performed on NIH-3T3 cells stably expressing GFP-tagged erlin-1 
(A) or erlin-2 (B) truncation mutants. Equal portions of soluble (s) and raft (r) fractions 
were analyzed by Western blotting to determine lipid raft association of erlin-2 truncation 
mutants. Flotillin-1 and -2 were used as markers for lipid raft fractions. 
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shorter truncations were detected in the soluble fraction only (Figure 3.12). E2 ΔN30 also 

was not detected in raft fractions, confirming that membrane association is required for 

DRM association. In the case of erlin-2, similar portions of GFP-tagged FL and N305 

constructs were found in raft fractions (Figure 3.12B). E1 N305 GFP, on the other hand, 

showed much less association with raft fractions than FL E1 GFP and raft associated E1 

N305 GFP could only be detected after prolonged exposure of the Western blot (Figure 

3.12A). 

We considered if the weak raft association of E1 N305 GFP was due to the large 

GFP tag. GFP is a 27 kDa protein and when fused to the C-terminus of the erlins could 

change their biochemical properties, including DRM association. HA- and FLAG-tags 

only consist of nine and eight amino acids respectively and are therefore less likely to 

affect biochemical properties of proteins. Therefore HA-tagged versions of FL and 

truncated erlin-1 and -2 were generated. However, E1 N305 HA and E1 FL HA were the 

only HA-tagged erlin-1 constructs that could be stably expressed in NIH-3T3 cells. 

Nevertheless, both constructs were found in DRM fractions and E1 N305 HA showed a 

similar amount of raft association as E1 FL HA (Figure 3.13A). This suggests that GFP 

does indeed interfere with DRM association of the erlin-1, while an HA-tag does not. 

Thus we decided to use HA- or FLAG-tagged erlin constructs for further experiments. 

HA-tagged versions of erlin-2 constructs were stably expressed and examined for their 

DRM association. As we had observed with GFP-tagged versions of erlin-2, E2 N305 

HA and E2 FL HA were detected in raft fractions but shorter truncations did not associate 

with DRMs (Figure 3.13B). DRM association of erlin-1 and -2 requires a region between 

the HflK/C and the non-conserved C-terminus. Because erlin-1 and -2 are very similar at 

the amino acid level, functional domains are likely conserved between the two proteins. 

Considering that this was supported by the finding that DRM association of erlin-1 and -2 

requires the same regions within the proteins, we decided to focus on erlin-2 for further 

characterization. 
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Figure 3.13: DRM association of HA-tagged erlin truncation mutants. 

DRM isolation was performed on NIH-3T3 cells stably expressing HA-tagged erlin-1 (A) 
or erlin-2 (B) truncation mutants. Equal portions of soluble (s) and raft (r) fractions were 
analyzed by Western blotting to determine DRM association of erlin truncation mutants. 
Flotillin-1 serves as a marker for DRM fractions. 

3.2.2.4 Oligomerization and high MW complex formation of erlin-2 depend on regions 
between the SPFH domain and the non-conserved C-terminus 

Our next goal was to identify erlin regions, which mediate oligomerization and 

association with high MW complexes. To determine the regions of erlin-2 that are 

required for oligomerization, we tested HA-tagged erlin-2 truncations for their ability to 

interact with FL erlin-2. We stably co-expressed HA-tagged versions of the mutants 

together with a FLAG-tagged version of FL erlin-2 in NIH-3T3 cells and carried out HA- 

and FLAG-specific immunoprecipitations with these cell lines (Figure 3.14A). While E2 

N305HA, like FL erlin-2HA, precipitated with FL erlin-2FLAG, this was not the case for 

E2 N188 and N227 (Figure 3.14A). This showed that E2 N188 and N227 lacked the 

domain required for interaction between erlin monomers, which is on the other hand 

included in the N305 mutant. Next we performed sucrose gradient centrifugation on NIH- 
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Figure 3.14: A C-terminal region of Erlin-2 between the SPFH domain and the non-
conserved C-terminus is required for its oligomerization and high MW complex 
formation. 

(A) Full length (FL) FLAG-tagged erlin-2 and HA-tagged truncated (or FL) erlin-2 were 
stably co-expressed in NIH-3T3 cells and immunoprecipitations with HA- and FLAG-
specific antibodies were performed. Western blots on the left show total lysate, the 
middle and right panels show immunoprecipitations HA- and FLAG-specific antibodies 
respectively. Lanes in middle and right panel marked with “+” show IPs with HA- or 
FLAG- specific antibodies, while lanes marked with “-“show control IPs with normal rat 
or mouse IgGs respectively. (B) Sucrose gradient centrifugation was performed on 3T3 
cells stably expressing truncated or FL erlin-2HA. 
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3T3 cells stably expressing HA-tagged erlin-2 truncations alone, to examine their 

association with high MW complexes (Figure 3.14B). Consistent with co

immunoprecipitation results, only E2 N305 exhibited the same distribution across 

gradient fractions as FL erlin-2, with most of the protein being enriched in high density 

fractions 7 to12, and a smaller pool in low density fractions 2 to 5 (Figure 3.14B, also 

compare to figure 3.7B). In contrast, E2 N188 and N227 accumulated in low density 

fractions, demonstrating that they do not contain the erlin-2 region necessary for high 

MW complex formation (Figure 3.14B). Taken together, these data showed that the 

region of erlin-2 located downstream of the SPFH domain and upstream of the non-

conserved C-terminus (residues 228-300) was required for interaction between 

monomers, high MW complex formation and lipid raft association of erlin-2. 

To ensure that the phenotypes of erlin-2 truncations mutants were not caused by 

incorrect subcellular targeting, we confirmed their ER localization by 

immunofluorescence microscopy (Figure 3.15). We did not expect C-terminal mutations 

to interfere with ER-localization, since the N-terminal TM domain has been shown to be 

sufficient for correct ER targeting (Browman et al. 2006). FL and truncated versions of 

erlin-2HA expressed in NIH-3T3 cells revealed a reticular cytoplasmic and perinucuclear 

staining pattern that overlapped greatly with staining for the ER protein calnexin (Figure 

3.15). This results showed that erlin-2 truncation mutants were appropriately targeted to 

the ER. 

3.2.2.5 Erlin-2 residue F305 is essential for association with high MW complexes, but not 
for oligomerization or DRM association 

Next, we wanted to further define the erlin-2 region essential for monomer interaction 

and association with high MW complexes and DRMs. A recently published study on 

stomatin identified a short, largely hydrophobic stretch of nine amino acids close to the 

C-terminus, which is necessary for oligomerization, as well as DRM association of 

stomatin. This stretch contains a phenylalanine, which is absolutely crucial for both 

oligomerization and DRM association of stomatin (Umlauf et al. 2006). E2 N305 was the 

only truncation mutant showing oligomerization and association with DRMs as well as 

multimeric complexes. Interestingly, residue 305 is a phenylalanine and three out of four  
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Figure 3.15: ER localization of erlin-2HA truncation mutants. 

NIH-3T3 cells stably expressing erlin-2HA mutants or pLPCX only were fixed with 4% 
PFA and permeabilized with 0.2% Triton X-100. Erlin constructs were visualized with α 
HA antibody (left column, green) and with calnexin antibody (middle column, red) as an 
ER marker. Images were acquired with a confocal microscope, and pictures shown here 
represent projections of three focal planes. Scale bar = 20µm. 
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residues upstream and one residue downstream of F305 are hydrophobic amino acids, 

which are conserved in both erlin proteins (Figure 3.16). We speculated that the short 

hydrophobic stretch around erlin residue F305 was the equivalent to the hydrophobic 

DRM association and oligomerization domain of stomatin (Umlauf et al. 2006). To test 

this, three additional erlin-2 mutants were generated: Another erlin-2 truncation mutant 

E2 N300, which lacks the complete hydrophobic region; a mutant in which all 

hydrophobic residues between positions 301-306 were replaced by alanines, called E2 

IPMFMA; and an alanine substitution mutant of residue F305 only, named E2 F305A, 

were made (Figure 3.16).  

However, when these new erlin-2 mutants were tested in co-immunoprecipitation 

and DRM association assays described above, no impairment of their ability to interact 

with FL erlin-2 or to associate with DRMs could be detected (Figure 3.17). Based on 

these results it appeared that the hydrophobic stretch between residues 301 and 306 was 

not involved in DRM association and oligomerization. Finally, we examined high MW 

complex formation of these erlin-2 mutants by sucrose gradient centrifugation. Strikingly, 

none of the mutant proteins were enriched in high density fractions as observed for the 

FL or N305 construct of erlin-2 (Figure 3.18). Instead, they accumulated in low density 

fractions, suggesting, that despite their ability to interact with FL erlin-2, they were 

unable to associate with high MW complexes. E2 F305A exhibited the same phenotype 

as mutants lacking the entire hydrophobic region (E2 N300 and IPMFMA), 

demonstrating that mutation of a single residue, E2 F305, was sufficient to prevent erlin

2 from forming high MW complexes (Figure 3.18). The three new erlin-2 mutants were 

concentrated in the same low density fractions (fraction 2 to 5/6) as E2 N188 and N227 

(Figure 3.14A). While these mutants were still able to interact with FL erlin-2, and thus 

likely formed at least dimers, E2 N188 and N227 were unable to oligomerize and 

probably exist as monomers only. It therefore appears that erlin monomers and dimers 

could not be efficiently separated by sucrose gradient centrifugation due to the limited 

resolution of the technique. These data also demonstrated that the ability to interact with 

other erlin monomers and to associate with high MW complexes are two separate 

properties of the erlins and are mediated by distinct regions within the protein.  
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Figure 3.16: Schematic of erlin hydrophobic region and design of additional erlin-2 
mutants. 

CLUSTALW alignment of amino acid sequences of erlin-1 and -2 (modified from 
Browman et al, 2006); Small grey box highlights residues 301 – 310, which are 
magnified in large grey box. Hydrophobic residues between 301 and 306 are marked as 
bold letters and underlined residues are included in erlin-2 N305 truncation mutant. Black 
box contains a list of additional erlin-2 mutants. 

E2 N300, F305A and IPMFMA were appropriately targeted to the ER, as determined 

by immunofluoresence (Figure 3.19A). However, distribution of the E2 N300 mutant 

differed from the rest of the mutants. Although it showed ER staining, large cytoplasmic 

aggregates and vesicle like structures were also observed (Figure 3.19A first row and 

figure 3.19B). These structures were only detected when E2 N300 was expressed at high 

levels, while they were not present in cells expressing low levels of E2 N300 (Figure 

3.19B). These structures appeared to be derived from ER, since most of them co-stained 

for ER chaperone calnexin, and potentially represented aggregates of misfolded proteins 

(Figure 3.19A first row and 3.19B). Thus E2 N300 might be misfolded, because it is 

lacking C-terminal residues required for proper folding of this part of the protein. Five 

additional amino acids seemed to be sufficient for correct folding, since the E2 N305 

mutant did not form these aggregate-like structures. The phenotype of E2 N300 was not 

caused by its inability to associate with high MW complexes, because it was not observed  
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Figure 3.17: Erlin-2 residues 300-305 are not required for DRM association and 
oligomerization.  

(A) Testing new erlin-2HA mutants for oligomerization using the immunoprecipitation 
approach described for figure 3.14A. On α-HA Western Blot showing total lysate (top 
left), 10x the amount of protein was loaded onto gel for IPMFMA compared to N300 
and F305A. Longer exposure times are shown for IP blots of IPMFMA mutant, due to 
low expression levels of this mutant in that specific cell line. (B) Testing lipid raft 
association of new erlin-2HA mutants using same approach as in figure 3.13B. 
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Figure 3.18: Erlin-2 residue F305 is required for its association with high MW 
complexes. 

Association of new erlin-2HA mutants was examined using sucrose gradient 
centrifugation, as described for figure 3.14B. Western blot of FL E2HA was included for 
comparison. 

in the E2 F305A and IPMFMA mutants, which otherwise exhibited the same 

biochemical properties as E2 N300. Nevertheless, protein stability of E2 N300 did not 

seem to be severely compromised, since it could be stably expressed at high levels in 

NIH-3T3 cells. 

3.2.2.6 Multimerization deficient erlin-2 mutants disrupt erlin complexes 

We speculated that erlin-2 mutants that are able to interact with FL erlin but 

cannot form high MW complexes might disrupt erlin complexes. To test this, we 

performed sucrose gradient centrifugation on NIH-3T3 cells stably co-expressing HA-

tagged mutant or FL erlin-2 and FLAG-tagged FL erlin-2. We examined three 

multimerization-deficient erlin-2 HA mutants, N227, N300 and F305A, all of which 

concentrated in low density fractions (Figure 3.20A). The oligomerization defective 

mutant N227 did not affect distribution of FL E2-FLAG across the gradient. In contrast 

the oligomerization competent mutants N300 and F305A caused FL E2 FLAG to shift  



 

 

74 

Figure 3.19: ER localization of new HA-tagged erlin-2 mutants.  

NIH-3T3 were fixed with 4% PFA and permeabilized with 0.2% Triton X-100.  Images 
were acquired with a confocal microscope, and pictures shown here represent projections 
of 3 focal planes. (A) NIH-3T3 cells stably expressing new erlin-2HA mutants were 
stained with α-HA antibody to visualize erlin contructs (left column, green) and with 
calnexin antibody (middle column, red) as an ER marker. (B) 3T3 pLPCX cells were 
transiently transfected with erlin-2 N300 HA and fixed and stained with α-HA and 
calnexin antibodies 24 hrs post transfection. The upper row shows a cell with low 
expression levels of E2 N300 HA and the lower row shows cells with high expression 
levels. Scale bar = 20µm. 
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Figure 3.20: Disruption of erlin complexes by mutants lacking residue F305.  

(A) Sucrose gradient centrifugation fractions of 3T3 cells stably expressing FLAG-tagged 
FL erlin-2 and HA-tagged FL or mutant erlin-2; Western blots were probed with FLAG- 
and HA-tag specific antibodies. (B) Sucrose gradient centrifugation fractions of 3T3 cells 
stably expressing HA-tagged FL or mutant erlin-2; WBs were probed with HA-tag 
specific or PAN-erlin antibody, which detects both ectopically expressed and endogenous 
erlin protein. 

from high density into low density fractions (Figure 3.20A). These mutants appeared to 

have the same effect on endogenous erlin complexes, as was determined by density 

gradient centrifugation with NIH-3T3 cells expressing HA-tagged erlin-2 mutants alone 

and probing Western blots of gradient fractions with PAN-erlin pAb (Figure 3.20B). 

These results showed that erlin complexes can be disrupted by expression of erlin-2 

mutants lacking residue F305. 
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3.3 Discussion 

3.3.1 Summary 

The goal of the present study was to characterize oligomer formation of the erlins and to 

identify erlin regions that mediate oligomerization as well as DRM association. We 

showed here that erlin-1 and -2 have the ability to interact with themselves and with each 

other, which suggests they form homo- and hetero-oligomers. Futhermore, we 

demonstrated that the erlins form high MW complexes. While interaction between erlin 

monomers, here referred to as oligomerization, and DRM association, required a region 

of erlin-2, which lies downstream of the SPFH domain and upstream of the non-

conserved C-terminus (residues 228-299), formation of multimeric complexes was  

absolutely dependent on residue F305. Oligomerization and high MW complex 

association therefore appear to be two distinct properties of the erlins, as they are 

mediated by different regions. We also discovered that erlin-2 mutants that are capable of 

oligomerization but unable to form high MW complexes disrupt erlin complexes, likely 

by binding FL erlin proteins and preventing them from forming multimeric structures. 

3.3.2 Molecular composition and structure of erlin complexes 

We have shown here that erlin proteins form two types of complexes, namely lower-order 

oligomers and high MW complexes that are larger than 600 kDa. Bands of ~40 and ~80 

kDa were observed on erlin Western blots, likely representing monomeric and dimeric 

versions of erlin proteins respectively. This finding suggests that erlin proteins exist as 

dimers and thus erlin oligomers might primarily be dimers. An independent study 

conducted by Richard Wojcikiewicz (RW) and colleagues corroborated our data on erlin 

complexes (Pearce et al. 2009). RW’s study was performed on mouse erlins, which are 

almost identical to human erlins used in our study. Consistent with our findings the other 

group observed co-immunoprecipitation between erlin-1 and -2 (Pearce et al. 2009). 

While we demonstrated high MW complex formation of the erlins by sucrose gradient 

centrifugation, RW’s group obtained the same result using non-denaturing gel 

electrophoresis. Using size exclusion chromatography, they also determined that 

multimeric erlin complexes are ~2 MDa in size (Pearce et al. 2009). 
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Oligomeric complexes of only one or both erlin proteins are conceivable, since 

we have found that erlin-1 and -2 are capable of both homo- and heterotypic interactions; 

moreover, stability of erlin proteins was not dependent on the partner proteins. This is in 

contrast to PHB-1 and -2, which both depend on their partner for protein stability and can 

therefore only exist as hetero-oligomers (Tatsuta et al. 2005; Kasashima et al. 2006; 

Merkwirth et al. 2008; Artal-Sanz and Tavernarakis 2009). RW’s group found that 

multimeric erlin complexes can consist of either both erlins or one type of erlin protein 

alone, since knockdown of one erlin protein does not prevent the other from forming 

multimers (Pearce et al. 2009). Although these data suggest that erlin complexes could in 

principle be formed by only one type of erlin protein, most erlin complexes in cells likely 

contain both erlin proteins. In support of this model, RW’s group reported that either erlin 

protein can be immunodepleted from cell lysates using an antibody to the other erlin 

protein, demonstrating that all erlin proteins are present in hetero-oligomeric complexes. 

The immunodepletion experiment also indicated that the ratio of erlin-1 to erlin-2 in cells 

is 1:2 (Pearce et al. 2009). Our observation that all cell lines we tested expressed both 

erlins further suggests that erlins primarily exist as hetero-oligomeric complexes. 

