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ABSTRACT 

MECHANISMS OF LOCALIZATION OF THE MOLECULAR CHAPERONE 

COSMC TO THE ENDOPLASMIC RETICULUM 

Qian Sun 

Human Cosmc (Core 1 β3-Gal-T-Specific Molecular Chaperone) is encoded by a single 

exon gene on Xq24 and its cDNA predicts a 318-amino-acid transmembrane glycoprotein 

with type II topology. Cosmc acts as a specific molecular chaperone for core 1 β3-

galactosyltransferase (C1β3Gal-T or T-synthase) and assists in the folding/maturation of 

this enzyme. Mutation in Cosmc accounts for the defects in T-synthase, which is related 

to some autoimmune diseases as well as some human cancers. Our previous study 

showed that Cosmc is primarily localized in the endoplasmic reticulum (ER). Because 

Cosmc does not have traditional ER retention or retrieval motifs, the ER localization of 

Cosmc is likely related to other structural features of the protein. Here we explore the 

potential retention/retrieval mechanism of Cosmc in the ER. In order to address the role 

of different domains of Cosmc on ER localization, six different chimeric proteins were 

generated and expressed in COS-7 cells, which allowed us to examine the importance of 

each domain in the ER localization. By co-localization with intracellular markers, we 

were able to determine that the transmembrane domain of Cosmc is both necessary and 

sufficient for its ER localization. 
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Chapter 1 

Introduction 

1.1 Overview of the Secretory Pathway 

The application of electron microscopy to cultured cells by Porter led to the unexpected 

discovery of a major organelle involved in secretion, which was later called the 

endoplasmic reticulum (ER)(1). Once the proteins synthesized by ribosomes become 

bound to the rough ER, they enter the ER during their synthesis. Soluble proteins are first 

localized in the ER lumen, and then sorted into other organelles or secreted from the cell 

(2). On the other hand, integral membrane proteins are initially inserted into the ER 

membrane, and subsequently some remain there, but many will be re-localized to the 

plasma membrane or membranes of the Golgi complex, lysosomes, or endosomes (2,3). 

Newly synthesized polypeptides in the membrane and lumen of the ER undergo 

dozens of possible post-translational modifications, and five of the most common major 

modifications before they reach their final destinations are: a) formation of disulfide 

bonds(4); b) proper folding; c) addition and processing of carbohydrates; d) specific 

proteolytic cleavages; and e) assembly into multimeric proteins (2). Only properly folded 

and assembled proteins are transported from the ER to the Golgi complex and ultimately 

to the cell surface or other final destinations(2,5).Unfolded, misfolded, or partly folded 

proteins are retained in the ER and moved from the ER lumen back into the cytosol 

where they are degraded by the ubiquitin-mediated proteolytic pathway in proteasomes 

(2,5). 
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Most plasma membrane and secretory proteins contain one or more carbohydrate 

chains. Some glycosylation reactions occur in the lumen of the ER, where they are often 

involved in quality control of glycoprotein folding and assembly, but most occur in the 

lumen of the cis-, medial-, or trans-Golgi cisternae(2,6). Therefore, the presence of 

certain types of glycans on proteins and the glycan structures provide useful markers for 

following their movement from the ER through the Golgi.  

ER

Cis-Golgi 
reticulum

Trans-Golgi 
reculum

Trans-Golgi

Medial-Golgi

Cis-Golgi

Secertory
vesicles

Endosome

Lysosome

Plasma 
membrane

 

 
Figure 1. Schematic diagram of transport steps between membrane-bound organelles in a 

typical eukaryotic cell.  
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1.2 Molecular Chaperones 

Although the primary structure of a small protein determines its folding in vitro (7), 

protein folding in vivo is usually mediated by accessory proteins known as molecular 

chaperones (8-10). In molecular biology, chaperones are proteins that assist the non-

covalent folding/unfolding and the assembly/disassembly of other macromolecular 

structures, but do not occur in or with these structures when the latter are performing their 

normal biological functions. One major function of chaperones is to prevent both newly 

synthesized polypeptide chains and assembled subunits from aggregating into 

nonfunctional structures. It is for this reason that many chaperones, but by no means all, 

are also heat shock proteins, because the tendency to aggregate increases as proteins are 

denatured by stress or synthesized under stress. Defects in protein folding are associated 

with several human diseases, such as cystic fibrosis, Alzheimer's disease, spongiform 

encephalopathies, and familial amyloidotic polyneuropathy (11,12). 

In general, there are eight families of molecular chaperones. 1) Small heat shock 

proteins (hsp25) protect against cellular stress and prevent aggregation in the lens 

(cataract). 2) Hsp60 system (cpn60, GroEL) ATPase aids in protein folding. 3) The 

Hsp70 system (DnaK, BiP) ATPase aids in stabilization of extended chains, membrane 

translocation, and regulation of the heat shock response. 4) Hsp90 ATPase aids in 

binding and stabilization/ regulation of steroid receptors, protein kinases. 5) Hsp100 

(Clp) ATPase is important in thermotolerance, proteolysis, and resolubilization of 

aggregates. 6) Calnexin and calreticulin are among a group of lectins (glycan-binding 

proteins) important for glycoprotein maturation in the ER and quality control. 7) Protein 
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disulfide isomerase (PDI) and peptidyl proline isomerase (PPI) are folding catalysts.  8) 

Prosequences include alpha-lytic protease and subtilisin (intramolecular chaperones). 

The components and mechanisms of action of two major chaperone systems have 

been well studied (9,13). One system acts on glycoproteins with N-glycans (Asn-linked 

oligosaccharides) and is dependent on the presence of both monoglucosylated N- glycans 

and unfolded regions on nascent glycoproteins (9,13) and involves the lectin chaperones 

calnexin and calreticulin (9). The second major ER chaperone system is dependent on the 

presence of unfolded regions on proteins containing hydrophobic residues, which are 

recognized by the ER chaperone BiP, an ER Hsp70 family member (9,13). Like all 

Hsp70 proteins, BiP binds both ADP and ATP, which serve to regulate its binding and 

release from nascent chains. The hydrolysis of ATP to ADP causes Hsp70 proteins to 

bind tightly to substrates; the exchange of ATP for ADP induces a conformational change 

in Hsp70, which in turn causes the release of bound substrates. The ATPase cycle of 

Hsp70 proteins is both positively and negatively regulated by a number of chaperones 

and cofactors, including DnaJ, GrpE, Hip, Hop, and Bag-1. Hsp70 proteins are thought to 

undergo cycles of binding and release from unfolded proteins, with folding occurring 

during the release cycle(14). 

Recent evidence also demonstrates that there are a number of so-called protein-

specific chaperones, whose major function is to assist in the folding and maturation of a 

single specific protein (8). Some of these are required for protein folding in the ER and 

some also serve as so-called escorts, outfitters, and guide proteins for protein exit to the 

Golgi (15). Examples include HSP47(16-18), SCAP(19), RAP, and MESD. RAP 
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(receptor-associated protein) is a soluble ER molecular chaperone with a HDEL-type 

retention motif that binds to LDL-related proteins (LRPs) in the ER and prevents their 

binding to endogenous ligands and subsequent degradation and escorts LRP to the Golgi 

(20,21). Mesodermal development protein (MESD) is an ER chaperone that promotes 

disaggregation and proper membrane localization of the WNT coreceptors LRP5 and 

LRP6. In the absence of sufficient MESD, LRP5 and LRP6 form intermolecular 

aggregates due to improper folding and disulfide bond formation. Like RAP, MESD may 

have a related function to biosynthesis of LRP family members (22). 

1.3 Background on protein glycosylation 

Glycosylation is the process of addition of sugar to proteins and lipids, which is an 

enzyme-directed and site-specific process. There are two common types of glycosylation: 

N-linked glycosylation to the amide nitrogen of asparagine side chains (N-glycans) and 

O-linked glycosylation to the hydroxyl oxygen of serine and threonine side chains (O-

glycans). However, over 25 different types of linkages and structures are known between 

glycans and amino acids in proteins.  N-glycosylation of nascent polypeptides occurs co-

translationally, while O-glycosylation (mucin-type) occurs post-translationally. After 

immature glycoproteins are generated in the RER lumen, they are subsequently 

transported into Golgi apparatus and modified by removal of sugar from N-glycans and 

addition of sugars to both N- and O-glycans. 

All N-glycans are synthesized in the rough ER with addition of a large preformed 

oligosaccharide precursor (2,23). Formation of this precursor oligosaccharide begins with 

assembly of a ubiquitous 14-residue high-mannose precursor on dolichol, which is a lipid 
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in the membrane of the ER. Then this precursor is transferred to the specific asparagine 

residues of nascent polypeptide in the ER (2,23). After adding this preformed 

oligosaccharide in the ER, three glucose residues and one mannose residue will be 

sequentially removed by specific glycosidases on the fully-folded proteins. After this 

processing, newly synthesized glycoproteins enter the cis-, medial-, and trans-Golgi 

cisternae, where other mannose residues are removed and additional sugars added, one at 

a time from nucleotide sugar donors by various enzymes, to yield a finished N-glycan. N-

glycosylation is an important process in the cells, and is especially important in 

glycoprotein biosynthesis and correct protein folding  (2,23). The majority of non-lectin 

like chaperones modulates the folding of the newly-synthesized glycoproteins through 

their non-specific interaction with hydrophobic domains exposed in immature 

glycoproteins polypeptide motifs.  However, there is a host of lectin chaperones that 

recognize glycans and/or protein features on newly synthesized glycoproteins.  Two of 

the most well studied are, calnexin and calreticulin, which interact with the 

monoglucosylated N-glycans within the nascent glycoproteins during the early steps of 

the N-glycan processing in the ER (24). Glucose is removed by glucosidase II and then 

glucose may be readded by protein:UDP-Glc glucosyltransferase that recognizes 

unfolded glycoproteins in a cycle until the glycoproteins are folded.  Additional 

mannose-binding proteins in the ER, such as OS-9 (25) and EDEM (26), also serve as 

chaperones in the quality control system.  Incorrect glycoprotein folding can lead to 

export of the glycoprotein from the ER to the cytoplasm, where the N-glycans are 

removed and the protein is ubiquitinated and degraded in the proteasome(27). 
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O-glycan biosynthesis occurs in the Golgi apparatus and is relatively simpler than 

N-glycosylation in that a lipid-linked oligosaccharide precursor for transfer to protein is 

not required(28). Nucleotide diphosphate or monophosphate sugars are the immediate 

precursors used in the formation of O-glycans(29). These monosaccharides are added one 

at a time, and each transfer is catalyzed by a different glycosyltransferase, which is 

specific for the acceptor glycan or aglycone (protein or lipid) and donor nucleotide(29). 

