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(8)Introduction 


It is widely believed that elevated plasma levels of cholesterol play a central role in the 
 development of atherosclerosis. The risk of coronary heart disease is directly related to the 
 plasma level of low-density lipoprotein (LDL) cholesterol and inversely related to plasma high- 
 density lipoprotein (HDL) cholesterol levels [1, 2, 3]. Lowering the level of LDL cholesterol 
 diminishes the risk of coronary events and improves survival [4], underscoring the importance of 
 identifying individuals with elevated plasma cholesterol levels, especially those with concomitant 
 risk factors for developing premature coronary heart disease. Genetic and dietary factors as well 
 influence plasma LDL cholesterol levels, but detailed knowledge of their complex interplay is not 
 yet well defined. Twin and family studies suggest that about 50% of the observed inter-individual 
 variation of the LDL and HDL levels is caused by genetic factors [5, 6]. 


Mutations in the LDL receptor gene are responsible for the relatively common Mendelian 
 inherited disorder Familial Hypercholesterolemia (FH), occurring with a frequency of 1 in 500 in 
 most populations, but accounting only for about 5% of coronary artery disease in middle aged 
 patients [7]. Similar to the general population a significant inter-individual variation is observed 
 in the degree of hypercholesterolemia, and in the onset of atherosclerotic disease symptoms 
 among heterozygous FH patients [8, 9, 10]. In FH and in the general population as well the 
 variation is caused by a combination of environmental factors and genetic factors. The genetic 
 variation cannot be ascribed to sequence variations in the LDL receptor gene alone [11, 12]. 


Actually, in most families segregation of plasma LDL concentrations is not consistent with 
 simple Mendelian inheritance, suggesting that inherited variation in LDL concentrations 
 presumably reflects a combination of common sequence polymorphisms in genes that modulate 
 the regulation, biosynthesis, and clearance of cholesterol.  


Most of LDL cholesterol is cleared from plasma by LDL receptor mediated up-take. After 
synthesis the LDL receptor is folded and modified in the lumen of the endoplasmic reticulum 
(ER). The folding process is assisted by molecular chaperones; a diverse group of proteins, which 
in addition to assist protein folding, also takes part in quality control reactions. The term “quality 
control” has been coined to describe the phenomenon whereby only properly folded or assembled 
proteins are exported from the ER. About half of the characterized mutations in the LDL receptor 
gene lead to LDL receptor protein which is retained in the ER, indicating that misfolding is a 
frequent cause of defective LDL receptors [13], and that protein folding and processing events 
are directly implicated in the pathophysiology of FH. We hypothesised that individual variations 
in the regulation or function of the quality control system could contribute to explain the 
observed variations in the plasma LDL concentration both among FH patients and in the general 
population. Nevertheless, when this project was initiated only limited information about which 
factors assisted the folding and maturation of the LDL receptor was available. Therefore, a main 
purpose of this study was the identification of chaperones interacting with the newly synthesized 
LDL receptor.



(9)Background 


Lipoprotein Metabolism 


The lipids cholesterol and triglycerides have very important cellular functions owing to the fact 
 that triglycerides are an energy source, while cholesterol is the raw material for the 
 manufacturing of steroid hormones and bile acids. A drawback for cholesterol is that the very 
 same property making it useful in cell membranes, namely its absolute insolubility in water, also 
 makes it lethal. Simplified, the insolubility of cholesterol in water can cause an accumulation of 
 cholesterol in the wrong place, for example within the wall of an artery. In order to maintain a 
 low concentration of cholesterol in the blood and to lower its tendency to escape from the 
 bloodstream as well, multicellular organisms esterify the sterol with long-chain fatty acids. These 
 esters are packed inside the hydrophobic cores of plasma lipoproteins. The function of the 
 lipoproteins is primarily to transport lipids, mainly the triglycerides and cholesteryl esters from 
 their sites of synthesis and absorption, to sites of utilization and storage.  


The lipoproteins are classified into five main types according to their densities (reviewed in [14]). 


The largest and least dense lipoprotein consists in the chylomicrons, after this the very low 
 density lipoproteins (VLDL), the intermediate density lipoproteins (IDL), the low density 
 lipoproteins (LDL), the most abundant cholesterol-carrying lipoprotein in human plasma, and 
 finally the high density lipoprotein (HDL). 


The lipid transport system can be divided into three pathways (Fig. 1). The exogenous pathway 
 transports dietary lipids and fat-soluble vitamins from the gut to the tissues, while the endogenous 
 pathway transports the lipids synthesized by the liver to the tissue. Finally, the reverse cholesterol 
 transport transports excess cholesterol and cholesteryl esters from peripheral tissues back to the 
 liver for excretion (reviewed in [14]). The three pathways are briefly described below. 


The Exogenous Pathway: After absorption from the intestine, dietary triglyceride and cholesterol 
 are secreted into lymph as chylomicrons, which carry apo B-48 as their structural protein. In 
 plasma, an exchange of apolipoproteins between chylomicrons and HDL takes place, and an 
 increase in the amount of apo C and apo E on chylomicrons will be noted. Apo C-II activates the 
 enzyme lipoprotein lipase (LPL), which is present on endothelial cells in adipose tissue and 
 muscle. This enzyme hydrolyses triglycerides from the chylomicron core, and liberated fatty 
 acids are taken up in adipose tissue and muscle in which they are re-esterified to triglycerides and 
 stored for energy reserve. The remaining particles, chylomicron remnants, return some 
 apolipoproteins and surface structures such as phospholipids to HDL, and they are then taken up 
 by the liver through receptor-mediated endocytosis dependent on apo E. 


The Endogenous Pathway: In the liver, endogenous lipoprotein is synthesized, especially VLDL 
is a characteristic particle of this pathway. It consists mainly of apo B-100 and triglycerides. 



(10)These triglyceride-rich particles go through a corresponding successive catabolism through the 
 influence of LPL, and a remnant particle, IDL, is formed. IDL may either be taken up by hepatic 
 LDL receptors, or progressively further catabolysed to LDL, which solely contains apo B-100 as 
 apolipoprotein. LDL may then be taken up by specific LDL receptors [15] localized in the liver 
 and in the peripheral tissue. A problem with LDL is that it is cleared very slowly and shows a 
 tendency of accumulating in the plasma. 


