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Abstract 

Melanotransferrin, or p97, is an iron binding protein that is expressed as both a 

glycosylphosphatidylinositol-anchored form and as a soluble form. While the anchored 

form internalizes iron, the function of the soluble form is still unknown. Soluble p97 

levels are increased in the serum and cerebral spinal fluid of Alzheimer disease patients, 

but the reasons for this increase are undetermined. In order to begin to address the 

question of function for this soluble protein, possible receptor interactions were studied. 

The interaction of p97 and transferrin receptor 1 was characterized with radio

ligand assays and immunofluorescent labeling assays. These experiments demonstrated 

that p97 interacts with the transferrin receptor 1 in cell binding experiments. However, 

p97 was not able to deliver iron into the cells via transferrin receptor 1. Furthermore, 

BIAcore studies were not able to measure any interaction between p97 and transferrin 

receptor 1. 

In the search for other likely candidate receptors of p97, a novel homologue of the 

transferrin receptor 1 was discovered through mining of the EST database. Expression of 

this protein was revealed by Northern blot to be largely restricted to the liver. In 

embryogenesis, the mouse transferrin receptor 2 is present by E15 and continues to 

increase in expression through E17, in contrast to transferrin receptor 1 that is discernable 

by E7, increases until E l 5 and decreases by E l 7 . Transferrin receptor 2 is present on the 

brain endothelial cells that form the blood-brain barrier implicating it as a candidate 

receptor for transport of p97 (and iron) into or out of the brain. Interestingly, in 



transfected cells that over express both transferrin receptor 1 and 2, the receptor is present 

at the cell surface as a heterodimeric combination of the two receptors. 

p97 binds to the mouse transferrin receptor 2, and unlike transferrin receptor 1, 

also facilitates the uptake of 5 5Fe through this interaction. Thus, in addition to receptor 

binding, the functional aspect of this interaction can be demonstrated. Clearly, 

identification of transferrin receptor 2 as a receptor of p97 is only one of the first 

important steps toward the ultimate goal of clarifying the function of soluble p97. 
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Chapter 1: Introduction 

I. General introduction 

Protein-protein interactions are involved in some of the most important biological 

processes discovered to date. From the development of the immune system to nerve 

impulse transmission, the ability of one protein to interact with another in a specific 

fashion to elicit a particular response is one fundamental way in which biological systems 

function. This thesis examines one protein-protein interaction: namely the receptor 

binding properties of melanotransferrin, a protein that binds iron and is a biomarker of 

Alzheimer disease. Melanotransferrin, also known as p97, shares significant sequence 

homology with the well-characterized transferrin receptor ligand, transferrin (Tf), and is 

implicated in iron transport across the blood-brain barrier. One of the main goals of p97 

research has been to establish a function for the soluble form of the p97 protein. This 

investigation has begun to identify p97 receptors, including the binding to transferrin 

receptor 1 (TfRl). After the characterization of this interaction, the search for additional 

receptors for p97 led to the discovery of a novel transferrin receptor, now called 

transferrin receptor 2 (TfR2), which is characterized in detail. 

II. Iron absorption in the intestine 

p97 and the transferrin receptors make up only a few components in a very 

complex group of players involved in iron uptake, transport, and storage. Iron is an 

essential element for life. However, it can also catalyze the formation of free radicals, 

and for this reason the uptake and dissemination of iron is closely regulated. Iron 

absorption takes place mainly in the duodenum and jejunum. It is a complex process 
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involving many proteins that play roles in the uptake and transfer of iron, or in the 

regulation of iron uptake. 

A. Divalent metal transporter 1 

In the intestine, the uptake of inorganic iron occurs through the duodenal villus 

cells via a protein called divalent metal transporter-1 (DMT-1). Divalent metal 

transporter-1 is a 561 amino acid protein with 12 membrane spanning regions. It is found 

on many different cell types in the body, with high levels of expression exhibited in the 

intestine, brain, thymus, proximal kidney and bone marrow (Griffiths et al, 2000; 

Gruenheid et al, 1995; Rabin et al, 1985). The highest concentration of DMT-1 protein 

is found in the upper villus region of the duodenum, and upon ingestion of high levels of 

iron, a redistribution of DMT-1 protein occurs from the apical cell surface to the cytosol 

(Sharp et al, 2002). Divalent metal transporter-1 's role in the iron uptake pathway is to 

transport the Fe 2 + (ferrous) form of iron across the plasma membrane into the duodenal 

cell (see Figure 1.1). Since dietary inorganic iron is largely in the Fe 3 + (ferric) form, it 

must be reduced by an NADH-ferric reductase before transport by DMT-1 (Conrad et al, 

1999). The activity of this reductase has been demonstrated in both a cell culture model 

of the duodenal mucosa, and in the mucosa itself (Raja et al, 1992; Riedel et al, 1995). 

One candidate for the NADH-ferric reductase is duodenal cytochrome b (Dcytb). 

Recently it was shown that Dcytb is localized to the upper villus region of the duodenum, 

and that it has ferric reductase activity (McKie et al, 2001). Furthermore, both protein 

levels and mRNA levels of Dcytb are increased by iron deficiency as well as in a mouse 

model of chronic anemia (McKie et al, 2001). Based on these studies, Dcytb may be the 
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Figure 1.1: Flowchart of iron absorption pathway from the intestine. Ingested 
inorganic ferric iron is reduced to the ferrous form by a ferric reductase, possibly Dcytb, 
in the enterocyte, and transported across the cell membrane by DMT-1. Iron from heme 
is absorbed, possibly through a heme receptor, and reduced to the ferrous form by heme 
oxygenase 1 (HO-1). Ferric iron can also be associated with mucin in the gut, and 
absorbed by parraferritin which solubilizes the ferric iron, which is then reduced by 
mono-oxygenase. The ferrous iron is transported out of the cell to the blood stream. It is 
transported across the membrane by ferroportin, in association with hephaestin that 
oxidizes the ferrous iron to the ferric form that is bound by transferrin. Ceruloplasmin 
(Cp) oxidizes ferrous iron in serum for delivery to transferrin (Tf). 
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iron reductase that works in concert with DMT-1 to bring dietary non-heme iron into the 

body. It should be noted that DMT-1 is not specific for Fe 2 + , but also transports other 

metals such as Zn 2 + , M n 2 + , Co 2 + , Cd 2 + , C u 2 + , N i 2 + , and Pb 2 + (Sharp et al, 2002). 

Divalent metal transporter-1 expression, like the expression of a number of 

proteins involved in the iron uptake, transport and storage pathways, is regulated through 

the elegant iron responsive element (IRE)/ iron regulatory protein (IRP) system 

(Andrews, 1999). In this system, the IRE can be found at either the 3' or the 5' end of 

the mRNA. In general, IREs located at the 5' end of mRNA allow the IRP to bind in low 

iron conditions and thus result in decreased translation of the iron binding protein. The 

iron storage protein ferritin is an example of this regulation (Aziz and Munro, 1987). In 

this case, low levels of iron cause IRPs to bind to the IREs, thereby blocking translation 

of the ferritin mRNA and preventing the ferritin protein from being synthesized. When 

intracellular levels of iron are high, the IRPs change conformation and can no longer bind 

to the IREs. If this occurs, ferritin synthesis will proceed, resulting in a greater capacity 

to store pools of iron intracellularly. 

Conversely, i f IREs are found within the 3' end of mRNAs, IRPs will bind to the 

nascent mRNA molecule under low cellular iron conditions and stabilize it, thus 

allowing more protein to be translated. The IREs within the TfR l and DMT-1 are 

located in the 3' untranslated region of the mRNA. When iron concentrations are low 

and the IRPs are able to bind, the transcript is stabilized and increased amounts of the 

protein are produced (Mullner and Kuhn, 1988). If iron concentrations are high, the IRP 

cannot bind to the 5' IRE and the transcript becomes targeted for rapid degradation. 

Unlike the T f R l , which has five sets of IREs, and needs at least three to be bound by the 

5 



IRPs for stabilization of the mRNA (Casey et al, 1989), the common isoform of DMT-1 

has only one IRE (while the other splice variant of DMT-1 has none) (Gunshin et al, 

1997; Wardrop and Richardson, 1999). This single IRE within DMT-1 mRNA may lead 

to a less sensitive response to iron than that observed for the TfRl" (Sharp et al., 2002). 

B. Heme absorption , • 

Dietary iron from heme is absorbed through a different mechanism than inorganic 

iron. Hemoglobin and myoglobin-derived iron are absorbed more efficiently by the 

intestine than inorganic iron since the presence of amino acids from proteolytic digestion 

prevents polymerization and precipitation of heme (Majuri and Grasbeck, 1987; Raffin et 

al, 1974; Turnbull et al, 1989). There is evidence to support the presence of a heme 

receptor on the luminal side of villus cells that brings iron into the intestinal cell, largely 

in the metalloporphyrin form (Grasbeck et al, 1982), but this notion remains 

controversial. Once heme is inside the cell, iron is released via heme oxygenase 1 (HO-

1), which cleaves the heme ring to generate bilirubin, carbon monoxide, and ferrous iron 

(see Figure 1.1) (Maines, 1997). In mice deficient in HO-1, tissue iron stores are high 

while serum iron is low, suggesting that the enzyme is involved in the discharge of iron 

from certain cells (Poss and Tonegawa, 1997a; Poss and Tonegawa, 1997b). The 

mechanism by which the iron liberated from heme is subsequently routed for systemic 

use is not well understood. The liberation of iron from spent erythrocytes is of vital 

importance, because almost all of the iron required for erythropoiesis is recycled in this 

manner (Andrews, 2000). Reticuloendothelial macrophages ingest senescent 

erythrocytes and the iron is either stored within the ferritin of the macrophage, or released 
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to the serum where it can be oxidized by ceruloplasmin and bound by Tf (Fleming and 

Sly, 2001). 

Recently, a mammalian iron ATPase (Fe-ATPase) associated with the microsomal 

membrane and co-distributed in tissues with HO-1 was identified (Baranano et al., 2000). 

There is some evidence to suggest that HO-1 is functionally coupled to this Fe-ATPase 

(Ferris et al., 1999; Poss and Tonegawa, 1997b). The novel Fe-ATPase is enriched in 

spleen, and the iron transport it mediates is dependent upon hydrolyzable nucleotide 

triphosphate, magnesium, time and temperature. Baranano and associates suggest a new 

model in which Fe-ATPase and HO-1 colocalize to the endoplasmic reticulum where 

heme is first degraded by HO-1 and the liberated iron is transported by the Fe-ATPase to 

the luminal side of the endoplasmic reticulum (Baranano et al., 2000). Moreover, they 

propose that the iron in the endoplasmic reticulum can then bind to Tf and can be 

recycled back to the cell surface for exocytosis, rather than being released into the serum. 

C. Parraferritin 

The parraferritin complex is made up of (3-integrin, mobilferrin (a homologue of 

the molecular chaperone calreticulin) and flavin mono-oxygenase. Although the 

mechanism is not well understood, parraferritin mediates the uptake of ferric iron 

associated with mucin in the gut lumen (Umbreit et al., 1998). The proposed mechanism 

is that ferric iron is solubilized by mucin in the intestinal lumen, and then transferred to 

parraferritin complexes containing (3-integrin and mobilferrin (Conrad et al., 1999). 

Following internalization of the iron, the complex becomes associated with the mono-

oxygenase, and the ferric iron is reduced (see Figure 1.1). Thus, the parraferritin 
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complex acts as an NADPH-dependent ferrireductase, and serves to make reduced iron 

available to the various iron transport proteins. 

D. Ferroportin and hephaestin 

Once inside the duodenal cell the absorbed iron can be stored in ferritin, or it can 

be transported into the blood stream via the iron exporter protein ferroportin, (also known 

as iron regulated transporter-1) which is located on the basolateral surface of the 

duodenal enterocytes. Ferroportin also plays an important role in the release of iron from 

body stores in reticuloendothelial cells (Abboud and Haile, 2000). Furthermore, missense 

mutations in the ferroportin gene have been implicated in hereditary hemochromatosis 

(HH) (Montosi et al, 2001). In this disease, the loss of function mutation causes 

problems with iron recycling from the reticuloendothelial macrophages, leading to a 

decrease in iron available for the hematopoeitic system. This in turn leads to a feedback 

mechanism that increases iron absorption through the intestine, and thus to iron overload. 

Ferroportin was initially discovered through positional cloning of a zebrafish 

mutant with defects in circulating erythroid cells (Donovan et al., 2000). The 

mammalian version is expressed in the placenta, liver, spleen, macrophages and kidneys. 

Ferroportin has an IRE in the 5' untranslated region, much like ferritin, while its response 

to iron levels mimics that of the TfRl (McKie et al., 2000). When rodents are fed diets 

high in iron, ferritin expression increases while ferroportin expression decreases (Abboud 

and Haile, 2000). Furthermore, in H H , the duodenal expression of ferroportin is 

stimulated despite the increased level of iron in the body, perhaps due to a defect in the 
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iron-sensing mechanisms of the enterocyte (Zoller et al, 2001). The potential regulatory 

mechanisms of the promoter for this gene have yet to be elucidated. 