The initiating event in mucin-type O-glycan biosynthesis is the addition of the 

monosaccharide GalNAc (from UDP-GalNAc) to serine and threonine residues catalyzed 

by a family of polypeptide α-GalNAc transferases (ppGalNAcTs)(29).  Afterward, this 

GalNAcα1-Ser Thr (the Tn antigen) is modified by addition of other sugars, most notably 

galactose to form more complex-type O-glycans. 

While glycoproteins with a few mucin-type O-glycans are common in 

glycoproteins on all animal cell surfaces, mucins are a special class of heavily O-

glycosylated glycoproteins on the cell surface as transmembrane glycoproteins or in 

mucous secretions(30). The clustering of O-glycans on mucins is due in part to the 

presence of repeated peptide stretches called “variable number of tandem repeat” 

(VNTR) regions that are rich in serine and threonine and proline residues(30). In the 

secreted mucins of the respiratory, gastrointestinal, and genitourinary tracts, as well as 

eyes, the O-glycans are essential for their ability to hydrate and protect the underlying 

epithelium(30). Because the O-glycans are hydrophilic and usually negatively charged, 

they promote binding of water and salts and are major contributors to the viscosity and 

adhesiveness of mucus, which forms a physical barrier between lumen and epithelium. 

However, in diseases such as cystic fibrosis, the abnormally high viscosity of mucus 
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causes airway obstruction(31).  In addition, the O-glycans on mucins are important 

ligands for a wide variety of glycan-binding proteins in all connective tissue and 

epithelial surfaces, as well as being receptor for pathogens (viruses and bacteria)(32). 

Overexpression of mucins in carcinomas has been described for many years. So 

far, there are two mechanisms to address how abnormal mucins can lead to cancer. One 

abnormal feature of carcinoma mucins is loss of correct topology(33,34). In the normal 

polarized epithelial cells, mucins are expressed exclusively on the apical side of cells, 

toward the lumen of a hollow organ. However, in the carcinoma cells, membrane-bound 

mucins are expressed on all aspects of the cells, and soluble mucins can even enter the 

extracellular space and body fluids such as the blood plasma(33,34). These two abnormal 

forms of mucins can play a critical pathophysiological role in malignancy(34). Another 

abnormal feature is incomplete glycosylation, which results in the expression of the Tn 

antigen, sialylated Tn antigen, or T antigen. It is noted that excessive Tn and sialyl Tn 

antigen are present on tumor cells(33). 

1.4 Background on Glycosyltransferases 

Glycosyltransferases are a group of very prevalent enzymes, mostly found in the ER and 

Golgi apparatus, which represent 1-2% of the genome. Most Golgi glycosyltransferases 

are type II transmembrane proteins with a short N-terminal cytoplasmic domain, a single 

transmembrane domain (TMD), and a large luminal C-terminal catalytic domain (35-37). 

Like other type II membrane proteins, they lack a cleavable signal sequence. Although 

many glycosyltransferases are concentrated in subcompartments of the Golgi, there is 

often overlap in the distribution of enzymes between subcompartments.  The basis for 
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Golgi targeting of glycosyltransferases is still poorly understood, and only a few potential 

mechanisms responsible for their localization in the Golgi have been proposed. For 

instance, the TMD may participate in Golgi retention either by facilitating protein-protein 

interaction or by physical mechanisms (38-40). The finding that the length of the TMD 

appears to be more important than its amino acid composition in the Golgi retention of 

fusion proteins has favored the second hypothesis that TMD length is a general feature 

for protein retention in the Golgi from mammalian cells (36,39,41,42), such as the trans 

Golgi resident enzyme β-1,4-galactosyltransferase. However the luminal domain and/or 

the cytosolic tail also appear to be important for Golgi residency of some 

glycosyltransferases (36,43). Recently, a novel ER export motif, [RK](X)[RK], that is 

cytoplasmically located proximal to the TMD Golgi resident glycosyltransferases, 

appears to be required for the exit of some enzymes from the ER (44), although this does 

not explain their residence in the Golgi. ER export may result from binding of Sar1-GTP 

to ER membranes, probably through a hydrophobic motif exposed at its N-terminus, that 

induces the formation of ER exit sites and budding of COPII vesicles (45). However, 

many glycosyltransferases lack this motif. Clearly, much remains to be learned about the 

mechanisms of Golgi localization of glycosyltransferases. Another poorly understood 

aspect of glycosyltransferase biosynthesis is the possible regulation due to 

folding/maturation within the endoplasmic reticulum, since most glycosyltransferases are 

disulfide-bonded dimers. 
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1.5 Background of T-synthase  

Core 1 β3galactosyltransferase (core 1 β3GalT, T-synthase) specifically transfers Gal to 

GalNAcα1-Ser/Thr (Tn antigen) using the donor UDP-Gal to synthesize the core 1 O-

glycan Galβ1-3GalNAcα1-Ser/Thr (T antigen). The T antigen is a key precursor for most 

common mucin-type O-glycans on both of transmembrane and secreted glycoproteins in 

vertebrates and invertebrates. Therefore, the overall pathway of mucin glycosylation is 

regulated by this critical branch point T-synthase. T-synthase is a disulfide bonded, 

homodimeric type II transmembrane protein, encoded by the human T-synthase gene  on 

chromosome 7 (7p14-p13) (29,46). The enzyme is developmentally important and 

disruption of the T-synthase in mice is embryonic lethal due to the impaired angiogenesis 

(47,48). Interestingly, disruption of T-synthase in hematopoietic and endothelial cells in 

mice results in misconnection of blood and lymphatic vessels, indicating the important 

role of O-glycans in lymphoangiogenesis(47,48). Loss activity of T-synthase will lead to 

a accumulation of Tn and STn(48). A number of autoimmune diseases, including IgA 

nephropathy, Tn syndrome, and Henoch-Schönlein purpura are related to abnormal 

expressions of Tn and STn. Tn and STn are also recognized as tumor antigens as seen in 

many human cancers, such as carcinomas of breast, bladder, cervix, pancreas, ovary and 

colon and associated with tumor’s poor prognosis (35,49-53). Understanding of 

molecular mechanism for how T-synthase activity is regulated will certainly aid us in 

developing new therapeutic methods against these diseases. 
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Figure 2. Schemic diagram of catalytic function of T-synthase in regulating biosynthesis of 
T antigen.  

 

1.6 Background on Cosmc, a specific molecular chaperone for T-synthase 

Cells of hematopoietic origin in patients with Tn syndrome and many types of tumor cells 

lack T-synthase activity, although they have the T-synthase transcript.  In such cases cells 

express the Tn antigen, indicating a lack of branch point enzyme activity of the T-

synthase or other enzymes. Jurkat cells, which is a human T cell lymphoblastic-like cell 

line, was established from the peripheral blood of a 14-year-old boy with acute 

lymphoblastic leukemia (ALL) at first relapse in 1976(54). Jurkat cells lack T-synthase 

activity and synthesize Tn and sialyl Tn antigens on all mucin-type O-glycans (55). Since 

the cells lack T-synthase activity, it was assumed that the cells had either a mutation in 

the T-synthase or had transcriptional defects in T-synthase expression. However, after 
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further studies, no defects in the coding sequence or expression of mRNA for T-synthase 

were found in Jurkat cells. In order to explore the mechanism for regulation of T-

synthase activity, our laboratory partially purified T-synthase from rat liver and two 

proteins were identified by sequencing the N-terminus of this purified material (55). One 

sequence belonged to murine T-synthase, but the other was derived from an unknown 

protein. Later this protein was designated  as Cosmc (Core 1 β3-Gal-T-Specific 

Molecular Chaperone) (55). 

Cosms is a unique and apparently client-specific chaperone for the T-synthase, 

and is required for formation of active T-synthase. Several important findings led to the 

conclusions of our laboratory that Cosmc functions as a molecular chaperone for T-

synthase. (#1) Many types of human cancer cells, including human T-lymphoid Jurkat, 

colon carcinoma LSC, LS174T, and human melanoma LOX cells, which lack T-synthase 

activity and express Tn/STn antigens, either contain mutated Cosmc or have lost the 

Cosmc transcript (55,56); (#2) expression of wild type Cosmc in Jurkat, LSC, and LOX 

cells complements T-synthase activity and abolishes expression of Tn/STn antigen 

(55,56); (#3) Tn Syndrome, which is characterized by expression of Tn/STn antigens on 

blood cells of all lineages, is caused by a somatic mutation in Cosmc in multipotential 

hematopoietic stem cells (55,56); (#4) expression of T-synthase in insect cells, which 

lack a Cosmc ortholog, results in an inactive T-synthase protein; co-expression of Cosmc 

and T-synthase results in an active T-synthase (55,56); (#5) Cosmc is an ER-localized 

molecular chaperone preventing aggregation/proteasomal degradation of T-synthase 

(55,56); (#6) Cosmc, but not the T-synthase, has an ATP-dependent binding 

property(55,56); (#7) disruption of Cosmc in mice results in an embryonic lethality and 
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Tn expression in vivo (55,56). A model of Cosmc function, consistent with the above 

evidence, is shown in Figure 3. 

• \

 

Figure 3. Working model for Cosmc function as an ER-localized molecular chaperone 
preventing aggregation/proteasomal degradation of T-synthase. When Cosmc is 
present in ER, it will direct the newly-synthesized T-synthase to form active 
dimmers, which will be transported into Golgi apparatus. On the other hand, when 
Cosmc is absent in ER, newly-synthesized T-synthase will accumulate into inactive 
oligomers, which will be degraded by proteasome. 