The study by RW and colleagues also provides strong evidence that multimeric 

erlin complexes consist of erlin proteins only. The absence of additional bands when 

immunopurified erlin complexes were analyzed by gel electrophoresis indicates that 

erlins are the sole components of these structures. Furthermore, erlin complexes were 

stable even in the presence of 1M urea, eliminating the possibility of loosely associated 

proteins within these complexes. 

In addition to examining erlin complex formation by biochemical means, RW and 

coworkers examined the structure of erlin complexes using transmission electron 

microscopy. This approach revealed that erlin complexes have a double-ring shaped 

structure, with one larger incomplete ring of ~250 Å diameter joined to a smaller disk of 

~125 Å diameter. The authors propose that the smaller disk may be formed by the N-

terminal TM domains and the larger open ring by C-terminal regions (Pearce et al. 2009). 
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3.3.3 Distinct regions within the erlins are required for oligomerization and high MW 
complex formation 

In this study we defined regions within erlin-2 that are necessary for oligomerization and 

high MW complex formation. Oligomerization is dependent on a region between residues 

228 and 299, while formation of high MW complexes requires a Phe at position 305 

(Figure 3.21). The study conducted by RW and coworkers also identified erlin-2 regions 

required for complex formation and yielded results that strongly support our conclusions 

(Pearce et al. 2009). RW’s group determined that interaction between erlin monomers, 

and thus oligomerization, are dependent on the erlin-2 region between residues 177 and 

299 (Figure 3.21). This region is predicted to consist of two adjacent coiled-coil domains 

(residues 177-230 and 231-274) and a region forming an α-helix followed by a β-strand 

(residues 275-298). Each of these regions contributes to oligomerization, as deletion of 

either one reduces binding of erlin-2 to erlin-1 (Pearce et al. 2009). RW’s group therefore 

demonstrated that the entire region we identified as necessary for oligomerization 

(residues 228-299), and a stretch N-terminal to it, all contribute to oligomerization. 

RW and coworkers showed that high MW complex formation requires a region 

between erlin-2 residues 300 to 309, but the specific residues involved were not identified 

in their study (Pearce et al. 2009). However, we identified a specific residue within that 

region, Phe-305, as crucial for multimeric complex formation. 

In addition RW’s group discovered that formation of higher order erlin complexes 

depends on the integrity of the SPFH domain (Pearce et al. 2009). Deletion of parts of the 

SPFH domain N-terminal to the coiled-coil domains prevents multimerization, but not 

oligomerization. 

Residue Phe-305 of erlin-2 lies within a short stretch of hydrophobic amino acids 

and replacing it by an alanine was sufficient to prevent erlin-2 from associating with high 

MW complexes. Mutation of this residue might prevent formation of multimeric 

complexes by reducing the hydrophobicity of this stretch or altering its secondary 

structure, or both. Since domains involved in protein-protein interactions are often 

hydrophobic (Christis et al. 2008), it is reasonable to assume that F305 promotes erlin 

multimerization due to its hydrophobic character and that the surrounding hydrophobic 

amino acids are also involved in this process. Similarly, oligomerization of stomatin,  
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Figure 3.21: Erlin-2 regions required for oligomerization, DRM association and 
high MW complex formation. 

In this study, we demonstrated that erlin-2 residues 228-299 are required for 
oligomerization and DRM association of the protein. An independent study found that the 
entire region between residues 177-299 is involved in the formation of oligomers (Pearce 
et al. 2009). Based on structure predictions, this region can be divided into 3 domains, 2 
coiled-coil domains (CC1 and CC2) and an α/β-domain. All three domains were found to 
contribute to oligomerization. Formation of high MW complexes is dependent on a single 
phenylalanine residue (F305). 
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another SPFH domain containing protein, depends on a short hydrophobic stretch close to 

its C-terminus (Umlauf et al. 2006). However, the hydrophobic residues at positions 301

306 in erlin-2 are not entirely equivalent to the hydrophobic domain in stomatin. The nine 

residue hydrophobic domain of stomatin is not only required for oligomerization, but also 

for DRM association (Umlauf et al. 2006), whereas erlin DRM association and lower 

order oligomerization are mediated by a separate region of erlin-2. Because 81% of 

residues between positions 228-300 are identical between erlin-1 and -2, and the 

hydrophobic stretch between residues 301 and 306 is also conserved in erlin-1, these 

regions are likely also required for DRM association, oligomerization and high MW 

complex association of erlin-1.  

The function of the SPFH domain still remains elusive, but it has been previously 

proposed to facilitate oligomerization and DRM association, since these are 

characteristics shared by most SPFH domain containing proteins (Langhorst et al. 2005; 

Morrow and Parton 2005a). Our study showed that the erlin SPFH domain alone is not 

sufficient to induce these biochemical properties. However, RW’s group discovered that 

formation of higher order erlin complexes depends on the integrity of the SPFH domain 

(Pearce et al. 2009). Deletion of parts of the SPFH domain N-terminal to the coiled-coil 

domains prevents multimerization, but not oligomerization (Pearce et al. 2009). The 

SPFH domain appears to contribute but is not sufficient for complex formation. 

We have shown that erlin-2 mutants that are able to oligomerize, but unable to 

associate with multimeric complexes, disrupt erlin complexes. Mutation of Phe 305 alone 

is sufficient to generate an erlin-2 mutant with these properties. Mutants like E2 F305A, 

may bind to monomeric erlins and prevent them from assembling into higher order 

complexes. Since complex formation is likely a prerequisite of erlin function, these 

mutants may have a dominant negative effect on function of erlin proteins, and thus 

provide useful tools for studying functional aspects of the erlins.  

3.3.4 Relationship between lipid raft-association and erlin complex formation 

In this study, we explored the relationship between DRM association of the erlins and 

their oligo- and multimerization. We found that disrupting erlin DRM association by 

removing cholesterol from cellular membranes after hypotonic lysis affected neither the 
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interactions between erlin-1 and -2 nor their association with high MW complexes. DRM 

association therefore does not seem to be required for stabilization of existing erlin 

oligomers and high MW complexes. Due to their intracellular location at ER membranes, 

DRM association of the erlins cannot be disrupted in live cells (Browman et al. 2006). 

This prevented us from examining whether DRM association is needed for initial 

assembly of erlin oligomers and multimers in live cells. However multimerization of 

podocin and its C. elegans homologue MEC-2 is independent of cholesterol binding 

(Huber et al. 2006), suggesting that DRM association is generally not required for 

multimerization of SPFH domain containing proteins. This is in contrast to multimers of 

the caveolins, which require cholesterol for their stability (Pol et al. 2005).  

We observed DRM association of erlin-2 mutants, which are unable to associate 

with high MW complexes, indicating that multimerization is not a prerequisite for lipid 

raft association of the erlins. As has been shown for podocin and MEC-2 (Huber et al. 

2006), the erlins might be able to bind cholesterol and potentially other ER membrane 

lipids and thereby nucleate specific lipid molecules around them. Binding of specific 

lipids could be sufficient to induce detergent insolubility in the erlins. Erlin monomers 

and lower order oligomers, each bound to a certain number of cholesterol/lipid molecules 

might assemble into multimeric complexes, and thus form lipid raft-like microdomains in 

the ER membrane. According to this model, the erlins would provide a protein scaffold 

for the formation of specialized microdomains in the ER membrane, where they create a 

lipid microenvironment distinct from the remainder of the ER membrane. The flotillins 

have been proposed to form such “scaffolding microdomains” at the PM, which could 

provide platforms for flotillin dependent processes, which include certain PM receptor 

signaling pathways (Langhorst et al. 2005) and a novel type of endocytosis (Glebov et al. 

2006). Similarly, “erlin microdomains” in the ER membrane might facilitate certain ER 

associated processes by clustering proteins involved.  
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Chapter Four: 
Exploring Erlin Protein Function in Mammalian Cells and Caenorhabditis elegans 

4.1 Introduction 

4.1.1 Rationale 

After performing a detailed biochemical characterization of the erlin proteins, our next 

goal was to define their function. When this study was initiated in 2005, erlin protein 

function was completely unexplored. However, a study published in 2007 by Richard 

Wojcikiewicz (RW) and colleagues showed that erlins play an important role in targeting 

activated inositol-3,4,5-trisphosphate receptors (IP3Rs) for degradation by the ER-

associated protein degradation (ERAD) pathway. That study and later reports by the same 

group suggested that, although IP3Rs appear to be the main substrates of the erlins, erlin 

proteins might also play a minor role in targeting other substrates for ERAD. It was 

however unknown which role ERAD plays in regulating IP3R-dependent processes in 

vivo and whether targeting IP3Rs for ERAD is the only function of erlin proteins. It is 

possible that erlins carry out additional functions. Since erlins appear to localize 

exclusively to the ER, they likely play a role in one of the processes associated with this 

subcellular compartment. 

This chapter describes an evaluation of the proposed model for erlin function 

using mammalian cell lines and the nematode C. elegans. Thus we tested if erlins play a 

broader role in ERAD. ERAD is particularly important in conditions of ER stress, which 

is caused by an overload of unfolded proteins in the ER. Since components of the ERAD 

pathway become upregulated in response to ER stress, we examined erlin levels under 

ER stress conditions. To determine if erlins regulate IP3 receptor activity in vivo, we 

explored the role of erlin proteins in IP3R-dependent processes in C. elegans. Before 

discussing our results, pathway and processes that were tested for a potential involvement 

of erlin proteins, will be introduced 

4.1.2 Subcompartments and functions of the endoplasmic reticulum 

To put the processes examined here in the context of ER biology, we will begin with an 

overview of ER structure and function. 
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The ER is a continuous network of flattened sheets, cisternae and tubules that are 

formed by the ER membrane (Voeltz et al. 2002). The ER membrane encloses a 

continuous space, called the ER lumen. The ER encompasses the outer membrane of the 

nuclear envelope (NE) and the peripheral ER. The peripheral ER of metazoan cells 

extends throughout the entire cytoplasm, while in the yeast Saccharomyces cerevisiae the 

peripheral ER is exclusively found underneath the PM and it is connected to the NE by 

about a dozen large tubules (Voeltz et al. 2002). Despite being a continuous network, the 

ER consists of several sub-compartments, which include the outer NE membrane, rough 

ER (rER), smooth ER (sER), transitional ER (tER) and mitochondria associated 

membranes (MAMs) (Baumann and Walz 2001; Voeltz et al. 2002).  

The rER is characterized by ribosomes bound to its membrane and it is the site of 

synthesis of membrane and secreted proteins (Baumann and Walz 2001). Once cytosolic 

ribosomes begin translating mRNAs of secreted or membrane proteins they are targeted 

to the ER membrane. The nascent protein is then directly translocated through the Sec61 

channel into the ER lumen, where ER chaperones mediate correct folding. N

glycosylation and formation of disulfide bonds also takes place in the ER. Correctly 

synthesized and folded proteins that are destined for locations outside the ER are 

packaged into COPII vesicles in the tER  (also known as ER exit sites, ERES). COPII 

vesicles shuttle cargo proteins from the ER to the ER-Golgi intermediate compartment 

(ERGIC) (Baumann and Walz 2001).  

Membranes of the sER, which are characterized by the absence of ribosomes, 

contain proteins involved in Ca2+ homeostasis and lipid synthesis (Baumann and Walz 

2001). The ER (or the sarcoplasmic reticulum in muscle cells) is the major Ca2+ store in 

cells. Under resting conditions the Ca2+ concentration in the cytosol is with 10-100 nM 

five- to fifty-thousand times lower than in the ER lumen (~500 μM). The high Ca2+ 

storage capacity of the ER is largely due to an abundance of Ca2+ binding proteins in the 

ER lumen (Rizzuto and Pozzan 2006; Pizzo and Pozzan 2007). Ca2+ release from the ER 

into the cytoplasm occurs through two different types of channels, the Ryanodine 

receptors (RyR) and inositol 1,4,5-trisphosphate (IP3) receptors (Baumann and Walz 

2001). RyRs open in response to increased cytosolic Ca2+ concentrations and some other 
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stimuli. They are particularly important in muscle cells, where they participate in 

excitation-contraction coupling by releasing Ca2+ from the ER in response to opening of 

Voltage-gated Ca2+ channels (Zalk et al. 2007). Ca2+ release through IP3Rs is induced by 

the second messenger IP3, which is generated in response to activation of certain cell 

surface receptors (Foskett et al. 2007). IP3Rs will be discussed in greater detail in section 

4.1.6. Sarcoplasmic/endoplasmic reticulum Ca2+ ATPases (SERCAs) pump Ca2+ from the 

cytosol into the ER lumen in an ATP-dependent manner. They are crucial for maintaining 

high Ca2+ concentrations in the ER lumen (Baumann and Walz 2001). 

Many lipid species are synthesized in the ER, including cholesterol, phospholipids 

and ceramide, which is a precursor of more complex sphingolipids (van Meer et al. 

2008). MAMs are a compartment of the sER which are particularly enriched in lipid 

synthesis enzymes, likely because steps of certain lipid biosynthesis pathways (e.g. 

phosphatidylethanolamine synthesis) are compartmentalized between the ER and 

mitochondria (Rusinol et al. 1994). In addition, MAMs are the sites of Ca2+ transport 

from the ER to mitochondria, which is particularly important in the regulation of 

apoptosis (Hayashi et al. 2009). 

4.1.3 Protein folding in the ER 

One of the ER’s major responsibilities is protein folding, which requires tight quality 

control mechanisms to ensure that only correctly folded proteins exit the ER. Several 

chaperones and quality control factors are involved in protein folding, whereas N-linked 

glycan chains provide important cues about the folding status of a protein. Soon after 

entering the ER through the Sec61 translocon complex, nascent polypeptide chains of 

most proteins become N-glycosylated by the oligosaccharyltransferase (OST) complex 

(Malhotra and Kaufman 2007). OST catalyzes the addition of a defined oligosaccharide 

core, consisting of two N-acetylglucosamines, nine mannose- and three glucose residues 

(Glc3Man9GlcNac2). Once the glycan core is added onto the newly synthesized protein, 

the two outermost glucoses are removed by ER α-glucosidases. The mono-glucosylated 

core glycan provides a binding site for the lectin chaperones calnexin and calreticulin, 

which assist in folding of the protein. Erp57, a disulfide isomerase, is also recruited to the 

complex and catalyzes the formation of disulfide bonds. After the substrate protein is 
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released from this chaperone complex, the last glucose residue of the core glycan is 

removed by glucosidase II. If the the substrate protein is folded properly it will be 

allowed to exit the ER via COPII vesicles. However, if the protein has not reached the 

desired folding state, another glucose residue will be added onto the glycan core by the 

enzyme UDP-glucose:glycoprotein glucosyltransferase (UGGT), which will initiate re-

association with the calnexin/calreticulin folding complex. If repeated folding attempts 

remain unsuccessful, the substrate protein will be eventually targeted for ER-associated 

protein degradation (ERAD). Numerous chaperones have been implicated in the 

recognition and targeting of misfolded protein for ERAD. The abundant ER chaperone 

glucose regulated protein 78 (grp-78, also known as immunoglobulin binding protein, 

BiP) binds to exposed hydrophobic surfaces in misfolded proteins. Grp-78 binds to 

nascent polypeptides when they emerge from the Sec61 translocon and assists their 

folding, but also plays a role in targeting of misfolded proteins for ERAD (Malhotra and 

Kaufman 2007). 

4.1.4 The unfolded protein response 

Disruptions to the protein folding process lead to an overload of unfolded proteins in the 

ER lumen, which causes ER stress and activates the unfolded protein response (UPR, 

also known as ER stress reponse) (Malhotra and Kaufman 2007; Ron and Walter 2007). 

The UPR consists of three parallel signalling pathways that ultimately lead to the 

upregulation of proteins involved in protein folding, ERAD and ER expansion. Grp-78 is 

one of the ER chaperones that become strongly upregulated in response to ER stress. If 

the unfolded protein overload cannot be resolved by these mechanisms, the UPR can also 

induce apoptosis. Three distinct TM proteins in the ER membrane initiate the UPR, 

inositol-requiring protein-1 (IRE1), activating transcription factor-6 (ATF6) and protein 

kinase RNA (PKR)-like ER kinase (PERK). These proteins become activated in response 

to accumulation of unfolded proteins in the ER lumen and, through different mechanisms, 

activate transcription factors that induce expression of genes involved in resolving ER 

stress (Malhotra and Kaufman 2007; Ron and Walter 2007) .  

ER stress is either caused by disruptions in the protein folding machinery or if the amount 

of unfolded proteins in the ER exceeds its folding capacity. Hypoxia, oxidative stress, 
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nutrient deprivation, high fat diet, viral infection or increases in secretory protein 

synthesis can induce ER stress and activate the UPR (Wu and Kaufman 2006; Kim et al. 

2008). Tunicamycin (TN), thapsigargin (TG) and brefeldin A (BFA) are drugs that 

interfere with the protein folding or export machinery of the ER and are commonly used 

to experimentally induce ER stress. 

4.1.5 ER-associated Protein Degradation (ERAD) 

Terminally misfolded proteins or unassembled members of multiprotein complexes are 

degraded by the ERAD pathway, which targets proteins of ER membrane and lumen for 

degradation by the cytosolic ubiquitin proteasome system (Vembar and Brodsky 2008; 

Hirsch et al. 2009). The ERAD pathway consist of several steps, including substrate 

recognition and targeting, retrotranslocation from the ER into the cytosol, ubiquitination, 

extraction from the ER membrane, targeting to the proteasome and degradation. Several 

different ERAD pathways exist, whereas some proteins are shared between different 

pathways. In yeast three distinct ERAD pathways were defined, which are responsible for 

degradation of proteins with lesions in either luminal, cytosolic or transmembrane 

domains. However, there appears to be some crosstalk between the pathways. In 

mammals ERAD pathways are more complex and cannot be distinguished by these 

simple criteria. How misfolded ER proteins are recognized and targeted for ERAD is 

only partially understood. It appears that chaperones, like grp78, play a role in substrate 

targeting by binding to exposed hydrophobic patches in uncorrectly folded proteins. 