The LDL receptor is responsible for taking up most of the LDL, and it in position to recognize, 
 bind and remove chylomicron remnants, VLDL remnants, and IDL too. The apolipoproteins 
 enable the LDL receptor to distinguish and bind the different lipoproteins. If the LDL receptor is 
 defect, the rate of clearance of LDL is decreased, and consequently the concentration in plasma is 
 raised. When the LDL receptor activity is defective, less VLDL remnants are cleared, and 
 therefore a higher amount is available to be converted to LDL. -The removal of LDL is impaired, 
 resulting in an increased concentration of LDL in plasma and an increase in its half-life in 
 plasma, which shows in the peripheral tissues in xanthomata and an accelerated rate of 
 atherosclerosis.   


Reverse Transport: Reverse cholesterol transport is the process in which peripheral cells release 
 cholesterol to an extra cellular acceptor such as high-density lipoprotein (HDL) which then 
 mediates cholesterol delivery to the liver for excretion (reviewed in [16]). Reverse cholesterol 
 transport represents a physiological mechanism by which peripheral tissues are protected against 
 excessive accumulation of cholesterol. The enzyme lecithin-cholesterol acyltransferase (LCAT) 
 is important in this transport through its action in the removal of free cholesterol on the HDL 
 surface into the core of the HDL particle. The esterified cholesterol can then be transferred to 
 other lipoproteins, such as IDL and chylomicron remnants, under the influence of the 
 cholesterylester transfer protein (CETP). 


The LDL receptor is not the only way to remove LDL from plasma; in fact one-third of plasma 
LDL is degraded by LDL receptor independent pathways [7]. However, only limited information 
about the responsible cellular and biochemical mechanisms is available. It has been suggested 
that the receptor independent removal of LDL is divided about equally between the liver and the 
extra hepatic tissues [17, 18]. Some of the plasma LDL is taken up by macrophages which 
express receptors for LDL that has been altered by for example oxidation or by complexing with 
other molecules. These receptors are called “scavenger receptors” [19]. This uptake of modified 
LDL results in conversion of macrophage to foam cells as seen in vivo in xanthomas and 
atherosclerotic plaques [19, 20]. 



(11)Figure 1. Simplified scheme of lipoprotein metabolism in man showing the exogenous pathway for 
 chylomicron mediated transport of dietary lipids and fat-soluble vitamins, the endogenous pathway for 
 VLDL mediated transport of liver synthesized lipids, and finally, the reverse cholesterol transport of 
 excess cholesterol from peripheral tissue and back to the liver. LPL: Lipoprotein lipase. LCAT: Lecithin-
 cholesterol acyltransferase. 


Familial Hypercholesterolemia 


Familial hypercholesterolemia (FH) is an autosomal dominant inherited disorder, caused by 
 mutations in the LDL receptor gene. The disorder is clinically characterized by elevated 
 concentration of LDL cholesterol, the presence of tendon xanthomata, and a family history of 
 identical symptoms in a first degree relative. FH is one of the most common inherited metabolic 
 disorders, occurring in about 1 in 500 individuals in most populations. Heterozygous FH patients 
 tend to have a 2- to 3-fold increase in the concentration of LDL in plasma (6.0-14.0 mmol/l) 
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(12)resulting in a 25-fold increased risk of premature CHD compared to the general population [21]. 


Consequently, heterozygous FH is associated with a substantial excess mortality from CHD 
 especially among young adults [22]. Homozygous FH is a rare disorder with an estimated 
 frequency of 1 in 106. However, it is a more severe disorder compared to heterozygous FH, 
 characterized by a 6- to 8-fold (≥15 mmol/l) increase in plasma LDL levels and often resulting in 
 death from myocardial infarction before age 20.  


Treatment of FH is aimed at reducing levels of LDL cholesterol in order to retard progression of 
 atherosclerotic lesion and decrease risk of CHD. The transcription of the LDL receptor gene is 
 maintained under tight feedback regulation by cellular levels of sterols, and it is possible to up-
 regulate the LDL receptor gene by keeping the cholesterol level inside the hepatocytes low 
 (reviewed in [7]). Statins competitively inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG 
 CoA) reductase, which catalyzes the committed step of the cholesterol synthesis in the cell. 


Suppressing the intracellular cholesterol synthesis by statin treatment significantly lower plasma 
 LDL cholesterol levels in heterozygous FH patients. A recent study showed that high dose 
 treatment of FH patients with Simvastatin reduced LDL cholesterol levels by 48% to mean levels 
 of 4.29 mmol/l [23]. Combined with diet and other lipid lowering drugs, such as bile-acid binding 
 resins, the treatment of heterozygous FH is quite effective. In contrast, patients with homozygous 
 FH respond little to any drug therapy owing to the fact that they posses no or only few 
 functionally LDL receptors to be stimulated. The preferred treatment in homozygous FH today is 
 selective removal of apo B-containing lipoproteins by LDL aphaeresis, combined with statin 
 treatment [24].  


The Low-Density Lipoprotein Receptor Gene Structure 


The LDL receptor gene is located at the distal end of the short arm of chromosome 19 (19p13.1), 
 it is approximately 45 kb in length, and it is comprised of 18 exons and 17 introns [25]. The 
 cDNA is 5.3 kb long of which 3.5 kb is coding. More of the exons share evolutionary history 
 with exons of other genes and a correlation from the exons to the functional domains of the 
 protein can be drawn. Exon 1 encodes the signal sequence responsible for targeting of the 
 receptor to the ER (Fig. 2). Exon 2-6 encode the ligand binding domain, and exon 7-14 encode a 
 region that shares sequence identity to the human epidermal growth factor (EGF) precursor gene. 


This domain contains three 40 amino acid cysteine-rich growth factor repeats, which are 
 designated A, B, and C. The A and B repeats are separated from the C repeat by five repeats 
 containing the conserved amino acid motif Tyr-Trp-Thr-Asp usually referred to as YWTD-
 repeats. Exon 15 encodes 58 amino acids that are enriched in serine and threonine residues, many 
 of which serve as attachment sites for O-linked carbohydrate chains. Exon 16 and the 5’end of 
 exon 17 encode the membrane-spanning domain that anchors the protein to the cell membrane. 


The remainder of exon 17 and the 5’end of exon 18 encode the cytoplasmic part of the protein 
containing the signal that clusters the receptor in clathrin-coated pits. 
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The Promoter Region of the LDL Receptor Gene 


Expression of the LDL receptor is regulated by the abundance of sterols within the cell. When 
 cholesterol is plentiful, transcription of mRNA for the receptor becomes minimal. Conversely, 
 when the cell is deprived of cholesterol, transcription is strongly stimulated. The basic regulatory 
 region of the LDL receptor is located within 177 bp of the proximal promoter and consists of two 
 TATA-like sequences and three imperfect direct repeats of 16 bp (Fig. 3).  