 

1.7 Background on ER retention/retrieval of proteins 

The major question that I addressed in my thesis project was the mechanism of Cosmc 

localization to the ER. Therefore, it is important to discuss what is known about general 

ER retention/retrieval mechanisms. The ER is an organelle containing a large number of 

newly-synthesized proteins, as well as proteins that are maintained in the ER responsible 
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for posttranslational modifications. These maintained proteins are called ER resident 

proteins, and their localization to the ER depends on their primary amino acid sequences. 

Two types of signals have been reported to be involved in ER localization: 1) a static 

retention signal can keep proteins at a particular location within ER (35,51-53); 2) a 

dynamic retention signal, also known as retrieval signal, can return proteins to the ER 

which have escaped to the post-ER compartments. These two types of signals are not 

exclusive and can function either in parallel or in combination(57-60).  

So far, there are several ER retential/retrieval mechanisms, but two of the well-

characterized ER-retrieval mechanisms are the KDEL and di-lysine motifs. The KDEL 

mechanism involves the KDEL tetrapeptide (HDEL in yeast) at the extreme carboxyl 

terminus of soluble ER resident proteins (57,59,60). PDI, luminal Hsc70, and many other 

ER-resident proteins, including the lectin chaperone calreticulin, have this KDEL motif. 

Many experiments have shown that this KDEL tetrapeptide is both necessary and 

sufficient for retention in the ER. For example, when a protein that normally contains the 

KDEL at its C-terminus is mutated to lack these four residues, it is secreted out of the ER 

(2,61). However, if a protein that does not contain these four amino acids is engineered to 

contain KDEL, it is retained in the ER (2,61). Proteins with the KDEL recognition 

sequence, which have escaped to the cis-Golgi complex interact with the KDEL receptor 

(Erd2p in yeast), to return to the ER (2,62). This mechanism has been supported by 

several experiments. For instance, most KDEL receptors are localized to the membrane 

of the cis-Golgi network as well as membranes of small transport vesicles shuttling 

between the ER and the cis-Golgi (2,63). Interactions of proteins with the KDEL receptor 

returns the protein to the ER via COPI vesicles (2,62).  Moreover, ER resident proteins 



 

 

15

with the KDEL recognition sequence contain oligosaccharides, which are modified by 

enzymes found only in the cis-Golgi. Therefore, these proteins must have been 

transported to the cis-Golgi at some time.  

The second mechanism consists of the double-lysine motif [K(X)KXX, where X 

is any amino acid] in the cytoplasmic domain of transmembrane type I ER resident 

proteins as well as the double-arginine motif [RR] within the first five amino-terminal 

residues of transmembrane type II ER resident proteins (57,59,60,64). Similar to the 

studies about the KDEL noted above, both KK- and RR-containing proteins obtain Golgi 

modifications and co-localize in the post-ER vesicular structures, which mean that these 

ER resident proteins have escaped from the ER and later are returned to the ER. Two 

possible candidates for the retrieval pathway are microtubules (65,66) and the coatomer 

complex (67,68). Interestingly, it has been reported that in cells treated with nocodazole, 

a drug that disrupts microtubules, the treated cells have increased Golgi levels of KK-

containing reporter proteins, which indicated that an intact microtubule normally serves 

as a retention matrix for ER membrane proteins (65,66,69). Masking of the KK-motif 

prevents coatomer binding, which limits the exposure of KK-proteins to the Golgi-

localized transferase (69). On the other hand, studies also show that the KK motif-

containing proteins are returned from the Golgi to the ER in a coatomer-dependent 

manner (69).  

Another mechanism of ER retrieval is seen in the yeast protein Rer1p (retrieval to 

ER 1 protein).  RER1p localizes several transmembrane proteins such as Sec12p (which 

is a type II transmembrane protein) and Sec71p to the ER by retrieving them from the 
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Golgi apparatus. Rer1p is mainly localized to the early region of the Golgi apparatus at a 

steady state, but it is actively cycling between the Golgi apparatus and the ER in vivo in a 

COP II and Sec18-dependent manner (70).  While the precise mechanisms are unclear, 

Rer1p recognizes a retrieval signal contained in the transmembrane domain of Sec12p 

(70,71). Interestingly, the transmembrane domain of Sec12p is sufficient to confer Rer1p-

dependent ER retention to other membrane proteins(72).  Also, there are unknown and 

novel ER retention or retrieval motifs in the cytoplasmic N-terminal domains of ABCG5 

and ABCG8, which are transport proteins for sterols and xenobiotics (73). 

The cysteine residues in ER resident proteins may also be important for ER 

retention.  For example, Ero1α and Ero1β are ER resident proteins that transfer oxidative 

equivalents to protein disulfide isomerase (PDI), the enzyme that oxidizes cargo proteins 

destined for export from the ER. Neither Ero1α nor Ero1β contains known ER 

localization motifs, but it was shown that covalent interactions of these proteins with PDI 

or ERp44, in a cystine-dependent manner, is essential for ER retential of Ero1α and 

Ero1β (74) .  

However, while much is being learned about the mechanisms of ER retention, the 

total number of retention pathways and the specific mechanism these retrieval signals are 

not well understood, and novel mechanisms for retention/retrieval probably await 

discovery.  For example, some retrieval signals can also be found in ER non-resident 

proteins, such as type I transmembrane protein ERGIC53, and type II transmembrane 

protein p63 (57,75,76). Furthermore, removal of the K(X)KXX motif from an ER 

resident protein UDP glucuronosyltransferase does not cause it to lose its ER retention, 
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but the protein lacks its Golgi modifications (57,65). According to general concepts in the 

field, retention signals probably exist in the ER resident proteins and function in a 

retrieval signal-independent way. In mammalian cells, there have been many studies to 

support a role for the transmembrane domain and part of the flanking regions in the 

retention of Golgi enzymes. The mechanism, as discussed above, is proposed to be a 

result of the difference in thickness of the lipid bilayer between the plasma membrane 

and the Golgi membrane (77). Another model postulates that the transmembrane domain 

interacts with other Golgi proteins to form large oligomers, which prevents them from 

entering transport vesicles (57).  

Unfortunately, the role of the TMD in the retention of ER resident proteins in 

mammalian cells is less clear. The role of the TMD in the localization of a few yeast ER 

proteins has been studied, such as a yeast ER t-SNARE Ufe1p and another yeast ER 

protein Sec12p (72). However, the retential signal is not only determined by the length of 

the TMD but also is dependent on the amino acid sequence (69). Thus, many questions 

remain about the mechanisms of ER retention for ER resident proteins.  Our studies on 

the ER retention of the molecular chaperone Cosmc provides new insights on the 

pathways of ER retention and suggest further studies are needed on precise roles of the 

amino acid sequences within the TMD of ER resident transmembrane proteins. 
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Chapter 2 

ER-localization Determinants of Cosmc 

2.1 Introduction 

The molecular basis of specific integral membrane protein retention in different 

organelles along the secretory pathway of eukaryotic cells is not well understood. The 

basis for sorting and transport of integral membrane proteins to their different 

intracellular destinations is of central importance for maintenance of cell integrity. In the 

past, many studies on the targeting and retention of resident Golgi proteins have been 

performed, but little is known about ER resident proteins. 

After translocation into the ER, it is thought that proteins move by default towards 

the plasma membrane unless certain specific structure motifs are present, which include a 

retention signal or a retrieval signal, determining the retention in specific organelles(78). 

The availability of cDNAs encoding different ER proteins allowed the systematic study 

of the amino acid composition and structure of the different domains and their role in 

targeting and ER retention(61,64,79). The generation of chimeric proteins by 

manipulation of these cDNAs showed that the presence of the tetrapeptides KDEL or 

HDEL, or double lysine KK of eukaryotic proteins is sufficient for retention and/or 

retrieval to the ER(61,64,79).  

Recently, the use of protein chimeras has yielded further indications that the 

specific domains of different type II transmembrane Golgi enzymes are involved in Golgi 

retention(80). The transmembrane domain (TMD) of β1,4 galactosyltransferase, a trans-
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Golgi resident enzyme, is sufficient to retain a chimera of an endocytic compartment 

resident protein in the trans-cisternae of the Golgi stack (81). The TMD of another trans-

Golgi resident enzyme, α2,6 sialyltransferase, also specifies Golgi retention of a fused 

marker protein, the normally secreted chicken lysozyme (80). The TMD of the medial-

Golgi resident enzyme, N-acetylglycosaminytransferase I was also shown to mediate the 

transport of a reporter gene product to the Golgi complex(82). 

However, the role of the TMD and other domains of resident ER transmembrane 

proteins has not been well studied. So far, the general idea about the role of the TMD in 

the ER localization is focused on its length or hydrophobicity of the TMD(83). Short 

TMD with hydrophobic residues may promote the ER targeting of those resident 

proteins(83). In addition, the polar residues within the TMD might be the retrieval signal 

for some ER resident proteins which can be returned from the Golgi to the ER in a 

receptor-dependent way(70).  

A novel ER-localized molecular chaperone termed Cosmc was recently 

discovered and shown to assist in the folding and prevention of oligomerization of the 

key enzyme involved in mucin-type O-glycosylation, the core 1 β1,3 

galactosyltransferase (T-synthase).  The T-synthase is a Golgi enzyme that adds galactose 

residues donated from UDP-Gal to glycoproteins entering the Golgi that have the mucin-

type sequence GalNAcα1-Ser/Thr to generate the core 1 disaccharide Galβ1-3GalNAcα1-

Ser/Thr.  Cosmc is a type II transmembrane protein (~35 kDa) with a short cytoplasmic 

N-terminal domain, and a large ER luminal domain that is not glycosylated and is the 

functional chaperone domain.  
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Figure 4. Comparison of amino acid sequences of wild type Cosmc from different species. 
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There are orthologs for Cosmc in vertebrates from human to zebra fish, but not in 

invertebrates (56). Human and primate Cosmc have only one single amino acid 

difference at V191I, and both proteins have 318 amino acids (56). In contrast to human 

and primate Cosmc, rodent Cosmc contains 316 amino acids and has a two-amino-acid 

gap between positions 33 and 34, which are located at the beginning of the functionally 

luminal domain of Cosmc(56). However, the rodent Cosmc has >95% identity to human 

Cosmc. Frog Cosmc is a 317-amino-acid protein, which has one amino acid gap in the 

sequence at position 33 compared with human Cosmc. Zebrafish Cosmc lacks 3 amino 

acids at the C-terminal domain compared to human Cosmc, ending at position 315 (56). 