Another factor that can determine ERAD targeting is the structure of the N-linked core 

glycan in certain substrate proteins. Trimming of one to four of the nine mannose 

residues in the core glycan by mannosidases is important for ERAD targeting of some 

substrates. Man5-8GlcNac2 glycans might provide binding sites for lectins that function 

as ERAD targeting factors. These include ER-degradation-enhancing α-mannosidase-like 

lectins (EDEMs) and lectins containing mannose-6-phosphate receptor-like domains, like 

OS9 and XTP3-B. These lectins might target misfolded proteins to retrotranslocation and 

ubiquitin ligase complexes in the ER membrane. Several ER membrane and cytosolic 

ubiquitin ligases have been implicated in ERAD. Best characterized in mammalian 

ERAD are the RING finger ubiquitin ligases Hrd-1 and gp78/AMFR. These ER 
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membrane proteins form a complex with several other components of the ERAD 

pathway, including targeting factors, adaptors, putative retrotranslocation channels, 

ubiquitin conjugating E2 enzymes and the AAA ATPase p97/valosin containing protein 

(VCP). The identity of the channel mediating retrotranslocation of ERAD substrates from 

the ER lumen to the cytosol is still unclear. Potential candidates include the derlin 

proteins, the Sec61 translocon and the ubiquitin ligase Hrd-1. Ubiquitination of ERAD 

substrates can occur during or after retrotranslocation.  P97/VCP is a hexameric AAA 

ATPase with two co-factors, ubiquitin fusion degradation 1 (Ufd-1) and nuclear protein 

localization 4 (Npl-4). It extracts ubiquitinated ERAD substrates from the ER membrane, 

which subsequently become transferred to the proteasome for degradation (Vembar and 

Brodsky 2008; Hirsch et al. 2009). 

ERAD not only targets misfolded or unassembled proteins for degradation, but 

also controls levels and thus the activity of certain proteins. Two proteins involved in 

lipid metabolism, hydroxyl-methylglutaryl-coenzyme A (HMG-CoA) reductase and 

apolipoprotein B (ApoB) are controlled by ERAD (Brodsky and Wojcikiewicz 2009). 

HMG-CoA reductase catalyzes the rate limiting step of cholesterol synthesis and 

becomes degraded if sterol levels are high. INSIG-1 and -2 target HMG-CoA reductase 

for ERAD by binding it in a sterol dependent manner, which leads to the recruitment of 

the ubiquitin ligase gp78. ApoB is a major component of low density and very low 

density lipoproteins, which are formed by binding of ApoB to cholesterol and 

phospholipids in the ER. If lipid and cholesterol levels are low ApoB becomes targeted 

for ERAD. In contrast, if sufficient amounts of lipids are available, ApoB is protected 

from ERAD by a chaperone, called microsomal triglyceride transfer protein (MTP). MTP 

also mediates loading of lipid onto ApoB. The IP3R Ca2+ release channels are also 

controlled by ERAD (Brodsky and Wojcikiewicz 2009). 

4.1.6 IP3-Receptors 

IP3Rs are Ca2+ channels in the ER membrane that are activated by binding to the second 

messenger IP3 leading to Ca2+ release into the cytosol (Patterson et al. 2004; Foskett et 

al. 2007; Mikoshiba 2007). IP3 is generated from cleavage of phosphotidylinositol-4,5,

bisphosphate (PIP2) by phospholipase C (PLC). PLC is activated downstream of cell 
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surface receptors and cleaves PIP2 into IP3 and diacylglycerol (DAG) (Mikoshiba 2007). 

Activation of receptor tyrosine kinases (RTKs) leads to activation of PLCγ (Fukami 

2002). G-protein coupled receptors (GPCRs) that act through Gq-type heterotrimeric G-

proteins can activate two PLC isoforms. It is well established that PLCβ is activated by 

the Gβγ subunit of Gq G-proteins (Fukami 2002), but more recently it was shown that 

PLCε is also activated downstream of GPCRs. Interestingly, PLCβ and PLCε show 

distinct temporal activation profiles, with PLCβ being activated acutely after agonist 

stimulation and PLCε accounting for sustained PIP2 hydrolysis (Kelley et al. 2006).  

IP3Rs are large proteins (~2700 amino acids) and contain several functional 

domains (Patterson et al. 2004; Foskett et al. 2007).  The IP3 binding domain is in the N-

terminal region, while the channel forming region consisting of six TM helices is close to 

the C-terminus of the protein. These two domains are linked by a region commonly 

referred to as the modulatory domain. This region contains binding sites for factors and 

proteins modulating IP3R activity. Eighty-five percent of the IP3R protein is in the 

cytoplasm, including the region N-terminal to the pore forming region. Mammals have 

three closely related IP3R isoforms (IP3R1, 2 and 3), which differ mostly in their 

regulatory domains and also in respect to tissue distribution.  IP3R1 is the most widely 

expressed isoform, while IP3R2 and 3 show a more sporadic expression pattern. Most 

cells outside the nervous system express more than one isoform (Patterson et al. 2004; 

Foskett et al. 2007). The distribution across ER subcompartments also differs between 

IP3R isoforms. While IP3R1 and 2 are evenly distributed throughout the ER, IP3R3 is 

concentrated at MAMs. IP3R3 therefore plays an important role in Ca2+ transfer to the 

mitochondria during apoptosis (Mendes et al. 2005). Functional IP3Rs are homo- or 

hetero-tetramers of the three isoforms (Patterson et al. 2004; Foskett et al. 2007).  

IP3R activity is not only controlled by IP3, but by numerous other molecules and 

proteins (Patterson et al. 2004; Foskett et al. 2007). Cytosolic Ca2+ has a biphasic effect 

on IP3R channel opening. The initial increase of cytosolic Ca2+ after IP3R activation 

further augments channel opening, but once the Ca2+ concentration reaches a certain 

threshold it has an inhibitory effect on channel activity. IP3R activity is also modulated 

by phosphorylation, which can have either stimulatory or inhibitory effects on IP3R 
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activity. Serine/threonine kinases, including cyclic adenosine monophosphate (cAMP)

dependent kinase (PKA), cyclic GMP (cGMP) dependent kinase (PKG) and protein 

kinase C (PKC), which is activated by DAG, phosphorylate IP3Rs at various residues. 

IP3Rs can also be phosphorylated on Tyrosine residues by the src-family kinases Lyn and 

Fyn. Cytoplasmic ATP levels also affect IP3R channels opening. Furthermore, numerous 

proteins involved in scaffolding, Ca2+ binding, apoptosis and other functions, can interact 

with cytoplasmic and luminal domains of the IP3R and regulate its activity through many 

different mechanisms. IP3R activity is certainly not only controlled by IP3, but by many 

other molecules and proteins, which in turn are activated by many different pathways 

(Patterson et al. 2004; Foskett et al. 2007). 

4.1.7 Role of Erlins in ERAD of activated IP3-receptors 

Upon stimulation by certain GPCR ligands that lead to a sustained increase in IP3 levels, 

activated IP3Rs become targeted for ERAD (Oberdorf et al. 1999; Wojcikiewicz et al. 

2009). Degradation of IP3Rs desensitizes ER Ca2+ stores to IP3 and therefore represents a 

negative feedback regulatory mechanism (Wojcikiewicz and Nahorski 1991; Bokkala and 

Joseph 1997; Tovey et al. 2001). Reduction of IP3R levels in response to activation has 

been observed in a variety of established and primary cell lines (Wojcikiewicz et al. 

2009), in mouse oocytes after fertilization (Parrington et al. 1998) and in rat pancreas 

(Wojcikiewicz et al. 1999). Downregulation has been observed for all three IP3R 

isoforms, whereas the extent of downregulation varies between receptor isoforms 

(Wojcikiewicz 1995; Tovey et al. 2001).  

The ubiquitin conjugating E2 enzyme Ubc7 is involved in ubiquitination of 

activated IP3Rs (Webster et al. 2003), while the p97/VCP-Ufd1-Npl4 complex mediates 

the extraction of ubiquitinated IP3Rs from the ER membrane (Alzayady et al. 2005). The 

E3 ubiquitin ligase involved in this pathway remains to be identified. IP3Rs become 

ubiquitinated while still in the ER membrane and are directly transferred to the 

proteasome (Oberdorf et al. 1999). This step appears to be at least in part mediated by the 

p97/VCP-Ufd1-Npl4 complex, which likely binds to ubiquitin groups attached to the 

IP3R (Wojcikiewicz et al. 2009). 
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More recently, multimeric complexes of erlin-1 and -2 were shown to play an 

important role in targeting activated IP3 receptors for ERAD (Figure 4.1) (Pearce et al. 

2007; Pearce et al. 2009). Initinally erlin-2 was identified by mass spectrometry as a 

protein that specifically interacts with activated IP3R1 (Pearce et al. 2007). Both erlins 

were found to become rapidly associated with IP3Rs within 30 secs of ligand stimulation 

(Pearce et al. 2007; Pearce et al. 2009). Other ERAD components, like p97/VCP, Ufd1 

and gp78, associate with the receptor once it becomes ubiquitinated, which takes place 

after several minutes of ligand stimulation. Thus erlins bind to activated IP3Rs faster than 

other components of the ERAD pathway (Pearce et al. 2007; Pearce et al. 2009). Even 

under resting conditions erlin-2 was found to interact with components of the ERAD 

pathway, including p97/VCP, Hrd1, gp78, Ufd1 and Derlin-1 (Pearce et al. 2007). 

Knockdown of one or both erlin proteins decreases IP3R ubiquitination and prevents loss 

of IP3Rs after ligand stimulation. Reduced erlin levels also increase IP3R levels under 

resting conditions (Pearce et al. 2007; Pearce et al. 2009). The strongest effects were 

observed when erlin-2 alone or both erlins were knocked down, while knockdown of 

erlin-1 generally showed a weaker effect (Pearce et al. 2009). This might be due to the 

fact that erlin-2 is expressed at higher levels than erlin-1. Reduced erlin levels somewhat 

increase Ca2+ mobilization in reponse to ligand stimulation, which is likely caused by 

increased IP3R levels (Pearce et al. 2007; Pearce et al. 2009). Ectopic expression of erlin

2, but not erlin-1, enhanced ligand-induced polyubiquitination of IP3R1 (Pearce et al. 

2009). This indicates a functional difference between erlin-1 and -2, which is most likely 

due to differences in their N- or C-terminal domains as these regions show the lowest 

conservation between the two proteins (Browman et al. 2006; Pearce et al. 2009). 

However, chimeras of erlin-2 containing the N-terminal and C-terminal regions of erlin-1 

still increased the amount of polyubiquitinated IP3R1 (Pearce et al. 2009). Hence, the 

differential effect of erlin-1 and -2 overexpression on IP3R ubiquitination is either due to 

minor sequence differences in their central regions or to differences in expression levels. 

Interestingly, expression of erlin-2 mutants that are capable of interacting with FL erlin-1 

but unable to form high MW complexes decreases IP3R polyubiquitination (Pearce et al. 

2009). These erlin-2 mutants appear to have a dominant negative (DN) effect on IP3R  
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Figure 4.1: Proposed role for erlin complexes in ERAD of activated IP3 receptors. 

IP3Rs (dark blue) form tetrameric Ca2+ channels in the ER membrane that open in 
response to binding of the second messenger IP3 (brown) leading to release of Ca2+ (grey 
dots) from the ER lumen into the cytosol. High MW complexes comprised of erlin-1 and 
-2 (maroon) associate with activated IP3Rs and recruit components of the ERAD 
pathway, including E2 conjugating enzymes (cyan), E3 ubiqitin ligases (green) and the 
p97/VCP complex (red). E3 ligases catalyze the addition of ubiquitin moieties (yellow) to 
IP3R, and p97/VCP (a hexameric AAA-ATPase) plays a role in extracting IP3Rs from 
the ER membrane and transferring them to the 26S proteasome for degradation. This 
figure was modeled after previously published figures (Brodsky and Wojcikiewicz 2009; 
Wojcikiewicz et al. 2009). 
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ERAD. This is in line with our observation that erlin-2 mutants with these biochemical 

properties disrupt erlin complexes (see chapter 3). 

Erlins were also shown to play a rather minor role in ERAD of other substrates 

(Pearce et al. 2007; Wang et al. 2009b). Erlin knockdown slightly retarded degradation of 

some ectopically expressed ERAD model substrates, namely the T-cell receptor subunit 

CD3δ, a subunit of HMG-CoA reductase (HMGR350), the glycosylated null Hong Kong 

variant of α1-antitrypsin and the nonglycosylated transthyretin D18G mutant (Pearce et 

al. 2007; Wang et al. 2009b). Erlin depletion has no effect on degradation of the α 

subunit of the T-cell receptor or sterol induced degradation of endogenous HMG-CoA 

reductase (Wang et al. 2009b). 

The observations described above indicate that erlins play a major role in 

targeting activated IP3Rs for ERAD, and they might have a minor function in ERAD of 

other substrates. It was proposed that erlin complexes are shaped to specifically interact 

with IP3Rs in their active conformation, and therefore act as substrate recognition factor 

to target activated IP3Rs for ERAD (Pearce et al. 2009). 

4.1.8 Caenorhabditis elegans as a model system to study IP3-receptor signalling and 
ERAD 

4.1.8.1 C. elegans as a model system 

C. elegans is a free living soil nematode of 1 mm length, which was established as a 

model organism by Sydney Brenner in the 1960s (Brenner 1974). It can be easily 

cultivated in the laboratory on agar plates with E. coli as a food source. C. elegans has 

two sexes, hermaphrodites and male, whereas males usually constitute only ~0.1% of the 

population. Hermaphrodites produce sperm and oocytes and are able to self-fertilize 

(Brenner 1974). A wild type hermaphrodite produces around 300 embryos which undergo 

four larval stages (L1-L4) before they reach adulthood. The length of the C. elegans life 

cycle is 3.5 days at 20°C, and can be prolonged by lower and accelerated by higher 

temperatures. Under stress conditions, like starvation or crowding, larvae either arrest in 

L1 or develop into a diapause stage referred to as “dauer”, in which they can survive for 

several months. The hermaphrodite genome consists of five pairs of autosomes and two 

X-chromosomes (XX). Males only have one X chromosome (XO), and can arise 
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spontaneously in a population of hermaphrodites by non-disjunction of the X 

chromosome pair during meiosis (Brenner 1974). Genetic crosses can be achieved by 

mating hermaphrodites and males. In addition to its well defined life cycle, C. elegans 

also has a well characterized, relatively simple body plan, with a fixed number of cells, 

(959 cells in the hermaphrodite and 1003 cells in the male). The C. elegans genome has 

been sequenced in its entirety, and about 36% of C. elegans genes show homology to 

human genes (Consortium 1998). All these characteristics make C. elegans an ideal 

model to study developmental and cell biology in simple, multicellular eukaryotic 

organism.  

Most available C. elegans mutants have been generated by random mutagenesis 

and were isolated based on a specific phenotype or because they affect a gene of interest. 

Based on the mutagen used, mutations represent genomic deletions or point mutations, 

and the effect of a given mutation on a specific gene can vary. C. elegans gene names 

consist of three (or four) italicized letters followed by a number. The three letters 

describe the phenotype caused by mutation of the gene (e.g. unc for “uncoordinated 

movement”) or the homology to a gene in other organisms (e.g. erl for “erlin”). 

Designations of mutations (alleles) consist of one or two italicized letters, referring to the 

laboratory of origin followed by a number (e.g. tm2703, or erl-1(tm2703) to indicate the 

gene affected). Strains, which can carry one or more alleles, are assigned names with two 

capital letters that again indicate the place of origin followed by a number (e.g. FX2703). 

Proteins carry the same name as the corresponding gene, but letters are capitalized and 

not italicized (e.g. ERL-1). 

4.1.8.2 IP3-receptor function in C. elegans 

The nematode C. elegans is an excellent model organism to study IP3R signaling and 

ERAD in vivo. The C. elegans IP3R ITR-1 is very similar to mammalian IP3R in respect 

to amino acid sequence, general domain structure and functionally important features, 

like binding sites for interacting proteins (Baylis et al. 1999). ITR-1 is the only IP3R 

encoded by the C. elegans genome, and of the three mammalian IP3R isoforms it is most 

similar to IP3R1. Pathways and proteins modulating IP3R activity are likely conserved 

between C. elegans and mammals. ITR-1 is expressed in a wide range of tissues, where it 
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regulates a number of rhythmic behaviours. ITR-1 controls defecation cycle length in the 

intestine and mutations within the itr-1 gene lead to altered defecation rates (Dal Santo et 

al. 1999). ITR-1 also regulates gonadal sheath cell contractions during ovulation (Yin et 

al. 2004). Changes in itr-1 activity interfere with this process and lead to reduced brood 

size (Clandinin et al. 1998). Thus levels of IP3 receptor signaling can be monitored in C. 

elegans by measuring defecation rates or brood size. ITR-1 also controls epidermal cell 

migration, which is an important process during embryonic development. Mutations 

disrupting IP3R function therefore increase rates of embryonic arrest (Thomas-Virnig et 

al. 2004). 

4.1.8.3 ER stress and ERAD in C. elegans 

Many components of the UPR and ERAD pathways are also conserved between C. 

elegans and mammals. Mutations in proteins of ERAD pathways can be easily detected 

in C. elegans as they increase levels of ER stress and sensitivity to ER stress inducing 

agents. ER stress levels in C. elegans can be measured using reporter transgenes, in 

which expression of a fluorescent protein is controlled by the promoter of an ER stress 

responsive gene. The most commonly used ER stress reporter construct contains the 

promoter region of hsp-4, a homologue of mammalian grp78. 
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4.2 Results 

4.2.1 Erlins do not play a major role in ERAD of the model substrate CD3δ 

One approach to study ERAD in mammalian cells is to measure degradation of model 

substrates like the T-cell receptor subunit CD3δ (Tiwari and Weissman 2001; Chen et al. 