Figure 3. Simplified schematic representation of the promoter region of the LDL receptor gene. See text 
 for details.  


Repeat 1 and 3 contain binding sites for the transcription factor Sp1 and contribute to basal 
 transcription of the LDL receptor gene. The target for sterol regulation is a 10 bp sterol response 
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Figure 2. Domain structure of the 
 LDL receptor. The domains of the 
 839 amino acid receptor protein 
 are shown at left and the 
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 blue. (Redrawn from Hobbs et al.


1990 [13].  



(14)element (SRE-1), which is recognition site for the transcription factor sterol regulatory element-
 binding protein (SREBP), a conditionally positive transcription factor that is active only under 
 conditions of sterol deprivation [26]. In response to sterol deprivation SRERP is activated by the 
 Golgi localized site-1 protease (S1P) and site-2 protease (S2P) [27]. In order to be processed by 
 S1P, SREBPs must be transported to the Golgi complex by the escort protein: SREBP cleavage-
 activating protein (SCAP) (Fig. 4). Sterols block the exit of the SCAP/SREBP complex from the 
 ER, thereby blocking SREBP processing and repressing their own synthesis and the LDL 
 receptor synthesis [28]. The S1P and S2P proteases are also known for being important factors in 
 activation of the “unfolded protein response” (UPR) system by cleavage of the ATF6 
 transcription factor [29], which will be discussed later in this thesis. In addition, the LDL receptor 
 transcription can be regulated by non-sterol mediators such as growth hormone and cytokines 
 [30, 31]. 


Figure 4. Model for the sterol-mediated proteolytic release of SREBP from membrane. SCAP is sensor of 
 sterols and an escorter of SREBP. When cells are depleted of sterols, SCAP transports SREBP from the 
 ER to the Golgi. Release of SREBP from the membrane is initiated by S1P. S2P cleaves the N-terminal 
 basic helix-loop-helix (bHLH) domain of SREBP, which is transported to the nucleus, where it activates 
 transcription of the LDL receptor and multiple other genes involved in the biosynthesis of cholesterol and 
 fatty acids as well. W: protein/protein interacting domain. R: Regulatory domain of SREBP. (Redrawn 
 from Goldstein et al., 2002 [32]). 


The LDL Receptor Protein 


The LDL receptor is a cell surface glycoprotein which is in a position to recognize and bind apo 
 B-100, the sole protein of LDL and apo E, which exists in multiple copies in IDL and a subclass 
 of HDL. The LDL receptor consists of 860 amino acids including a N-terminal signal sequence of 
 21 amino acid residues which is cleaved from the receptor immediately after it is translated, 
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(15)leaving a receptor protein of 839 amino acids (Appendix 1). Based on its primary sequence the 
 LDL receptor is proposed to consist of 5 different domains (Fig. 2) [13]. Although the structure 
 of different parts of the LDL receptor is elucidated, the overall 3D structure is still unknown.  


Ligand binding domain. The most N-terminal located domain is the ligand binding 
 domain. It consists of seven complement-like ligand binding repeats, each with a 
 sequence length of about 40 amino acids. The repeats are stabilized by three disulfide 
 bonds and a Calcium ion. High affinity binding of apo B-100 and apo E requires different 
 combinations of repeats, but repeat 5 is crucial for binding of both lipoproteins [33].  


Epidermal growth factor (EGF) precursor homology domain: The second domain 
 consists of about 400 amino acids, and contains three EGF repeats (Fig. 2 A, B and C). 


The A and B repeats are separated from the C repeat by five YWTD repeats.  This domain 
 is necessary for dissociation of lipoprotein from the LDL receptor at low pH in the 
 lysosomes and recycling of the receptor to the cell surface.  


O-linked glycan domain: About two third of the eighteen O-linked glycans that are 
 present in the mature LDL receptor is clustered in the O-linked glycan domain. The role 
 of the O-glycosylation in the LDL receptor is not totally elucidated. Deletion does 
 apparently not affect expression, binding or recycling of the receptor, at least not in 
 fibroblasts [34]. Furthermore, deletion of exon 15 of the LDL receptor gene is associated 
 with a mild form of FH [35]. It has been suggested that the O-glycosylation protects the 
 receptor against proteolytic cleavage or serve to keep the receptor protein in an upright 
 position to ease the ligand binding [34].  


Transmembrane domain: The fourth domain is the membrane spanning domain, 
 consisting of 22 amino acids. Receptors lacking this domain are directly secreted into the 
 extra cellular medium. 


Cytosolic domain: The cytosolic domain comprises the 50 C-terminal amino acids, and 
 contains two discrete signals, one for localizing the receptor in clathrin coated pits and 
 another for efficient basolateral targeting of the receptor [36].  


The Life Cycle of the LDL Receptor 


The synthesis of the LDL receptor occurs on membrane bound ribosomes attached to the 
 endoplasmic reticulum (ER) with the N-terminus of the nascent peptide inserted into the ER (Fig. 


5). The 21 amino acid long precursor protein is cleaved off in the ER, afterwards N-linked 
carbohydrate chains and the core sugar (N-acetylgalactosamine) of the O-linked sugar chains are 
added resulting in a protein which runs with an apparent molecular mass of 120 kDa on reducing 
SDS-PAGE gels. After approximately 30 minutes the precursor is transported to the Golgi 
complex, where the N-linked oligosaccharide chains are converted to the complex 
endoglycosidase H-resistant form. At the same time, each O-linked chain is elongated by addition 
of a galactose residue and one or two sialic acid residues. This change in mass and conformation 
results in a change in electrophoretic mobility causing the receptor to run with an apparent mass 