Mouse Cosmc can act as a molecular chaperone for both human and mouse T-synthase, 

but the functions of other Cosmc orthologies have not been tested (56). 

The mechanism of retention of Cosmc in the ER is not known.  The primary 

amino acid sequence of Cosmc lacks traditional retention and retrieval signals such as 

KDEL motif, K(X)KXX motif, or RR motif. ER-localization of Cosmc is essential for its 

chaperone function for T-synthase since T-synthase is a secretory pathway protein. 

Soluble secreted form of Cosmc has a little function, while a recombinant soluble form 

Cosmc engineered to contain a KDEL-tag functions as efficiently as wild type Cosmc 

(56). Furthermore, a start codon mutation of Cosmc identified in a Tn syndrome patient 

results in unfunctional Cosmc, although it could be translated into a polypeptide lacking 

the cytoplasmic domain and  part of the TMD by using another ATG codon in frame at 

position 13  (amino acid sequence number) as a start, which is presumably mislocalized 

in cells (56).  Thus, there is a need to define the mechanism of ER localization for 

Cosmc, which may help to shed light on general ER retention mechanisms.  Furthermore, 
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defining of the determinants for Cosmc ER-localization will aid in fully understanding 

the functions of Cosmc and its role in human disease processes.  

The TMD of Cosmc has 18 amino acids -G-V-M-L-G-S-I-F-C-A-L-I-T-M-L-G-

H-I- and it is conserved in many species. Our previous studies have shown that human 

Cosmc mainly localizes in ER, whereas recombinant, soluble recombinant Cosmc was 

secreted into the culture media.  The secretion of this soluble form of Cosmc and the ER 

retention of the engineered  KDEL-tagged soluble Cosmc (56) indicates that the TMD of 

Cosmc may be important for its ER-localization. Many previous studies have shown that 

the TMD could be a determinant for ER retention or retrieval signals(70,83,84). To aid in 

identifying the determinants that localize Cosmc to the ER, we generated molecular a 

variety of molecular constructs to test the role of the TMD and other domains on its ER 

retention. Our approach involved the generation of chimeras by using another type II 

transmembrane protein, the transferrin receptor (TfR), which has 760 amino acids, but is 

localized to the plasma membrane and the endosomal vesicles in all animal cells(85). The 

TfR is ideal for these studies, since it is a well-studied protein and is also a type II 

transmembrane protein similar to Cosmc.  Six different chimeric constructs were 

generated by recombinant DNA techniques.  

Each construct was transiently expressed in COS-7 cells and the intracellular 

destination of the recombinant protein was followed by indirect immunofluorescence 

with a monoclonal antibody against a HPC4 tag, which has been added to the C-terminus 

of each construct, and by subcellular fractionation/Western Blotting method. The HPC4 

epitope is a 12 amino acid determinant in the protein C activation peptide region and is 
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recognized by the Ca2+-dependent HPC4 monoclonal antibody (86,87).  It should be 

noted that many studies on protein localization in the ER and Golgi rely on changes in 

protein glycosylation dependent on the localization or retrieval.  However, Cosmc is not a 

glycoprotein and thus it is not possible to rely on such indirect approaches for gauging 

localization.  Thus, our approach utilized two key observations.  We examined 

subcellular localization of Cosmc constructs and other markers by confocal 

immunomicroscopy using intact versus permeabilized cells as well as subcellular 

fractionation using sucrose gradients of membranes and Western blotting of the 

recombinant proteins versus other markers.   

2.2 Materials and methods 

2.2.1 Reagents 

African Green Monkey SV40-transfected kidney fibroblast cell line COS7 was obtained 

from American Type Culture Collection. Restriction enzymes were obtained from New 

England Biolabs, Inc. FuGENE6 and Taq DNA polymerase was obtained from Roche. 

TNM-FH and EX-Cell 405 media, rabbit anti–human calnexin mAb (IgG1), and mouse 

anti-human KDEL (GRP78) mAb (IgG1) were purchased from BD Biosciences. Rabbit 

anti-human giantin mAb (IgG1) was purchased from Abcam. Rabbit anti–human 

calnexin antiserum and mouse anti-KDEL (GRP78 and GRP94) mAb (10C3) were 

purchased from Assay Designs. Alexa Fluor–labeled secondary antibodies were 

purchased from Invitrogen. Proteasome inhibitors MG-132 and rabbit anti–human 

proteasome 20S α-type1 subunit (IgG) were purchased from EMD. Vector pcDNA3.1(+), 

PCR TOPO4 cloning kit and SDS-PAGE gels were obtained from Invitrogen. QIAquick 
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Gel Extraction kits were obtained from QIAGEN. Chemiluminescent Substrate and BCA 

protein assay kit were purchased from Thermo Fisher Scientific.  

2.2.2 Preparation of expression constructs 

A construct encoding C-terminal HPC4-tagged Cosmc (Cosmc-HPC4) was made by 

introducing the HPC4-epitope (KGDILRPDVQDE) into wild type Cosmc at its C 

terminus by PCR. The product was cloned into PCR3.1. The insert was cut with BamHI 

(partially)–XbaI and cloned into pcDNA3.1(+). A construct encoding C-terminal HPC4-

tagged TfR (TfR-HPC4) was made using a similar strategy to Cosmc-HPC4. The HPC4 

epitope tag was introduced into the C terminus of TfR by PCR. The product was cloned 

into PCR3.1. The insert was cut with BamHI–XbaI and cloned into pcDNA3.1(+).The 

PCR primers are listed in Table 1.   

 

Table 1.  PCR primers used for making chimeric constructs. 
 

Constructs  Forward Primer  Reverse primer 

Cosmc-HPC4 
 I 

5’-CAATGAAAAGACTTAAC 
AG CCT-3’ 
 

II 

5’-GCTCTAGACTACTTGCCGT 
CGATCAGCCTGGGGTCCACC
TGGTCCTCGTCATTGTCAGA
ACCATTTGGAG-3’ 

TfR-HPC4 
 III 

5’-CGGTACCACCATGAGGC 
TGGCCGTGGGCGCCCTG-3’ 
 
 

IV 

5’-GTCTAGATTACTTGCCGTC 
GATCAGCCTGGGGTCCACCT
GGTCCTCAAACTCATTGTCA
ATGTCCCAA-3’ 
 

Cosmc with N-
TfR 

 
III 5’-CGGTACCACCATGAGGC 

TGGCCGTGGGCGCCCTG-3’ II 

5’-GCTCTAGACTACTTGCCGT 
CGATCAGCCTGGGGTCCACC
TGGTCCTCGTCATTGTCAGA
ACCATTTGGAG-3’ 
 

 V 

5’-GCTGACAATAACACAAA 
GGCCAATGTCACAAAACCA
AAAAGGGGTGTGATGCTTG
GAAGCATTTTC-3’ 

VI 

5’-ATAGTGATCAAAGCACAG 
AAAATGCTTCCAAGCATCAC
ACCCCTTTTTGGTTTTGTGAC
ATTGGC-3’ 
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TfR with N-
Cosmc 

 
VII 

5’-CGGATCCACCATGCTTT 
CTGAAAGCAGCTCCTTTTT
GAAGTGTAGTGGAAGTATC
TGCTATGGG-3’ 
 

IV 

5’-GTCTAGATTACTTGCCGTC 
GATCAGCCTGGGGTCCACCT
GGTCCTCAAACTCATTGTCA
ATGTCCCAA-3’ 
 

TfR with C-
Cosmc 

 
III 

5’-CGGTACCACCATGAGGC 
TGGCCGTGGGCGCCCTG-3’ 
 

II 

5’-GCTCTAGACTACTTGCCGT 
CGATCAGCCTGGGGTCCACC
TGGTCCTCGTCATTGTCAGA
ACCATTTGGAG-3’ 
 

 VIII 

5’-TTTTTCTTGATTGGATT 
TATGATTGGCTACTTGGGC
TATTGTAGGATTGGTCATG
GAAATAGAATG-3’ 
 

IX 

5’-ATGATGCTCATGGTGGTG 
CATTCTATTTCCATGACCAAT
CCTACAATAGCCCAAGTAGC
CAATCAT-3’ 
 

Cosmc with C-
TfR 

 
I 

5’-CAATGAAAAGACTTAAC 
AG CCT-3’ 
 

IV 

5’-GTCTAGATTACTTGCCGTC 
GATCAGCCTGGGGTCCACCT
GGTCCTCAAACTCATTGTCA
ATGTCCCAA-3’ 
 

 X 

5’-GGAAGCATTTTCTGTGC 
TTTGATCACTATGCTAGGA
CACATTAAAGGGGTAGAAC
CAAAAACTGAG-3’ 
 

XI 

5’-TCCTGCCAGTCTCTCACAC 
TCAGTTTTTGGTTCTACCCCT
TTAATGTGTCCTAGCATAGT
GATCAA-3’ 
 

TfR with T-
Cosmc 

 
III 

5’-CGGTACCACCATGAGGC 
TGGCCGTGGGCGCCCTG-3’ 
 

IV 

5’-GTCTAGATTACTTGCCGTC 
GATCAGCCTGGGGTCCACCT
GGTCCTCAAACTCATTGTCA
ATGTCCCAA-3’ 
 

 V 

5’-GCTGACAATAACACAA 
AGGCCAATGTCACAAAACC
AAAAAGGGGTGTGATGCTT
GGAAGCATTTTC-3’ 
 

VI 

5’-CATAGTGATCAAAGCACA 
GAAAATGCTTCCAAGCATCA
CACCCCTTTTTGGTTTTGTGA
CATTGGC-3’ 
 

Cosmc with T-
TfR 

 
VII 

5’-GCTGACAATAACACAA 
AGGCCAATGTCACAAAACC
AAAAAGGGGTGTGATGCTT
GGAAGCATTTTC-3’ 

II 

5’-GCTCTAGACTACTTGCCGT 
CGATCAGCCTGGGGTCCACC
TGGTCCTCGTCATTGTCAGA
ACCATTTGGAG-3’ 
 

 

The six chimeric constructs were prepared using the following strategy. Plasmids 

A and B are color-coded and shown as two paired strands. Synthetic oligonucleotide 

primers are also color-coded and shown as single strands, with half arrowheads indicating 

the direction(88). The intermediate PCR-amplified products C and D are also shown as 
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two paired strands and color-coded according to the plasmid template and primers. They 

are derived from plasmid A and B, respectively (88).  