2006). CD3δ becomes targeted for ERAD if it is introduced into cells lacking sufficient 

amounts of the other T-cell receptor subunits (Yang et al. 1998). It was previously 

reported that erlin-2 interacts with CD3δ and that siRNA-mediated knockdown of erlin-2 

slows down degradation of CD3δ (Pearce et al. 2007). This led us to investigate whether 

the potentially dominant negative E2 F305A mutant could also retard CD3δ degradation. 

To this end HeLa and HEK293 cells were transiently transfected with CD3δ-HA and FL 

or F305A versions of E2-HA (Figure 4.2A and B). The degradation rate of CD3δ was 

determined by measuring CD3δ-HA levels after 0, 2 and 4 hrs of cycloheximide (CHX) 

treatment. If erlins played an important role in ERAD of CD3δ, expression of FL E2-HA 

should accelerate, while E2 F305A HA would delay degradation of the model substrate. 

However, there was no marked difference in CD3δ degradation between cells co

transfected with empty vector, FL or mutant E2-HA (Figure 4.2A and B).  We therefore 

tested if in our hands siRNA-mediated knockdown of erlin proteins would slow down 

degradation of CD3δ. Transfection of HEK293 cells with erlin specific siRNAs strongly 

reduced levels of erlin proteins. In contrast to previous reports, knockdown of erlin-1, 

erlin-2 or both erlins caused no apparent changes in CD3δ degradation (Figure 4.2C). 

We also performed co-immunoprecpitation experiments on HEK293 and HeLa 

cells transiently transfected with CD3δ-HA, but we were unable to detect an interaction 

between endogenous erlins and CD3δ-HA (Figure 4.3A). In addition, we attempted to 

confirm previous reports showing an interaction between erlins and proteins of the ERAD 

pathway, including p97/VCP and derlin-1 (Pearce et al. 2007).  P97/VCP is an AAA 

ATPase that drives retrotranslocation of ERAD substrates into the cytosol (Ye et al. 

2001). Derlin-1 is a putative component of the retrotranslocation channel in the ERAD 

pathway (Ye et al. 2004). P97/VCP forms a complex with derlin-1 (Ye et al. 2004), and is 

required for degradation of CD3δ (Ballar et al. 2006). Although derlin-1 co-purified with 

p97/VCP, we did not detect an interaction between erlins and p97/VCP or derlin-1  
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Figure 4.2: No evidence for major role of erlins in degradation of ERAD model 
substrate CD3delta. 

HeLa (A) or HEK293 (B) cells were transiently transfected with the T-cell receptor 
subunit CD3δ and wild type or mutant erlin (all HA-tagged). (C) HEK293 cells were 
transfected with erlin siRNAs and CD3δ. (A-C) To monitor degradation of CD3δ, cells 
were treated with cycloheximide (CHX, 50 μg/ml for HeLa, 20 μg/ml for HEK293) for 
the times indicated and samples were analyzed by Western blotting. 



 

 

 

 

 

 

97 

Figure 4.3: Erlins do not co-purify with CD3δ or components of the ERAD pathway. 

(A) HeLa and HEK293 cells were transfected with CD3δHA and lysed in NP-40 lysis 
buffer. IPs were performed from lysates using HA-tag specific antibodies (3F10), and 
Western blots were probed with 3F10 and PAN-erlin pAb. (B) HeLa and HEK293 cells 
were lysed in TNE-lysis buffer containing 1% T-X100, and IPs were performed using 
PAN-erlin pAb and VCP-specific antibody. Pre-immune serum (PI) was used as control 
for PAN-erlin IP. Western blots were probed with PAN-erlin Ab and VCP- and derlin
specific antibodies. 
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(Figure 4.3B).  Despite previous reports suggesting an involvement of erlins in ERAD of 

the model substrate CD3δ, these data do not support a major role for erlins in this 

process. 

4.2.2 Brefeldin A treatment modifies levels and size of erlin proteins in a cell-line 
dependent manner 

4.2.2.1 Effects of ER stress inducing agents on erlin proteins in HeLa cells 

Because erlin proteins are located at the ER membrane and might be involved in ERAD, 

we considered that their expression may be controlled by ER stress. ER stress is caused 

by an overload of unfolded proteins in the ER and induces the UPR. The UPR consists of 

signalling cascades, which lead to the transcriptional upregulation of genes involved in 

restoring ER homeostasis (Malhotra and Kaufman 2007; Ron and Walter 2007). ER 

stress can be experimentally induced by treating cells with ER stress inducing agents, 

which include tunicamycin (TN),  thapsigargin (TG) and Brefeldin A (BFA).  

TN, a bacterial compound, inhibits N-linked glycosylation by blocking synthesis 

of the Glc3Man9GlcNac2 core glycan, which is added onto asparagine residues of nascent 

polypeptides in the ER lumen (McDowell and Schwarz 1988; Helenius and Aebi 2004). 

As outlined in section 4.1.3., addition of the core glycan to nascent proteins is crucial for 

their folding as it provides a binding site for chaperones and important cues about the 

folding status of the protein (Malhotra and Kaufman 2007). Inhibition of core glycan 

synthesis by TN causes major disruptions to ER protein folding and therefore causes ER 

stress. 

TG, a compound produced by plants, depletes ER Ca2+ stores by inhibiting 

SERCAs, which pump Ca2+ from the cytosol into the ER lumen (Treiman et al. 1998). 

The function of many ER chaperones, including grp78, calnexin and calreticulin, is 

dependent on Ca2+ (Kim et al. 2008). Thus TG treatment causes ER stress by inhibiting 

the function of several important ER chaperones. 

BFA inhibits retrograde transport of lipids and proteins from the Golgi to the ER, 

which is mediated by COPI coated vesicles (Lippincott-Schwartz and Liu 2006). The 

COPI coat consists of the ADP-ribosylation factor (ARF)-1 GTPase, a seven subunit 

coatomer complex and a GTPase activating protein for ARF-1 (ARF-GAP). COPI coat 
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assembly begins with membrane recruitment and activation of of ARF-1, which is 

mediated by Sec7 domain-containing guanine nucleotide exchange factors (GEFs). 

Active Arf-1 in Golgi membranes recruits the coatomer complex and Arf-1-GAP leading 

to polymerization of the COPI coat (Lippincott-Schwartz and Liu 2006). BFA, a fungal 

metabolite, binds to the interface between inactive Arf-1-GDP and the Sec-7 domain of 

the GEF and thereby prevents activation of Arf-1 (Chardin and McCormick 1999). This 

inhibits COPI coat formation and blocks retrograde cycling of ER proteins and lipids 

from the Golgi(Chardin and McCormick 1999). After a few minutes of BFA treatment, 

the Golgi becomes filled with ER components leading to its collapse and redistribution 

into the ER (Klausner et al. 1992; Chardin and McCormick 1999). Consequently proteins 

cannot exit the ER due to a lack of Golgi apparatus and accumulation of proteins in the 

ER causes ER stress. 

Increases in erlin mRNA and protein levels in response to treatment with ER 

stress inducing agents would suggest an involvement of erlins in the ER stress response 

and support a role for erlins in the ERAD pathway. As the majority of UPR target genes 

are controlled at the transcriptional level (Malhotra and Kaufman 2007), we initially 

examined the effects of treatment with ER stress inducing agents on erlin mRNA levels 

in HeLa cells. HeLa cells were treated with 2 μg/ml BFA, 2 μg/ml TN or 100 nM TG for 

24 hrs and erlin mRNA levels were assessed by RT-PCR (Figure 4.4A). To control for 

UPR activation we also measured mRNA levels of grp78, one of the primary UPR 

targets. While each of the ER stress inducing agents caused an approximately five fold 

induction of grp78 mRNA, no upregulation of erlin mRNAs was observed. Instead BFA 

treatment reduced erlin-1 and -2 mRNA levels to ~60% of levels in untreated cells 

(Figure 4.4A). 

To determine if the reduction in mRNA levels caused by BFA treatment 

translated into a reduction in erlin protein levels, we performed Western blot analysis 

with HeLa cells that had been subjected to 24 hr ER stress treatment (Figure 4.4B and C). 

Consistent with the reduction in erlin mRNA levels, BFA treatment caused a slight 

reduction in levels of both erlin proteins. Interestingly, BFA also induced a slight 

downwards shift of erlin-1 bands on Western blots probed with erlin-1 mAb or PAN-erlin  
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Figure 4.4: Erlin levels in HeLa cells after 24 hrs of treatment with ER stress 
inducing agents. 

HeLa cells were treated for 24 hrs with either 2 μg/ml brefeldin A (BFA), 2 μg/ml 
tunicamycin (TN) or 100 nM thapsigargin (TG). Grp-78 upregulation is used as a marker 
for activation of the unfolded protein response. (A) Erlin mRNA levels were determined 
by semiquantitative RT-PCR. GAP-DH mRNA serves as a measure for total mRNA 
levels. (B) Western blot to determine endogenous erlin protein levels after 24 hrs ER 
stress treatment. (C) HeLa cells were transiently transfected with HA-tagged wt or 
mutant erlin-2, and levels of ectopically expressed erlins after 24 hr ER-stress treatment 
were assessed by Western blotting. Asterisks (*) indicate unglycosylated forms of erlin-2. 
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pAb. In contrast BFA treatment caused erlin-2 bands to shift upwards, which was 

observed on Western blots probed with PAN-erlin pAb. BFA treatment had the same 

effect on FL or F305A E2-HA that was transiently expressed in HeLa cells. By inducing 

a downwards shift of erlin-1 and an upwards shift of erlin-2 BFA treatment led to an 

increased separation of erlin bands on Western blots probed with PAN-erlin Ab. 

Curiously, no erlin-2 band could be detected in BFA-treated HeLa cells, when 

membranes were probed with the erlin-2 specific pAb (Figure 4.4B). Loss of erlin-2 pAb 

immunoreactivity was the most distinct consequence of BFA treatment. BFA seemed to 

modify erlin-2 in a way that masked the epitope of the erlin-2 pAb. Changes in size of 

erlin proteins were specifically induced by BFA treatment, since they were not observed 

after treatment with TN or TG. In HeLa cells transfected with E2-HA constructs, TN 

treatment led to the appearance of an additional lower MW band representing the 

unglycosylated form of erlin-2. TG treatment led to a slight reduction in levels of both 

erlin proteins, but had no effect on protein size. All three reagents induced ER stress as 

was indicated by the upregulation of grp-78 protein.  

4.2.2.2 BFA treatment causes rapid changes in size and levels of erlin-2 protein, which 
are delayed by proteasome inhibitors 

Next we wanted to determine the kinetics by which BFA induced changes to erlin 

proteins. To this end, erlin protein levels of HeLa cells treated with BFA for 1, 2, 4, 8 and 

24 hrs were assessed by Western blotting (Figure 4.5A). The slight size reduction of 

erlin-1 protein became apparent after 4 hrs of BFA treatment and a decrease in erlin-1 

protein levels was noticeable after 24 hrs. BFA-induced changes to erlin-2 proteins 

happened much more rapidly. Immunoreactivity of erlin-2 pAb was already strongly 

decreased after 1 hour of BFA treatment and it was undetectable after 4 hrs of BFA 

treatment. Simultaneously a size increase and reduced levels of erlin-2 protein could be 

detected on PAN-erlin Western blots (Figure 4.5A). Since we found that BFA treatment 

had caused obvious changes after 1 hr, we decided to look at earlier time points. HeLa 

cells were treated with BFA for 15, 30, 45 and 60 mins and erlin-2 protein was examined 

on Western blots probed with erlin-2 pAb and PAN-erlin Ab (Figure 4.5B). Reduction of 

erlin-2 pAb reactivity was observed after only 15 mins of BFA treatment und size  
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Figure 4.5: Brefeldin A (BFA) treatment of HeLa cells causes rapid reduction and 
size increase of erlin-2 protein, which is delayed by proteasome inhibition. 

HeLa cells were treated with 2 μg/ml BFA for the times indicated. (A) 24 hr timecourse 
(B) 1 hr timecourse (C) Proteasome inhibitors (50 μM MG132 or 25 μM lactacystin 
(LC)) were added 2 hrs prior to BFA treatment. 



 

 

  

 

 

103 

increase of the erlin-2 band on the PAN-erlin blot became apparent after 30 mins. Thus 

BFA treatment induced changes in erlin-2 protein long before it caused upregulation of 

the UPR target grp78, which could not be detected until 8 hrs of BFA treatment (Figure 

4.5B). 

As BFA treatment led to a slight reduction in erlin protein levels, we speculated 

that the effect of BFA on erlin proteins might be mediated by the proteasome. To test this 

we performed BFA treatment in the presence of the proteasome inhibitors MG132 and 

lactacystin. MG132 or lactacystin were added to cells 2 hrs prior to BFA to ensure 

sufficient inhibition of the proteasome. Co-treatment with either proteasome inhibitor 

delayed loss of erlin-2 pAb reactivity by several hours, whereas MG132 was more 

efficient than lactacystin (Figure 4.5C). In HeLa cells co-treated with lactacystin or 

MG132 erlin-2 pAb reactivity did not decrease until 2 or 6 hrs of BFA treatment 

respectively. This suggested that BFA induced changes to HeLa cell erlin-2 were in part 

mediated by the proteasome.  

4.2.2.3 Effects of ER stress-inducing agents on erlin proteins differ between cell lines 

Up to this point we had studied the effects of ER stress inducing agents on erlin proteins 

in HeLa cells only. HeLa cells were originally isolated from cervical carcinoma. To test if 

these effects are cell-type specific, we treated three other human cell lines with ER stress 

inducing agents for 24 hrs (Figure 4.6). The cell lines tested were derived from human 

embryonic kidney (HEK293), hepatocellular carcinoma (HepG2) and mammary 

carcinoma (MCF7). HEK293 cells appeared to be very sensitive to all three ER stress 

inducing agents, as ER stress treated cells showed a rounded morphology. Thus HEK293 

cells were treated with one fifth of the concentration of BFA, TN and TG used for 

treatment of HeLa cells, which was sufficient to induce upregulation of the ER stress 

marker grp78 (Figure 4.6A). HepG2 and MCF7 cells were treated with the same 

concentrations of BFA and TG as HeLa cells. TN treatment of HepG2 cells was also 

performed at the same concentration as in HeLa cells (Figure 4.6B). MCF7 cells required 

a five times higher concentration of TN than used in HeLa cells, to achieve the same 

amount of grp78 induction seen after BFA or TG treatment (Figure 4.6C). The baseline 

levels of grp-78 in HepG2 cells are high compared to other cell lines, which is likely due  
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Figure 4.6: Erlin levels in other cell lines after 24 hrs of ER stress treatment.  

(A) HEK293 cells were treated with 400 ng/ml BFA, 400 ng/ml TN or 20 nM TG. (B) 
HepG2 cells were treated with 2 μg/ml BFA, 2 μg/ml TN or 100 nM TG. (C) MCF7 cells 
were treated with 2 μg/ml BFA, 10 μg/ml TN or 100 nM TG. Asterisks (*) indicate 
unglycosylated forms of erlin-1 and -2. 

to the high amounts of secreted proteins synthesized in the ER of HepG2 cells (Knowles 

et al. 1980). As in all other cell lines, ER stress treatment further increased grp-78 levels 

in HepG2 cells. Consistent with our observations in HeLa cells treatment with ER stress 

inducing agents did not increase erlin protein levels. Instead slight changes in size and 

reduction in levels of erlin proteins were observed after BFA treatment, but these differed 

somewhat between cell lines and were not identical to those found in HeLa cells (Figure 

4.6). BFA treatment of HEK293 and MCF7 cells resulted in a slight downwards shift of 

erlin-1 and erlin-2 bands. While HEK293 cells did not show a major reduction in erlin 

levels, levels of both erlins were reduced in BFA-treated MCF7 cells. Particularly erlin-2 

pAb reactivity of MCF7 cells was strongly decreased. In HepG2 cells both erlins seemed 

to undergo a slight size increase in response to BFA treatment, and erlin-2 pAb 
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immunoreactivity was reduced. Similar to HeLa cells TG treatment caused decreased 

erlin-1 and -2 protein levels in HepG2 and MCF7 cells (Figure 4.6). 

4.2.2.4 BFA induces slower changes to erlin proteins of HepG2 and MCF7 cells 
compared to HeLa cells 

Since we had found that BFA also induces changes to size and levels of erlin proteins in 

HepG2 and MCF7 cells, we wanted to investigate if these changes occurred as rapidly as 

in HeLa cells. To this end we performed a timecourse experiment, in which HepG2 and 

MCF7 cells were treated with BFA for various lengths of time up to 24 hrs (Figure 4.7). 

In HepG2 cells erlin-1 and -2 gradually increased in size starting at 4 hrs of BFA 

treatment. Thus both erlin proteins in HepG2 cells behaved similar to erlin-1 in HeLa 

cells (Figure 4.7A). Erlin proteins of MCF7 cells showed a slight decrease in size after 1 

hr BFA treatment, but reduction of protein levels did not take place until 24 hrs of 

treatment (Figure 4.7B). In HeLa cells, the complete loss of erlin-2 pAB 

immunoreactivity appeared to be mainly due to masking of the epitope within erlin-2, as 

Western blots probed with PAN-erlin pAb only showed a slight reduction of erlin-2 

protein levels. In MCF7 cells, however loss of erlin-2 pAb reactivity was likely due to an 

actual decrease in erlin-2 levels, as the intensity of erlin-2 bands on blots probed PAN

erlin pAb was also reduced (Figure 4.7B). In all four cell lines tested, BFA treatment 

caused erlin proteins to slightly change in size and decrease in levels. Depending on cell 

line, this was either a slight increase or decrease in size. The kinetics of BFA induced 

changes also differed between cell lines, whereas the most rapid effect was observed on 

erlin-2 in HeLa cells. 