(16)of 160 kDa. Approximately 45 minutes after synthesis, the LDL receptor appears on the cell 
 surface. Attached to the plasma membrane the LDL receptor is in a position to bind LDL, gather 
 in coated pits, and be taken up by the cell by endocytosis. The gathering in coated pits and the 
 endocytosis occurs whether LDL is bound to the receptor or not. After endocytosis the clathrin 
 coat dissociates and multiple endocytic vesicles fuse and create larger sacs of irregular contour 
 called “endosomes” or “receptosomes”. An ATP-driven proton pump placed in the membrane of 
 the endosome lowers the internal pH to about 6.5 resulting in release of the ligand from the 
 receptor. The empty receptor molecules tend to cluster in one end of the endosome. The receptors 
 are returned to the membrane by recycling vesicles. These vesicles are formed when a segment of 
 the endosome membrane containing the LDL-receptors is pinched off. Once the LDL-receptors 
 reach the cell surface they can bind another molecule of LDL and initiate another cycle of 
 endocytosis. The receptors recycle in this fashion more than one hundred times, making a 
 complete trip in about 10 minutes. The LDL released from the receptor is transported to a 
 lysosome when the membranes of the endosome and lysosome fuse. In the lysosome the 
 cholesteryl esters are hydrolysed by a lysosomal acid lipase and cholesterol is liberated. The free 
 cholesterol released in this way is used for membrane synthesis or stored in the cell as droplets of 
 oil for later use. Furthermore, the free cholesterol mediates a sophisticated system of feedback 
 control stabilizing the intracellular cholesterol concentration (Fig. 5). Firstly, the cholesterol 
 suppresses the activity of 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reductase) and  


Figure 5. The Life Cycle of the LDL Receptor. See text for details. (Redrawn from Brown and 
Goldstein, 1985, [37]. 



(17)thereby down-regulates the cellular cholesterol synthesis. Secondly, free cholesterol activates 
 acyl CoA:cholesterol acyl transferase (ACAT), the enzyme catalyzing reesterification of the 
 cholesterol for storage inside the cell. Thirdly, the free cholesterol suppresses the synthesis of 
 new LDL receptors. The overall effect of this regulatory system is to coordinate the intracellular 
 and extra cellular sources of cholesterol so as to maintain a constant level of cholesterol within 
 the cell. 


Mutations in the LDL Receptor Gene 


Over the past 30 years more than 700 different mutations have been identified in the LDL 
 receptor gene comprising mostly point mutations introducing missense, nonsense, promoter or 
 intronic splice site mutations. In addition, more deletion and insertion mutations have also been 
 reported. (hppt://www.umd.necker.fr, hppt://www.ucl.ac.uk/fh). The mutations are distributed 
 over the entire gene and some of the mutations have been classified into different classes based 
 on LDL receptor function in cultured cells. Mutations in one particular domain are often 
 associated with each class. However, there are exceptions and many mutations do not fall clearly 
 into one single category. Due to the huge number of newly identified, different mutations in the 
 LDL receptor, most of the mutations have not been tested in cells grown in culture, and therefore 
 they are not classified with respect to the five different classes described below (Fig. 6).  


Class 1 mutations: In this class no mRNA is detectable or no receptor protein or only 
 trace amounts is synthesized. The mutations causing this phenotype are mutations leading 
 to a premature termination codon, a deletion of the LDL receptor gene or mutations in the 
 promoter region of the LDL receptor gene. The premature termination codon or a deletion 
 of the LDL receptor gene may lead to a destabilization of the mRNA. These kinds of 
 mutations are located in all domains of the LDL receptor. 


Class 2 mutations: Encode LDL receptor proteins which are retained either partially or 
 totally in the ER. This class is subdivided into two classes; 2A (no mature receptor protein 
 reaches the cell surface) and 2B (maturation of precursor to mature protein is delayed). 


The mutations leading to this phenotype are primarily located in the EGF homology 
 domain and in the ligand binding domain.  


Class 3 mutations: The mutations in this class are the mutations leading to a receptor 
 which is not in a position to bind LDL. The mutations that lead to this phenotype tend to 
 be clustered in the ligand binding domain. 


Class 4 mutations: Encode a mutant receptor protein that can bind LDL but fails to 
 localize in clathrin-coated pits, leading to an internalization-defective LDL receptor. 


These mutations are found in the cytoplasmic tail of the receptor.  


Class 5 mutations: The mutations in this class lead to a recycling-defective receptor in 
which the LDL receptor fails to dissociate from the ligand in the endosomes, and thereby 
fails to return to the cell surface. The mutations that lead to this phenotype tend to be 
clustered in the EGF homology domain. 



(18)      


Figure 6: Classification of LDL receptor mutations based on abnormal function of the mutant protein in 
 cell grown in culture. The numbers given in red denote the class of mutation, and the X denotes the step in 
 the LDL receptor “life-cycle” that is disrupted by each class of mutations. (Redrawn from Hobbs et al., 
 1990 [13]). 
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(19)Protein Folding and Quality Control in the Endoplasmic Reticulum 


The endoplasmic reticulum (ER) is the largest organelle of the endomembrane system with 
 respect to its surface. It encloses a lumen which forms a continuum with the lumen of the nuclear 
 envelope and it possesses two essential functions. First, secretory and membrane associated 
 proteins are synthesized on the ER surface. During translation the nascent polypeptides are 
 translocated into the ER lumen via the translocon (reviewed in [38]). In the lumen they are folded 


Figure 7: Overview over the co-translational protein folding and degradation in the ER. Chaperones bind 
immediately to the newly synthesized polypeptide (1), which initiates folding co-translationally (2). If the 
protein folds into a transport competent conformation the chaperones will dissociate from the protein (6) 
and it can be transported to the Golgi complex (7). Alternatively, if the protein is unable to fold correctly, 
for example due to mutations in the gene encoding the protein, or due to cellular stress, the chaperones 
will stay associated with the protein (8). The chaperone/protein complex will accumulate in the ER until it 
has been transported out of the ER and degraded (9-11). Accumulation of mutant proteins in the ER 
induces the synthesis of more chaperones by the unfolded protein response pathway (12) (From 
Kuznetsov et al., 1998, [39]).     



(20)and modified. Second, synthesis of lipids and cholesterol takes place on the cytoplasmic site of 
 the ER membrane, making the ER the production site for essential component of cellular 
 membranes, proteins, lipids, and steroids. The lumen of the ER comprises a unique milieu for the 
 folding and secondary modifications of newly synthesized proteins. The lumen contains a 
 specialised subset of molecular chaperones and protein-modifying enzymes assisting folding and 
 maturation. In addition, the chaperones are part of a quality control system ensuring that only 
 properly folded proteins exit the ER. Other unique features are the more oxidizing environment 
 as compared to the cytosol, allowing the formation of disulfide bridges, a unique glycosylation 
 apparatus, and the presence of high Ca2+ concentration. Conclusively, the ER can be regarded as 
 specialized environment supporting the biosynthesis of proteins which cannot be produced in the 
 cytosol. (Fig. 7). 