In the first PCR, Plasmid A was amplified by high-fidelity PCR employing pfu 

polymerase and synthetic oligonucleotide primers a and b (88). Plasmid B was amplified 

by high-fidelity PCR employing pfu polymerase and synthetic oligonucleotide primers c 

and d. The conditions for the high−fidelity PCR amplification were: 1 cycle at 98°C  for 

30s, 35 cycles of PCR at 98°C for 10 s, 62°C for 30 s, and 72°C for 3−4 min (30s per 

kilobase DNA fragment to be amplified) in a volume of 50 μl with 1μl plasmid DNA 

template, 1 U Pfu polymerase, 10 pmol of each primer, 5 μl mixed dNTP at 2.5 mM 

concentration, and 10 μl 5x Pfu buffer (containing 1.0 mM Mg2+), and 1 cycle at 72°C for 

5 min. Then, the products from each individual PCR were analyzed on agarose gels and 

purified, mixed in an asymmetric ratio for a second PCR; the C strand at its 3’end and the 

D strand at its 5' ends have their overlap region and could pair with each other. Extension 

of this overlap by DNA polymerase created the full−length chimeric molecule E (88). 

The new strand E then acted as a template to make the final PCR product F by high-

fidelity PCR employing pfu polymerase and synthetic oligonucleotide primers a and d 

(88). The optimal conditions for the second PCR were: 1 μl of each product from the first 

PCR by the high−fidelity PCR amplification was mixed with 10 pmol of synthetic 

oligonucleotide primers. The mixture was subjected a PCR in a volume of 50 μl 

containing 1 U of pfu polymerase, 5 μl mixed dNTP at 2.5 mM concentration, and 10 μl 

5x pfu buffer (containing 1.0 mM Mg2+)(88). The PCR cycling parameters were the same 

as in the first PCR. 
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Figure 5.  Schematic diagram of the PCR-mediated recombination strategy used in making 
chimeric constructs.  

 

2.2.3 Site-Directed Mutagenesis 

Wild type Cosmc and the chimera with transmembrane domain from Cosmc and the rest 

from TfR are used as templates to make mutations either from cysteine to alanine or from 

cysteine to serine using QuickChangeTM site-directed mutagenesis kit following 

Manufacture’s protocol. For Cys-to-Ala site directed mutagenesis, we used forward 

primer: 5’GGAAGCATTTTCGCTGCTTTGATC-3’ and reverse primer: 

5’GATCAAAGCAGCGAAAATGCTTCC-3’. For Cys-to-Ser site directed mutagenesis, 

we sued forward primer: 5’GGAAGCATTTTCAGTGCTTTGATC-3’ and reverse 

primer:5’GATCAAAGCACTGAAAATGCTTCC-3’. The recombinant plasmids 

containing the desired mutations were confirmed by DNA sequencing. 
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2.2.4 Cell culture and transfection 

Monolayer COS7 cells were cultured at 37°C in 5% CO2 and in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with10% fetal bovine serum (FBS), penicillin, 

and streptomycin at 100 µg/ml. One day prior to transfection, the cells were seeded into a 

10-cm dish and cultured in the complete media for overnight to reach to 50-60% 

confluency. Then cells were transfected with Fugene6 transfection reagent (Roche), 

according to the manufacturer’s instructions. 

2.2.5 Immunofluorescent staining of COS7 cells 

COS7 cells were cultured on a chambered slide and transiently transfected with the 

expression constructs using Fugene 6 transfection reagent according to the manufacturer's 

protocol. At 48 h post transfection, cells were washed with TBS and fixed with 4% PFA 

on ice for 1 h and permeabilized with 0.1% Triton X-100 for 45 min on ice. After 

blocking with 1% BSA in TBS for 1 h at RT, the cells were incubated with primary 

antibodies for 1 h at RT. The cells were washed with TBS three times and incubated with 

Alexa Fluor–labeled secondary antibodies at RT for 1 h. Cells were then washed four 

times with TBS and mounted with Prolong Antifade Media (Invitrogen). After drying at 

RT for 12–16 h, cells were visualized on a confocal microscope (TCS NT; Leica) at RT 

under 40x Plan Fluotar 1.0 NA oil immersion or 100x Plan APO 1.4 NA oil immersion 

objective lenses. The images were maximum projection collected with a pinhole of 1 

using 0.5-µm step size. Images were analyzed using the TCS and Volocity software 

(Leica).  
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2.2.6 Subcellular fractionation 

COS7 cells grown to 80% confluence in 10 cm2 dishes and transiently transfected with 

the expression constructs for 48 h were harvested and washed with cold PBS. Cells were 

homogenized in 25 mM HEPES, pH 7.5 containing 250 mM sucrose. Then post-nuclear 

supernatants (PNS) were made by centrifugation at 20,000 g for 30 min. The 

concentration of sucrose in PNS was adjusted to 40% (wt/vol) and loaded on 60, 50, 30, 

and 20% sucrose gradient. After centrifugation at 100,000 g for 20 h, 18 fractions were 

collected from the bottom of the tube. The fractions were analyzed by Western blotting 

with antibodies indicated in the results. 

Cell Culture (Transiently transfected COS7 cells)

Collect cells by centrifugation 
(500xg) at 4° C

Homogenization

Pellet= Nuclei              
Supernatant=postnuclear supernatant (PNS)

Centrifugation(20,000xg) at 4°
C  for 30min

Centrfugation(100,000xg) 
at 4° C for 20h

Sucrose 
gradient 
flotation

60%

50%

40%

30%

20%

PNS

Collect 18 fractions from 
the bottom of the tube SDS-PAGE  

Western blot

1. HPC4 mAb

2. ER marker (anti-KDEL mAb)

 

Figure 6.  Schematic diagram of the subcellular fractionation.   
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2.2.7 Preparation of cell extracts 

Transfected cells were resuspended in an appropriate volume of TBS buffer including 

1mM CaCl2 and proteinase inhibitor mixture (Roche Molecular Biochemicals) and 

homogenized by sonication on an ice-bath for 5 sec four times. The PNS were obtained 

by centrifugation of homogenate at 700 × g for 10 min, and the extracts were obtained by 

adding 1% Triton X-100 to the supernatant and solubilizing on ice for 30 min. 

2.2.8 Western Blot 

The protein samples were first separated on 4-20% SDS-PAGE, and then transferred onto 

a nitrocellulose membrane by electro-blotting at 30 V for 1.5 h using a Bio-Rad Mini 

Trans-Blot apparatus. The membrane was blocked with 5% low-fat milk. Primary 

antibody (10 μg/ml HPC4 mAb) was added onto the membrane for 1 h at room 

temperature.  For HPC4 blotting, the membrane was washed 5 times with 20 mM Tris-

HCl, 300 mM NaCl, and 1 mM CaCl2, pH 7.2. After washing, the membranes were 

incubated with 4 ml of 0.17 ng/ml HRP-conjugated goat anti–mouse IgG at 23°C for 45 

min. Membranes were washed 5 times with 20 mM Tris-HCl, 300 mM NaCl, and 1 mM 

CaCl2, pH 7.2, and incubated with 3 ml of SuperSignal West Pico Chemiluminescent 

Substrate at RT for 1 min. The blot was exposed to film (Denville Scientific, Inc.) for 1 

min, and developed by autoradiography. The membranes were stripped by washing with 

2% SDS and 1% 2-mercaptoethanol in deionized water for 30 min, followed by washing 

3 times with 20 mM Tris-HCl and 300 mM NaCl, pH 7.2. The membranes were blocked 

with 1% milk and washed 3 times with 20 mM Tris-HCl and 300 mM NaCl, pH 7.2. 

Membranes were incubated with polyclonal mouse IgG against KDEL using 4 ml of 0.2 
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µg/ml antibody for 1 h. Membranes were washed 5 times with 20 mM Tris-HCl and 300 

mM NaCl, pH 7.2, and incubated with 4 ml of 0.17 ng/ml HRP-conjugated goat anti–

chicken IgG at 23°C for 45 min. Membranes were washed with 20 mM Tris-HCl and 300 

mM NaCl, pH 7.2, and developed accordingly. 

2.2.9 Proteasome inhibitor treatment 

About 106 COS7 cells were seeded in T75 flasks and transiently transfected with the 

expression constructs using Fugene 6 transfection reagent according to the manufacturer's 

protocol. At 48 h after transfection, the cells were split into two plates and treated with 10 

µM MG-132 (dissolved in 100% DMSO at 2 mM stock) or 0.5% DMSO in complete 

media for 12–14 h, respectively. The cells were harvested for Western blot. 

2.2.10 In vitro Cosmc immunoprecipitation 

Proteins were incubated with beads overnight while rotating at 4°C. The beads were 

collected using bench centrifugation and the beads were washed 5 times with 400 µl TBS 

washing buffer. The bead-bound material was eluted 5 times with 20 µl of elution buffer 

(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 0.1% Triton X-100). 