4.2.2.5 BFA-induced changes to erlin proteins are not due to modifications to N-linked 
glycan chains 

BFA might alter erlin protein size by inducing changes to posttranslational modifications. 

BFA-induced posttranslational modification of erlin proteins would likely take place in 

the ER lumen, where the entire erlin protein, except the extreme N-terminus, resides. 

Several types of protein modifications, like phosphorylation and ubiquitination, do not 

occur in the ER lumen. However, N-linked glycosylation of proteins does take place in  
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Figure 4.7: BFA causes slower changes in erlin proteins of HepG2 and MCF7 cells 
compared to HeLa cells. 

(A) HepG2 and (B) MCF7 cells were treated with 2 μg/ml BFA for the times indicated 
and erlin protein levels were assessed by Western blotting. 

the ER lumen, and erlin-1 and -2 have been found to be N-glycosylated (Pearce et al. 

2007; Pearce et al. 2009). In the ER lumen, a defined oligosaccharide core consisting of 

three glucoses, nine mannoses and two N-acetylglucosamines (Glc3Man9GlcNac2) is 

added to certain Asparagine (N) residues of newly synthesized proteins (Helenius and 

Aebi 2004). The glycan core only undergoes minor trimming in the ER, but enzymes in 

the Golgi apparatus can modify N-linked glycans to produce larger, more branched and 

complex glycan chains (Roth 2002). BFA blocks ER-to-Golgi transport and causes Golgi 

membranes to collapse into the ER, allowing Golgi enzymes access to ER proteins 

(Klausner et al. 1992). Changes in erlin proteins observed after BFA treatment could 

potentially be due to modification of N-linked glycans by Golgi enzymes. To examine 

this possibility we subjected lysates of BFA-treated HEK293 and HeLa cells to N

glycosidase F (PNGase F), an enzyme that removes almost all types of N-linked glycans 

from proteins (Maley et al. 1989). If BFA-induced size changes of erlin proteins were due 

to modifications in N-linked glycans, the size shift should not be detectable in de

glycosylated samples. PNGase F treatment of cell lysates caused erlin-1 and -2 bands to  
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Figure 4.8: BFA-induced changes to erlin proteins are not due to changes in N-
linked glycosylation. 

HeLa and HEK293 cells were treated with BFA for 24 hrs and lysates were subjected to 
treatment with PNGase F, a glycosidase, which cleaves off all types of N-linked glycans. 

shift downwards by ~2 kDa, indicating efficient removal of glycan chains from erlin 

proteins (Figure 4.8). The slight BFA-induced downwards shift of erlin-1 and -2 in 

HEK293 cells was not apparent in lysates treated with PNGase F. Similarly the slight 

downwards shift of erlin-1 in BFA treated HeLa cells was also not obvious when lysates 

were treated with deglycosylating enzyme.  Thus trimming of glycans might be 

responsible for the slight size reduction of both erlin proteins in HEK293 cells and erlin-1 

in HeLa cells. In contrast, the BFA induced upwards shift of erlin-2 accompanied by loss 

of erlin-2 pAb immunoreactivity was observed even in PNGase F treated lysates (Figure 

4.8). This demonstrated that BFA induced changes to HeLa cell erlin-2 were not due to 

modifications to N-linked glycans. Our data suggested that BFA treatment causes minor 

alterations to size of erlin proteins by inducing modifications in glycan chains. However, 

BFA treatment also induces a different modification to erlin-2 of HeLa cells that is at 

least in part dependent on proteasome function. 
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4.2.3 Exploring erlin function in C. elegans 

4.2.3.1 The C. elegans protein ERL-1 is highly similar to human erlin-1 and -2 

Although others have shown that erlin proteins interact with components of the ERAD 

pathway and are involved in ERAD of the model substrate CD3δ, we were unable to 

replicate these results. One potential reason for this discrepancy may be that experiments 

were performed in different cell lines. Most established cell lines are derived from cancer 

tissue, or were immortalized by introduction of additional genes, which renders them 

genetically unstable. Cell lines often exhibit an abnormal number of chromosomes and 

have mutations in various genes, most of which have not been identified. Our finding that 

erlin proteins responded differently to BFA treatment depending on cell line, highlights 

the variability between cell lines. We therefore decided to also examine erlin function in 

a well defined multicellular organism. C. elegans represents an ideal model organism for 

studying erlin function, as it contains one erlin protein with high resemblance to human 

erlins. 

The C. elegans gene C42C1.15 encodes a 312 amino acid protein with strong 

similarity to mammalian erlin-1 and -2  (Blast probabilities < 100-100). Based on its 

homology with mammalian erlin genes, we re-named the gene erl-1 (gene name added to 

Wormbase release WS219, www.wormbase.org). Alignment of the amino acid sequences 

showed 65% identity and 73% similarity between C. elegans and human erlin proteins, 

and the ERL-1 protein was found to share the same level of relatedness with both erlin-1 

and -2 (Figure 4.9). Several features previously identified in mammalian erlins 

(Browman et al. 2006; Pearce et al. 2007) are also present in the C. elegans protein, 

including the N-terminal transmembrane domain, SPFH domain and N-glycosylation site. 

In addition, the phenylalanine residue required for high MW complex formation of 

human erlins (F305), is conserved in C. elegans ERL-1 (F303, Figure 4.9). 

We confirmed that ERL-1 forms complexes similar to its human counterparts 

using sucrose gradient centrifugation on HEK293 cells transiently transfected with an 

HA-tagged version of erl-1 cDNA. As we had previously found for human erlin proteins, 

wild type ERL-1HA became enriched in high density fractions with a peak concentration 

in fraction 8 (Figure 4.10). Substitution of F303 with alanine (F303A) shifted ERL-1  

http:www.wormbase.org
http:C42C1.15
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Figure 4.9: C. elegans ERL-1 is a homologue of human erlin proteins. 

ClustalW alignment of C.elegans (Ce) ERL-1 and human (Hs) erlin-1 and -2. 
Transmembrane domains (predicted by TMAP) are marked by blue boxes, N
glycosylation site is marked by green box, F305/303 required for oligomerization is 
marked by red box. Black dotted line indicates SPFH domain (pfam01145). 

from high density into low density fractions, demonstrating that this residue was 

necessary for high MW complex formation of ERL-1 (Figure 4.10).  

Our next goal was to determine if C. elegans ERL-1 localizes to the ER like 

mammalian erlin proteins. We performed immunofluorescent staining of HA-tagged 

ERL-1 ectopically expressed in HeLa cells. Antibody staining of ERL-1HA revealed a 

cytoplasmic and perinuclear pattern that strongly co-localized with the ER chaperone 

calnexin (Figure 4.11). This result indicated that C. elegans ERL-1 localizes to the ER 

and thus appears to occupy the same subcellular compartments as mammalian erlin 

proteins. 

These data demonstrated that C. elegans and human erlin proteins are highly 

similar in respect to amino acid sequence, biochemical properties and subcellular 

location. It is therefore likely that erlin protein function is also conserved between the 

two species. Hence, C. elegans appears to be an appropriate model organism to study 

erlin function in vivo. 



 

 

 

 
 
 
 

 

 

110 

Figure 4.10: ERL-1 associates with high MW complexes, which is dependent on Phe-
303. 

Sucrose density gradient centrifugation was performed on HEK293 cells, transiently 
transfected with wild type (upper panel) or F303A (lower panel) ERL-1HA. 12 fraction 
were collected from each gradient and analysed by Western Blotting. Ectopically 
expressed ERL-1 was detected with an HA-tag specific antibody. 

Figure 4.11: ER localization of ERL-1. 

Confocal image of HeLa cell transiently transfected with ERL-1HA cDNA. Cells were 
stained with rat α-HA (green) and rabbit α-calnexin (red) antibodies. Scale bar = 10 μm. 
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4.2.3.2 erl-1(tm2703) prevents ERL-1 expression. 

The allele tm2703 constitutes a 536 bp deletion within the erl-1 gene that removes exons 

2 and 3 and part of exon 4 (Figure 4.12A). We confirmed the presence of this deletion in 

a strain homozygous for erl-1(tm2703), using genomic PCR with two different primer 

sets (Figure 4.12B). Next, we performed RT-PCR to test whether erl-1 mRNA is 

detectable in erl-1(tm2703) mutants. PCR of erl-1(tm2703) cDNA with primers designed 

to amplify the erl-1 coding region from the transcription start site to the 3’UTR resulted 

in a product of ~700 bp. This was slightly larger than the predicted size of the mutant 

spliced mRNA. Amplification of the erl-1 coding region from wild type cDNA yielded 

the expected product of 1000 bp (Figure 4.12C). Sequencing showed that, while the 

sequence of the spliced wild type erl-1 transcript matched the one published on 

WormBase, the spliced erl-1(tm2703) mRNA also contained part of the first intron. This 

might be due to loss of a splice acceptor site in the mutant transcript and provided an 

explanation for the difference between predicted and observed size of erl-1(tm2703) 

cDNA. The erl-1(tm2703) mutation causes a frame shift and introduces a premature stop 

codon into the open reading frame, which allows only for the N-terminal 34 amino acids 

of the ERL-1 protein to be expressed properly. Even if this truncated version of ERL-1 

was expressed in erl-1(tm2703), it is very likely not functional. We confirmed the 

absence of ERL-1 protein in erl-1(tm2703) mutants by Western blotting, using an ERL-1 

specific antibody raised against the C-terminal half of ERL-1. The ERL-1 antibody 

detected a band of ~40 kDa in wild type lysates that was absent in erl-1(tm2703) lysates 

(Figure 4.12D). Our data demonstrated that the erl-1(tm2703) mutation prevents 

expression of the bulk of the ERL-1 protein and strains homozygous for this mutation are 

likely deficient of functional ERL-1 and can thus be considered erl-1 null mutants. 

4.2.3.3 ERL-1 expression is widespread during early developmental stages and is 
primarily detected in the gonad of adult worms 

Next we set out to determine the expression pattern of erl-1. Initially we attempted to use 

transcriptional GFP reporter constructs for this purpose. Because the erl-1 gene is part of 

an operon, the promoter region driving its expression could either lie directly upstream of 

the gene itself or upstream of the operon. 70% of C. elegans mRNAs are subjected to a 
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Figure 4.12: Characterization of the erl-1(tm2703) allele. 

(A) Schematic of erl-1 gene: grey and white boxes indicate exons and 3’UTR 
respectively. erl-1 region deleted in tm2703 is marked by black line. Primers used for 
RT-PCR are shown as black arrows. Blue and cyan arrows indicate primers used to 
confirm tm2703 deletion. Primers binding outside and within deleted region are shown in 
blue and cyan respectively. (B) Genomic deletion in erl-1(tm2703) was confirmed by 
PCR using primers that bind outside and within deleted region as shown in figure 4.12A. 
(C) erl-1 mRNAs isolated from wild type and erl-1(tm2703) worms were amplified by 
RT-PCR. PCR was performed with either cDNA (+) or RNA (-) using primers depicted 
in figure 4.12A. Band in erl-1(tm2703) RNA only (-) sample likely results from 
amplification of residual genomic DNA in RNA preparation, as size of product 
corresponds to size of erl-1 genomic region. (D) Western blot analysis shows lack of 
ERL-1 protein in strain homozygous for erl-1(tm2703). ERL-1 was detected with affinity 
purified rabbit α-ERL-1 and blot was re-probed with mouse α-actin as loading control. 



 

 

113 

process called “trans-splicing”, which refers to the addition of a defined 22 nucleotide 

sequence (called spliced leader, SL) to the 5’ end of newly transcribed mRNAs 

(Blumenthal 2005). Two types of trans-splice acceptor sites can be found in the 5’ region 

of genes: Trans-splice acceptor sites of the SL1 type indicate that the gene is transcribed 

independently from the operon, while SL2 acceptor sites suggest that the entire operon is 

transcribed as one polycystronic mRNA (Spieth et al. 1993; Huang et al. 2007).  Both 

types of trans-splice acceptor sites are found immediately upstream from the translational 

start site of erl-1. This indicates that the erl-1 gene can be transcribed by itself or together 

with the other genes of the operon. Three different reporter constructs were generated by 

cloning upstream regions of erl-1 (relative to erl-1 start codon: -182 to +1 “reporter 1”; 

1022 to +1 “reporter 2”; -1022 to +576 “reporter 3”) 5’ of a nuclear targeted GFP or 

tdTOMATO transgene (Figure 4.13A). Reporter constructs 1 and 3 did not drive any 

fluorescent protein expression, and reporter 2 drove expression only in posterior gut cells 

of starved worms (Figure 4.13B). As reporter constucts commonly induce non-specific 

expression in these cells (Boulin et al. 2006), it is unlikely that the observed expression 

pattern represented the actual expression pattern of erl-1. ERL-1 protein also did not 

show a marked increase in response to starvation (Figure 4.13C), further supporting the 

notion that the expression pattern of reporter 2 did not correlate to actual erl-1 

expression. 

We therefore decided to study erl-1 expression at the protein level using the ERL

1 specific antibody. Western blot analysis was performed to identify developmental 

stages at which ERL-1 protein was expressed. While ERL-1 was found to be expressed 

throughout worm development, protein expression levels relative to total protein were 

highest in embryos and L1 larvae (Figure 4.14). Next we performed immunofluorescent 

staining of ERL-1 at various developmental stages. Consistent with our observation on 

ectopically expressed ERL-1 in HeLa cells, endogenous ERL-1 was detected in 

cytoplasmic and perinuclear regions of C. elegans embryos (Figure 4.15). This finding 

provided further support for ER localization of ERL-1. ERL-1 was expressed in all cells 

of early embryos (Figure 4.15) and it became increasingly confined to head regions and 

the gonad over the course of development (Figure 4.16 and 4.17). In adults worms ERL-1  
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Figure 4.13: erl-1 reporter constructs. 

(A) Localization of genomic sequences used for reporter constructs (yellow boxes) within 
the erl-1 (C42C1.15)-containing operon. Schematic of operon was downloaded from 
Wormbase (www.wormbase.org) (B) Non-specific TdTomato expression in posterior gut 
cells of starved worms induced by reporter 2 (C) Western blot showing ERL-1 expression 
levels in fed and starved worms. 

http:www.wormbase.org


 

 

 
 

 

  
 

115 

Figure 4.14. ERL-1 expression during C. elegans development. 

ERL-1 protein expression levels at different stages of C. elegans development were 
examined by Western blotting. Equal amounts of protein were loaded for each 
developmental stage. 

Figure 4.15: ERL-1 localization in C. elegans embryos. 

Confocal images of C. elegans embryos stained with rabbit α-ERL-1 (red) and mouse α 
actin (green). Staining of erl-1(tm2703) embryos was performed as negative control. 
Scale bar = 20 μm. 
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Figure 4.16. Erl-1 is expressed in head and tail regions of C. elegans larvae. 

C. elegans larvae of different developmental stages (L1-L3) were subjected to 
immunofluorescent staining of ERL-1. Staining of erl-1(tm2703) larvae was performed 
as negative control. Normarski images are shown for orientation. Head of larvae = h; tail 
of larvae = t; scale bar = 100 μm. 
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Figure 4.17: ERL-1 is expressed in the gonad of L4 larvae. 

C. elegans L4 larvae were subjected to immunofluorescent staining of ERL-1. Staining of 

erl-1(tm2703) larvae was performed as negative control. Normarski images are shown for 

orientation. Head of larvae = h; tail of larvae = t; scale bar = 100 μm. 
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Figure 4.18: ERL-1 is expressed in the gonad and head of C. elegans adults. 

Fluorescent micrographs of adult heads and tails stained with rabbit α-ERL-1 shows 
ERL-1 expression in a region around the posterior bulb of the pharynx (marked by 
asterisks *), in the gonad and oocytes. Scale bar = 100 μm. 
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staining was found in the gonad, including oocytes, and a region surrounding the 

posterior bulb of the pharynx (Figure 4.18). To determine levels of background staining, 

we stained erl-1(tm2703) mutants in parallel. Staining of dissected gonads and intestines 

with ERL-1 antibody showed that ERL-1 protein is expressed throughout the gonad, but 

appears to be absent from the intestine (Figure 4.19). ERL-1 staining of the latter tissue 

did not exceed background levels, which were determined by staining of erl-1(tm2703) 

animals. 

Our protein expression data were in agreement with previously published serial 

analyses of gene expression (SAGE) data. SAGE studies have detected erl-1 expression 

in dissected gonads (Wang et al. 2009a) and purified oocytes (McGhee et al. 2009), but 

not in glp-4(bn2) animals, which lack gonads, or isolated glp-4(bn2) intestines (McGhee 

et al. 2007). Taken together these data suggested that erl-1 is primarly expressed in the 

gonad of adult worms. The high expression levels detected in embryos and L1 larvae 

might be due to maternal deposition. Silencing of transgenes in the germline (Kelly and 

Fire 1998) could explain why we were unsuccessful in detecting erl-1 gene expression 

using transcriptional reporter constructs. 

4.2.3.4 ERL-1 deficiency has no effect on overall phenotype. 

To explore the in vivo function of ERL-1, we examined the phenotype of a strain 

homozygous for erl-1(tm2703), which is deficient in ERL-1. As the role of ERL-1 in C. 

elegans had not been previously characterized, we initially examined the overall 

phenotype of erl-1(tm2703) worms. There was no measureable difference growth rate at 

20°C (Figure 4.20A), in general morphology (Figure 4.20C), or life span (Figure 4.20D) 

between erl-1(tm2703) and wild type worms. Even when worms were grown under heat 

stress conditions at 26 °C, erl-1(tm2703) had no effect on growth rate (Figure 4.20B) 

Brood size of erl-1(tm2703) worms was slightly decreased compared to wild type (Figure 

4.21A). This slight difference was statistically significant (erl-1(tm2703): 242.5 ± 23; 

n=18 vs. wild type: 265 ± 38; n=19; p-value = 0.04), but it could also be attributed to a 

mutation in an unrelated gene that is genetically linked to erl-1. The erl-1(tm2703) 

mutation was generated by random mutagenesis using trimethylpsoralen/UV. Despite 

outcrossing the erl-1(tm2703) strain five times, additional mutations that are closely  
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Figure 4.19: ERL-1 is expressed in the gonad but not in the intestine. 