Ferroportin works in concert with a multicopper ferroxidase called hephaestin, 

which is closely related to ceruloplasmin (Vulpe et al.,-1999). Hephaestin seems to 

oxidize iron so that it can be transported by ferroportin into the bloodstream and 

ultimately be delivered throughout the body via Tf (see Figure 1.1). How these proteins 

interact to achieve this phenomenon has yet to be determined. 

E. Regulation of iron uptake 

Intestinal iron uptake is regulated in at least three distinct ways. The first 

regulatory mechanism is the mucosal block, and refers to the fact that once a large oral 

dose of iron is received, enterocytes do not absorb iron again for 48 hours. While this has 

been shown experimentally, there is some dispute whether this would explain the 

ineffectiveness of daily oral iron supplementation (Benito et al., 1998). The molecular 

mechanism of this mucosal block is still under investigation. 

The second mechanism for iron uptake regulation is the stores regulator which 

seems to function at the level of the duodenal crypt cell and involves cell programming in 

response to existing body iron stores (Finch, 1994). A n absorptive capacity for the villus 

cell is thus established, and in this manner the amount of iron routed to the ferritin stores 

within the villus cells versus the amount transported across into the blood is regulated. If 

the body iron stores are high, more iron will be stored in the ferritin of the villus cells, 

and be expelled from the body as the villus cells are shed, reducing the overall amount of 

iron in the body. The current understanding is that iron levels are sensed via the iron 
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saturation level of the circulating soluble TfRl (Andrews, 2000). This in turn dictates the 

expression levels of DMT-1 and ferroportin on the villus cell. 

A recently discovered protein called hepcidin is also believed to be involved in 

communicating body iron storage levels to the intestine. Hepcidin was identified as a 

circulating antimicrobial peptide, and is produced in hepatocytes (Krause et al, 2000) 

(Park et al., 2001). In mice with a targeted disruption of the gene encoding upstream 

stimulatory factor 2 (USF2), an additional unintended knockout of the hepcidin gene 

(downstream of USF2) created a situation in which no hepcidin was expressed, and iron 

overload was observed (Nicolas et al, 2001). Deficiencies in four different proteins have 

now been shown to lead to the hereditary hemochromatosis-like iron overload phenotype 

in mice. These include deficiencies in HFE (Feder et al., 1996), {32microglobulin 

(Rothenberg and Voland, 1996), TfR2 (Camaschella et al, 2000) and hepcidin (Nicolas 

et al, 2001). This fact led to the hypothesis that hepcidin expression may be modulated 

by iron levels in hepatocytes, then function by interacting with the H F E , 

(32microglobulin, and TfRl system to regulate iron uptake by the crypt cells of the 

duodenum (Nicolas et al., 2001). This theory has yet to be tested experimentally, 

although it is now confirmed that an overexpression of hepcidin leads to a severe iron 

deficiency condition in transgenic mice (Nicolas et al., 2002). 

The final known regulation mechanism is the erythropoietic regulator (Finch, 

1994). Using this mechanism, the body can adjust the level of intestinal iron absorption 

to the current demands of erythropoiesis, a major iron sink. It is speculated that an as yet 

unknown soluble signal from the hematopoeitic bone marrow to the duodenum must exist 

(Finch, 1994) that signals the need for increased dietary iron uptake. A great deal of 
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further work is necessary to fully understand how iron uptake is regulated in the dietary 

uptake system. 

III. Serum iron transport proteins 

A . Transferrin 

The major iron transport protein in the body is transferrin (Tf). Transferrin has 

two lobes that possess about 40% sequence homology between them, connected by a 

short bridging peptide. The crystal structure of rabbit Tf produced by Bailey and 

associates shows that there are 13 disulphide bridges within the protein, and that six of 

those are in homologous positions in each lobe (Bailey et al., 1988). The Tf gene is 

located at 3q21-25, which is in close proximity to the TfRl gene (Rabin et al., 1985). 

Transferrin is mainly synthesized in the liver, and then is secreted into the plasma 

where it can transport iron to all areas of the body. Transferrin expression is controlled 

by both positive and negative regulatory elements found 5' of the transcription start site, 

although no IRE exists in the mRNA of this molecule. 

Transferrin binds one ferric ion in each lobe. Anderson et. al. have proposed a 

model where the open lobe structure of the protein changes configuration by closing 

tightly when the iron and its synergistic anion bind in the binding site (called the 'Venus 

fly-trap' mechanism) (Anderson et al, 1990). Since iron binds to Tf with very high 

affinity, in order for Tf to effectively supply iron to the cells, Tf must also possess an 

efficient release mechanism. This mechanism appears to be quite complex. While past 

studies on iron release from Tf have been conducted on either single lobe or monoferric 

Tf, it has become clear that the physiological mechanism can only be understood by 
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taking into account the active role that the TfRl plays in iron release (Bali and Aisen, 

1992). As will be discussed later, in the acidic environment of the endosome, iron is 

released from Tf, while the Tf remains tightly bound to the T f R l . In general, iron release 

is thought to occur most readily from the amino-terminal-lobe (N-lobe) of the protein 

than the carboxyl-terminal-lobe (C-lobe), and has been proposed to involve a dilysine 

trigger mechanism (Dewan et al, 1993). The dilysine motif is, however, missing from 

lactoferrin (a Tf-like protein found in human milk and other epithelial secretions 

(Lonnerdal et al, 1987)) and the C-lobe of Tf. In addition, mutation of the iron ligand 

histidine at position 249 to glutamine in the N-lobe of human Tf removes the dilysine 

"trigger" but does not significantly affect iron release (MacGillivray et al, 2000). 

Comparison of the two different conformations of the recombinant N-lobe of the human 

Tf crystal structure revealed that the protonation of the carbonate anion and the resulting 

partial removal of the anion from arginine 124 may be the initial step in pH-induced 

release of iron from Tf (MacGillivray et al, 1998). Our understanding of the release of 

iron from Tf will not be complete until iron release from the Tf/TfRl complex is directly 

examined. 

B. Ceruloplasmin 

Ceruloplasmin (Cp) is a copper binding protein secreted by hepatocytes into the 

plasma, but interestingly, it plays no known role in copper transport (Gitlin, 1998). 

However, Cp does seem to be a vital component in the iron transport system, since it 

functions as a serum ferroxidase required to oxidate iron before the iron can be 

incorporated into transferrin (Osaki and Johnson, 1969; Roeser et al, 1970). It has also 
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been observed that under iron deficient conditions, the transcription and translation of Cp 

significantly increases (Mukhopadhyay et ai, 2000). The role of this multicopper 

oxidase has been more clearly defined in yeast, where a species orthologue multicopper 

oxidase protein (fet3P) is required for high affinity iron uptake (de Silva et al., 1997; 

Stearman et al., 1996). In a study on iron uptake using a human erythroleukemia (K562) 

cell line grown in iron deficient conditions, Cp was able to induce a 2- to 3-fold increase 

in non-Tf bound iron uptake, through a transcription-dependent manner (Attieh' et al., 

1999). In the presence of excess trivalent cations this effect could be completely 

inhibited, suggesting the involvement of a trivalent cation specific mechanism (Attieh et 

al., 1999). 

Ceruloplasmin has three pairs of consensus hypoxia response elements in the 5' 

untranslated region of the gene (Mukhopadhyay et al., 2000). Hypoxic inducible factor 1 

is believed to bind hypoxia response elements and increase transcription of the Cp, which 

is consistent with the fact that an iron deficiency leads to an increase in the level of Cp in 

the plasma 

Ceruloplasmin has been demonstrated to exist in both a soluble form and a 

glycosylphospatidylinositol (GPI)-linked cell surface form. Recently, the GPI-linked 

form was shown to be a result of alternative splicing (Patel et al., 2000), and to be 

expressed in glial cells associated with brain microvasculature. This may indicate a 

specialized role for Cp in iron metabolism and homeostasis within the central nervous 

system (Klomp and Gitlin, 1996; Sheth and Brittenham, 2000). In the brain, all of the 

Cp appears to be in the GPI-linked form, whereas the soluble form has been shown to be 

unable to cross the blood-brain barrier (BBB). 
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C. Melanotransferrin (p97) 

Melanotransferrin, referred to as p97 in this thesis, is a 97 kDa protein which 

shares 39% sequence identity with human transferrin (Rose et al, 1986). It was first 

identified as a cell surface marker for human skin cancer (Brown et al, 1981; Woodbury 

et al, 1981; Woodbury et al, 1980). However, the protein was subsequently found to be 

expressed at various levels in other tissues such as the liver, intestine, umbilical cord, 

placenta, sweat gland and more recently on human brain endothelium (Barresi and 

Tuccari, 1994; Rothenberger et al, 1996; Sciot et al, 1989). Unlike the other members 

of the transferrin family, p97 is present as two distinct forms. It can be found as a 

membrane protein attached to the cell surface via a GPI-anchor and as a soluble form in 

the serum and cerebrospinal fluid (Alemany et al, 1993; Brown et al, 1981; Food et al, 

1994; Kennard et al, 1996). 

Like other members of the transferrin family, p97 is a bilobed metal binding 

protein. Sequence alignment with other members of the family (such as Tf, lactoferrin, 

and ovotransferrin) show that the amino acids involved in coordinating the iron atom of 

the N-lobe are precisely conserved (Rose et al, 1986). However, there is an aspartic acid 

at position 395 in the sequence of the C-lobe of Tf that is a serine in the p97 sequence, 

which could affect iron binding to the C-lobe of the latter. Baker and associates have 

shown that p97 has only one functional iron binding site, but recent data using various 

techniques suggests that under certain conditions, both lobes are able to bind iron (Baker 

etal, 1992; Tiong, 2001; Tiong and Jefferies, 2002). 

Metal binding studies on a Chinese hamster ovary cell line transfected with 

human p97 show the iron uptake process by surface GPI-linked p97 is both temperature 
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dependent and saturable (Kennard et al, 1995). The GPI-linked cell surface form of p97 

has been shown to deliver the internalized iron to ferritin (Tiong, 2001). This 

internalization, shown through immunofluorescence co-localization, is mediated through 

caveolae rather than clathrin coated pits (Tiong, 2001). The iron delivery to ferritin 

requires the presence of Rab 5 in the cells, which indicates that at some point the 

caveolae vesicle merges with the endosomal pathway (Tiong et al, 2002): • 

Similar to Tf, p97 is able to bind to other metals in addition to iron. Using a 

competitive metal binding assay, it has been demonstrated that metals such as A l 3 + , C u 3 + 

and Z n 3 + are able to compete for the iron binding site in p97 (Tiong, 2001). Also as with 

Tf, there is no identifiable iron responsive element in p97 (Richardson, 2000). However, 

a regulatory element is located 2 kilobases (Kb) upstream from the promoter region of the 

p97 gene, and deletion of this element severely impairs the expression of p97 (Duchange 

et al, 1992). This regulatory element was shown to be part of an enhancer composed of 

two binding sites for the AP-1 transcription factor. AP-1 is formed by the dimerization of 

the proteins Jun and Fos through their leucine zipper motifs, and is upregulated after 

ultraviolet irradiation (a suspected risk factor in melanoma) (Devary et al., 1991). The 

transcription factor recognizes the phorbol 12-myristate 13-acetate responsive element 

(Angel and Karin, 1991), (Sassone-Corsi, 1994). By gel retardation assays it has been 

shown that the expression of p97 correlates with increased AP-1 binding activity (Roze-

Heusse et al, 1996). A secondary unidentified nuclear factor is involved with AP-1 to 

form a ternary complex at the two AP-1 sites in the p97 enhancer region (Roze-Heusse et 

al, 1996). This may explain how p97 is upregulated in melanoma cells. 
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It has long been believed that the Tf/TfRl system is exclusively responsible for 

iron delivery to the brain, but recent studies suggest this may not be the case. For 

example, hypotransferrinemic mice, deficient in Tf, have normal brain iron levels. Many 

pieces of evidence point to a role for p97 in iron transport to the brain. Expression of p97 

has been examined in brains from Alzheimer disease patients as well as in brains from 

patients suffering from other neurological diseases. While immunohistochemical staining 

of p97 in normal brains shows distribution limited to the B B B , p97 in Alzheimer disease 

is also found to be highly expressed in a subset of reactive microglia cells associated with 

fj-amyloid plaques (Jefferies et al, 1996). This was further confirmed by in situ 

hybridization of p97 mRNA, which shows p97 is expressed in the reactive microglia cells 

in the Alzheimer disease brain but not in normal brain or non-reactive microglia in 

Alzheimer disease brains (Yamada et al, 1999). Soluble p97 was also found to be 

elevated 2 to 4 fold in the cerebral spinal fluid and serum of patients with Alzheimer 

disease compared with healthy age matched controls and patients with other forms of 

dementia (Feldman et al, 2001; Kennard et al, 1996; Kim, 2001; Moroo et al, 1999). 