Molecular Chaperones and Folding Enzymes of the ER 


  
 Figure 8. Schematic representation of ER resident chaperones and folding enzymes. The proteins have 
 been grouped according to their function. Some overlaps between the groups can be found; e.g. PDI, P5 
 and ERp72 have been described both as folding enzymes and classical chaperones. Further to this, the 
 lectins calnexin, calreticulin, and calmegin act as classical chaperones but bind preferentially glycosylated 
 proteins.  


The folding process of the nascent polypeptide chain starts immediately after translocation of the 
 N-terminus into the lumen of the ER. The overall speed and efficiency of exportable protein 
 folding is enhanced through a combination of interactions with ER resident chaperones and 
 folding enzymes. Molecular chaperones are defined as proteins assisting the self-assembly of 
 other polypeptides through transient interactions, and preventing unwanted inter- and 
 intramolecular interactions that may induce aggregation [40]. Folding enzymes are true enzymes, 
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(21)which during interaction with substrate proteins lower the activation energy required for a 
 discrete conformational change. A well known example is peptidylprolyl isomerase (PPI), which 
 catalyses the cis-trans isomerisation of proline side chains.  


To ensure ER residency of chaperones and folding enzymes in the ER lumen, most of the 
 chaperones harbour specific retrieval signals. The best characterized signals are the amino acid 
 sequences KDEL and KKXX (X is any amino acid) motifs, which ensure that the chaperones are 
 retrieved to the ER from the Golgi through receptor mediated transport.  Retention signals exist 
 as well but are less well defined [41, 42].   


Glucose Regulated Protein 78 (Grp78) 


Grp78, also known as Immunoglobulin Heavy Chain Binding Protein (BiP), is one of the best 
 characterized proteins in the lumen of the ER. Grp78 is a member of the heat shock protein 70 
 (Hsp70) family which is a family of proteins localized in all major compartments of the 
 eukaryotic cell [43]. The Grp78 protein is distinguished from the other family members by the 
 KDEL ER retrieval sequence, but shares remarkably homology with the other Hsp70 family 
 members especially in the substrate-binding domain. Similar to the other members of the Hsp70 
 family, the substrate binding domain of Grp78 most likely possesses a peptide-binding channel 
 [44]. Grp78 is known to interact optimally with hepta-peptides harbouring the amino acid motif 
 Hy(W/X)HyXHyXHy, where Hy is a bulky aromatic or hydrophobic residue (Trp, Phe, Leu, Met 
 or Ile), W is tryptophan, and X is any amino acid [45]. In properly folded proteins such stretches 
 are normally buried in the core of the protein. However, some misfolded proteins were found to 
 show prolonged interaction with Grp78 [46, 47, 48]. Such prolonged interaction may occur via 
 persistent re-association of Grp78 with the substrate protein, in which the hydrophobic binding 
 sites are not buried due to the misfolding. Cyclic binding and release of substrate polypeptides is 
 ATP dependent. Like the other member of the Hsp70 family, Grp78 consists of two major 
 domains; an ATPase-domain and a substrate-binding domain (Fig. 9). The two domains 
 communicate to regulate the affinity and duration of the polypeptide binding, resulting in cyclic 
 binding and release of unfolded proteins chaperoned by Grp78. The duration of each cycle 
 depends on the rate of which Grp78 undergoes exchange of ATP for ADP and ATP hydrolysis. 


Thus an unfolded polypeptide chaperoned by Grp78 may undergo cycles of binding and release 
 until it is properly folded and that the Grp78 binding motif is no longer exposed.  


In addition to being a classical chaperone Grp78 function is considered being important at 
 multiple stages during the synthesis and maturation of transmembrane and secretory proteins. 


Grp78 is involved in post-translational translocation of nascent polypeptides into the lumen of the 
ER [49]. Grp78 seals the luminal side of the translocon when no ribosomes are attached [50], and 
during integration of transmembrane segments during protein translocation [51]. Grp78 is also 
involved in retrograde translocation of proteins, which are transported out of the ER for 
degradation by the proteasome [52]. Further to this, Grp78 is a major calcium binding protein in 



(22)the ER lumen [53]. Calcium plays an important role in the regulation of ER function and hence 
 protein folding.  


Grp78 can be post-translationally modified by ADP ribosylation and by phosphorylation. 


However, only unmodified monomeric Grp78 molecules are identified to be associated with 
 unfolded proteins [55, 56]. Thus post-translational modification of Grp78 is not important for the 
 chaperone function of Grp78, rather it may play a role in the tight regulation of cellular Grp78 
 protein level. Taken together, Grp78 is an essential gene product that even the simplest 
 eukaryotes cannot live without [54]. 


Grp78 is one of the key components of the unfolded protein response (UPR) pathway, which will 
 be discussed later in this thesis. The level of Grp78 transcription is extensively increased by 
 accumulation of unfolded proteins in the ER lumen. However, Grp78 is not regulated solely at 
 the transcriptional level. A functional internal ribosome elongation sequence (IRES) was 
 identified in the Grp78 mRNA, suggesting that Grp78 is further regulated at the translational 
 level [57, 58]. Further to this, a recent study showed that Grp78 is tightly regulated at the 
 translational level during cellular stress, and that this stress-dependent regulation is independent 
 of 5´ and 3´ un-translated regions, including the IRES sequence [59].     


Figure 9. Structure of Grp78. Like other members of the Hsp70 family, Grp78 is composed of an ATPase 
 domain which is highly conserved and a ligand binding domain, held together by a small, flexible linker 
 sequence. In addition the newly synthesized Grp78 possesses an N-terminal leader peptide that target 
 Grp78 to the ER and is cleaved from the mature protein, and a C-terminal KDEL sequence ensuring that 
 Grp78 it retrieved in the ER. The schematic structure of the 3-dimentional structure show the ATPase 
 domain from bovine hsc70 (PDB: 3HSC) and the substrate binding domain of E.coli DnaK (PDB: 1DKX), 
 in the ATP binding conformation (substrate shown in green), from which high resolution X-ray diffraction 
 data was available.  