Fluorescent micrographs of dissected gonads (gon) and intestines (int) stained with rabbit 
α-ERL-1 (red) and DAPI (blue). Scale bar = 50 μm. 
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linked to the allele might still be present in the genome. Moreover embryonic 

development was not affected by lack of ERL-1 as the rate of embryonic arrest of erl-

1(tm2703) embryos was similar to wild type (Figure 4.21B). On average 2% of embryos 

of both erl-1(tm2703) and wild type strains did not develop past the embryonic stage.   

Based on these findings we concluded that lack of ERL-1 has no, or a very minor, effect 

on overall viability and phenotype of C. elegans. 

Figure 4.20: erl-1(tm2703) does not change overall phenotype. 

(A and B) Body length of wild type and erl-1(tm2703) worms from one to four days of 
age. Worms were grown at either 20 °C (A) or 26 °C (B). Values represent the average 
length of 16 animals -/+ SD. (B) Photographs of four day old worms, grown at 20 °C. 
Scale bar = 1 mm. (C) Survival curve comparing life span of erl-1(tm2703), n= 21, to life 
span of wild type , n= 27. 
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Figure 4.21: erl-1(tm2703) has no major effect on phenotype of itr-1 mutants. 

The effect of erl-1(tm2703) on brood size (A), embryonic arrest (B) and defecation cycle 
length (C) on wild type, unc-24(e138), itr-1(sy290) unc-24(e138) and/or itr-1(sa73) was 
measured. sy290 is a gain-of-function and sa73 is a weak loss-of-function allele of itr-1. 
itr-1(sy290) is closely linked to unc-24(e138) and the phenotype of itr-1(sy290) unc-
24(e138) strains was compared to that of strains carrying unc-24(e138) alone. Black bars 
indicate erl-1 wild type and white bars indicate erl-1(tm2703) genotype. (A) Brood size 
was determined by counting the number of viable offspring per worm (n=18-20; * 
indicates p-value < 0.05; ** indicates p-value < 0.01). (B) Percentage of offspring 
arresting at embryonic stage was determined. (C) Defecation cycle length was determined 
by measuring times between posterior body contractions (pBocs). Values represent the 
average (-/+SD) of six defecation cycles of ten worms (five worms for itr-1(sa73) strains) 
each. 
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4.2.3.5 ERL-1 deficiency does not alter phenotype of itr-1 mutants 

Mammalian erlins have been shown to be required for ERAD of activated IP3 receptors, 

and might negatively regulate IP3 signaling (Pearce et al. 2007; Pearce et al. 2009; Wang 

et al. 2009b). To test this model, we examined the effect of ERL-1 deficiency on IP3R 

dependent processes. 

Signaling through the C. elegans IP3R ITR-1 controls gonadal sheath cell 

contractions and is therefore necessary for ovulation (Yin et al. 2004). Mutations 

interfering with this pathway affect brood size. Both gain- and loss-of-function mutations 

in itr-1 cause a decrease in brood size, whereby partial itr-1 loss-of-function (LOF) leads 

to a much stronger reduction in brood size than itr-1 gain-of-function (GOF) (Clandinin 

et al. 1998; Dal Santo et al. 1999). If ERL-1 was required for ERAD of ITR-1, loss of 

ERL-1 should lead to increased ITR-1 levels and IP3R signaling. This would enhance an 

itr-1 GOF phenotype and suppress a LOF phenotype. To test this hypothesis we crossed 

the erl-1(tm2703) strain to strains carrying either itr-1 GOF allele sy290 or the weak LOF 

allele sa73. Because itr-1(sy290) is closely linked to unc-24(e138), we compared the 

effect of erl-1(tm27030) between itr-1(sy290) unc-24(138) double mutants and unc-

24(e138) alone. Erl-1(tm2703) slightly decreased brood size in itr-1(sa73) and unc-

24(e138) single mutants, and had no effect on brood size in itr-1(sy290) unc-24 (e138) 

double mutants (Figure 4.21A). Thus, lack of ERL-1 has no, or a very minor, effect on 

brood size of itr-1 mutants.  

ITR-1 regulates epidermal cell migration, which is crucial during embryonic 

development. The weak itr-1 LOF allele sa73 increases rates of embryonic arrest by 

interfering with epidermal cell migration (Thomas-Virnig et al. 2004). If ERL-1 

negatively regulated ITR-1 activity, erl-1(tm2703) would be expected to decrease 

embryonic arrest in itr-1(sa73) mutants. However erl-1(tm2703) did not significantly 

alter rates of embryonic arrest in itr-1(sa73) mutants (Figure 4.21B). This observation 

suggested that, despite its widespread expression in C. elegans embryos, ERL-1 does not 

affect ITR-1 signaling during embryonic development. 

Another function of ITR-1 is to control defecation rates, whereas ITR-1 LOF 

leads to increased defecation cycle lengths and GOF slightly decreases the length of the 

cycle (Dal Santo et al. 1999; Tokuoka et al. 2008). ITR-1 functions in intestinal cells to 
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control defecation rates (Dal Santo et al. 1999). Since ERL-1 does not appear to be 

expressed in the intestine, it is unlikely that ERL-1 would affect this rhythmic behaviour 

by acting on ITR-1. Consistent with that, we did not observe an effect of erl-1(tm2703) 

on defecation rates in wild type, unc-24(e138) or itr-1 mutant strains (Figure 4.21B). 

We investigated the effect of ERL-1 deficiency on three distinct IP3R-dependent 

processes, but our findings do not support a role for ERL-1 in negatively regulating IP3R 

activity. 

4.2.3.6 Lack of ERL-1 does not affect the response to ER stress. 

Mammalian erlins have been shown to play a role in targeting certain proteins for 

degradation by the ERAD pathway (Pearce et al. 2007; Pearce et al. 2009; Wang et al. 

2009b). While activated IP3 receptors appear to be their primary substrates, erlins also 

seem to play a role in ERAD of some other proteins (Pearce et al. 2007; Wang et al. 

2009b). It is therefore conceivable that C. elegans ERL-1 might function in ERAD of a 

broad range of substrates. C. elegans strains with mutations in ERAD show increased 

sensitivity to ER stress, which manifests itself in decreased survival and delayed 

development in the presence of ER stress inducing agents, like tunicamycin (TN) (Darom 

et al.; Sasagawa et al. 2007; Tcherpakov et al. 2008). 

To examine the effect of ERL-1 deficiency on TN sensitivity, we plated wild type 

and erl-1(tm2703) embryos onto NGM plates containing different concentrations of TN. 

After 72 hrs worms were scored by dividing them into three categories: (1) dead, (2) 

younger than L4 (<L4) and (3) L4 and adults (≥L4). We detected no difference in 

development and survival between wild type and erl-1(tm2703) (Figure 4.22). Mutations 

disrupting the ERAD pathway also increase levels of ER stress under basal and ER stress 

conditions (Ye et al. 2004; Sasagawa et al. 2007; Tcherpakov et al. 2008; Darom et al. 

2010). ER stress levels can be monitored using a reporter construct, in which GFP 

expression is controlled by the promoter region of hsp-4. HSP-4 is the C. elegans 

orthologue of the mammalian ER chaperone grp-78/Bip, which becomes transcriptionally 

upregulated in response to ER stress. We examined GFP expression in hsp-4::GFP 

worms by Western blotting and microscopy (Figure 4.23). Erl-1(tm2703) had no apparent 

effect on GFP expression under basal conditions or exposure to 5 μg/ml TN for various  
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Figure 4.22: erl-1(tm2703) does not alter sensitivity to the ER stress-inducing agent 
tunicamycin. 

Wild type (wt) or erl-1(tm2703) embryos were plated onto NGM plates containing the 
indicated concentrations tunicamycin (TN). After 72 hrs animals were grouped into three 
categories (dead, < L4 and ≥ L4). Additive results from three independent experiments 
are shown here. 

lengths of time. Lack of ERL-1 also did not affect hsp-4::GFP expression after heat 

shock. For heat shock treatment, worms were either exposed to 30 °C for 2 hrs and 

harvested immediately or to 34 °C for 30 mins and harvested 2.5 hrs later. Western blot 

analysis also showed that ERL-1 protein levels did not change in response to TN or heat 

shock. Many ERAD proteins become upregulated in response to ER stress, but TN 

treatment had no effect on ERL-1 protein levels (Figure 4.23). 

Thus, as lack of ERL-1 did not change the response to ER-stress, ERL-1 is 

unlikely to be an essential component of the ERAD pathway in C. elegans. 
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Figure 4.23: erl-1(tm2703) does not affect expression of the ER stress reporter hsp-
4::GFP. 

(A) Mostly adult worms of hsp-4::GFP expressing strains (either erl-1 wt or erl-
1(tm2703) ) were plated onto NGM plates containing 5 μg/ml TN or DMSO only. 
Expression of hsp-4::GFP was determined by Western blotting using a GFP specific 
antibody. Western blots were also probed for ERL-1, demonstrating that ERL-1 protein 
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levels are not altered by ER stress treatment, and for actin as loading control. (B) 
Fluorescent images of hsp-4::GFP worms (either erl-1 wt or erl-1 (tm2703)) exposed to 
TN for the times indicated; images of larvae and adults were acquired using a 20x or 5x 
objective respectively. 

4.2.3.7 Lack of ERL-1 does not enhance tau-induced neurodegeneration 

Tau is expressed in neuronal axons, where it binds to microtubules to promote their 

stabilization and polymerization. A hallmark of many neurodegenerative diseases is the 

intracellular accumulation of filamentous tau aggregates, called neurofibrillary tangles, in 

neurons. Frontotemporal dementia with Parkinsonism chromosome 17 type (FTDP-17) is 

caused by a mutation in the gene encoding tau. Expression of human wild type or FTDP

17 mutant tau in neurons of C. elegans causes neurodegeration resulting in a progressive 

unc phenotype. This unc phenotype can be quantitated by measuring thrashing rates of 

worms in liquid (Kraemer et al. 2003). An RNAi screen for modifiers of a 

neurodegenerative phenotype induced by neuronal expression of mutant human tau 

identified ERL-1 as a potential candidate. Knock down of erl-1 expression by RNAi was 

found to enhance tau-induced neurodegeneration in worms expressing neuronal FTDP 

mutant tau (Kraemer et al. 2006). To confirm this finding in a genetic erl-1 null mutant, 

we crossed erl-1(tm2703) worms to the transgenic line expressing mutant human tau, 

which had been used in the original screen. Although we observed a progressive decrease 

in thrashing rates, lack of ERL-1 had no effect on thrashing rates in the transgenic worms 

(Figure 4.24). Thus, we were unable to confirm the result of the RNAi screen and ERL-1 

does not appear to play a role in tau-induced neurodegeneration. 

4.3 Discussion 

4.3.1 Summary 

Erlin function was explored in two distinct model systems, mammalian cell lines and the 

nematode C. elegans. Our studies of erlin function were guided by the findings of others, 

indicating that erlins play a role in targeting activated IP3Rs and some others substrate 

proteins for ERAD (Pearce et al. 2007). While previous characterization of the erlin 

proteins had only been performed in cell culture systems, our study was the first to  
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Figure 4.24: erl-1(tm2703) does not affect tau-induced neurodegeneration. 

Thrashing rates were measured of worms expressing the Paex-3::tau-V337M transgene, 
which induces neuronal expression of a mutant version of human tau and thus causes a 
progressive neurodegenerative phenotype. Worms were either wild type (black bars) or 
tm2703 for erl-1 (white bars). Values represent average (-/+ SD) thrashing rates of 5 
worms, measured 3 times for 1 min. 

examine the role of erlins in the context of a multicellular organism. We identified C. 

elegans as an ideal model organism to study erlin function, since it contains one erlin 

homologue, ERL-1, which is highly similar to mammalian erlin proteins. 

Commonalitities between C. elegans and human erlins include 65% amino acid identity, 

domain structure, biochemical properties and ER localization. Based on this strong 

similarity we postulated that erlin function may be conserved between C. elegans and 

mammals. Although the strong conservation across species suggested an important 

function for erlin proteins, lack of ERL-1 did not produce a detectable phenotype in C. 

elegans. Erlins were previously shown to mediate ERAD of activated IP3Rs (Pearce et al. 

2007). The role of ERAD in regulating IP3R-dependent processes in vivo remains to be 

defined, but it might negatively regulate IP3R signalling. To test this hypothesis we 

examined the effect of erlin deficiency on IP3R dependent processes in wild type and itr-

1 mutant strains of C. elegans. However, our data did not support a role for erlins in 

regulating IP3R activity. Furthermore, the ERL-1 expression pattern in adult worms only 
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partially overlapped with that of ITR-1, demonstrating that ERL-1 is not a ubiquitious 

regulator of ITR-1. 

In addition, we considered that erlins might play a more general role in ERAD. 

Using mammalian cell culture, we examined if erlins play a role in ERAD of the model 

substrate CD3δ. However, neither siRNA-mediated knockdown nor over-expression of 

wild type or potentially dominant-negative mutants of the erlin proteins affected 

degradation of CD3δ. In addition, interactions between erlins and CD3δ or proteins of the 

ERAD pathway could not be detected. Our results differed from previous reports that 

showed an interaction of erlins with certain components and targets of the ERAD 

pathway (Pearce et al. 2007). Since proteins involved in ERAD can become upregulated 

in response to ER stress, we examined if erlin levels were altered by treatment with ER 

stress inducing agents. Yet erlin levels in mammalian cell lines as well as C. elegans did 

not increase in response to ER stress. Instead, erlin protein levels in mammalian cell lines 

decreased slightly following treatment with specific ER stress inducing agents, namely 

BFA and TG. BFA treatment also slightly modified the size of erlin proteins, but the 

specific effects differed between cell lines. Loss of erlin protein did not affect the 

sensitivity to ER stress or ER stress levels in C. elegans. These results indicated that erlin 

does not play an important role in ERAD, as disruptions in the ERAD pathway impair the 

ability of C. elegans to cope with ER stress. 

4.3.2 Involvement of erlins in degradation of CD3δ? 

A previous report by Richard Wojcikiewicz (RW) had suggested that erlins may be 

involved in ERAD of the T-cell receptor subunit CD3δ. This conclusion was based on co

immunoprecipitation of erlin-2 with CD3δ and the fact that siRNA mediated depletion of 

erlin-2 delays degradation of CD3δ (Pearce et al. 2007). These experiments had been 

performed using HeLa cells transiently transfected with CD3δHA. However, we were 

unable to replicate these results. This discrepancy may be due to differences in 

experimental design or cell lines used. In our studies co-immunoprecipitation 

experiments were performed in HeLa and HEK293 cells, and we did not detect an 

interaction between CD3δ and erlins in either of the two cell lines. For 
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immunoprecipitation experiments we lysed cells in a lysis buffer containing 1% NP-40, 

while RW’s group lysed cells in 1% Triton X-100. Although NP-40 and Triton X-100 are 

both non-ionic detergents of similar strength, these minor differences in lysis conditions 

may account for the divergence in results. Moreover, we used different antibodies than 

RW’s group and it is possible that the antibodies used by us were less efficient in 

purifying the target protein, which would lead to reduced co-purification of interacting 

proteins. We also performed shorter incubation periods in our immunoprecipitation 

experiments, which generally reduces the non-specific protein binding, while also 

reducing the efficiency of target protein purification. 

We were unable to reproduce the finding by RW’s group that siRNA-mediated 

knockdown of erlin-2 reduces degradation of the ERAD model substrate CD3δ. It is 

possible that we achieved less efficient erlin protein knockdown and were therefore 

unable to see an effect on degradation of CD3δ. While we examined degradation of 

CD3δ after 2 and 4 hrs of CHX treatment, RW and coworkers measured CD3δ at earlier 

time points, at 1 and 2 hrs after addition of CHX. Measuring CD3δ degradation at earlier 

time points may increase the probability of detecting subtle changes in degradation of the 

model substrate. Whether erlins are indeed involved in ERAD of CD3δ remains to be 

determined but they do not appear to play a major role in this process. 

4.3.3 Potential reasons for BFA-induced changes to erlin proteins 

We found that treatment with BFA, which induces ER stress by blocking retrograde 

transport form the Golgi apparatus to the ER, caused slight decreases and subtle, but 

reproducible changes, to the size of erlin proteins. These effects were specific for BFA 

and not caused by ER stress in general, as they were not observed after treatment with 

other ER stress inducing agents. 

The exact effects of BFA treatment differed between types of erlin proteins and 

cell lines. BFA caused a slight decrease in size of both erlins in HEK293 and MCF7 cells 

and to erlin-1 of HeLa cells. In contrast, a slight size increase of both erlins was observed 

after BFA treatment of HepG2 cells. These changes occurred gradually after several 

hours of BFA treatment. When lysates HEK293 cells were treated with PNGase F, an 

enzyme that removes all types of N-linked glycans from proteins, the BFA-induced size 
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decrease was not apparent any more. This result suggests that BFA causes size changes in 

erlin proteins by inducing N-glycan chain modification. As BFA treatment results in the 

collapse of the Golgi apparatus into the ER, it allows Golgi enzymes, including glycan 

processing enzymes, to enter the ER. In BFA treated cells, N-glycan chains of erlins may 

be processed by Golgi enzymes. The Golgi apparatus contains enzymes involved in 

trimming as well as extension of glycan chains, which could explain why BFA treatment 

both increased and decreased size of erlin proteins (Roth 2002). Once processed by Golgi 

enzymes, N-linked glycan chains acquire resistance to Endoglycosidase H (Endo H). 

Treatment of cell lysates with EndoH could reveal, if N-linked glycans on erlin proteins 

become indeed processed by Golgi enzymes in response to BFA treatment. N-glycan 

residues on other proteins, including T-cell receptor subunits, have been shown to 

undergo processing by Golgi enzymes in response to BFA treatment (Lippincott-

Schwartz et al. 1989). 