Metals such as iron and zinc that bind to p97 have been shown to be able to nucleate the 

formation of insoluble |3-amyloid from soluble amyloid (Bush et al, 1994). 

The soluble form of p97 can cross the B B B and deliver iron across the B B B more 

efficiently than Tf, i f both are injected into the tail vein of the mouse (Moroo et al, 

2002). These results may be an indication that p97 functions in shuttling iron across the 

B B B from the blood to the neuropil, transporting the iron needed for normal brain 

function. How p97 is regulated in reactive microglia and how its function in metal 
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transcytosis interplays with its elevation in bodily fluids of Alzheimer disease patients is 

currently being investigated. 

IV. Proteins involved in iron uptake 

A. Transferrin receptor 1 

The transferrin receptor 1 (TfRl) is a protein that functions to uptake iron into 

cells through a tightly regulated process. The TfRl gene is found on chromosome 3q26.2 

and consists of 19 exons (Evans and Kemp, 1997). It is highly expressed on rapidly 

dividing cells including immature erythroid cells and placental tissue. Many 

nonproliferating cell types also express T f R l , including hepatocytes, endothelial cells of 

the B B B , reticulocytes and Sertoli cells (Jefferies et al, 1984; Kuhn et al., 1990). 

Transferrin receptor 1 is a Type II membrane protein with a 61 residue N-terminal 

cytoplasmic domain, a 28 residue domain that crosses the membrane once, and a 671 

amino acid extracellular C-terminal domain. The TfRl possesses three domains called the 

apical domain, protease-like domain, and helical domain (Lawrence et al., 1999) (See 

Figure 1.2). Electron cryomicroscopy studies have shown that the binding domain is 

separated from the membrane by a stalk of about 2.9 nm while the dimensions of the 

globular binding domains are approximately 6.4 nm high, 10.5 mn across the homodimer, 

and 7.5 nm deep (see Figure 1.2) (Fuchs et al., 1998). The receptor undergoes post-
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Figure 1.2: Model of the transferrin receptor 1 complex. The TfRl complex is 
shown with transferrin (Tf) bound to one lobe of the TfRl homodimer. H F E and [32 
microglobulin ((3) interact with one half of the TfRl homodimer. Each half of the TfRl 
has three domains, labeled H, A , and P for helical, apical, and protease-like, respectively. 
HFE has three domains termed a l , a2, and cc3. The TfRl has three sites of N-linked 
glycosylation (n) at N251, N317, and N727, and one O-linked site (o) at T104 (Lawrence 
etal, 1999; Lebronefa/., 1998). 
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translational modifications including N and O-linked glycosylation as well as 

phosphorylation. Recombinant receptors lacking all three asparagine-linked (N-linked) 

glycosylation sites show decreased transferrin binding, while mutations that eliminate 

phosphorylation of the cytoplasmic serine residue do not seem to have any effect on 

receptor internalization efficiency (Rothenberger et al, 1987b; Williams and Enns, 

1991). A tyrosine based internalization motif (tyrosine, threonine, arginine, and 

phenylalanine at positions 20 - 23) is present in the cytoplasmic portion of the protein. 

Through mutational studies, this motif has been demonstrated necessary for endocytosis 

of the receptor (Collawn et al., 1993). 

The TfRl functions as a homodimer with two disulfide bonds formed between the 

cysteines at positions 89 and 98 (Jing and Trowbridge, 1987). Each of the two C-

terminal lobes of one TfRl homodimer can bind one Tf protein in a pH-dependent 

manner. The binding affinity of the TfRl for Tf is dependent on the iron binding state of 

the Tf: the highest affinity at physiological pH is seen between diferric Tf and T f R l , and 

the lowest for apo-Tf (Young et al., 1984). The residues involved in Tf binding to the 

TfRl have not been fully characterized, although Lawrence and associates have produced 

a model based on crystal structure analysis that proposes that Tf interacts with all three 

domains of the TfRl (apical, protease-like and helical) (see Figure 1.2) (Lawrence et al, 

1999). The interaction of the TfRl with HFE also seems to have an impact on Tf 

binding. Studies are underway in the Bjorkman laboratory to try to identify residues that 

are important for either binding to HFE or binding to Tf, but not both, in order to better 

understand the binding interactions (personal correspondence). 
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Mutational studies have shown that pH-dependent binding is a key component in 

the Tf /TfRl recycling pathway, as the TfRl strongly binds Tf saturated with iron at the 

pH of plasma (Kd ~ 10"7 to 10"9 mol/litre). The complex is then internalized via receptor 

mediated endocytosis in a clathrin coated pit and routed to the endosome, where the 

lower pH allows Tf to release iron. In fact, iron is released from Tf at a low pH faster 

and more efficiently when the Tf is complexed with the TfRl than i f Tf is unbound, 

demonstrating that the interaction with the TfRl enhances iron release (Bali et al, 1991; 

Sipe and Murphy, 1991). Following iron release, the complex is recycled back to the cell 

surface, where the apo-Tf is released and replaced by holo-Tf. 

In order to study the physiological role of the T f R l , Levy and associates have 

created a knockout mouse lacking the TfRl (Levy et al, 1999). Transferrin receptor 1 -/-

mice die by embryonic day 12.5. Moreover, embryos from embryonic day 8.5 to 12.5 

demonstrate growth retardation, pericardial effusions, and severe pallor, while 

histological analysis shows edema and diffuse necrosis throughout the tissues (Levy et 

al, 1999). As late as embryonic day 10.5, however, some T f R l -/- mice are 

indistinguishable from wild-type mice, and do not show visible signs of anemia although 

they do not survive past day embryonic day 12.5. Both the anemic and non-anemic TfRl 

-/- mice have defective erythropoiesis and abnormal development of the nervous system, 

exhibiting kinking of neural tubes. Levy and associates speculate that the reason the 

observed phenotype for the TfR l knock-out mice is more severe than that of the 

hypotransferrinemic mice (mice with little or no transferrin) is that i f Tf is missing from 

serum, unchelated iron is present and available for use in cells via an alternate iron uptake 

system. In the TfRl knockout mice, in contrast, the vast majority of iron is bound to 
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serum Tf, making it unavailable for use because the receptor is not present to internalize 

the Tf. 

Regulation of T f R l expression is complicated and occurs at both the 

transcriptional and post-transcriptional levels. A region of 100 base pairs upstream of 

the transcriptional start site is involved in driving basal and serum/mitogenic stimulation 

of the TfRl promoter activity via an "AP-1 like" site (Casey et al., 1988; Miskimins et 

al, 1986; Owen and Kuhn, 1987). "AP-1/CREB like" (cyclic adenosine monophosphate 

response element binding protein) factors have been shown to bind to the "AP-1 like" site 

of TfRl (Beard et al., 1991; Lok et al., 1996). The TfR transcriptional control element 

specific complex (TRAC), which is a nuclear protein that co-purifies with the K u 

autoantigen, binds specifically to the transcriptional control element T R A (TfR 

transcriptional control element) of the TfRl gene (located at nucleotides -77 to -70 and 

necessary for increased expression in proliferation) (Roberts et al., 1994). Differentiating 

erythroid cells exhibit specific up regulation of TfRl transcription linked to both the Ets-

binding site (transforming-specific protein produced by the ets gene, first discovered in 

the E26 avian erythrobastosis virus) and the AP-1 (activator protein-1) binding site in the 

5' flanking region of the transcription start site (Sieweke et al., 1996). Lok and Ponka 

have shown that a region (-118 to +14) of the TfRl promoter is necessary for erythroid 

differentiation induced promoter activity, and that mutation of EBS or the "AP-1/CREB-

like" motif inhibit this inducible promoter activity (Lok and Ponka, 2000). Furthermore, 

they found that "CREB/ATF-l ike" factors and "Ets-like" factors bind to the identified 

element. Lok and Ponka also describe an element in the promoter region of the TfRl that 

is responsive to hypoxia. This region contains a binding site for hypoxia inducible factor 
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1 and the motif organization is similar to that of many hypoxia inducible genes such as 

erythropoietin and ceruloplasmin (Lok and Ponka, 1999). 

Post-transcriptional regulation of the TfRl is mediated by the binding of iron 

regulatory proteins to the five IREs in the 3' untranslated region of the TfRl mRNA. 

When cellular iron levels are low, the IRPs can bind to the IREs, thus stabilizing the 

transcript and allowing more TfRl to be translated (Mullner and Kuhn, 1988). This 

elegant system regulates several of the proteins involved in iron metabolism, allowing 

coordinated expression of the proteins involved in the pathway. Another post-

transcriptional control of TfRl expression has recently been identified. Koeffler and 

associates have carried out experiments on cells with TfRl without the 3' untranslated 

region (Tong et ai, 2002). The level TfRl in these cells is increased when the cells are 

treated with desferroxamine (an iron chelator), even though the iron regulatory proteins 

can not bind to the transcript to stabilize it and increase protein expression level. The 

amount of transcript was not elevated, and the stability of the protein was unchanged. 

Transferrin receptor 2, which does not show iron-sensitive expression, was engineered 

with its 3' untranslated region replaced with that of T f R l . The addition of the transcript 

with the iron responsive elements made the expression increase about two-fold with the 

addition of desferroxamine. With T fR l , the observed increase is five-fold, indicating that 

the difference in responses is likely due to some RNA-independent method of regulation 

of TfRl expression. This new method of iron dependent regulation of TfRl expression 

needs to be examined further. 

Transferrin receptor 1 is also detectable as a soluble protein in serum, and is 

measured clinically to help differentiate between iron deficiency anemia and chronic 
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disease anemia. The amount of soluble TfRl in the blood correlates with the amount of 

erythropoiesis, thus indicating that the cleavage of TfRl may be the method for reducing 

the amount of TfRl when the red blood cell precursors differentiate into mature cells 

(Cook et al, 1993; Nair et al, 1990). The soluble form of the TfRl is the result of a 

proteolytic cleavage at the arginine at amino acid position 100 near the transmembrane 

domain in the extracellular portion of the protein, which occurs during transit through the 

endosomal pathway, after presentation at the cell surface (Rutledge et al., 1994; Shih et 

al, 1990). The receptor is found in the serum as a homodimer that is lacking the 

disulfide bonds of the cell surface form. 

B. HFE 

HFE is a protein that seems to have a substantial impact on the regulation of iron 

absorption and the uptake of iron into cells. The HFE gene was identified by Feder and 

associates in 1996 and maps approximately 4 megabases telomeric to the HLA-A gene on 

chromosome 6 (Feder et al, 1996). HFE, a major histocompatibility complex class I-like 

protein, was originally found expressed in the gastrointestinal tract and placenta (Parkkila 

et al, 1997a; Parkkila et al, 1997b). More recently, it has been found in tissue 

macrophages as well as circulating monocytes and granulocytes (Parkkila et al, 2000). In 

the duodenum, HFE is expressed primarily in crypt cells, but there is very little HFE 

expressed in villus enterocytes (Parkkila et al, 1997b). 

The HFE protein forms a heterodimer with beta 2 microglobulin (P2m) and the 

two proteins together form a complex with the TfRl at the cell surface (See Figure 1.2) 

(Feder et al, 1997; Lebron et al, 1998; Parkkila et al, 1997a; Waheed et al, 1997). The 
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wild type HFE protein seems to have a significant effect on the uptake of Tf and iron by 

the TfRl endocytosis pathway. Over-expression of HFE in transfected human hepatoma 

cells results in an approximately 50% decrease in receptor mediated Tf-iron uptake (Ikuta 

et al, 2000; Roy et al, 1999). An increase in the dissociation constant from 1.9 to 4.3 

nM is also observed, indicating a decrease in the affinity of TfRl for Tf in the presence of 

HFE (Ikuta et al, 2000). It is not clear what the physiological significance of this 

decrease in affinity would be as the concentration of diferric Tf in blood is high enough 

to saturate all TfRls , despite the presence of H F E (Ikuta et al., 2000). The 

overexpression of HFE also seems to slow the rate at which the TfRl complex recycles to 

the cell surface (in hepatoma cells), and this may lead to a decrease in iron uptake by the 

cell (Ikuta et al, 2000). Expression of HFE in HeLa cells has been associated with a 

decrease in the intracellular iron pool, a decrease in the amount of ferritin translated due 

to a 5 fold increase in IRP binding, and a shift in the ratio of IRP1 to IRP2 in the cells 

(Roy et al, 2002). 