ATPase Domain  Substrate-binding Domain  KDEL  COOH 
NH2 



(23)Glucose Regulated Protein 170 (Grp170) 


Grp170 is member of a sub-class of the Hsp70 super-family. It is retrieved in the ER due to a 
 NDEL sequence and it is co-regulated with the other glucose regulated proteins by the UPR 
 pathway [60]. The function of Grp170 is poorly characterized. However, Grp170 was shown to 
 bind peptides efficiently and it may be involved in the folding/assembly of immunoglobulins [61] 


[62], suggesting a chaperone function of Grp170. 


Glucose Regulated Protein 94 (Grp94) 


Grp94, also termed endoplasmin, is the ER luminal member of the Hsp90 protein family. It has 
 been demonstrated that Grp94 functions as a molecular chaperone. Grp94 is one of the most 
 abundant proteins in the ER, and it was suggested that Grp94 plays an essential role in the 
 maturation of a number of secretory pathway proteins including immunoglobulin [63] and 
 epidermal growth factor receptor [64]. It has been reported that Grp94 displays an unusual broad 
 range of intrinsic enzymatic activities. Included in this list are ATP hydrolysis [65], self-directed 
 kinase activity [66], and amino peptidase activity [67]. It was suggested that substrate binding by 
 Grp94 was coupled to ATP binding and hydrolysis, in a cyclic mechanism similar to the one 
 observed for Grp78 [65]. Nevertheless, a more recent study showed that peptide binding to Grp94 
 occurs by a hydrophobic binding pocket whose accessibility is conformationally regulated in an 
 adenine nucleotide-independent manner [68]. Further to this, very recent results showed that the 
 kinase and amino peptidase activity is due to co-purification of contaminant enzymes with Grp94. 


In conclusion, so far it remains unclear how Grp94 interacts with substrate proteins [69]. 


Grp94 is transcriptional co-regulated with Grp78 as part of the UPR [70]. However, there are 
 notable examples where disproportionate changes in one chaperone over the other is observed 
 [71], indicating subtleties in transcriptional or translational regulation that are not well 
 understood. 


Calnexin, Calreticulin and Calmegin 


The calnexin family of molecular chaperones is conserved among plants, fungi, and animals [72], 
 and in addition to calnexin it includes calreticulin and calmegin. Calnexin is a type-1 integral 
 membrane protein promoting folding and oligomeric assembly, preventing degradation, and 
 supporting the quality control of N-linked glycoproteins. Calnexin is a monovalent lectin that 
 recognizes and binds monoglycosylated core glycans (Glc1Man5-9GlcNAc2). The structure of the 
 luminal domains has been solved [72]. The luminal part of calnexin consists of two domains; a 
 globular lectin domain harbouring the glycan binding capabilities, and the P-domain that is a 
 long, extended arm, which probably interacts with other proteins, one of which is ERp57 [72].  


The molecular chaperone calreticulin is a soluble homologue to calnexin. The primary structure 
 of calreticulin shares high sequence similarities with the luminal domain of calnexin (Fig. 10). 


Calreticulin is one of the most abundant proteins in the ER. It is a multifunctional protein, which 



(24)in addition to the ER has been found in other membrane-bound organelles, at the cell surface, and 
 in extra-cellular environments (reviewed in [73]). In the ER it functions as chaperone and plays 
 an important role in the Ca2+ homeostasis. Calreticulin is a lectin with similar oligosaccharide 


specificity as its membrane-bound homologue calnexin, and it binds transiently to many 
 glycoproteins in the ER. Since calreticulin has the same oligosaccharide specificity as calnexin it 
 is not surprising that the two chaperones bind to similar sets of proteins. Although there is no 
 observed difference between the oligosaccharide-binding specificity of calnexin and calreticulin, 
 both lectins may not interact in vivo with the same glycoproteins. There exist several examples 
 identifying association with one of the chaperones and not the other, during folding and 
 maturation of specific glycoproteins (reviewed in [74]).  Further to this, it was suggested that the 
 substrate specificity of the two chaperones was dependent on the topological environment of 
 calnexin and calreticulin, referring to membrane location of calnexin and luminal location of 
 calreticulin [75].  


Figure 11. The core oligosaccharide is 
 transferred to the asparagine residue of 
 the growing polypeptide chain, 
 possessing the structure shown in the 
 figure. Terminal glucose residues are 
 removed by glycosidase I and II. 


Monoglycosylated core oligosaccharides 
 are substrates for calnexin and 
 calreticulin. All three glucose residues 
 and the indicated mannose residue are 
 removed before transport of the protein 
 to the Golgi complex. (Modified from 
 Helenius and Aebi, 2001 [78]). 


Calmegin is a type-1 integral membrane protein, which is mainly expressed in spermatids of the 
 testis [76]. It is a Ca2+ binding protein, which shares high sequence similarities with calnexin 
 (Fig. 10). It is not well characterized. Nevertheless, it was shown that calmegin is required for 
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Figure 10. Schematic representation of calnexin, calreticulin, and calmegin. The regions A, B and C 
show high sequence identity. The P-domain contains two types of sequence repeats designated 1 and 2, 
each repeated four times in calmegin and calnexin and repeated three times in calreticulin. The
transmembrane domain (TMD) is designated in black. 



(25)fertilin α/β heterodimerization and sperm fertility, suggesting a chaperone function of calmegin 
 [77]. 


The calnexin/calreticulin cycle: N-linked glycans are added to growing polypeptide chains as 14-
 residues oligosaccharides (Glc3Man9GlcNAC2) (Fig. 11). Immediately after coupling to the 
 polypeptide chain, terminal glucose and mannose residues are removed by ER glycosidase I and 
 II. Calnexin and calreticulin interact with the glycan moieties of substrate glycoproteins after they 
 have been trimmed to the monoglucosylated form. Interaction with calnexin and calreticulin 
 exposes the unfolded glycoprotein to the co-chaperone ERp57, which is a thiol oxidoreductase 
 and may catalyze the formation and shuffling of disulfide bridges [79] (Fig. 12).  


Removal of the last glucose residue by glycosidase II terminates the association between the 
 glycoprotein and calnexin/calreticulin. If the glycoprotein has reached its native conformation it 
 can be transported to the Golgi complex. On the other hand, if it is not properly folded it can be 
 re-glycosylated by the enzyme UDP-glucose:glycoprotein glucosyltransferase (UGGT). In this 
 way the unfolded glycoprotein becomes a substrate for calnexin and calreticulin again. UGGT is 
 considered being a folding sensor of the calreticulin/calnexin cycle. Although it is not known 
 exactly how UGGT distinguishes folded glycoproteins from non-folded ones. Nevertheless, it  


         Figure 12. The calnexin/calreticulin folding cycle. See text for details. CNX: Calnexin,  
          CRT: Calreticulin, UGGT: UDP-glucose:glycoprotein glucosyltransferase (Modified from  
          Helenius  and Aebi, 2001 [78]). 