However, erlin-2 proteins in HeLa cells exhibited a distinct response to BFA 

treatment. Similar to the effects in other cell lines, BFA treatment caused erlin-2 of HeLa 

cells to increase in size and slightly decrease in levels. In addition, BFA treatments led to 

complete loss in immunoreactivity of erlin-2 pAb. These BFA-induced effects on HeLa 

cell erlin-2 became apparent within 15 min after addition of BFA and thus occurred at a 

much faster rater than BFA-induced effects in other cell lines. Effects on HeLa cell erlin

2 were not due to changes in N-glycosylation as they were still observed after removal of 

N-linked glycans from erlin-2. The loss of erlin-2 pAb immunoreactivity may be caused 

by masking of its binding sites by a different type of modification. The pAb was raised 

against the C-terminus of erlin-2; the modification preventing binding of the antibody to 

its target therefore would have to be within the C-terminal region of erlin-2. Treatment 

with the proteasome inhibitors MG132 and lactacystin delayed BFA-induced effects on 

HeLa cell erlin-2, indicating that erlin-2 may be degraded by the proteasome in response 

to BFA treatment. They type of modification to which the C-terminus of erlin-2 in BFA-

treated HeLa cells is subjected, remains to be identified. Most likely, erlin-2 modification 

is mediated by Golgi enzymes. Posttranslational modifications carried out by Golgi 

enzymes include O-glycosylation, phosphorylation and proteolytic cleavage. The C
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terminus of erlin-2 contains serine and threonine residues that could potentially become 

phosphorylated or O-glycsylated. In addition several lysine residues to which ubiquitin 

residues could be added are found within the same region of erlin-2. Although less likely, 

the C-terminus of erlin-2 may be cleaved off by protease causing a change in 

conformation, which may decrease its mobility on SDS-PAGE gels. It is unclear, why 

inhibition of the proteasome delays BFA-induced modification of erlin-2. 

Although it is an interesting observation that BFA induces cell type specific changes to 

erlin proteins, it does not further our understanding of erlin function. At this point, it is 

unknown why the effects of BFA differ between cell lines. It is conceivable that BFA cell 

type specific effects on other ER proteins, which should be taken into consideration when 

interpreting experiments that employ this compound. 

4.3.4 Characterization of an C. elegans strain deficient in erlin protein 

To study ERL-1 function in C. elegans we utilized a strain carrying a deletion in the erl-1 

gene (allele erl-1(tm2703)). The deletion introduced a frame shift and a premature stop 

codon into erl-1 mRNA, which we confirmed by sequencing of erl-1(tm2703) cDNA. If a 

protein was translated from mutant erl-1 transcript, it would only contain the first 34 

amino acids of ERL-1. This N-terminal stub is unlikely to be functional by itself, as erlin 

function requires formation of high MW complexes (Pearce et al. 2009), which depends 

on C-terminal regions of the protein (Pearce et al. 2009). Western blotting confirmed 

absence of ERL-1 in erl-1(tm2703) worms. Neither full length nor truncated ERL-1 was 

detected by an antibody raised against the C-terminal half of the protein. erl-1 is also not 

predicted to have alternative splice variants that could have been expressed from the 

mutant gene (Ratsch et al. 2007). Because ERL-1 is the only erlin homologue encoded by 

the C. elegans genome, erl-1(tm2703) worms should be completely deficient of 

functional erlin protein. C. elegans strains homozygous for erl-1(tm2703) therefore 

represent an appropriate system to explore the consequences of erlin deficiency in vivo. 

4.3.5 ERL-1 is not a ubiquitous regulator of ITR-1 

The study presented here explored a potential role for ERL-1 in regulating activity of 

IP3Rs. Studies in mammalian cell lines suggested that erlins target activated IP3Rs for 



 

 

 

133 

degradation by the ERAD pathway. Degradation of activated IP3 receptors has been 

observed in a number of cell lines, cultured primary cells and in rat pancreas. However, 

the importance of ERAD for regulating IP3 receptor activity in vivo is currently 

unknown. 

Studying the expression pattern of ERL-1 protein in C. elegans, we found that in 

adult worms ERL-1 was primarily expressed in the germline. In addition, a low amount 

of ERL-1 expression was detected in the head region, in tissues surrounding the posterior 

bulb of the pharynx. Relative to total protein content ERL-1 protein levels are highest in 

embryos and L1 larvae, which might be due to maternal deposition of protein from the 

mother to the embryo. ERL-1 expression only partially overlaps with the expression 

pattern previously reported for ITR-1. Like ERL-1, ITR-1 is expressed in the gonad, but 

it is also found in the pharynx, intestine, excretory cell and certain neurons (Baylis et al. 

1999; Gower et al. 2001). Based on protein expression pattern alone, ERL-1 cannot be a 

ubiquitous necessary regulator of ITR-1. 

We examined the effect of ERL-1 deficiency on three distinct ITR-1-dependent 

processes, namely brood size, embryonic development and defecation rates. In both itr-1 

wild type and mutant backgrounds, lack of ERL-1 had no or a very minor effect on either 

process. Defecation rates are controlled by ITR-1 expressed in intestinal cells (Dal Santo 

et al. 1999). Since ERL-1 is not expressed in the intestine, it was to be expected that 

ERL-1 is not involved in regulation of defecation rates. IP3 signaling affects brood size 

by controlling contractions of gonadal myoepithelial sheath cells. We could not clearly 

establish by immunofluorescence if ERL-1 was expressed in myoepithelial sheeth cells 

surrounding the gonad. It therefore remains to be determined why ERL-1 does not affect 

brood size in an ITR-1-dependent manner. It may be due to lack of ERL-1 expression in 

gonadal sheath cells or because ERL-1 does not affect ITR-1 activity despite being 

expressed in this tissue. We did however show that ERL-1 deficiency did not suppress 

embryonic arrest caused by a weak LOF function mutation in itr-1. Reduced ITR-1 

activity increases rates of embryonic arrest by interfering with epidermal cell migration 

during embryonic development. Since we observed widespread ERL-1 expression in C. 

elegans embryos, ERL-1 is likely present in the same embryonic epidermal cells that 
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express ITR-1. These data suggest that, although certain cells in C. elegans express both 

ERL-1 and ITR-1, ERL-1 has no measureable effect on ITR-1 activity. 

In addition to the processes we investigated, ITR-1 is also involved in regulating 

pharyngeal pumping, male mating behaviour and avoidance to nose touch (Walker et al. 

2002; Gower et al. 2005; Walker et al. 2009). Since we did not detect ERL-1 expression 

in the pharynx, it is unlikely that ERL-1 is involved in regulating pharyngeal pumping. 

erl-1(tm2703) males appeared to mate equally successful as wild type males, suggesting 

that ERL-1 deficiency does not cause any major disruptions in the mating process. 

Based on our results we cannot eliminate the possibility that ERL-1 does play a 

role in targeting IP3Rs for ERAD. Other control mechanisms negatively regulating IP3R 

signaling might be in place, which could compensate for lack of ERL-1. It might be 

necessary to disrupt other negative regulators of ITR-1 in order to reveal a phenotype in 

ERL-1 deficient mutants. Further studies are necessary to determine if C. elegans ITR-1 

is a target of the ERAD pathway, if ERAD of ITR-1 involves ERL-1 and what role 

ERAD plays in regulating ITR-1 activity.  

4.3.6 ERL-1 is not a major player in the ERAD pathway of C. elegans 

In mammalian cells erlins also play a role in targeting certain other proteins for ERAD. 

C. elegans ERL-1 might therefore have a more general function in the ERAD pathway. 

The primary function of ERAD is the removal of unfolded proteins from the ER. 

Disruptions in this pathway therefore lead to increased sensitivity to ER stress and 

elevated ER stress levels in C. elegans. ERL-1 deficiency however did not affect survival 

and development of C. elegans larvae in the presence of TN or expression levels of the 

ER stress reporter transgene hsp-4::GFP under normal and ER stress conditions. Thus 

ERL-1 did not seem to play a major role in the ERAD pathway. Under ER stress 

conditions the hsp-4::GFP reporter is mainly expressed in gut and hypdermis, where we 

did not detect ERL-1 expression. Thus we cannot completely eliminate the possibility 

that loss of ERL-1 increases ER stress specifically in the gonad. To our knowledge none 

of the ER stress reporter transgenes developed to date are expressed in the germline 

(Caruso et al. 2008). This might likely be due to silencing of multicopy gene arrays in the 

germline (Kelly and Fire 1998). Ablation of important players within the ERAD pathway 
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can induce expression of hsp-4::GFP, even if the respective ERAD protein is not 

expressed in the gut or hypodermis (Darom et al. 2010). 

4.3.7 The utility of C. elegans for studying SPFH domain protein function 

This study used C. elegans as a model organism to gain a better understanding of erlin 

function. Although C. elegans is an intriguing organism, the ultimate goal is to determine 

the function of erlins in the context of the human body. Studies of C. elegans homologues 

of other SPFH domain-containing proteins have contributed significantly to the 

understanding of their human counterparts.  

The C. elegans stomatin homologue MEC-2, for example, was discovered in a 

screen for worm mutants with defects in mechanosensation. MEC-2 controls opening of 

the mechanosensitive ion channel MEC-4, and is crucial for sensing mechanic stimuli 

(Huang et al. 1995; Goodman et al. 2002; Zhang et al. 2004). Later, stomatin and its close 

relative SLP-3 were found to be necessary for the functioning of skin mechanoreceptors 

of mice (Martinez-Salgado et al. 2007; Wetzel et al. 2007). Mutations in unc-1 and unc-

24, another C. elegans stomatin homologue, alter sensitivity to some volatile anesthetics 

(Rajaram et al. 1998; Sedensky et al. 2001) and stomatin knockout mice also exhibit an 

altered response to these compounds (Sedensky et al. 2006). Thus the role of stomatin 

family proteins in mechanosensation and response to volatile anesthetics is conserved 

between C. elegans and mice, and initial studies in C. elegans have contributed to the 

functional understanding of their mammalian homologues. In C. elegans and mice loss of 

prohibitins causes embryonic lethality due to defects in mitochondrial morphology and 

function (Artal-Sanz et al. 2003; Merkwirth et al. 2008; Artal-Sanz and Tavernarakis 

2009), indicating that these proteins play a similar role in the development and 

physiology of both organisms. These findings highlight the utility of C. elegans as a 

model organism for studying SPFH domain protein function. 

Although the exact mechanism by which SPFH domain-containing proteins carry 

out their diverse function is not well understood, there is accumulating evidence that they 

function within or even actively from cholesterol-enriched membrane microdomains. 

However the cholesterol content in C. elegans membranes is 20 times lower than in other 

animal plasma membranes, raising the question if lipid raft-like microdomains can even 
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exist in C. elegans membranes (Kurzchalia and Ward 2003). Yet cholesterol is not 

uniformly distributed throughout the C. elegans body, but is instead concentrated in 

specific tissues, including the apical surface of the gut, pharynx, some neuronal cell, 

sperm and oocytes (Matyash et al. 2001; Merris et al. 2003). Embryos also seem to be 

enriched in cholesterol (Matyash et al. 2001). Raft-like domains might only exist in those 

cells of C. elegans that contain high cholesterol levels. C. elegans does express caveolin, 

which associates with DRM fractions in a cholesterol-dependent manner, further 

supporting the existence of lipid raft-like microdomains in C. elegans membranes (Scheel 

et al. 1999). 

Cholesterol binding is required for MEC-2 to function in mechanosensation, 

suggesting that MEC-2 functions within cholesterol-enriched lipid rafts (Huber et al. 

2006). By binding to cholesterol, MEC-2 might cluster cholesterol and thus drive the 

formation of cholesterol-enriched lipid rafts. It remains to be determined if this is true for 

other SPFH domain-containing proteins in C. elegans. 

Despite being the site of cholesterol synthesis, ER membranes of most animal 

cells contain very little cholesterol. C. elegans is unable to synthesize cholesterol de novo 

and needs to consume cholesterol through its diet (Kurzchalia and Ward 2003). It is 

therefore unlikely that ER membranes in C. elegans cells contain any substantial amount 

of cholesterol. However, mammalian erlin proteins are thought to associate with raft-like 

domains in the ER membrane in a cholesterol-dependent manner (Browman et al. 2006). 

It is currently unknown, if lipid raft association is required for erlin function. Erlins in 

both mammals and C. elegans may be able to bind and cluster cholesterol in the ER 

membrane, even if cholesterol levels are extremely low. Alternatively, erlins may 

function outside of membrane microdomains or within microdomains that are formed by 

lipids other than cholesterol. Future studies are necessary to decipher the relationship 

between erlin function and lipid raft association. Identification of lipid species that bind 

to erlin proteins may provide clues as to which lipids form erlin-containing microdomains 

in the ER membrane. 
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Chapter Five: General Conclusions and Future Directions 

5.1 General Conclusions 

This study entailed a detailed biochemical characterization of the erlin proteins. We have 

shown that erlins are capable of forming two types of complexes, oligomers that are 

likely dimers and higher order complexes. These two types of complex formation require 

distinct regions within the erlin proteins, as oligomerization depends on residues 228-299 

and high MW complex formation requires Phe-305. Erlin-2 mutants lacking Phe-305 

disrupt multimeric erlin complexes; based on this finding, we proposed that these erlin 

mutants might have a dominant negative effect on erlin function. High MW complex 

formation of erlins and its dependence on a C-terminal Phe residue is conserved in C. 

elegans, supporting the notion that multimerization is required for erlin function. 

While this study was conducted, another group showed that erlins play a role in 

targeting activated IP3 receptors for ERAD (Pearce et al. 2007; Pearce et al. 2009). The 

group also found that erlin-2 mutants with the same biochemical properties as erlin-2 

F305A (Pearce et al. 2009), have indeed a dominant negative effect on erlin function. 

Thus, by studying complex formation of the erlins and identifying regions mediating 

complex formation, we were able to define functionally important domains within the 

erlin proteins. We generated erlin-2 mutants that disrupt erlin complexes, which provide 

important tools for future studies of erlin function. 

Although complex formation is evidently required for erlin function, it remains to 

be determined if the same is true for association with lipid rafts. Association of erlin 

proteins with lipid raft-like domains is inferred by their localization to DRMs. We have 

found that the same erlin region required for oligomerization is also responsible for DRM 

association. DRM association of erlin proteins depends on cholesterol. However, 

disrupting DRM association of erlin proteins in live cells is challenging, as it is difficult 

to remove cholesterol from intracellular membranes, like the ER membrane. 

As mentioned above, others have proposed that erlins play a role in regulating 

activity and IP3Rs by targeting these proteins for degradation by the ERAD pathway 

(Pearce et al. 2007; Pearce et al. 2009). We tested this model using C. elegans; yet our 

data do not support an important role for erlins in regulating IP3R activity. In addition, 
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we investigated whether erlins play a more general role in ERAD, but our studies in 

mammalian cell lines and C. elegans did not support a major function of erlins in ERAD 

or ER stress in general. 

Based on our data it appears that erlins may have additional yet to be identified 

functions. In this final chapter, potential other functions of the erlin proteins will be 

discussed and possible directions of future studies will be considered. 

5.2 Potential functions of erlins within ER membrane lipid rafts 

While this study was conducted, several novel functions for raft-like domains in the ER 

membrane were described. As erlins are thought to reside in these membrane 

compartments, they could potentially be involved in one of these processes. 

One recent report suggests that ER membrane microdomains might play a role in 

export of GPI-APs from the ER (Bonnon et al. 2010). To exit the ER, proteins are 

packaged into COPII-coated vesicles. Targeting of proteins to COPII vesicles is often 

mediated by binding of cytosolic domains of the cargo protein to specific components of 

the COPII coat. Different targeting mechanisms need to be in place for GPI-APs, as they 

are attached to the luminal side of the ER membrane and cannot come in direct contact 

with cytosolic COPII proteins (Dancourt and Barlowe 2010). In yeast, ER-membrane 

microdomains enriched in ceramide, a precursor of sphingolipids, might mediate sorting 

of GPI-APs into COPII coated vesicles (Simons and Gerl 2010). A recent study showed 

that in mammalian cells, ER export of GPI-APs requires their interaction with a cargo 

receptor complex (p23-p24) (Bonnon et al. 2010). This interaction appears to occur in 

cholesterol-dependent membrane rafts, since both GPI-anchored proteins and p23-p24 

associate with DRMs and their interaction is disrupted by M-β-CD treatment. Cholesterol 

depletion prevents GPI-APs from exiting the ER. These data suggest that cholesterol-

dependent membrane microdomains may exist at ER exit sites (ERES), where they may 

be involved in protein export from the ER by promoting interaction between GPI-linked 

proteins and their cargo receptors (Bonnon et al. 2010). Erlins might associate with these 

lipid raft-like domains at ERES and thereby function in ER export of GPI-APs.  
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Mitochondria associated membranes (MAMs) are an ER sub-compartment that is 

enriched in the raft-forming lipids cholesterol and ceramide. MAM proteins like the 

Sigma-1 receptor (Sig-1R) and inositol-trisphosphate receptor isoform 3 (IP3R3) show 

cholesterol- and ceramide- dependent association with DRMs (Hayashi and Fujimoto 

2010). Sig-1R stabilizes IP3R3 at MAMs and plays an important role in Ca2+ transfer 

from the ER to mitochondria (Hayashi and Su 2007). Targeting of Sig-1R to MAMs 

appears to be mediated by its ability to bind cholesterol and ceramide, and depletion of 

these lipids causes redistribution of MAM proteins away from mitochondria contact sites 

(Hayashi and Fujimoto 2010). Preliminary data by Thomas Simmen (University of 

Alberta, personal communication) suggest that erlins localize to MAMs, where they may 

associate with raft-like domains. Erlins might counteract the stabilizing effect of Sig-1R 

on IP3R3, by targeting this IP3R isoform for degradation by the ERAD pathway. IP3R

mediated Ca2+ transfer from the ER to the mitochondria is important for maintenance of 

mitochondrial function but mitochondrial Ca2+ overload can also lead to induction of 

apoptosis (Decuypere et al. 2010). Disruption of erlin function by siRNA-mediated 

knockdown or expression of dominant-negative mutants may increase IP3R3 levels at 

MAMs leading to increased Ca2+ transfer into the mitochondria, which may render cells 

more susceptible to cell death.  