HFE, through the analysis of the knockout mouse phenotype, has been shown to 

be responsible for the most common type of hereditary hemochromatosis (HH) (Zhou et 

al, 1998). Hereditary hemochromatosis is a disease of iron overload, and is the most 

common autosomal recessive disorder in persons of European descent. The prevalence of 

H H has been estimated at 1 in 200 to 1 in 400, with a carrier rate of between 1 in 7 to 1 in 

10 in Caucasian populations (Bulaj et al, 1996; Burke et al, 1998; Crawford et al, 1998; 

George et al, 1998; Goldwurm and Powell, 1997; Jazwinska and Powell, 1997; Ramm et 

al, 1997). The disease is characterized by a 2- to 3-fold increase in dietary iron 

absorption that leads to iron deposition in parenchymal cells of the liver, joints, pancreas, 
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heart, skin and pituitary gland. Prolonged iron deposition may lead to fibrosis and organ 

failure, frequently including hepatic cirrhosis, diabetes mellitus, cardiac dysfunction, 

arthritis and hypogonadism (Adams and Chakrabarti, 1998; Bacon et al, 1999; Burke et 

al, 1998; Cullen etal, 1997; Niederau et al, 1996; Niederau etal, 1985). 

The majority of patients with H H are homozygous for a cysteine to tyrosine 

mutation at amino acid residue 282 in the HFE protein (Feder et al, 1996). This 

mutation has been shown to prevent p^m from associating with the HFE protein, thus 

HFE is not expressed at the cell surface or associated with the T f R l . The mutant form of 

the protein is localized intracellularly, and colocalizes with calhexin, indicating that the 

protein may be retained in the endoplasmic reticulum and golgi due to improper folding 

(Ramalingam et al, 2000). The mechanism .by which this HFE mutation leads to 

deregulation of controls on iron absorption and thus a large increase in dietary iron 

uptake is under debate. Presumably, HFE must play a significant role in the iron 

absorption pathway, possibly in the "programming" of crypt cells. HFE -/- mice show 

increased expression of duodenal DMT-1, which supports the idea that HFE mutations in 

H H may lead to a decreased level of crypt cell iron. The crypt cell senses a decreased 

level of body iron and this prompts the cell, once it matures into a villus cell, to express 

increased levels of DMT-1 leading to increased dietary iron absorption (Fleming et al, 

1999). If the crypt cell originally senses abundant iron, then the level of DMT-1 

expressed by the mature villus cell will be low. 

In a recent publication, Townsend and Drakesmith hypothesized that the main 

role of HFE may be in programming of crypt cells through inhibiting the export of iron, 

rather than slowing the uptake of iron (Townsend and Drakesmith, 2002). In this theory, 
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they suggest that the binding of HFE to TfRl is competed for by holo-Tf, so that when 

there is an abundance of iron loaded serum Tf, the HFE is displaced from the TfRl 

complex and is available to interact with the iron export protein ferroportin. This 

interaction then inhibits the release of iron from the crypt cells (thus increasing overall 

iron stores within the cell). In effect this programs these cells to absorb less iron from the 

diet. This theory has yet to be proven experimentally. 

Levy and associates have created HFE knockout mice and bred them with other 

strains of mice that have mutations in their iron uptake or metabolism (Levy et al, 2000). 

One interesting mouse cross was between the HFE -/- and fcm -/- mice. The absence of 

p^m and HFE lead to a more severe iron overload phenotype than in the HFE knockout 

mice alone. A possible explanation is that the compromising of the immune system that 

results from the absence of fcm -/- itself leads to a more severe iron overload phenotype. 

Another set of crosses demonstrated that the iron overload observed in H H due to 

an HFE mutation is mediated through the DMT-1 / hephaestin pathway. When HFE 

knockout mice were crossed with mk (microcytic anemia) mice, which are characterized 

by a loss of function in DMT-1, the mice resembled the mk phenotype rather than the iron 

overload phenotype characteristic of the HFE knockout, resulting in extremely low iron 

stores (Levy et al, 2000). This indicates that iron uptake in H H is probably mediated 

through a pathway involving DMT-1. Mice bred to possess a loss of function mutation in 

both HFE and hephaestin, a protein necessary for basolateral iron transport out of 

intestinal microvilli cells, also exhibit a decrease in iron loading in the liver. However, 

this did not lead to a complete block in iron transfer from enterocytes. 
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When HFE knockout mice are bred with TfRl heterozygotic mice, the animals 

have a more severe iron loading phenotype in hepatocytes than the HFE mutants alone. 

Levy and associates have hypothesized that this apparent contradiction occurs because 

the TfRl +/- mice have small erythrocytes with less hemoglobin than normal due to a 

decreased level of TfRl (Levy et al, 2000). This leads to an even greater increase in 

dietary iron absorption, possibly via an "erythroid signal", which leads to an increase in 

dietary iron absorption and compensates for the erythroid iron deficiency. Much work 

has yet to be done in order to discover what role HFE plays in iron absorption regulation, 

and to further illuminate the effect HFE has on the Tf /TfRl pathway. 

C. Transferrin receptor 2 

Transferrin receptor 2 (TfR2) is a recently identified member of the transferrin 

receptor family (published first by Kawabata et. al., but simultaneously identified by 

others including this investigator.) The extracellular portion of this type II membrane 

protein shares 45% identity and 66% similarity with the TfRl (Kawabata et al, 1999). 

Two splice forms have been discovered: the a form which has a transcript size of 

approximately 2.9 kb, and a shorter (2.5 kb) P form which lacks the N-terminal portion of 

the protein. The shorter transcript probably encodes an intracellular protein as both the 

transmembrane and signal sequences are missing. Transferrin receptor 2 has a putative 

tyrosine based internalization motif (tyrosine, glutamine, arginine, and valine) similar, 

although not identical to that of the classical TfRl (tyrosine, threonine, arginine, and 

phenylalanine) (Kawabata et al, 1999). As well, two cysteine residues are present (109 

and 112) in approximately the same location as those of the TfRl (89 and 98) that may 
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allow the formation of disulfide bridges, however, this remains to be demonstrated 

experimentally. West and associates have shown that a recombinant TfR2 binds iron 

loaded Tf with a 25-fold lower affinity than T f R l , and that H F E can not be co-

immunoprecipitated with TfR2 as it can with the TfRl (West et al, 2000). 

As with HFE, a form of H H has been linked to the TfR2 gene. Camaschella and 

associates found a cytosine to guanosine transversion in exon 6 of TfR2 (position 750 of 

the cDNA) causes a truncation of the extracellular portion of the protein (a stop codon 

replaces a tyrosine at residue 250) (Camaschella et al, 2000). It is unclear why this 

particular truncation, in which the Tf binding portion of the TfR2 protein is removed, 

should lead to an iron overload phenotype. Further characterization of the role of TfR2 in 

iron metabolism is needed. 

Fleming and associates have demonstrated that the 3' untranslated region of the 

murine TfR2 is significantly shorter than that of T f R l , and does not contain any regions 

similar to the consensus sequences of iron responsive elements (Fleming et al., 2000). 

A n examination of the hepatic expression of mouse TfRl and TfR2 in iron overload 

supports this lack of iron regulation. A mouse model of H H shows down-regulation of 

mouse TfRl mRNA in the H H model mice, while no such down regulation occurs with 

mouse TfR2 (Fleming et al, 2000). It was recently demonstrated that Chinese Hamster 

Ovary (CHO) cells transfected with TfR2 are resistant to the iron deprivation effects of 

desferoxamine (an iron chelator), which suggests that TfR2 has the ability to increase the 

cellular iron pool and support cell growth, in the same manner as TfRl does (Kawabata et 

al, 2000). In addition, it was speculated that perhaps TfR2 is a lower affinity form of the 
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T f R l , and could in fact be a more primitive form, as TfR2 seems to be more closely 

related to the prostate specific membrane antigen than TfRl . 

D. Stimulator of iron transport 

The stimulator of iron transport (SFT) protein is a Tf-independent iron transporter 

that was originally identified using Xenopus laevis oocytes (Gutierrez et al, 1997). The 

SFT protein is a 338 amino acid integral membrane protein with at least six membrane 

spanning regions (Yu and Wessling-Resnick, 1998). It is able to form a dimer, 

suggesting similarity to the 12 membrane spanning domains of DMT-1 , and is localized 

to the plasma membrane and endosomal vesicles. The transcript for SFT is expressed in 

a number of tissues including spleen, duodenum, colon, liver, kidney, heart, brain, and 

peripheral blood leukocytes (Gutierrez et al, 1997; Knutson et al, 2001). The SFT 

contains an R E X X E motif that is similar to the iron binding motif of ferritin, and it has 

been shown in HeLa cells to stimulate both Tf-dependent and independent iron uptake 

(Gutierrez etal, 1997). 

The mechanism of iron transport utilized by SFT remains unknown, however the 

expression of the protein does seem to be dependent upon intracellular iron levels. For 

instance, treatment of HeLa cells with desferroxamine, which depletes iron from the cell, 

leads to an increase in the SFT transcript (Yu et al, 1998). The mechanism for this iron 

dependent-response is unknown, since no IRE has been identified. Furthermore, liver 

samples from patients with H H have a 5-fold higher level of the SFT transcript, 

compared to liver samples from control subjects (Yu et al, 1998). In contrast, HFE 

knock-out mice do not show increased levels of the SFT mRNA (Knutson et al, 2001). 
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V. Hypothesis and general approach 

This research aims at identifying and characterizing a receptor for the soluble 

form of the p97 iron transport protein. The guiding hypothesis is that the soluble p97 

binds specifically to a receptor and this receptor-ligand interaction leads to iron delivery 

to cells. A function has not yet been established for p97, although it is known that the 

GPI-linked, cell surface expressed form binds and internalizes iron, and can deliver that 

iron to the iron storage protein ferritin (Kennard et al., 1995; Tiong, 2001). It should be 

noted that the soluble form of p97 is not a cleavage product of the GPI-form, but likely a 

splice variant (Food et al, 1994). Since p97 resembles many of the other members of the 

Tf family, and as many of these members are in fact ligands for receptors, it seems 

reasonable that the soluble version of p97 also has a receptor and functions as a ligand. 

To determine the identity of this receptor, the most reasonable place to begin was with an 

examination of the receptor for Tf, the closest homologue of p97. Transferrin receptor 1 

is located in many tissues throughout the body and is able to bind and internalize Tf with 

high affinity, as well as enable the iron carried by the Tf to remain in the cell while Tf 

itself is recycled back to the cell surface and released. 

The first results chapter examines the hypothesis that soluble human p97 binds to 

the human T f R l , and that iron bound to the p97 can be delivered to the cell via this 

receptor-mediated mechanism. Initially, the general approach was to compare binding of 

the human p97 protein in two cell lines: one without T f R l , and one expressing human 

TfRl on the cell surface. The difference in binding and iron uptake between the two cell 

lines is thus assumed to be due to p97 binding to the receptor. Various assays were 

performed to examine cell surface binding, including iodination of the p97, and 
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immunofluorescent labeling and Pandex assay. In addition, binding between soluble 

human TfRl and p97 was measured in a surface plasmon resonance study (or BIAcore). 

For all of these assays, human Tf binding to TfRl was measured as a positive control for 

the assays. To examine uptake of iron via p97, the total amount of radioactive iron taken 

up by the two cell lines was compared, as well as the amount of 5 5 Fe associated with 

immunoprecipitated ferritin in the two cell lines and measured using a scintillation 

counter. 

A second hypothesis in the chapter 3 is that a different type of receptor exists for 

p97, namely integrin aV(33. This interaction was examined because p97 has a three 

amino acid motif, consisting of an arginine, glycine, and aspartate (referred to as an RGD 

motif). The RGD motif has been identified as an essential part of the recognition motif 

for a family of integrins. By comparing the p97 sequence to the available crystal 

structure of Tf, the RGD motif is likely exposed on the surface of p97. One prominent 

member of this heterodimeric family is integrin ccVP3, which also binds the widest 

variety of ligands (Xiong et al., 2001). For this reason, the interaction between the 

soluble p97 and a soluble engineered version of the heterodimeric integrin was measured 

by BIAcore. 

To identify other receptors that may bind p97, homologues of the TfRl were 

pursued. Database searches for proteins similar to the TfRl led to the discovery of TfR2. 

This novel receptor, which was simultaneously discovered by Kawabata and associates, 

is extremely similar to the classical T f R l , with the mouse version sharing 40% identity 

with the mouse T f R l . The second results chapter begins with experiments aimed at 

characterizing a number of features of the TfR2, including the sequence, the expression 
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during development, as well as subcellular and tissue localization. Some features of the 

two receptors are similar, though TfR2 is in many ways unique from T f R l . Specifically, 

the endocytosis and subcellular localization of the transferrin receptors are similar, but 

the tissue expression patterns are distinct. To examine some characteristics of the TfR2 

that complement the published data, many approaches were utilized. First the entire 

mouse sequence of TfR2 was obtained through the technique of "primer walking". 

Northern blot analysis was employed to examine both embryological expression in the 

developing mouse, and adult tissue expression in the human. To examine brain 

microvascular expression, the reverse-transcriptase polymerase chain reaction was 

carried out on R N A isolated from primary brain micro vasculature. In addition, to study 

subcellular localization, immunofluorescence and confocal microscopy were used. The 

two receptors were also examined in the context of a cell line that expresses both TfRl 

and TfR2, through immunoprecipitation and Western blotting, to see i f they interact to 

form heterodimers. 