UGGT



(26)was shown that UGGT mainly recognizes partially folded glycoproteins [80], and in partially 
 folded glycoproteins harbouring multiple domains, UGGT selectively recognizes glycans in the 
 misfolded domains [81]. Therefore, it may be that UGGT recognizes exposed hydrophobic 
 stretches and thereby the enzyme resembles the classical molecular chaperones in substrate 
 binding and recognition. 


Calnexin, calreticulin, ERp57, glycosidase II, and UGGT work together to increase the folding 
 efficiency, to prevent premature oligomeric assembly and to prevent export of misfolded 
 glycoproteins from the ER. Timing of calnexin and calreticulin binding is dependent on the 
 position of the N-linked core glycans within the polypeptide chain. In general, when the N-linked 
 core glycans are present in the first 50 amino acid residues association with calnexin and/or 
 calreticulin may occur prior to interaction with Grp78. On the other hand, proteins that contain N-
 linked core glycans further down-stream the peptide chain may bind Grp78 first [82].  


It remains unclear whether calnexin can act as a chaperone for non-glycoproteins. Calnexin has 
 been co-immunoprecipitated with naturally occurring non-glycosylated proteins, and non-
 glycosylated proteins generated by tunicamycin inhibition of glycosylation [83]. Furthermore, in 
 vitro experiments showed that calnexin could prevent aggregation of non-glycosylated proteins 
 [84, 85], suggesting a chaperone function of calnexin for non-glycosylated proteins as well.  


The Protein Disulfide Isomerase (PDI) Family 


The oxidative environment present in the lumen of the ER allows the formation of disulfide 
bonds. In this context protein folding is associated with formation of native disulfide bonds. This 
process is catalyzed by the members of the PDI family including PDI [86], ERp72 [87], P5 [88], 
ERp57 [89], PDIp [90], and PDIr [91]. All members of the PDI family identified to date are 
localized in the ER, they contain thioredoxin-like folds, and they show activity in thiol-disulfide 
exchange assays. PDI was the first catalyst of protein folding to be identified [86] and it is the 
most well characterized member of the PDI family. PDI comprises four domains a, b, b´, a´, plus 
a linker region between b´ and a´, and the acidic, KDEL ER retrieval signal (Fig. 13). The a 
domains contain the two active-site motifs, consisting of the amino acids WCGHC, which are 
redox active and cycle between the dithiol and disulfide form. PDI catalyzes the formation and 
isomerization of disulfide bonds in compact folding intermediates. A model of PDI function has 
been suggested in which the domains function synergistically. The two a domains catalyze the 
chemical isomerization while the b´ domain recognizes and binds unstructured regions of the 
polypeptide [92]. PDI is recognized as a multifunctional protein. In addition to catalyzing 
formation/isomerising  of disulfide bonds it is a component of the prolyl-hydroxylase complex 
involved in collagen synthesis [93], and it heterodimerizes with the 97 kDa subunit of the 
microsomal triglyceride transfer protein (MTP) [94]. The role of PDI in the function of MTP is 
not entirely clear. Recently it was demonstrated that mammalian PDI may act as a redox-



(27)regulated chaperone. In reduced state PDI bound and unfolded its substrate, while oxidized PDI 
 released the substrate [95].  


  


Figure 13: Domain structure of 
 mammalian members of the PDI family 
 members. Homologous domains are 
 coloured as for the corresponding 
 domains in PDI. The a and b denotes 
 the thioredoxin-fold domains, the x 
 region is a linker of undefined structure 
 and function. Finally, regions of 
 unknown function or structural 
 homology are in blue. Modified from 
 Freedman et al, 2002 [96]. 


The folding enzymes PDI, PDIp and ERp57 all possess a linear sequence of four thioredoxin-like 
 domains in an a-b-b´-a´ pattern (Fig. 13), and it was suggested that PDIp and ERp57 are isoforms 
 of PDI with specialized substrate binding properties [96]. PDIp is exclusively expressed in 
 pancreas, suggesting that PDIp may be a protein specific folding enzyme involved in the folding 
 of only a subset of proteins secreted from the pancreas.  


As previously mentioned ERp57, also known as ER60, interacts with calnexin and calreticulin 
 and is involved in isomerization of disulfide bonds especially in N-glycosylated proteins. ERp57 
 does probably not possess a general binding site for non-native proteins, rather it has a 
 specialized binding site for calnexin and calreticulin [97].    


ERp72 is known as a calcium binding protein and a member of the PDI family. ERp72 contains 
 three copies of the -CXXC- active site amino acid motif found in PDI [87]. Over-expression of 
 mammalian ERp72 in yeast can rescue nonviable cells deficient for PDI, suggesting a PDI-like 
 activity of ERp72 [98]. Nevertheless, more studies have suggested that ERp72 acts more as a 
 classical chaperone. For instance it was shown that ERp72 interacted with apo B-100 and various 
 truncated variants of apo B during protein maturation [99]. A more recent study identified ERp72 
 as a peptide binding protein, recognizing and binding various peptides in an ATP dependent 
 manner [62].  


P5 is another recently characterized member of the PDI family which has been suggested to 
possess both isomerase and chaperone activity [100]. New members of the PDI family are still 
identified, indicating that unidentified folding enzymes and chaperones in the ER exist. Recently, 



(28)ERp44 was identified as a new member of the PDI family and it was suggested to be involved in 
 the control of oxidative folding in mammalian cells.  


ERp29 is another recently identified ER localized protein, which is a structural homologue of 
 PDI. It consists of two domains of which the N-terminal domain resembles the thioredoxin 
 domain of PDI, although without the active site motif, indicating that it lacks isomerase folding 
 enzyme activity. However, it was co-purified with the thyroglobulin folding complex, and a 
 chaperone function of ERp29 was suggested [101]. 


At present the exact mechanism of substrate specificity of the different members of the PDI 
 family is not elucidated. In addition, it is unclear, how or if they are in a position to act both as 
 folding enzymes and classical chaperones, and if a redundancy in the oxidative folding pathway 
 of newly synthesized proteins exists, such that the different isoforms could substitute each other. 