Thus lipid raft-like domains may not be evenly distributed across the ER 

membrane, but might be concentrated in specific ER compartments, like ERES and 

MAMs. However, based on immunofluorescent staining, erlin proteins appear to be 

distributed throughout the ER membrane. It remains to be determined if erlins also 

localize to MAMs and ERES, where they might associate with raft-like domains. Future 

studies may reveal if lipid raft-like domains also exist in the bulk of the ER membrane. 

Since a large portion of erlin proteins is found in detergent soluble fraction, erlin might 

also function outside of membrane microdomains. 

5.3 Potential role for erlin-2 proteins in breast cancer 

The erlin-2 gene localizes to a genomic region amplified in ~25% of human 

breast cancers, which is named the 8p11-12 amplicon. Genomic amplification of the 
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erlin-2 gene strongly correlates with mRNA overexpression, which could indicate a role 

for erlins in breast cancer development (Garcia et al. 2005; Prentice et al. 2005). It would 

be interesting to explore if erlin-2 protein is upregulated in breast cancers showing 8p11

12 amplification. In that case, erlin-2 may play a role in breast cancer development or 

represent a marker for specific types of breast cancer.  

One can only speculate about a potential role for erlin-2 in breast cancer 

progression. Overexpression of erlin-2 proteins may increase resistance of cells to 

apoptotic stimuli by reducing IP3R levels at MAMs. Alternatively, erlin may be involved 

in protein folding or export of proteins from the ER and elevated levels of erlin-2 may 

improve efficiency of protein synthesis and trafficking, providing breast cancer cells with 

a growth advantage. Future studies are necessary to determine if erlin-2 is overexpressed 

in certain types of breast cancer, and if and how this contributes to the development of 

the disease. 

5.4 Potential involvement of erlins in maturation or trafficking of cell surface 
proteins 

Mass-spectrometry studies identified erlins as interactors of the α1D-adrenergic 

receptor and components of the γ-secretase complex (Lyssand et al. 2008; Wakabayashi 

et al. 2009). Both types of proteins are TM proteins, which are synthesized in the ER and 

subsequently transported to the Golgi apparatus, PM and endosomes. Erlins may be 

involved in folding, stabilization or degradation of these proteins in the ER or in their 

export from the ER. Further studies are necessary to determine the effect of erlin proteins 

on these TM proteins. 

5.5 Concluding remarks 

Our study and work by Richard Wojcikiewicz have contributed greatly to the 

understanding of the biochemistry of erlin complexes. In addition, there is strong 

biochemical evidence that erlin proteins are required for targeting activated IP3 receptors 

for ERAD. It is however unclear how ERAD regulates IP3R-dependent processes in vivo 

and our data showed that erlin proteins are not ubiquitous regulators IP3R signalling in C. 
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elegans. Future studies are required to uncover the physiological importance of IP3R 

ERAD. It is likely that the erlin proteins also have other functions, which remain to be 

discovered. Erlin may play a role in export of GPI-APs from the ER, in Ca2+ transfer 

from the ER to mitochondria or in the maturation and trafficking of certain cell surface 

proteins. Their strong evolutionary conservation certainly supports an important role of 

these proteins. Whether erlins are indeed components of lipid raft-like domains in the ER 

membrane remains currently unresolved. Thus far, lipid raft association of erlin proteins 

is only indicated by their DRM association, but further studies are necessary to reveal if 

erlins indeed localize to lipid domains in the ER. Erlins may even actively form lipid rafts 

by binding to specific lipids, which has been proposed for other SPFH domain containing 

proteins. Future work could elucidate, if erlins are found in ER membrane domains, 

which other proteins and lipids co-cluster in these domains and how 

compartmentalization within the ER membrane relates to erlin function. 
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APPENDIX A: BUFFERS AND SOLUTIONS 

Aprotinin/Leupeptin (A/L) 

Stock: 10 mg/ml of each in ddH2O 
add to lysis buffers 1:1000 

PMSF 

Stock: 100 mM in absolute ethanol 
add to lysis buffers 1:100 

Phosphate buffered saline (PBS) 

0.21 g KH2PO4 

0.726 g Na2HPO4 

9.0 g NaCl 
1.0 L ddH2O 

His-tag lysis buffer 

50 mM NaH2PO4 

300 mM NaCl 
10 mM Imidazole 
Adjust to pH 8 with NaOH 
1% Triton-X100 final (resuspend bacteria in 2 volumes of  lysis buffer without T-X100    
first, add 1 volume of lysis buffer with 3% T-X100) 
A/L, PMSF 

His-tag wash buffer 

50 mM NaH2PO4 

300 mM NaCl 
20 mM Imidazole 
1% Triton-X100 
Adjust to pH 8 with NaOH 
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His-tag elution buffer 

50 mM NaH2PO4 

300 mM NaCl 
250 mM Imidazole 
1% Triton-X100 
Adjust to pH 8 with NaOH 

GST lysis buffer 

20 mM HEPES-NaOH pH 7.5 
1 mM EDTA 
150 mM NaCl 
1% Triton-X100 final (resuspend bacteria in 3 volumes of  lysis buffer without T-X100 
first, add 1 volume of lysis buffer with 4% T-X100) 
PMSF, A/L 

GST wash buffer 

same as GST lysis buffer with 0.5% T-X100 

4x Laemmli sample buffer 

20% glycerol 
10% β-mercaptoethanol  
8% SDS 
250 mM Tris base pH 6.8  
0.004% bromophenol blue 

30% Acrylamide solution 

29.2% acrylamide 
0.8% bis-acrylamide in ddH2O, filtered 

4x Lower gel buffer 

1.5 M Tris-HCl, pH 8.8 
0.4% SDS 
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4x Upper gel buffer 

0.5 M Tris-HCl pH 6.8 
0.4% SDS 

10% SDS-polyacrylamide resolving gel (10%) 

10 ml 30% acrylamide 
12.2 ml ddH2O 
7.5 ml 4x lower gel buffer 
300 μl 10% APS 
30 μl TEMED 

SDS-polyacrylamide separating gel 

1 ml 30% acrylamide 
3.7 ml ddH2O 
1.6 ml upper gel buffer 
80 μl 10% APS 
14 μl TEMED 

Gel running buffer 

25 mM Tris base 
192 mM glycine 
0.1% SDS 

Towbin buffer (Western blot transfer buffer) 

25 mM Tris base 
192 mM glycine 
20% methanol 
0.1% SDS 

Tris-buffered saline (TBS) 

5mM Tris-HCl, pH 7.5 
135 mM NaCl 
5 mM KCl 
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Enhanced chemiluminescence (ECL) reagents 

Solution 1 
30% H2O2 
0.1 M Tris, pH 8.5 

Solution 2 
2.5 mM luminol 
0.4 mM coumaric acid 
0.1 M Tris, pH 8.5 

TAE-buffer for agarose gels 

40mM Tris acetate 
1mM ethylenedinitrilo tetraacetic acid (EDTA), pH 8.0  

6x DNA loading dye 

30% glycerol 
100mM EDTA pH 8.0 
0.25% bromphenol blue 
0.25% xylene cyanol 

RIPA buffer 

10 mM Tris-HCl pH 8.0 
150 mM NaCl 
10% Glycerol 
1% Triton-X100 
1% Sodium Deoxycholate 
0.1% SDS 
A/L, PMSF 

Hypotonic medium 

10 mM HEPES-KOH pH 7.5 
10 mM KCl 
1 mM MgCl2 

A/L, PMSF 
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Mes-buffered saline (MBS) 

25mM morpholineethanesulfonic acid (MES) pH 6.5 
150mM NaCl 

NP40-lysis buffer 

50 mM HEPES pH 7.5 
150 mM NaCl 
1.5 mM MgCl2 

1 mM EGTA 
10% glycerol 
1% NP-40 
A/L, PMSF 

TNE-based lysis buffer with 1% T-X100 

150 mM NaCl 
50 mM Tris HCl pH 8.0 
1 mM EDTA 
1 mM DTT 
1% Triton-X100 
A/L, PMSF 

M9 buffer 

3 g KH2PO4 

6 g Na2HPO4 

5 g NaCl 
1 ml 1 M MgSO4 

H2O to 1 L 

Alkaline lysis buffer 

25 mM NaOH 
0.2 mM Na2EDTA 

Neutralizing buffer 

40 mM Tris-HCl 
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3x worm lysis buffer 

150 mM KCl 
7.5 mM MgCl2 
30 mM Tris-HCl pH 8.5 
1.35% Tween-20 
1.35% NP-40 
0.003% Gelatin 
add 5 μl of 20 mg/ml Proteinase K (NEB) to 75 μl 3x worm lysis buffer right before use 
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APPENDIX B: PCR RECIPES AND CYCLING CONDITIONS 


Recipe 
PCR for cloning 
1 μl template (2 ng/ μl) 
10 μl 5x HE buffer 
1 μl 10 mM dNTPs 
1 μl 10 μM forward primer 
1 μl 10 μM reverse primer 
0.5 μl Phusion DNA polymerase 
(Finnzymes/NEB) 
35.5 μl ddH2O 

Cycling conditions 

1. 98 °C for 30 sec 
2. 98 °C for 10 sec 
3. Tm1 for 30 sec 
4. 72 °C for 30 sec 
5. repeat steps 2-4 9 times 
6. 98 °C for 10 sec 
7. Tm2 for 30 sec 
8. 72 °C for 30 sec 
9. repeat steps 6-8 24 times 
10. 72 °C for 10 min   
11. 4 °C forever 
Tm1= Annealing temperature of primer 
sequence complementary to template 
Tm2= Annealing temperature of complete 
primer sequence 

A-tailing reaction 
7.5 μl gel purified PCR product 1. 70 °C for 30 min 
1 μl 10x Taq buffer 2. 4 °C forever 
1 μl 2 mM dNTPs 
0.5 μl Taq Polymerase 

PCR for site directed mutagenesis 
50 ng DNA template 
5 μl 10x Pfu buffer 
125 ng forward primer 
125 ng reverse primer 
1 μl 10 mM dNTP 
1 μl DMSO 
1 μl Pfu polymerase (Stratagene) 
ddH2O to 50 μl 

1. 95 °C for 5 min 
2. 95 °C for 30 sec 
3. 55 °C for 1 min 
4. 68 °C for 1 min per kb 
5. repeat steps 2-4 17 times 
6. 68 °C for 7.5 mins 
7. 4 °C forever 

RT-PCR 

2 μl cDNA 
5 μl 10x Taq buffer 
1 μl 10 mM dNTPs 
1 μl 10 μM forward primer 
1 μl 10 μM reverse primer 
0.4 μl Taq polymerase 
39.6 μl ddH2O 

1. 95 °C for 5 min 
2. 92 °C for 30 sec 
3. Tm for 30 sec 
4. 72 °C for 1 min 
5. repeat steps 2-4 25-35 times 
6. 72 °C for 5 min 
7. 4 °C forever 
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Genomic PCR for C. elegans 
2.5 μl worm lysate 
2.5 μl 10x PCR buffer 
0.5 μl 10 mM dNTPs 
0.5 μl 10 μM forward primer  
0.5 μl 10 μM reverse primer  
0.25 μl Taq Polymerase (NEB) 
18.25 μl ddH2O 

1. 94 °C for 5 min 
2. 94 °C for 30 sec 
3. Tm for 30 sec 
4. 72 °C for 1 min 
5. repeat steps 2-4 34 times 
6. 72 °C for 7 min 
7. 4 °C forever 
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APPENDIX C: PRIMER SEQUENCES 

Table III.1. Primer sequences used for cloning of erlin constructs 

Erlin 
contruct 

Forward primer Reverse primer 

E1 N240 
GFP 

CCGCTCGAGAATGAATAT 
GACTCAAGCCC     

ACCGGTCCCTTTTCAGTTTCTTTTT 
CCAT 

E1 N305 
GFP 

ACCGGTCCGAACATGTT 
AGGGATGTT GC 

E1 N188 
HA 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCAGCC 
TCCATTAA CTCAAAATT 

E1 N240 
HA 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCCTT 
TTCAGTTTCTTTTTCCAT 

E1 N305 
HA 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCGAAC 
ATGTTAGGGATGTTG 

E1 FL 
FLAG 

ATCGATTCACTTGTCATCGTCGTC 
CTTGTAATCTCCTCCACCTGTGCT 
CTCTTTGTT 

E1 FL 
HA 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCACCT 
GTGCTCTCTTTGE1 ΔN30 

HA 
CCGCTCGAGCCGCCATGC 
ATCTGGCTGTGTACTACA 
GE1 ΔN30 

GFP 
ACCGGTCCACCTGTGCTCTCTTTGT 
TTTG 

E2 N60 
GFP 

CCGCTCGAGCCGCCATGG 
CTCAGTTGGGAGC 

E2 N188 
GFP 
E2 N227 
GFP 

ACCGGTCCGATCTCAGCCACCTG 
GG 

E2 N305 
GFP 

ACCGGTCCGAACATGTTAGGAAT 
GTCTTT 

E2 N188 
HA 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCACTTT 
CCATCAACTCGTAG 

E2 N227 
HA 

CCATCGATTCAAGCGTAATCTGG 
AACATCGTATGGGTATCCTCCGAT 
CTCAGCCACCTGGG 

E2 N300 
HA 

ATCGATTCAAGCGTAATCTGGAAC 
ATCGTATGGGTATCCTCCGTCTTTG 
CCAAAGTAAATCT 
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E2 N305 
HA 

CCGCTCGAGCCGCCATGG 
CT CAGTTGGGAGC 

CCATCGATTCAAGCGTAATCTGG 
AACATCGTATGGGTATCCTCCGAA 
CATGTTAGGAATGTCTTT 

E2 FL 
FLAG 

ATCGATTCACTTGTCATCGTCGTC 
CTTGTAATCTCCTCCATTCTCCTT 
AGTGGCCGT 

E2 ΔN30 
HA CCGCTCGAGCCGCCATGA 

TATTGGGGTATATTACAG 

CCATCGATTCAAGCGTAATCTGGA 
ACATCGTATGGGTATCCTCCATTCT 
CCTTAGTGGCCGTCTCCAAG 

E2 ΔN30 
GFP 

ACCGGTCCATTCTCCTTAGTGGCCG 
T 

ERL-1 
HA 

CCGCTCGAGCCGCCATGC 
TAACCGAGTTGGCGC 

CCATCGATTCAAGCGTAATCTGG 
AACATCGTATGGGTATCCTCCGAC 
AGTCTGTTGAGTGGTC 

His-ERL
1 (182
312) 

GGTGGATCCGAGAGAAA 
ATGGAAGCTGAAAAGA 

CCACCACTGCAGCTAGACAGTCTG 
TTGAGTGG 

GST
ERL-1 
(182-312) 

GGTGGATCCGAGAAAAT 
G GAAGCTGAAAAGA 

CCACCACCCGGGCTAGACAGT 
CTGTTGAGTGG 

erl-1 
reporter 1 

GGTGGTCTGCAGTTAGTT 
TTTTATTGTTTTATTTGCC CCACCAGGATCCATTTCTAAATAT 

AGACTTTCACT erl-1 
reporter 2 

GGTGGTGCATGCGTACTA 
TATTTAAAATAGTTTGAA

erl-1 
reporter 3 

G CCACCAGGATCCGATCGTAGTCCA 
CGGTGT 

Table III.2. Primers used for site-directed mutagenesis 

Mutant Forward primer Reverse primer 

E2 F305A 
GACATTCCTAACATGGCCATG 
GACTCTGCGGGC 

GCCCGCAGAGTCCATGGCCA 
TGTTAGGAATGTC 

E2 
IPMFM
A 

CTTTGGCAAAGACGCTGCTAC 
GCGGCCGCGGACTCTGCGGG 
CAG 

CTGCCCGCAGAGTCCGCGGC 
CGCGTTAGCAGCGTCTTTGCC 
AAAG 

ERL-1 
F303A 

GCATCCCACAAGCAGCCGTC 
ATGGGGACC 

GGTCCCCATGACGGCTGCTT 
GTGGGATGC 
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Table III.3. Primers used for RT-PCR 

target 
mRNA 

Forward primer Reverse primer 

erlin-1 GAGCTTTACTAACTAGCCCCA 
GTG 

GCACAGCTTGTATAGTGAGAC 
CT 

erlin-2 GAATGTACCTTGTGGGACTAG 
TGG 

CTTCTCAGTCTCCTTCTCCATC 
AC 

grp-78 GCCAAGCAACCAAAGACGCTG 
GAA 

TCCAACACTTTCTGGACGGGC 
TTCA 

GAP-
DH 

CGGAGTCAACGGATTTGGTCG 
TAT 

AGCCTTCTCCATGGTGGTGAA 
GAC 

erl-1 ATGCTAACCGAGTTGGCGCT GGATGAGGCGTGACAGGTAT 

Table III.4. Primers used for sequencing of itr-1 mutants 

itr-1 allele Forward primer Reverse primer 
sy290 GTTACCTGTGAACCCCGATG CTGAGAAGCGGTCCAAGTTC 
sa73 TCAAATTCCAATGGACCACA CCCGATACCAATTCCTTGAA 

Table III.5. Primers used for erl-1(tm2703) genotyping 

erl-1 
(tm2703) 

Forward primer Reverse primer 

outside AGGTGGAGTACGGCTAGTGG ACTTGAGCAGCCTTCTCTGC 
inside ATGTGCCTTGTGGAACGTCT GCATTCTTGATTTCTTCGTCAA 
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