Finally, the second results chapter also examines the hypothesis that p97 binds to 

TfR2 and that 5 5 Fe bound to p97 is transported into cells via TfR2. To examine this 

hypothesis, the approach was similar to that of results chapter 1. Cells transfected with 

mouse TfR2 were incubated with radioactive-iron loaded p97 and then the amount of iron 

within the cells compared. The difference in iron uptake between the two cell lines is 

deemed to be due to TfR2 mediated uptake. The model of p97 binding to the TfR2 and 

depositing iron within cells via this receptor was developed based on these results. 
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As a whole, the results substantially advance our understanding of the new iron 

transport receptor TfR2, and support a possible explanation for an additional iron uptake 

pathway via p97 in certain cells. 
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Chapter 2: Materials and methods 

I. Cells and antibodies 

Many different cell lines were used during the experiments contained in this 

thesis. The main group of cells is derived from Chinese Hamster Ovary (or CHO) cells. 

The parental CHO line was obtained from American Tissue Type Culture Collection 

(ATCC, Manassas, V A ) . TRVb cells are a CHO line that does not internalize Tf and thus 

has no functional transferrin receptors expressed (McGraw et al, 1987). The phenotype 

arose as a spontaneous mutation and was selected with ricin A conjugated to transferrin. 

TRVb cells were then transfected with the constructs pCDTRl and pSV3Neo (to confer 

G418 resistance) to produce TRVb-1 that expresses functional human T f R l . These cells 

were the kind gift of Dr. F. Maxfield from New York University. For clarity, TRVb cells 

from this point on will be referred to as transferrin receptor minus, or TfR-, and TRVb-1 

cells wil l be labeled transferrin receptor plus or TfRl+. The TRVb cells were also 

transfected with a pcDNA3.1 vector containing a myc tag and mouse TfR2 (alpha form) 

using FuGENE 6 (Gibco). This cell line wil l be referred to as mTfR2+. Some 

experiments also use a parental CHO cell line transfected with the same mTfR2 vector 

(CHO-mTR2). The media used to grow the mTfR2+ and the CHO-mTfR2 cells also 

contained 1000 u,g/ml G418 to maintain the expression of the TfR2. The TRVb 

transfected with human TfR2 (TfR2+), and TRVb-1 transfected with human TfR2 

(TfRl,2+ respectively) were a gift from Dr. Caroline Enns, of the University of Oregon. 

A l l the CHO derived cell lines are maintained in Ham's F12 media (Invitrogen 

Life Technologies Inc., Burlington, ON) with 10% (v/v) fetal bovine serum (Invitrogen 
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Life Technologies Inc.), 2 m M glutamine (Invitrogen Life Technologies Inc.), 20 m M 

HEPES (Sigma-Aldrich Canada Ltd), pH 7.4, at 37 ° C in a 5% C0 2-humidified 

incubator. 

A human melanoma cell line called S K - M E L 28 (from A T C C ) was transfected 

with the mTfR2 wye-tagged construct pcDNA3.1 in order to examine TfR2 localization 

in a human cell line. The S K - M E L 28 cells were grown in D M E M medium (Invitrogen 

Life Technologies Inc.), supplemented with the same conditions as above for Hams F12. 

The human erythroid leukemia cell line K562 (ATCC), which naturally expresses high 

levels of human TfR2, was also maintained in this D M E M media. 

Primary human brain endothelial cells were obtained as a kind gift from Dr. 

Dorovini-Zis (Vancouver General Hospital). They were cultured in M l 9 9 medium 

(Invitrogen Life Technologies Inc.) supplemented with 10% heat inactivated horse serum 

(Sigma Chemical Co., St. Louis, MO), 10 L i g / m l endothelial cell growth supplement 

(Collaborative Biomedical Products, Bedford, M A ) , 5 |ig/ml insulin, 5 \ig/m\ Tf and 5 

ng/ml selenium (ITS Premix, Collaborative Biomedical Products), and 600 USP units/1 of 

heparin (Sigma). 

The primary and secondary antibodies used in this thesis are listed in Table 2.1 

and 2.2 respectively. 

II. Binding of 125I-p97 and 125I-transferrin to transferrin receptors 1 and 2 

A. Iodination of proteins 

The iodination of the proteins was carried out using the Chloramine T (Sigma 

Aldrich) method. Equal volumes of p97 (provided by Synapse Technologies Inc., 
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Table 2.1: Primary antibodies 

Antibody Antigen Host Isorvne Concentration Source 

H y b C p97 mouse IgGl 1 mg/ml Dr. Shuen-Kuei 

Liau, McMaster 

L235 p97 mouse IgGl 15 mg/ml A T C C 

Transferrin-

FITC 

Human transferrin sheep IgG 9.7 mg/ml ICN Biomedicals 

Transferrin Human transferrin mouse IgGl 35 mg/ml Cedarlane 

Laboratories 

OKT9 Human TfR mouse IgGl 12 mg/ml A T C C 

Anti-

Transferrin 

receptor 

Transferrin 

receptor(for 

Western blotting) 

rabbit Gift from Dr. I. 

Trowbridge, Salk 

Institute 

Anti-c-myc 

clone 9E10 

Residues 410-419 

of human c-myc 

mouse IgGl Sigma 

EEA-1 Amino terminal 

human EEA-1 

Goat 200 ng/ml Santa Cruz 

Biotechnology 

Clathrin HC Carboxy terminal 

of human clathrin 

heavy chain 

rabbit 200 u,g/ml Santa Cruz 

Biotechnology 

Ant i -FLAG 

M2 

Flag sequence mouse IgG 3.5 mg/ml Sigma 

Ant i -FLAG 

M5 

N-terminal Met-

F L A G fusion 

proteins 

mouse IgG 3.5 mg/ml Sigma 

Ferritin Human ferritin L -

chain 

rabbit 1.3 mg/ml D A K O , 

Carpinteria CA. 
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Table 2.2: Secondary antibodies 

Antibody Concentration Dilution Used Source 

Goat anti-mouse 

FITC 

1 mg/ml 1:1000 Jackson Immunoresearch 

Laboratories Inc., West 

Grove, PA. 

Alexa 488 nm 

conjugated Goat 

anti-mouse IgG 

2 mg/ml 1:1000 Molecular Probes Inc., 

Eugene, OR 

Alexa 488 nm 

conjugated rabbit 

anti-mouse IgG 

2 mg/ml 1:500 Molecular Probes Inc. 

Alexa 568 nm 

conjugated rabbit 

anti-goat IgG 

2 mg/ml 1:500 Molecular Probes Inc. 

Alexa 568 nm 

conjugated goat anti 

rabbit IgG 

2 mg/ml 1:500 Molecular Probes Inc. 

Peroxidase 

conjugated goat 

anti-mouse IgG 

0.8 mg/ml 1:10,000 Jackson Laboratories Inc. 

Peroxidase 

conjugated goat 

anti-rabbit IgG 

0.8 mg/ml 1:10,000 Jackson Laboratories Inc. 
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Vancouver, BC) or human Tf (Sigma) and 0.5 M phosphate buffer at pH 7.4 (20 p,l) were 

mixed together followed by 1 mCi N a l 1 2 5 (10u.l). To this mixture, 20 Lil of freshly 

prepared Chloramine T (2.25 mg/ml in phosphate buffer) was added and kept at room 

temperature for one minute. Next, 20 u.1 of sodium-metabisulfate (7mg/ml sodium 

metabisulfate in 0.5M phosphate buffer) was added and again allowed to sit for one 

minute. Finally, 100 u,l of Nal (15 mM) was added, and the entire mixture was passed 

with 20 ml PBS + 1% bovine serum albumin (BSA) through a Sephadex G-25 column 

(Amersham). The eluate was collected in 1 ml fractions. 

A T C A (trichloroacetic acid) precipitation was carried out to determine the 

amount of labeling of the proteins as follows: Two microlitres of the labeled solution 

was added to 200 ul of 1% B S A in PBS. To this, 200 \il of 10% T C A was added and 

mixed, followed by centrifugation in a microfuge at maximum speed for 10 minutes. The 

supernatant was then transferred to a new eppendorf tube and both the supernatant and 

the pellet tubes were counted in the gamma counter. The counts per minute of the 

supernatants represent the non-TCA precipitable counts (or non-protein bound counts), 

while the counts per minute of the tubes with the pellets represent the T C A precipitable 

counts (or the counts bound to p97 or Tf). 

B. Binding to transferrin receptors 

The binding experiment was carried out in the following manner: TfR positive (TfR+) 

and TfR negative (TfR-) cells were harvested from tissue culture plates with Versene 

(5.37 m M disodium EDTA, 1.37 M NaCl, 26.83 m M KC1, 81,01 m M N a 2 H P 0 4 , 14.7 

m M KH2PO4, 11.1 M glucose). The cells were counted with a hemocytometer and 
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aliquoted into BSA-treated tubes at one million cells per tube. The 5 ml polystyrene 

tubes were first coated with a PBS solution containing 5% B S A to reduce the amount of 

protein binding to the tubes, and thus reduce background counts. Following this step the 

cells were briefly acid washed with a mixture of 2.6 ml 0.1 M glycine buffer (0.1 M 

glycine, 0.05 N HC1, 10 m M NaCl), 5 ml D M E M serum free tissue culture media, and 

182 ui 1 M NaCl. Each tube of cells was kept on ice and washed three times with 1 ml of 

the acid wash, followed by three washes with PBS. The radioactive protein was then 

added to the serum free media mixture and incubated with the cells for one hour at 4°C, 

followed by two washes with ice-cold PBS+ 1% BSA. The cell bound counts were then 

determined in the gamma counter. The pH of the incubation mix was monitored and 

adjusted with 1 N HC1 to be either pH 6.0 or pH 7.0. When competition experiments 

were carried out, the iodinated protein was first mixed with the unlabeled protein, then 

added to the cells, thus the cells were exposed to the radioactive and non-radioactive 

protein at the same time. 

III. Pandex experiments 

For the non-radioactive experiments, a Pandex Fluorescence Concentration 

Analyzer (Idexx, Westbrook, Maine) was used to measure the fluorescence of the cells in 

a specialized 96 well plate. The plate has a 0.22 u.m cellulose acetate membrane rather 

than a solid bottom, to allow the wells to be drained under vacuum. This enables the 

washing of the cells to take place rapidly without removing the cells from the plate, and 

allows removal of the supernatant without centrifugation. 
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For these experiments, the cells were washed three times in serum free Hams F12 

media (with 2 m M glutamine, 20 m M HEPES, pH 7.4) and placed at 37°C in a 5% C 0 2 

humidified incubator for 20 minutes. The cells were then harvested with Versene, 

counted with a hemocytometer, and resuspended at 1.25 million cells per tube in 1 ml 

Pandex buffer (serum free D M E M media with 0.1% sodium azide and 1% BSA). The 

cells were then incubated for 45 minutes at 4°C with either 1 ml of Pandex buffer, 1 ml of 

30 u.g/ml human Tf in Pandex buffer, or 1 ml of 30 u,g/ml human p97 in Pandex buffer. 

The tubes were then centrifuged for 5 minutes at 4°C at 1200 revolutions per minute in a 

Sorval benchtop centrifuge. The cells were placed on ice and washed with the addition of 

1 ml of cold PBS with 0.1%) sodium azide and 2 mg/ml BSA, and centrifuged as before. 

The final incubation involved the addition of fluorescein isothiocyanate (FITC) 

conjugated L235 or anti-Tf at a 1 in 75 dilution, for 45 minutes at 4°C followed by 

deposition of 40 u,l of cells (approximately 250, 000 cells) into the wells of the Pandex 

plate. The Pandex plate was then placed in the Pandex reader where the cells were 

washed 3 times, with fluorescent readings taken between each wash. 

For the FITC labeling of the antibodies, FITC was added at 1 mg/ml to phosphate 

buffer at pH 9.5 (0.15 M Na2HP04) and then 0.5 ml of the antibody at 4 mg/ml was 

added to 0.15 ml of the FITC solution at 1 mg/ml, and incubated overnight at room 

temperature in the dark. 

IV. Protein dialysis and iron loading 

Both p97 (Synapse Technologies, Inc., Vancouver) and Tf (Sigma) were supplied 

with iron partially bound to the protein. A dialysis protocol developed by Aisen and 
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Leibman was employed (Aisen and Leibman, 1968; Aisen and Leibman, 1972) in order 

to rid the protein of this tightly held ligand, and produce apo-p97 or apo-Tf. In this 

procedure, the solublized protein was injected into a Pierce 10,000 M W dialysis cassette 

and dialyzed in 1 L of 0.1 M sodium citrate buffer (pH 6.0) at 4°C for three hours, with 

buffer changes after each hour. Following this, the protein was transferred to a new 

cassette and then dialyzed for four hours (with three buffer changes) in 0.1 M sodium 

perchlorate, and 25 m M HEPES at pH 7.4 at 4°C. Finally, the protein (using the same 

cassette) was dialyzed for three hours (with two buffer changes) in 25 m M HEPES at pH 

7.4 at 4°C. The protein was then removed from the dialysis cassette and concentrated in 

a Centricon-TMIO (Millipore, Bedford, M A ) , and the protein concentration was 

measured either by spectrophotometer readings at 280 nm (with an extinction coefficient 

of 1.214 for p97) or by B C A (bicinchoninic acid) protein assay (Pierce). 