2.3 Results 

2.3.1 Generation of Cosmc-TfR chimeras 

To exam the role of the cytoplasmic, the TMD, and the luminal domains of Cosmc in the 

secretory pathway, a series of chimeric cDNAs were constructed by recombinant DNA 

techniques. Cosmc was fused to the equivalent region from a cell surface membrane 
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protein, transferrin receptor (TfR). TfR is a type II transmembrane protein found in all 

animal cells. It was chosen as a reporter because, like Cosmc, it has a short cytoplasmic 

domain, a single membrane-spanning domain, and a long extracellular domain. 

Six constructs for expression of chimeras have been made. Chimera 1 contains the 

TfR cytoplasmic domain and Cosmc TMD and (lumenal domain) LD (#1- 

TfR/Cosmc/Cosmc).  Chimera 2 contains the Cosmc cytoplasmic domain and TfR TMD 

and extracellular domain (ECD) (#2- Cosmc/TfR/TfR).  Chimera 3 contains the Cosmc 

luminal domain and the TfR cytoplasmic and TMD (#3- TfR/TfR/Cosmc).  Chimera 4 

contains the TfR    luminal domain and the Cosmc cytoplasmic and TMD (#4- 

Cosmc/Cosmc/TfR). Chimera 5 contains the Cosmc TMD and the TfR cytoplasmic and 

luminal domain (#5- TfR/Cosmc/TfR).  Finally, chimera 6 contains the TfR 

transmembrane domain and the Cosmc cytoplasmic and luminal domain (#6- 

Cosmc/TfR/Cosmc). Each construct has a luminal-terminal HPC4 tag. Figure 7 displays 

each construct. 

Transferrin
receptor (WT)

Cosmc (WT)

Chimera 1
Chimera 2
Chimera 3
Chimera 4
Chimera 5
Chimera 6

HPC4-epitope tagCD TMD LD HPC4-epitope tagCD TMD LD

 
 

Figure 7.  Schematic diagram of the starting proteins and the generated various chimeras used 
in this study. The major protein domains, CD (cytoplasmic domain); TMD 
(transmembrane domain); LD (luminal domain); and HPC4 epitope tag in blue, are 
represented by closed boxes.  
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2.3.2 Wild type Cosmc localizes in the ER 

COS7 cells were transiently transfected with full-length, HPC4-epitope tagged wild type 

Cosmc (wtCosmc), and stained with HPC4 mAb by immunofluorescence. As shown in 

Figure 8A-C, Cosmc (red) was expressed in a perinuclear pattern in the transfected cells, 

with a very similar pattern to the ER marker Calnexin (green), which stained all cells. A 

merge of the staining image gave a yellow color in the Cosmc expressing cells, indicating 

that Cosmc and Calnexin are co-localized.  This result is consistent with our previous 

data, demonstrating that wtCosmc mainly localizes in ER(56). 

  

 

 
Figure 8.  Localization of the wtCosmc. (A-C) Immunofluorescent staining of the wtCosmc. 

COS-7 cells grown on chambered slides were transiently transfected with C-
terminally HPC4-tagged wtCosmc. After 24h, the post-transfected cells were then 
stained with mouse anti-HPC4 (red) antibody, rabbit anti-Calnexin (green)  
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2.3.3 Wild type TfR localizes in the plasma membrane 

COS7 cells were transiently transfected with plasmid expressing the wild type TfR 

(wtTfR), and immofluorescently stained with anti-HPC4 and anti-Calnexin antibody in 

the presence and absence of detergent Triton X-100 for permeabilization. 

The wtTfR (red) was observed as bright plasma membrane staining pattern under 

both permeable and non-permeable conditions, while Calnexin (green) was apparent only 

when cells were permeablized by Triton X-100, indicating its intracellular localization. A 

minor staining in the ER also observed with for wtTfR, which could be due to the high 

expression this protein in Cos-7 cells or overall fluorescence in many membranes 

including endosomes (Fig. 9A-D). To further confirm the localization of the wtTfR, we 

performed subcellular fractionation on sucrose gradients of COS7 cells expressing 

wtTfR-HPC4.  wtTfR-HPC4 was recovered primarily in fractions 5-15 with major bands 

in fractions 6~10, while GRP78/94 were mainly in fractions 8~12 as shown in the 

Western Blot (Fig. 9E). wtTfR is first synthesized in the ER and then sorted to the plasma 

membrane through the secretory pathway. Thus, it is not surprising to see some portion of 

wtTfR in the ER as well as plasma membranes. Overall, the IF staining and subcellular 

fractionation results are consistent each other and indicate that wtTfR is mainly on plasma 

membrane of COS-7 cells, as expected. 
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Figure 9.  Localization of the wtTfR. (A-D) Immunofluorescent staining of the wtTfR. COS-7 
cells grown on chambered slides were transiently transfected with C-terminally 
HPC4-tagged wtTfR TfR. After 24h, the post-transfected cells were then stained 
with mouse anti-HPC4 (red) antibody, rabbit anti-Calnexin (green). (E)The 
transfected cells were not treated with Triton-100 to permeabilize the cell 
membrane, but still stained with mouse anti-HPC4 (red) antibody and rabbit anti-
Calnexin (green). (F) Sucrose gradient subcellular fractionation. COS-7 cells 
transiently transfected with HPC4-tagged wild type TfR were harvested, 
homogenized and removed the nuclei. The postnuclear supernant (PNS) was applied 
to a sucrose gradient and 18 fractions were obtained after ultracentrifugation. 
Proteins from each fraction were analyzed on Western Blot with anti-HPC4 and 
anti-KDEL antibodies. 
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2.3.4 Cosmc/TfR/TfR (Construct #2) localizes in the plasma membrane 

COS7 cells were transiently transfected with the construct expressing chimera 

Cosmc/TfR/TfR (Construct #2), and then the cellular localization was examined by 

immunofluorescence with anti-HPC4 antibody as shown in Figure 10A-D. The ER 

marker was visualized by antibody to an ER-resident protein Calnexin. 

Cosmc/TfR/TfR ( Construct #2) (red) almost equally displayed on a whole cell 

with a clear edges of the plasma membrane , as seen in the wild type TfR staining, it was 

also observed as perinuclear and punctuate pattern in some cells.  These results indicate 

that this chimera was mainly localized on the plasma membrane, and partially retained in 

the ER and Golgi apparatus. The merged image with Calnexin (green) confirmed the 

partial co-localization of Cosmc/TfR/TfR with the ER marker, and the partial ER-

localization of this fusion protein. To further confirm its plasma membrane localization, 

the transfected COS-7 cells were also stained with anti-HPC4 at non-permeablization 

condition. We observed that the Cosmc/TfR/TfR (Construct #2) was similar stained on 

the whole cell with a pattern similar to observed in the permeabilized cells, besides the 

perinuclear staining (Fig. 10E). Another line of evidence showing that Cosmc/TfR/TfR 

was mainly plasma membrane-localized was obtained from subcellular 

fractionation/Western Blotting experiment. As shown Figure 10F, Cosmc/TfR/TfR-HPC4 

from transfected COS-7 cells was recovered primarily in fractions 4-13, where 

GRP78/94, the ER proteins were mainly in fractions 10-12, which is similar to the wild 

type TfR. All data demonstrated chimera #2 was mainly localized on plasma membrane. 

These results indicated that the cytoplasmic domain of Cosmc is not sufficient to retain 
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the TfR in the ER, suggesting that the cytoplasmaic domain of Cosmc is not the main 

ER-localization determinants for Cosmc. 

 
 

Figure 10.  Localization of the construct Cosmc/TfR/TfR. (A-D) Immunofluorescent staining of 
Cosmc/TfR/TfR. COS-7 cells grown on chambered slides were transiently 
transfected with Cosmc/TfR/. After 24h, the post-transfected cells were then stained 
with mouse anti-HPC4 (red) antibody, rabbit anti-Calnexin (green). (E)The 
transfected cells were not treated with Triton-100 to permeabilize the cell 
membrane, but still stained with mouse anti-HPC4 (red) antibody and rabbit anti-
Calnexin (green). (F) Sucrose gradient subcellular fractionation. COS-7 cells 
transiently transfected with HPC4-tagged Cosmc/TfR/TfR were harvested, 
homogenized and removed the nuclei. The postnuclear supernant (PNS) was applied 
to a sucrose gradient and 18 fractions were obtained after ultracentrifugation. 
Proteins from each fraction were analyzed on Western Blot with anti-HPC4 and 
anti-KDEL antibodies. 
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2.3.5 TfR/TfR/Cosmc (Construct #3) localizes in the Golgi 

To test whether the luminal domain of Cosmc is important in ER-localization, we made a 

construct expressing the chimera protein TfR/TfR/Cosmc (Construct #3). COS7 cells 

were transiently transfected with the construct, and then the cellular localization was 

examined by immunofluorescence with the HPC4 antibody as shown in Figure 11A-D. 

The Golgi marker was visualized by antibody to a Golgi-resident protein Giantin. 

Surprisingly, TfR/TfR/Cosmc (Construct #3) (red) revealed a punctate pattern in 

many cells that was coincident with the localization of Giantin (green), a Golgi marker, 

which stained in every cell. Merge of the staining image gave a yellow color in every 

TfR/TfR/Cosmc (Construct #3) stained cells, indicating the co-localization of those two 

proteins. To further establish the localization of TfR/TfR/Cosmc (Construct #3), we 

performed subcellular fractionation on sucrose gradients of COS7 cells expressing 

TfR/TfR/Cosmc-HPC4 (Construct #3). TfR/TfR/Cosmc (Construct #3) was present in 

fractions 8-9 as detected by anti-HPC on Western blot (Fig.11E), which is different from 

fractions 10-12 containing the ER marker Grp78/94. This result is consistent with the 

immunofluorescent staining (IF) data further confirming the Golgi-localization of 

construct #3. These results indicated that the luminal domain of Cosmc is not sufficient to 

retain the TfR in the ER, suggesting that the luminal domain of Cosmc is not the main 

ER-localization determinant for Cosmc.  However, this luminal domain has the ability to 

retain Construct #3 in the Golgi apparatus.  
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Figure 11.  Localization of the Construct TfR/TfR/Cosmc. (A-D) Immunofluorescent staining of 
TfR/TfR/Cosmc. COS-7 cells grown on chambered slides were transiently 
transfected with TfR/TfR/Cosmc. After 24h, the post-transfected cells were then 
stained with mouse anti-HPC4 (red) antibody and rabbit anti-Giantin (green) 
antibodies. (E) Sucrose gradient subcellular fractionation. COS-7 cells transiently 
transfected with HPC4-tagged TfR/TfR/Cosmc were harvested, homogenized and 
removed the nuclei. The postnuclear supernant (PNS) was applied to a sucrose 
gradient and 18 fractions were obtained after ultracentrifugation. Proteins from 
each fraction were analyzed on Western Blot with anti-HPC4 and anti-KDEL 
antibodies. 
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2.3.6 Cosmc/Cosmc/TfR (Construct #4) localizes in the ER 

COS7 cells were transiently transfected with the construct expressing 

Cosmc/Cosmc/TfR(Construct #4), and then the cellular localization was examined by 

immunofluorescence with the HPC4 antibody as shown in Figure 12A-D. The ER marker 

was visualized by antibody to an ER-resident protein Calnexin. 