Such a redundant system has been described for the chaperone system. For instance it was shown 
 that Grp78 can serve as back-up for calnexin of calreticulin in retention of misfolded proteins 
 [102]. 


Receptor-Associated Protein (RAP) 


The LDL receptor family is composed of several endocytic receptors that share structural 
homology and function in cellular uptake of various ligands including lipoproteins. Mammalian 
members of the LDL receptor family include: The LDL receptor, LDL receptor related protein 
(LRP), megalin, VLDL receptor, Apo E receptor 2, and LR11. RAP was originally discovered as 
a protein that co-purifies with LRP [103]. At present RAP is known to bind with high affinity to 
all members of the LDL receptor family, except for the LDL receptor, in which only low affinity 
binding was observed [104]. Two roles of RAP in maturation of LDL receptor family proteins 
have been suggested. First, RAP is an escort protein preventing premature binding of the receptor 
ligands, which are also synthesized in the ER. Second, RAP serves as a specialized chaperone 
assisting LDL receptor family members in folding correctly (reviewed in [105]). The mechanism 
by which RAP prevents premature binding of the ligand is not yet understood. It may involve 
steric hindrance, conformational changes in the receptor or a combination of the two. The 
interaction of RAP with the LRP receptor is the one which is best characterized. In the ER, RAP 
binds to LRP and escorts the LRP receptor to the Golgi complex, where it dissociates in the 
Medial-Golgi due to the low pH. RAP is retrieved back to the ER by the KDEL receptor. It is 
assumed that the presence of the low pH in the Medial-Golgi prevents premature association with 
LRP ligands within the terminal part of the secretory pathways. In addition, RAP acts as a 
classical chaperone protecting LRP, the VLDL receptor, and the LDL receptor against 
aggregation.  Further to this, recent data show that over-expression of RAP could promote 
folding and processing of some class 2 mutant LDL receptors [106]. Finally, RAP has been 
shown to associate with receptors, which are not members of the LDL receptor family, e.g. 



(29)sortilin [107] and lipolysis-stimulated receptor [108], suggesting that RAP plays a role in the 
 biogenesis of other proteins as well. 


Microsomal Triglyceride Transfer Protein (MTP) 


Apo B is synthesized in the ER of hepatocytes and enterocytes, where it is lipid-loaded as a 
 consequence of interaction with the MTP complex. MTP consists of a 97-kDa large subunit and a 
 58-kDa PDI subunit. Both subunits are essential for efficient lipid transfer activity [109]. MTP 
 acts as a protein specific chaperone for apo B. MTP was proven to associate with newly 
 synthesized apo B, and recent results showed that the interaction between MTP and apo B creates 
 a lipid transfer pocket required for lipoprotein assembly [110]. In the absence of lipid-loading of 
 apo B by MTP, apo B is subjected to rapid degradation mediated by the by ER associated 
 degradation (ERAD) [111, 112].  


By assisting the lipid-loading and preventing premature degradation of apo B, MTP plays an 
 important role in the assembly of VLDL and chylomicron particles (Fig. 1). Mutations in MTP 
 cause abetalipoproteinemia, a rare disorder where VLDL and chylomicron production is 
 impaired. It is noteworthy that MTP is the only ER chaperone in which natural occurring disease 
 causing mutations have been reported. Other disorders owing to protein misfolding, termed 
 conformational diseases [113, 114, 115] or ER storage diseases [116], are caused by mutations in 
 a specific secretory protein, resulting in retention, accumulation or premature degradation of 
 critically important proteins that are unable to reach their target sites. For example retention of 
 class 2 mutant LDL receptors in the ER, which is due to misfolding of the LDL receptor. 


ER Associated Degradation (ERAD) 


During the synthesis and folding of proteins in the ER, both mutant and wild-type proteins are 
 subjected to degradation. The quality control system of the ER ensures that mutant ER-retained 
 proteins are degraded and thereby it prevents inexorable accumulation of proteins in the ER, 
 which would probably become toxic to the cell. Further to this, wild-type proteins are also 
 substrates for ER degradation. A well-known example is the degradation of the wild-type cystic 
 fibrosis transmembrane conductance regulator (CFTR) chloride channel, in which 75% of the 
 wild-type newly synthesized protein is degraded and never reaching the cell surface [117]. 


Furthermore, the ERAD system may be involved in the post-transcriptional regulation of specific 
proteins in the cell. For instance the regulation of apo B assembly into lipoproteins, and the 
secretion from liver occur partially at the post-transcriptional level. Apo B protein degradation 
was suggested to be dependent on the availability of lipids. In the absence of lipids, the newly 
synthesized apo B protein was subjected to rapid degradation mediated by the ERAD system 
[112, 118]. However, other results have shown that apo B secretion from liver cells was 
unaffected by changes in cellular cholesteryl ester levels, showing that the role of lipids in the 
assembly and secretion of apo B- containing lipoproteins is not fully understood.  



(30)For many years it was a common perception that proteases localized in the lumen of the ER were 
 responsible for degrading misfolded proteins in the ER. At present no degradative pathway 
 within the ER itself has been found. In contrast, a major breakthrough came when Ward et al. 


discovered that the cytoplasmic localized ubiquitin-proteasome system was involved in 
 degradation of newly synthesized wild-type CFTR protein [117]. Today it has been proven that 
 the ubiquitin-proteasome system is an essential part of the ERAD system responsible for 
 degradation of many misfolded ER proteins (Fig. 14). This process involves recognition of 
 misfolded or unassembled proteins in the ER, retrograde translocation of proteins from the ER 
 back to the cytoplasm, and finally degradation by the ubiquitin-proteasome system (reviewed in 
 [119]). 


Figure 14. Schematic representation of the ERAD system. Newly synthesized polypeptides enter the 
 lumen of the ER via the translocon. In the ER chaperones bind to the folding protein and if the protein 
 reaches a transport competent conformation it will be transported to the Golgi complex. However, if the 
 protein is misfolded and retained in the ER, inter-chain disulfide bonds are reduced and it is exported 
 through the translocon, polyubiquitinated and degraded by the 26S proteasome. (Modified from 
 Rutishauser and Spiess, 2002 [120]).    


Exactly what targets proteins for degradation by the ERAD system is not well characterized. 


Nevertheless, prolonged retention of incompletely folded proteins in the ER results in 
 degradation [119].  It is likely that unfolded regions of polypeptide chains serve as recognition 
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