To load the protein with iron, the iron chloride (either radioactive or not) was first 

mixed at a ratio of 1:1 with nitrilotriacetate (1 M each) for 10 minutes at room 

temperature. Then the dialyzed apo-p97 or apo-Tf was mixed with the ferric 

nitrilotriacetate at 2 moles iron per mole of protein. The pH for this step must be around 

pH 7.4 for proper iron loading, so the protein may need to be diluted in HEPES buffer to 

compensate for the low pH of the ferric nitrilotriacetate solution, especially for 5 5 Fe, as it 

is supplied in concentrated HC1. The mixture was allowed to sit at room temperature for 

one hour before the excess iron was dialyzed out of solution in three changes of 25 m M 

HEPES for 3 hours at ph 7.4, at 4°C. The iron-loaded proteins undergo a color change, 

from colorless in the apo-form to slightly pink in the iron-loaded form. 
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V. Iron uptake studies 

The method for radioactive iron uptake in vitro involved measuring the 

internalized radioactivity of the various TRVb cell lines transfected with the TfRl or 

TfR2. The cells were grown in six well tissue culture plates (Nunclon) until 

approximately 80 to 90% confluence was reached. The plates were then washed three 

times, each for 30 minutes at 37°C with 5% CO2 and humidity, with Hams F-12 serum 

free media plus 1% (w/v) BSA. After washing, the incubation mix containing either 

55Fe-loaded Tf or p97 in Hams F-12 serum free media with 1% B S A was added to the 

cells. After incubation at 37°C with 5% CO2 and humidity for the appropriate amount of 

time, the cells were washed three times (on ice) with 4°C wash buffer (PBS with 1% 

BSA) and then harvested with Versene. Finally, the amount of 5 5 Fe was counted in the 

Beckman LS6000IS Liquid Scintillation counter. 

VI. Immunoprecipitations 

Immunoprecipitations were carried out on TRVb cells, with and without the 

T f R l . The cells were grown to approximately 90% confluence in tissue culture plates. 

The adherent cells were incubated three times for 20 minutes each time at 37°C with 

serum free Hams F12 media (with 2 m M glutamine, 20 m M HEPES, and 1% B S A at pH 

7.4) in a 5% CO2 humidified incubator. This step was designed to remove any residual 

bound bovine Tf, and to slightly iron starve the cells. The cells were then incubated with 

1 ml 5 5Fe-loaded p97 or Tf in serum free media for four hours at 37°C in a 5% CO2 

humidified incubator. After the incubation, the incubation mix was removed, the plates 

were washed with PBS, and the cells were lysed in 1 ml 1%> (v/v) Nonidet-P40 (NP-40) 
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(ICN Pharmaceuticals Inc., Costa Mesa, CA) in lysis buffer (20 m M Tris-Cl pH 7.4, 150 

m M NaCl, 2 m M E D T A and 1 tablet protease inhibitor cocktail (Roche)) for 30 minutes 

on ice. The lysate was then collected in an eppendorf tube and centrifuged in a Biofuge 

B microcentrifuge (VWR Canlab Mississauga, ON) at 11,000 rpm at 4°C for 10 minutes. 

The supernatant was then collected and 3 Ltl of normal rabbit serum was added. The tube 

was rotated at 4°C for an hour. Next, 30 | i l of protein G sepharose (50% (v/v) slurry) 

(Amersham-Pharmacia Biotech, Piscataway, NJ) was added, followed by additional 

rotation at 4°C for an hour. The samples were then centrifuged at 11,000 rpm for 5 

minutes at 4°C, and the supernatant transferred to a new eppendorf tube. The lysate was 

then divided into the appropriate number of samples, and the primary antibody added. 

Antibodies used were L235 (against human p97), polyclonal anti-human TfRl (against 

classical tranferrin receptor), and anti-ferritin (against ferritin) (See Table 1). After an 

incubation at 4°C for at least one hour (up to overnight) the immuno-complexes were 

precipitated with protein G sepharose (30 Lil), for up to one hour at 4°C with rotation. 

The protein G immuno-complexes were washed twice in ice cold buffer B (0.2% (w/v) 

NP-40, 10 m M Tris-Cl pH 7.5, 150 m M NaCl, 2 m M EDTA), each time followed by 

centrifugation at 4°C and suction of the supernatant. Next, the samples were washed 

once as above with Buffer C (0.2% (w/v) NP-40, 10 m M Tris-Cl pH 7.5, 500 m M NaCl, 

2 m M EDTA) and once with Buffer D (10 m M Tris-Cl pH 7.5) before resuspension in 1 

ml of PBS and transfer to scintillation vials. The vials had 5 ml of ReadySafe 

scintillation counting fluid (Beckman Coulter Inc., Fullerton, C A ) added, and the 

disintigrations per minute were determined on a Beckman LS6000IS Liquid Scintillation 

counter. 
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The variation to this protocol involves the co-immunoprecipitation of the TfR 1 

and 2 from the TRVb3 cells. In this case, no radioactivity was used. Instead, the cells 

were simply washed with PBS, then harvested as above. The protocol is the same as that 

above until the final step. Here, instead of placing the lysate in PBS and adding 

scintillation fluid, the beads were solubilized for an SDS-PAGE gel by adding 40 ul of 

Mix II (1 ml of Bromo Mix (36% (w/v) sucrose, 0.01%) (w/v) bromophenolblue, 0.1 M 

Tris-Cl pH 8.8), and 200 ul Mix I (18% (w/v) SDS, 0.05 M dithiothreitol (DTT) 

(Roche)). The beads in Mix II were heated at 95 °C for 2 minutes, then cooled to room 

temperature for 5 minutes, followed by a brief spin. Then, 5 u.1 of 0.5 M iodoacetamide 

(IAA) (Sigma-Aldrich Canada Ltd.) was added and the samples were allowed to sit for 

15 minutes before being loaded on a standard 10% (w/v) S D S - P A G E gel and 

electrophoresed at 150 V for 1 hour. Next, the gel was transferred to a nitrocellulose 

membrane (Bio-Rad Laboratories, Hercules, CA) by electroblotting. Following the 

transfer, the blotted membrane was blocked with a 5%> (w/v) skim milk and 0.1 %> (v/v) 

Tween 20 (Biorad) in PBS for 1 hour (to overnight) and then the proteins were detected 

using antibodies against the TfRl (1:100) or against the flag-tag on TfR2 (1:100). The 

blotted membrane was incubated with the antibody for 1 hour at room temperature or 

overnight at 4°C (both with shaking) and then washed for 3 times 30 minutes with the 5%> 

(w/v) skim milk wash buffer. After the washes, the blotted membrane was incubated in 

peroxidase-conjugated goat anti-mouse or peroxidase-conjugated goat anti-rabbit (both at 

1:10,000 dilution) in the skim milk buffer, followed by the same wash protocol used for 

the primary. The blots were then treated with the chemiluminescence E C L Western 

blotting detection system (Amersham Pharmacia Biotech) and exposed to x-ray film. 
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VII. Surface plasmon resonance (BIAcore) experiments 

A BIAcore 2000 biosensor system (Pharmacia Biosensor, Uppsala, Sweden) was 

used to assay the interaction of p97 with 0 ^ 3 integrin (kind gift of Alistair Henry of 

Celltech), vascular endothelial growth factor receptor 2 (VEGFR-2) (R&D Systems), and 

the TfRl (kind gift of Pamela Bjorkman, California Institute of Technology). The 

extracellular domains of the ocv and P3 subunits were linked at the C-terminal end to the 

Fc of mouse IgGl to enforce heterodimerization .(Stephens et al., 2000) The soluble 

version of the human TfRl was generated through truncation at the C-terminal end, to 

remove the intracellular and transmembrane domains (Lebron et al., 1998). The soluble 

TfRl was purified in the Bjorkman lab from supernatants of baculovirus-infected High 5 

cells using N i - N T A chromatography (Ni-NTA superflow; Qiagen) and followed by gel 

filtration chromatography with a Superdex-200 FPLC column (Pharmacia). 

On the BIAcore sensor chip carboxymethylated dextran matrix (Sensor Chip 

CM5, Research Grade, BIAcore) was preactivated with N-hydroxysuccinimide/ N-ethyl-

N'-[3-(diethylamino)propyl] carbodiimide according to the manufacturer's 

recommendations. A l l steps were carried out at room temperature. 

For the experiments, random amine coupling of the p97 and 0 ^ 3 integrin to the 

chip was achieved by subsequent injection of 10 ng/ml p97 in 10 m M sodium acetate at 

pH 4.5, and 0 ^ 3 integrin at 50 |ig/ml at pH 4.5. One cell on the chip was left blank to 

serve as a control, and the sensorgram generated was subtracted as a baseline from the 

experimental sensorgrams. To perform binding assays, samples of p97, ccvP3 integrin, or 

V E G F R 2 were injected in Hepes buffer (10 m M Hepes, 150 m M NaCl , 0.005% 

polysorbate 20, 2 m M M g C l 2 , 0.6 m M CaCl 2 , pH 7.4). To regenerate the chip for the 
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experiments (between injections) a wash step was performed with 0.01 M Hepes at pH 

7.4 with 3 m M EDTA. 

For the TfRl experiments, the TfRl protein was coupled to the chip by flowing a 

0.1 mg/ml solution in 3.46 m M maleate buffer at pH6.0 across the flow cell for various 

amounts of time. This yielded three flow cells with increasing amounts of protein 

coupling, and one blank flow cell with no bound protein. The iron-loaded p97 in this 

experiment was injected at 10 pi and 50 pi at pH 7.4, and the apo-p97 was injected at 50 

ui at pH 6.0. 

VIII. Northern blot analysis 

The northern blots of multiple human tissues and mouse embryos, were both 

commercially prepared by Clontech Laboratories. The probes used were both prepared 

through polymerase chain reaction, followed by labeling with 3 2 P . The primers used to 

generate the cDNA that was labeled to "make the probe are listed in Table 2.3. For probe 

labeling, 5 pi of gel-purified D N A probe (QIAEX II Gel Extraction Kit, Qiagen Inc., 

Mississauga, ON) was added to 4 u.1 sterile distilled water. This mixture was denatured 

by heating on a heat block to 100°C for five to ten minutes, followed by a quick chill in 

ice. Next, 1 ui each of dATP, dGTP, and dTTP was added, followed by 2 ui of reaction 

mixture (solution 6) (Random Primed D N A Labeling Kit, Roche). Finally, 5 u.1 of 3 2 P -

dCTP and 1 ui Klenow enzyme was added and mixed by pipetting. The mixture was 

incubated at 37°C for 30 minutes. After the incubation, the unincorporated label was 

removed by eluting the probe through a G50 sephadex spin column. The ExpressHyb 

solution was prewarmed to 68°C, and the membrane was prehybridized in at least 5 ml of 
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warmed ExpressHyb solution (Clontech) for 30 minutes at 68°C with rotation. The probe 

was then added to the pre-warmed solution and incubated with the blot for at least 1 hr 

(to overnight) at 68°C with continuous rotation. After incubation, the membrane was 

rinsed in wash solution 1 (0.3 M NaCl, 0.03 M sodium citrate pH 7.0, 0.05% (w/v) 

sodium dodecyl sulfate) several times at room temperature, then washed for 30-40 

minutes with constant shaking, and several solution changes. Next, the blot was washed 

with wash solution 2 (15 m M NaCl, 1.5 m M sodium citrate pH 7.0, 0.1% (w/v) sodium 

dodecyl sulfate) for about 30 minutes. The blot was shaken to remove excess liquid, then 

wrapped in plastic wrap without allowing the blot to dry (so that it could be stripped and 

reprobed). The blot was then exposed to x-ray film or a phosphoimager and developed. 

To strip the blot, a solution of 0.5% (w/v) sodium dodecyl sulfate was heated to 

90-100°C, then the membrane was added and incubated for 10 minutes with shaking. 

The solution was then allowed to cool for 10 minutes before removing the blot. The 

membrane was air-dried slightly before it was put in a plastic bag for storage. 

IX. Reverse transcriptase and polymerase chain reaction 

The R N A from various cell lines used for these experiments was isolated using 

the RNeasy Mini Kit (QIAGEN, Inc.) according to the manufacturer's instructions. To 

make the complementary D N A (cDNA), 5 (ig of total RNA was used, along with 1 ul of 

oligo dTi 8 , and RNAse-free distilled water to make the volume 12 ul. This solution was 

heated to 70°C for 10 minutes, followed by a quick chill and centrifugation. Next, 4 ul of 

5x first strand buffer, 2 ul 0.1 M dithiothreitol, and 1 ul 10 m M dNTP mix (10 m M of 

each dATP, dCTP, dGTP, dTTP) was added (Gibco). This was mixed gently at 42°C for 
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2 minutes. Finally, 1 ul Superscript II (Gibco) was added, the mixture was mixed up and 

down by pipetting, and then incubated at 42°C for 50 minutes. After incubating, the 

reaction was inactivated by heating to 70°C for 15 minutes, followed by the addition of 1 

ui of RNase H (Gibco) and incubation at 37°C for 20 minutes. 