Cosmc/Cosmc/TfR (Construct #4) (red) was observed in a perinuclear pattern in 

some cells, similar to staining with ER marker Calnexin (green) which stained in every 

cell. Merge of the staining image gave a yellow color in the Cosmc/Cosmc/TfR stained 

cells, indicating the co-localization of those two proteins.  To further establish the 

localization of Cosmc/Cosmc/TfR (Construct #4), we performed subcellular fractionation 

on sucrose gradients of COS7 cells expressing Cosmc/Cosmc/TfR-HPC4 (Construct #4). 

Cosmc/Cosmc/TfR-HPC4 (Construct #4) was recovered primarily in fractions 9-12 as 

detected by anti-HPC on Western blot, corresponding to fractions 9-12 containing the ER 

markers GRP78 and GRP94 (Fig.12E). This result is consistent with the 

immunofluorescent staining (IF) data further confirming the ER-localization of chimera 

#4. These results indicated that the cytoplasmic and transmembrane domains of Cosmc 

are sufficient to retain the TfR in the ER. 
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Figure 12.  Localization of the construct Cosmc/cosmc/TfR. (A-D) Immunofluorescent staining 

of Cosmc/Cosmc/TfR fusion proteins. COS-7 cells grown on chambered slides were 
transiently transfected with Cosmc/Cosmc/TfR. After 24h, the post-transfected cells 
were then stained with mouse anti-HPC4 (red) antibody and rabbit anti-Calnexin 
(green). (E) Sucrose gradient subcellular fractionation. COS-7 cells transiently 
transfected with HPC4-tagged Cosmc/Cosmc/TfR were harvested, homogenized and 
removed the nuclei. The postnuclear supernant (PNS) was applied to a sucrose 
gradient and 18 fractions were obtained after ultracentrifugation. Proteins from 
each fraction were analyzed on Western Blot with anti-HPC4 and anti-KDEL 
antibodies. 
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2.3.7 TfR/Cosmc/TfR (Construct #5) localizes in the ER 

To test whether the TMD of Cosmc is the ER-localization determent for Cosmc or not, 

we made a construct expressing the chimera protein of TfR/Cosmc/TfR (Construct #5). 

COS7 cells were transiently transfected with the construct, and then the cellular 

localization was examined by immunofluorescence with the HPC4 antibody as shown in 

Figure 13A-D. The ER marker was visualized by antibody to an ER-resident protein 

Calnexin. 

TfR/Cosmc/TfR (Construct #5) (red) was observed in a perinuclear pattern in 

some cells, similar to staining with ER marker Calnexin (green) which stained in every 

cell. Merge of the staining image gave a yellow color in the TfR/Cosmc/TfR stained 

cells, indicating the co-localization of those two proteins.  To further establish the 

localization of TfR/Cosmc/TfR (Construct #5), we performed subcellular fractionation on 

sucrose gradients of COS7 cells expressing Chimera #5. TfR/Cosmc/TfR-HPC4 

(Construct #5) was recovered primarily in fractions 10-12 as detected by anti-HPC on 

Western blot, corresponding to fractions 10-12 containing the ER markers GRP78 and 

GRP94 (Fig.13E). This result is consistent with the immunofluorescent staining (IF) data 

further confirming the ER-localization of chimera #5. These results indicate that the 

TMD alone of Cosmc is sufficient to retain the TfR in the ER, suggesting that the 

transmembrane domain of Cosmc is the main ER-localization determinant for Cosmc. 
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Figure 13.  Localization of the construct TfR/Cosmc/TfR. (A-D) Immunofluorescent staining of 
TfR/Cosmc/TfR. COS-7 cells grown on chambered slides were transiently 
transfected with TfR/Cosmc/TfR. After 24h, the post-transfected cells were then 
stained with mouse anti-HPC4 (red) antibody and rabbit anti-Calnexin (green). (E) 
Sucrose gradient subcellular fractionation. COS-7 cells transiently transfected with 
HPC4-tagged TfR/Cosmc/TfR were harvested, homogenized and removed the 
nuclei. The postnuclear supernant (PNS) was applied to a sucrose gradient and 18 
fractions were obtained after ultracentrifugation. Proteins from each fraction were 
analyzed on Western Blot with anti-HPC4 and anti-KDEL antibodies. 

 

2.3.8 Cosmc/TfR/Cosmc (Construct #6) mainly localizes in the Golgi, but partially in 

the ER 

COS7 cells were transiently transfected with the construct expressing Cosmc/TfR/Cosmc 

(Construct #6), and then the cellular localization was examined by immunofluorescence 
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with anti-HPC4 antibody as shown in Figure 14A-H. The ER marker was visualized by 

antibody to an ER-resident protein Calnexin. The Golgi marker was visualized by 

antibody to a Golgi-resident protein Giantin. 

Cosmc/TfR/Cosmc (Construct #6) (red) observed in both a perinuclear 

localization similar to staining with the ER marker Calnexin (green) (Fig 14A-D) and a 

punctate pattern that was coincident with the localization of Giantin, a Golgi marker 

(green) (Fig 14E-H). Merge of the staining image gave a yellow color in the 

Cosmc/TfR/Cosmc stained cells, indicating the co-localization of those two proteins. To 

further establish the localization of Cosmc/TfR/Cosmc (Construct #6), we performed 

subcellular fractionation on sucrose gradients of COS7 cells expressing chimera #6. 

Cosmc/TfR/Cosmc (Construct #6) was observed in fractions 4-12 as detected by anti-

HPC on Western blot, which is different from fractions 9-12 containing the ER markers 

GRP78 and GRP94 (Fig.14I). These results are consistent with the immunofluorescent 

staining (IF) data and indicated that the absence of the TMD of Cosmc is unable to retain 

the TfR in the ER, suggesting that the transmembrane domain of Cosmc is the main ER-

localization determinant for Cosmc. 
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Figure 14.  Localization of the construct Cosmc/TfR/Cosmc. (A-H) Immunofluorescent staining 

of Cosmc/TfR/Cosmc. COS-7 cells grown on chambered slides were transiently 
transfected with Cosmc/TfR/Cosmc. After 24h, the post-transfected cells were then 
stained with mouse anti-HPC4 (red) antibody, rabbit anti-Calnexin (green) or 
rabbit anti-Giantin (green) antibodies. (I)Sucrose gradient subcellular fractionation. 
COS-7 cells transiently transfected with HPC4-tagged Cosmc/TfR/cosmc were 
harvested, homogenized and removed the nuclei. The postnuclear supernant (PNS) 
was applied to a sucrose gradient and 18 fractions were obtained after 
ultracentrifugation. Proteins from each fraction were analyzed on Western Blot 
with anti-HPC4 and anti-KDEL antibodies. 
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2.3.9 Construct TfR/Cosmc/Cosmc (#1) is unstable and degraded in proteosomes 

COS-7 cells were transiently transfected with wtCosmc and TfR/Cosmc/Cosmc 

(Construct #1). However, unlike expression of other constructs, there was very little 

expression of the HPC4-tagged Construct #1 in any cell, thus suggesting that the 

recombinant protein might be degraded.  To example this, after 48h transfection, both 

transfected COS-7 and non-transfected COS-7 cells were equally split into two plates. 

One was treated with proteasome inhibitor MG-132, while the other was treated 

overnight with dimethyl sulphoxide (DMSO) as a negative control. After collecting the 

cells, we examined expression of the Construct #1 using the mouse anti-HPC4 antibody 

in western blotting. There were no apparent bands present in non-transfected cells.  

Interestingly, there was very little expression of Construct #1 in the absence of MG-132, 

but the presence of the inhibitor significantly enhanced expression (Fig. 15). In addition, 

wtCosmc was clearly expressed in the absence of MG-132, but the presence of the 

inhibitor enhanced expression, indicating that some of the wtCosmc is also being 

degraded in cells by a proteasomal pathway.   These data demonstrate that Construct #1 

(fR/Cosmc/Cosmc) was degraded through the proteasome pathway and thus, it is not 

possible to examine its localization. Therefore, there are also no confocal images for 

TfR/Cosmc/Cosmc.  
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Figure 15. Degradation of TfR/Cosmc/Cosmc (#1) through proteasome pathway. COS-7 cells 
transiently expressing wild type Cosmc and TfR/Cosmc/Cosmc were treated with 
10µM MG-132 or DMSO for overnight and havested. The cell extracts were 
analyzed on SDS-PAGE by Western Blot with mouse anti-HPC4 antibody. MG-132 
causes accumulation of both Cosmc and TfR/Cosmc/Cosmc, but DMSO only causes 
accumulation of Cosmc. 

 

2.3.10 The amino acid cysteine within the membrane spanning domain of Cosmc is 

required for the retention of the full-length Cosmc in the ER 

The TMD of Cosmc does not contain any known ER retention motif.  However, there is a 

single residue of cysteine within the TMD, which led us to explore whether this residue 

might contribute to the ER localization function of the TMD. To explore the potential 

contribution of this Cys residue in wtCosmc, the Cys was mutated to Ala or Ser by site-
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directed mutagenesis. COS-7 cells were transfected with these two new constructs 

individually. Using immunofluorescence, the cellular localization of the constructs was 

assayed. Unexpectedly, the results from immunofluorescence showed a punctuate pattern 

of both two mutants (red), that was coincident with the localization of a Golgi marker, 

Giantin (green).  These results demonstrate that the TMD of Cosmc is responsible for ER 

retention and that mutation of the single Cys residue in the TMD to either Ala or Ser 

causes the TMD to lose its ER localization function and the mutated proteins accumulate 

in the Golgi apparatus.  
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Figure 16.  Localization of the Cysteine mutant Cosmc. (A-D) Immunofluorescent staining of 

mutant Cosmc (Cys-to Ser). COS-7 cells grown on chambered slides were 
transiently transfected with Cosmc/TfR/Cosmc. After 24h, the post-transfected cells 
were then stained with mouse anti-HPC4 (red) antibody and rabbit anti-Giantin 
(green) antibodies. (E-F) Immunofluorescent staining of mutant Cosmc (Cys-to-
Ala). COS-7 cells grown on chambered slides were transiently transfected with 
Cosmc/TfR/Cosmc. After 24h, the post-transfected cells were then stained with 
mouse anti-HPC4 (red) antibody and anti-Giantin (green) antibodies. 

 

2.4 Discussion 

The results presented in this study show that the TMD of Cosmc is sufficient to lead to 

the ER localization of a fusion protein based on the human transferrin receptor (TfR), a 

glycoprotein that normally localizes to the plasma membrane and endosomes. The 

chimera containing the Cosmc cytoplasmic domain (#2- Cosmc/TfR/TfR) largely 

accumulates on the cell surface, which means that there is no ER retrieval or retention 

signal in the cytoplasmic domain of Cosmc. The chimera containing the Cosmc luminal 
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domain (#3- TfR/TfR/Cosmc) was able to leave the ER and mainly localized in the 

Golgi, which suggests that the ER retention/retrieval signal is absent from the luminal 

domain of Cosmc, and that the cytoplasmic domain of Cosmc has some Golgi targeting 

ability. However, chimera #3 also did not localize to the cell membrane as did #2, 

therefore we speculate that there might be some accessory motif in the luminal domain 

for the ER localization of Cosmc. These two chimeras both lack the TMD of Cosmc, 

which can demonstrate the importance of TMD of Cosmc for its ER localization. The 

chimeras containing the Cosmc TMD (#4- Cosmc/Cosmc/TfR and #5- TfR/Cosmc/TfR) 

mainly accumulated in the ER, which confirms that the TMD of Cosmc is responsible for 

the retention/retrieval of Cosmc.  
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Figure 17.  Summary of the results. 
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The molecular mechanisms for localization of many ER-resident proteins have 

been partly defined(64,70,72,81,89,90). However, the mechanisms for localization of 

proteins lacking such motifs are obscure. The genesis of our study is that Cosmc, an ER-

localized chaperone, has no apparent motifs for ER retention and localization.  The 

results of our study show that the TMD of Cosmc is critical to its ER localization, and 

that this TMD can confer ER localization to a non-ER protein, such as the human 

transferrin receptor. 

 Based on known ER and Golgi targeting motifs, we considered several possible 

models.  In the first model, the length of the membrane-spanning domain of type II ER-

resident proteins determines how a membrane protein is sorted to the lipid bilayer based 

on membrane thickness and rigidity that best matches its TMD length (91-93). This 

model states that the molecular mechanism of TMD-dependent sorting among ER, Golgi, 

and plasma membrane is based on the fact that the membranes become thicker and more 

hydrophobic from ER toward the plasma membrane (91,93). This mechanism appears to 

play an important role in the retention of Golgi-resident proteins, such as the trans-Golgi 

resident enzyme β-1,4-galactosyltransferase(81), which contain a shorter membrane-

spanning domain and does not exit the Golgi and becomes inserted into the cholesterol-

rich plasma membrane. Similarly, another study has been performed on the ER-resident 

protein cytochrome B 5(84), which can translocate to the plasma membrane after 

increasing the length of its transmembrane domain. Although it is difficult to assign an 

exact length for ER retention, it might account for the targeting of Cosmc itself to the 

correct membrane. 
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The second model to explain ER localization of Cosmc focuses on the Cys 

residue within the TMD, which serves as a membrane localization signal. Palmitoylation 

is a post-translational modification in which the 16-carbon fatty acid is covalently 

attached to a protein, usually through a thio-ester linkage(94,95). The attachment of the 

16-carbon fatty acid to integral membrane proteins occurs at a Cys residue located either 

within the transmembrane domain near to the cytoplasmic side or in the immediate 

vicinity of the cytoplasmic domain near the membrane. The demonstration of 

palmitoylation required for lysosomal enzyme-sorting of mannose-6-phosphate receptor 

has reinforced the hypothesis of the role of palmitoylation for normal trafficking and 

localization(96). However, while palmitoylation of the Cys residue in the TMD of this 

and other recycling receptors has been established to influence their correct membrane 

localization, there is no evidence that palmityoylation of Cys residues in the TMD of 

resident ER proteins can occur or that it is relevant to ER localization or retention.   The 

palmitoyltransferases are not found in ER membranes and are commonly located on the 

plasma membrane and sorting vesicles derived from that membrane(97).   Nevertheless, it 

is important in future studies to explore whether the single Cys in the TMD of Cosmc is 

modified with palmitate or some other lipid or substituent. 

Our mutagenesis experiments with Cosmc showed that Cys19 mutation to Ser19 

or Ala19 within the TMD caused the dramatically relocation of the protein from the ER 

to the Golgi. These results indicate that this cysteine residue within the TMD of Cosmc is 

very important for its ER localization. Previous studies have been done using a Golgi 

resident enzyme, galactosyltransferase (GT; UDP-galactose: beta-D-N-

acetylglucosaminide β-1,4-galactosyltransferase)(95). A double mutant protein, 
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Cys29/His32 to Ser29/Leu32 within the TMD was found to be localized in the Golgi 

rather than the cell surface(95). It is also possible that the intermolecular disulfide bonds 

might form within the TMD at Cys19, and the di-sulfide-bonded protein might associate 

into dimers and non-covalent oligomers of the dimeric protein which may be too large to 

be incorporated into transport vesicles, and thus account for accumulation within the ER. 

At present, our results show the important role of the TMD of Cosmc for its ER 

retention, but additional studies will need to be done to identify the role of Cys residue 

and other aspects of the mechanism for ER retention of Cosmc.  The studies so far 

suggest that the sorting mechanism of resident ER membrane proteins could be more 

complex than a single model or retention motif.  This work elucidates the critical region 

for localization of Cosmc and will be useful for further study of the chaperone role of 

Cosmc.  
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Chapter 3 

Summary and Future Directions 

Cosmc is a specific molecular chaperone for the activity of T-synthase, which catalyzes 

the reaction of addition of galactose onto the Tn antigen to form T antigen. Cosmc is a 

type II membrane protein, which has a short cytoplasmic domain, one transmembrane 

domain (TMD), and a long luminal domain. Previous studies have shown that Cosmc is 

mainly localized in the ER and functions as a molecular chaperone there. Therefore, 

which domain or region of Cosmc is required for its ER localization has become an 

important issue for us to explore. We used a traditionally well-known type II membrane 

protein, transferrin receptor which is localized to the plasma membrane in all the animal 

cells, and swapped each of the three domains with the corresponding domains in Cosmc 

to explore whether replacements lead to the localization of the new constructs to the ER. 

In this study, we mainly performed two experiments approaches to test our hypothesis. 

One is immunofluorescence staining, and the other is subcellular fractionation, which is 

used to confirm the results from the immunofluorescence staining. The data in this study 

have shown that the TMD of Cosmc is both necessary and sufficient for its ER 

localization. At the same time, we concluded that the cytoplasmic and luminal domains 

do not contain sufficient signals for ER localization, but they may have some accessory 

roles to help Cosmc target to the ER. Unexpected, we also found that the mutation of the 

lone cysteine residue within the TMD of Cosmc caused the loss of ER localization, which 

suggests that this single Cys is very important for the ER targeting of Cosmc. 
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The major future problem to address is to explore the possible mechanism as to 

how the TMD is involved in the ER localization of Cosmc. From previous studies, there 

are several models to be considered. First, considering the possibility that the length of 

the TMD could determine the final destination of a membrane protein, this seems 

unlikely, since a mutation of the Cys residue in the TMD caused mis-localization to the 

Golgi without altering the length.  Nevertheless, it might be useful to explore the role of 

the size and composition of the TMD in the context of keeping or removing this 

important Cys residue that is conserved in all species expressing Cosmc homologs. It 

might be important to generate several new constructs, in which the TMD are extended 

by adding several extra leucines on both sides of the TMD to test whether increasing the 

length of TMD will lead to the loss of ER localization of Cosmc.  Alternatively, the TMD 

could be shortened on each side of the key Cys residue.  Second, it is possible that 

specific amino acids, such as Cys, within the TMD could be the keys to determine where 

Cosmc is sorted. To address this possibility, constructs should be made in which all 

residues flanking the Cys, and including the Cys, are mutated to appropriate alternative 

residues.  Third, it is possible that the Cys residue is modified by post-translational 

modifications in some manner, such as lipid addition or co-valent interactions of disulfide 

bonds to other proteins that cause it retention in the ER.  For this approach, Cosmc should 

be isolated from cells (or even organs such as liver) and studied by proteomic methods to 

identify the TMD sequence and identify possible modifications of the Cys or additional 

proteins co-purifying with Cosmc that may be disulfide bonded.  

Our studies have established a new direction for studying ER localization 

mechanisms and imply the importance of specific residues in the TMD of a resident ER 
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protein.  Future studies on Cosmc could lead to the identification of other novel ER 

proteins and helped to solve the mystery of ER localization versus Golgi targeting and 

targeting to more distal membranes in the secretory pathway.  Successful studies in this 

direction may also be useful to aid in understanding the mechanisms of some related ER-

associated protein-folding diseases and may provide new pharmacological targets for 

drug intervention.    
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