The polymerase chain reactions to create probes and to ascertain experession in 

brain endothelial cells were carried out in a UNOII or Tgradient thermocycler 

(Biometra), using primers made by Sigma (see Table 2.3). 

X . Immunofluorescence staining and confocal laser scanning microscopy 

The adherent cells were grown on sterile coverslips (No. 1, 18 mm, Fisher 

Scientific Inc.) to approximately 60 to 80% confluence. The coverslips were washed 

gently twice with PBS, then blocked for 1 hour in 2%> (w/v) B S A in PBS. The cells were 

then fixed for 20 minutes in 2% (w/v) paraformaldehyde in PBS, and permeabolized with 

0.1%> (w/v) saponin in PBS with 2% (w/v) BSA. The coverslips were stained with 200 pi 

primary antibody, diluted in the appropriate amount of PBS with 2%> (w/v) B S A (see 

Table 2.1) for 30 minutes at room temperature with gentle shaking. Control coverslips 

were incubated with no first antibody. When double labeling was carried out, both 

antibodies were mixed together in the PBS then added simultaneously to the coverslips. 

Following the 30 minute incubation, the coverslips were washed five times (for two 

minutes each time) with 0.1 %> (w/v) saponin in PBS with 2%o BSA. The cells were then 

incubated with the appropriate secondary antibody conjugated to either Alexa 488 or 568 
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Table 2.3: Primers 

Template Primer 

Name 

Sequence Application 

mTfR2 a FL3+1 CTT CTG CTC T A A A A G CTG C G Sequencing 

mTfR2 a Sep 13-2 C A G A A G GAT G G A A G T CCC Sequencing 

mTfR2 a FFS1 A C C CTG GTC C A A GAT A T C CTC G Sequencing 

mTfR2 a FFS2 TGC G A G TTG G A A TTA C T A GCT T C G Sequencing 

mTfR2 a FFS3 C A C CTC T C A GGC TCT CCT TAT C G Sequencing 

mTfR2 a FFS4 A C C T C A A A G CTG TTG TGT A C G TG Sequencing 

mTfR2 a FFS5 CCT GCC A G G CGT GTG G G G A C Sequencing 

mTfR2a FFS6 C A G TGG CTC A G C T C G C G G Sequencing 

mTfR2 a FFS7 GCC CTG GTA G A C C A C CTG C G Sequencing 

mTfR2 a FFS8 GCC GTT GCT T A C C C A G A A A G C Sequencing 

HTfRl Probe + CTC A A A A A G A T G A A A A T C TTG C G Northern/ RT PCR 

HTfRl Probe - C C A A A G A A T G A A A G T TCT G C G Northern/ RT PCR 

Actin Probe + T G A A G T CTG A C G TGG A C A TC Northern/ RT PCR 

Actin Probe - A C T CGT C A T A C T CCT GCT TG Northern/ RT PCR 

MTfR.2 Probe + C A A CGT TGG GGT C T A CTT C G G Northern 

MTfR2 Probe - GAT C A G G G A C C A GAT A G G G G G Northern 

M T f R l Probe+ C T A CCT G G G C T A TTG T A A G C G Northern 

M T f R l Probe - GGT CTG CCT C A A C A A C G G G Northern 

HTfR2 Probe A CGT GGT C C A GCT TCT GGC G G G Northern/ RT PCR 

HTfR2 Probe E GTA GCT GGG T C A CGT CCC Northern/ RT PCR 

HTfR2 Probe F CCT G G A TTT C C A C C A GGG C Northern/ RT PCR 

HTfR2 Probe G GGC C A T GTT CCT G C A GTT C Northern/ RT PCR 
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(see Table 2.2) diluted in PBS with 2% (w/v) B S A for 30 minutes at room temperature, 

followed by washes as above. After washing, the coverslips were equilibrated with 6 

drops of Slow Fade Equilibration buffer Component C (Molecular Probes, Eugene, OR) 

for 10 minutes at room temperature. After the 10 minutes, all the liquid was suctioned 

from the coverslip, and the coverslips were mounted on a slide with 5 u,l of an equal 

mixture of 50% glycerol in PBS and Molecular Probe Slow Fade Component A . The 

coverslips were then sealed onto the slide with nailpolish. The BioRad Radiance Plus 

confocal laser scanning microscope was used to capture the images of the cells, and an 

NIH imaging system was used to analyze the images produced. 

XI. Statistical analysis 

The difference between the means of experimental groups and control groups was 

compared with the use of the Student's t-test, which compares the size of the difference 

between means with the standard error of that difference (Motulsky, 1995). 

Null hypothesis = no average difference between the two means 

Alternate hypothesis = there is a significant difference between the two means 

t = difference between means / Standard Error of difference 

SE of difference (equal N) = square root ( S E M a

2 + S E M b

2 ) 

Pooled SD = VrNa-l)*SD,2 + f N h - l ) * S D h ~ 
N a + N b - 2 _ 

SE of difference = pooled SD V 1/Na + 1/Nb 
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Chapter 3: Interaction of soluble p97 with transferrin receptor 1 and integrin 

I. Cellular based assays to examine p97 binding to the transferrin receptor 1 

A. Rationale 

Melanotransferrin (p97) is a protein expressed as two distinct forms: the GPI-

linked cell surface form and a soluble form found in serum and cerebral spinal fluid 

(Alemany et al, 1993; Brown et al, 1981; Food et al, 1994; Kennard et al, 1996). The 

presence of a soluble form produced by a splice variant rather than as a cleavage product 

released from the cell surface raises the possibility that soluble p97 has a distinct function 

from that of the GPI-linked version (Hsu, 1997; McNagny et al, 1996). As it has been 

established that GPI-linked p97 binds iron and can transport the bound iron into cells, the 

search for a physiological function of soluble p97 in this thesis began by examining 

possible receptors for soluble p97. Considering that p97 has a 39% homology to Tf 

(Rose et al, 1986), possible binding and internalization of p97 by TfRl was examined, 

and is detailed in the first section of this chapter (see model in Figure 3.1). 

Prior to the cloning and generation of recombinant forms of receptors through 

molecular biology techniques, the characterization of receptor interactions can be very 

difficult. Evaluating binding of a radioligand to tissue or cells is complicated i f more 

than one receptor on a cell binds to the ligand or when a cell line that does not bind the 

ligand of interest is unavailable. Even with the receptor cloned and expressed in cells, 

characterization of receptor interactions is not trivial. Often, one goal of receptor-ligand 
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Figure 3.1: Model of internalization of p97 via transferrin receptor 1. 
In this model, soluble p97 and Tf are present in the blood stream. The 
TfR1s on the cell surface can bind either p97 or Tf, and internalize either 
ligand. The complex is then present in the endosomes, and recycled to 
the cell surface after iron is dissociated from the p97 or Tf. 
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binding studies is to calculate a binding affinity for the interaction. Scatchard 

experiments, performed to generate these numbers, rely on a number of assumptions in 

order for the results to be accurate. These assumptions are that the receptors are equally 

accessible to ligands, that there is no partial binding, that neither the ligand nor receptor 

is altered by binding, and that the interaction is reversible. Often, not all of these 

assumptions apply, which can render the results very difficult to interpret and lead to 

incorrect binding affinities. These experiments also require substantial amounts of 

radioligand with high specificity. 

Alternatives to these types of studies exist. One of the more powerful techniques 

that can be used after a receptor is cloned is to create two cell lines that can be compared 

directly: a "negative" cell line that does not express the protein of interest, and a 

"positive" cell line which consists of the negative cell line transfected with the protein of 

interest. Under various experimental conditions, differences measured between the two 

cell lines can reasonably be assumed to be due to the presence of the transfected protein. 

In the case of the human T f R l , a cell line for these types of assays was created in 1987, 

when a Chinese hamster ovary (CHO) cell line was isolated through repeated founds of 

mutagenesis with ricin A chain conjugated Tf (McGraw et al., 1987). The cells that 

internalized Tf through the TfR were poisoned by the ricin through its ability to act at 

ribosomal target sites and inhibit cellular protein synthesis (Sundan et al., 1982). The 

isolated mutant cell line (called TRVb, referred to hereafter as TfR-) does not bind 

detectable amounts of Tf and was characterized to lack functional TfRs. A human TfRl 

construct was then transfected into these cells to produce a cell line that can bind and 

internalize Tf, called TRVb-1 (for clarity in this thesis TRVb-1 will be termed TfRl+). 
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To test the hypothesis that soluble p97 specifically binds to human T f R l , two 

different cell-based assay systems were utilized. The first assay system uses iodinated 

p97, and examines cell surface binding of the protein at 4°C. This is carried out either in 

the presence or absence of excess unlabeled p97, to compete for binding sites. This assay 

also compares binding at the acidic pH of 6.0 to binding at the neutral pH of 7.0 to 

determine i f pH has an effect on binding. The second assay uses a particle concentration 

fluorescent immuno-assay (or Pandex assay) to measure the amount of fluorescence on 

the surface of a fixed number of cells in a specialized 96 well plate. This approach uses 

antibodies raised against p97 rather than radioactively labeled protein, followed by a 

FITC-labeled secondary antibody to detect p97 binding to T f R l . 

B. Results I: 1 2 5 I p97 binding to the human transferrin receptor in cells 

Iodination is a common protein labeling technique, and was the method used 

successfully to examine uptake of 1 2 5 I labeled Tf by Maxfield and associates in the 

primary characterization of the TfRl + cell line (McGraw et al., 1987). Transferrin 

receptor 1 deficient CHO cells (TfR-) and those transfected with the human TfRl 

construct p C D T R l (TfRl+) were harvested with versene. Following the harvest, the 

cells were briefly acid washed with glycine buffer at pH 4.0 to remove any bound bovine 

Tf from the tissue culture medium, washed with PBS, and aliquoted into tubes. The cells 

were then incubated with iodinated protein (or iodinated protein plus 100 times unlabeled 

protein) for 1 hour at 4°C. Finally, the cells were washed and the bound radioactivity 

associated with both the TfR- and TfRl+ cells was measured in a gamma counter. The 

difference in bound counts between the cell lines (TfR- and TfRl+) was plotted (Figure 
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Ip97 pH 6.0 1 2 5 |p97 + 100X 1 2 5 |p97 pH 7.0 1 2 5 !p97 + 100X 
cold p97 pH 6.0 cold p97 p H 7.0 

Figure 3.2: 1 2 5lp97 binding to transferrin receptor 1, with 
unlabeled p97 competition. 1 2 5 lp97 and 1 2 5 l p97 with 100x 
unlabeled p97, incubated with TfR- and TfR1+ cells at either 
pH 6.0 or 7.0. Represents the mean +/- standard error for a 
representative experiment performed in triplicate, n=4. 
* Statistical significance was assessed with the use of a Student's 
t-test (p<0.005). 
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3.2). Therefore, the amount of bound radioactivity plotted per million cells represents the 

amount of iodinated protein bound specifically to the T f R l . 

Figure 3.2 shows that, at pH 6.0, there is no significant binding of 1 2 5 I p97 to the 

T f R l , and the addition of 100 times unlabeled protein has no effect on the amount of 

radioactivity bound to the cells. The reason that the plotted results are less than zero is 

that, although the two cell lines did not have significantly different amounts of bound 

radioactivity, the "background binding" or the binding measured on the TfR- cells was 

slightly higher than the binding on the TfRl+ cells. At pH 7.0 the amount of binding on 

the cells with TfRl is significantly higher (assessed with Student's t-test, p<0.005) than 

the amount bound to the cells without the T f R l , with the difference being approximately 

1,400 disintegrations per minute (DPM) per million cells. Furthermore, when unlabeled 

p97 is included to compete with the 1 2 5 I p97 (at a ratio of 100:1, unlabeled p97: l 2 5 I p97) 

the bound radioactivity decreases to approximately 500 D P M , which is significantly 

lower than the amount bound in the absence of the cold competition (assessed by a 

Student's t-test, p<0.005). 

C. Results II: Particle concentration fluorescent immunoassay study of p97 binding 

to transferrin receptor 1 

The Pandex (particle concentration fluorescent immunoassay) is a technique that 

allows measurement of the bound fluorescence-labeled antibody on a pre-determined 

number of cells. In some instances, when examining lower affinity or transient protein-

protein interactions, the Pandex can be more sensitive than flow cytometry, as bound 

fluorescence in the flow cytometer is measured one cell at a time in a F A C S buffer 
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solution. This can lead to some interactions being lost with flow cytometry, as the ligand 

is highly diluted by FACS buffer, and thus can dissociate under the conditions present. 

In the Pandex, specialized 96-well plates are used that have wells with filtered bottoms to 

allow for incubation of the cells with antibodies within the wells. This is followed by 

rapid washing and draining steps, all performed within the context of the Pandex 

fluorescence concentration analyzer (Idexx, Westbrook, Maine) (Jolley et al., 1984). 

Figure 3.3 shows the results of an experiment in which TfR- and TfRl+ cells 

were harvested with versene, briefly acid washed to remove any bound bovine Tf, and 

aliquoted at 1.25 million cells per tube. The cells were then incubated with either Pandex 

buffer alone (serum free D M E M medium with 0.1% w/v sodium azide and 1% w/v BSA) 

or Pandex buffer with 0.3 ug/ml soluble iron-loaded p97 for 45 minutes at 4°C. The cells 

were washed with cold Pandex buffer, then incubated with 200 ul of anti-p97 antibody 

(hyb-C-FITC) for 45 minutes at 4°C. After the incubation, 800 ul of Pandex buffer was 

added to the tubes and the cells were loaded into the wells at 40 ul per well (thus 

approximately 50,000 cells per well). The wells were then drained and washed three 

times, and the bound fluorescence was read by the Pandex reader. 

In Figure 3.3, the difference between bound fluorescence from the cells incubated 

in the first step with 0.3 ug/ml p97 in Pandex buffer, and those incubated,in Pandex 

buffer without p97 (as a measure of background fluorescence) was plotted as a 

representation of the p97 bound to the cells. There was no bound fluorescence detected 

over background on the TfR- cells, but about 1,400 fluorescent units were measured 

bound to the TfRl+ cells. The fluorescence bound to the TfRl+ is assumed to represent 

the p97 bound to the TfRl . The mean fluorescence measured on the TfRl+ cells is 
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Figure 3.3: Binding of soluble p97 to transferrin receptor 1, detected with the 
p97 antibody Hyb-C-FITC. TfR- and TfR1+ cells incubated with p97 and the anti-p97 
antibody Hyb-C-FITC, and bound fluorescence determined in a Pandex reader. 
Fluorescent units bound to the cells are plotted after subtraction of measured 
background fluorescence due to antibody alone. Represents the mean +/- standard 
error for a representative experiment, n=7. Statistical significance was assessed with 
the use of Student's t-test <p<0.005). 
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significantly higher than that measured for the TfR- cell line, as assessed by the 

Students's t-test (p<0.005). 

D. Results III: p97 can compete with transferrin for binding to the transferrin 

receptor 1 

The model that p97 binds to TfRl is based in part on the high homology between 

p97 and the main ligand of the T f R l , Tf. Using this model, it is assumed that p97 and Tf 

use the same or a very similar binding pocket on T f R l . If this is true, p97 should be able 

to compete with Tf for binding to that area, and excess p97 will interfere with Tf binding 

to T f R l . 

In Figure 3 A, a Pandex experiment is depicted that demonstrates p97 competition 

with Tf. The experiment was performed as described in section C above, except that the 

primary protein incubation was Pandex buffer alone (as the negative control), 0.3 ug/ml 

Tf, or 0.3 Ug/ml Tf with 30 Ug/ml p97 as a specific competitor. The first two columns in 

Figure 3.4 show that on TfR- cells (with no TfRl) there is very little binding of Tf over 

background levels, and the presence of excess p97 does not have an effect on the bound 

fluorescence measured. In this graph, the bars represent fluorescence due to the antibody 

alone subtracted from the fluorescence measured in the wells where the cells were 

initially incubated with protein. In this way the graph depicts only the fluorescent units 

measured above background. The third column in Figure 3.4 shows the fluorescent units 

bound to the TfRl+ cells, which is approximately 24,500 fluorescent units. The Tf 

clearly binds to the T f R l , as can be determined by comparing column 1 with column 3. 

The final column shows that, in the presence of a 100 fold excess of p97 (30 ug/ml of 
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Figure 3.4: Binding of transferrin to transferrin receptor 1, with and without 
competition by excess p97. TfR- and TfR1+ cells were incubated with Tf, or 
Tf and 100x concentration of p97, then Tf binding to the cells was measured 
with an anti-Tf antibody in a Pandex reader. Fluorescence is plotted after 
subtraction of background fluorescence due to antibody alone. Represents 
the mean +•/- standard error for a representative experiment n=8. Statistical 
significance was assessed with the use of a Student's t-test (p<0.005). 
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p97 with 0.3 jxg/ml Tf), the amount of bound Tf is significantly reduced. The difference 

between binding measured in the presence of Tf alone and binding of Tf with excess p97 

present is significant when analyzed with the Student's t-test (p<0.005). 

E. Discussion 

The results from the binding experiments support the hypothesis that p97 can bind 

to T f R l , under the in vitro conditions used for these experiments. As outlined in Figure 

3.2 it is clear that a significantly greater amount of radioactively labeled p97 is able to 

bind to the cells with TfRl compared to the cells without T f R l , and that this binding is 

pH dependent. The pH dependence of Tf binding to TfRl and of iron binding to Tf has 

been well documented in a study by Dautry-Varsat and associates (Dautry-Varsat et al, 

1983). This study demonstrated that diferric Tf binds strongly to TfR l at pH 7.0, and 

that as the pH lowers to that approximating the endosome (about pH 5.0) the Tf loses its 

bound iron. At the lower pH, apo-Tf remains bound to the T f R l . Apo-transferrin has a 

high affinity for TfRl at the pH of approximately 5.5, but rapid dissociation of apo-Tf 

occurs at pH 7.3. This may be similar to the situation occurring with p97. The iron 

loaded p97 does not show any measurable binding affinity for TfRl at the lower pH of 

6.0 used in this experiment, while significant binding was measured at the neutral pH. 

Consistent with this, Figure 3.2 also demonstrates that the iodinated p97 seems.to bind to 

the TfRl at pH 7.0 in a specific manner, in that it can be inhibited by the inclusion of 

excess unlabeled p97. 

The Pandex experiments (depicted in Figures 3.3 and 3.4) use a technique that 

allows the incubation of cells with protein and antibody followed by wash steps that are 
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carried out very rapidly to help minimize the effects of dilution on the dissociation of the 

ligand-receptor interaction. Prior to using the Pandex assay, multiple attempts to measure 

p97 binding to TfRl under various conditions with flow cytometry were not able to 

demonstrate measurable binding. Perhaps the period of time the cells are diluted in 

FACS buffer causes p97 to dissociate from the receptor, due to the low affinity nature of 

the interaction. Thus, the Pandex analysis is a more powerful technique than FACS 

because the wash steps are minimized and the cells are not in solution for long periods 

after the antibody solution is washed away. 

Using the Pandex it was clearly demonstrated that the p97 associates with the 

TfRl+ cells and not the TfR- cells (Figure 3.3). These experiments were carried out at 

neutral pH, and confirm the cell surface binding observed with the iodinated p97 in 

Figure 3.2. Further, the presence of excess p97, but not excess B S A in the Pandex buffer, 

is able to compete for binding with the Tf, and thus decreases the binding of Tf to TfRl+ 

cells (Figure 3.4). Together with the data shown in Figure 3.2, this demonstrates that p97 

is binding specifically to the T f R l . It is important to note that the difference in 

fluorescence units for p97 and Tf (shown in Figures 3.3 and 3.4 respectively) does not 

reflect relative binding affinities of Tf and p97 for T f R l , but rather it is a measure of the 

amount of fluorescent labeling on the antibody. Another contributing factor is that the 

anti-Tf antibody is a polyclonal antibody while the anti-p97 antibody is monoclonal. 

This could also increase the fluorescent units observed in Figure 3.4, as more antibody 

may bind to the Tf than to the p97 because the polyclonal Tf antibody can bind multiple 

antigen sites on the Tf, possibly allowing greater amplification of the fluorescent signal. 

The fact that the presence of 100 times p97 only reduces Tf binding to the TfRl by 30% 
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indicates that the affinity of p97 for the TfRl is much lower than the affinity of Tf, under 

the conditions of this experiment. 

The three experiments described above all measure p97 binding to the surface of 

cells, and were carried out at 4°C to ensure that internalization of the receptors from the 

cell surface did not take place (Dautry-Varsat et al., 1983). The Pandex assay is not 

designed to measure uptake and intracellular accumulation of ligand. The iodinated 

protein assay is often used to measure endocytosis in this way, but despite many attempts, 

uptake of the 1 2 5 I p97 at 37°C could not be conclusively shown to occur above the level 

of background, while uptake of 1 2 5 I Tf was clear (data not shown). This may indicate that 

the binding of p97 to the TfR l has very low affinity or does not lead to protein 

internalization through endocytosis, but it may also be a problem with the iodination of 

the protein. Transferrin iodinates easily and the modification does not adversely affect 

the ability of Tf to bind to the TfRl (Klausner et al., 1983). Lactoferrin, another iron 

binding protein that shares high homology with p97 and Tf (Metz-Boutigue et al., 1984), 

does sustain damage to its monomeric form during iodination, and is prone to formation 

of tetramers after the modification (Rosenmund et al., 1986). Iodination does not seem to 

cause excessive polymer formation in p97, and iodinated p97 is able to bind iron after 

iodination, which is demonstrated through the color change of the solution from colorless 

to pink. It is not possible to test what proportion of the iodinated p97 is altered after 

iodination, since no functional assay exists. If the percentage of functionally labeled p97 

that is present after iodination is very small, higher background may occur, and this 

would make the internalization assay very difficult to measure over non-specific counts. 

This may also explain why, despite many attempts and various protocols, kinetic data on 
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the interaction of p97 and TfRl was not obtainable. Future experiments using 

metabolically labeled p97 (such as 3 5 S) or iodination through other techniques that 

produce less incorporation might be able to address these problems. 

II. Uptake of radioactive iron bound p97 by transferrin receptor 1 

A . Rationale 

It has been established that GPI-linked p97 expressed on the surface of cells is 

capable of internalizing bound iron and delivering it to ferritin (Kennard et al., 1995; 

Tiong, 2001). If the soluble form of p97 binds to the TfRl in a manner similar to Tf, 

perhaps the function of this interaction is to allow additional iron delivery to the cells, or 

iron delivery under certain specialized conditions. The ability of p97 to bind to TfRl 

under controlled tissue culture conditions has limited application to identifying and 

understanding the function of the interaction. To understand i f p97 is actually 

functioning in a manner similar to that of Tf, an examination of net iron uptake is 

necessary. 

To test the hypothesis that iron bound to p97 is delivered to cells via the 

interaction between p97 and the T f R l , and that the internalized iron is delivered to the 

iron storage protein ferritin two cell lines (TfR- and TfRl+) were compared in an assay 

similar to those of section I.A.. In addition, the p97 was loaded with radioactive 5 5 Fe, 

and the accumulation of the 5 5 Fe within the cells over time was determined. To measure 

if the iron from the p97 is delivered into the classical iron storage pathway of the cell 

(namely to the storage protein ferritin) an immunoprecipitation experiment was 
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performed. This allows the tracking of the radioactive iron through p97, T f R l , and 

ferritin. 

B. Results 1:55Fe-p97 uptake by cells expressing transferrin receptor 1 

In the iron uptake experiment, the TfR- and TfRl+ cells were grown in 6 well 

tissue culture plates. Upon reaching approximately 80% confluence, the plates were 

washed with PBS, then incubated with serum free Hams F12 media three times, for 30 

minutes each to remove bound bovine Tf and to slightly iron starve the cells. Following 

the washes the cells were incubated with the serum free Hams F12 medium with 1% B S A 

and the radioactive iron-loaded p97 for 2 hours at 37°C, washed at 4°C and then 

harvested. The D P M of the internalized 5 5 Fe was determined in a scintillation counter. 

Figure 3.5 shows that the internalized 5 5 Fe was not significantly different between the 

two cell lines (as measured by Student's t-test analysis). 

C. Results II: Immunoprecipitation of p97, transferrin receptor 1, and ferritin 

If soluble p97 were to deliver its iron ligand to cells, then iron may enter the 

regular iron storage pathway of the cell. If the iron follows the same path as that released 

from Tf, excess iron brought into the cells by p97 should be shuttled to the iron storage 

protein ferritin. In order to assess the contribution of iron loaded p97 to the standard iron 

storage pathway, the amount of radioactive iron bound to ferritin was measured. 

In this experiment, the TfR- and TfRl+ cells were incubated with 55Fe-loaded p97 

and 5 5Fe-loaded Tf for 2 hours at 37°C. Following this incubation, the cells were 

washed, harvested, and an immunoprecipitation was carried out using antibodies against 
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Figure 3.5: Uptake of 55Fe-p97 by ceils with and without transferrin receptor 1. 
The TfR- and TfR1+ cells were allowed to internalize 5 5Fe-loaded p97 for 2 hours 
and the internalized counts measured in a scintillation counter. Represents the 
mean +/- standard deviation for a representative experiment, n=6. 
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Figure 3.6: Immunoprecipitation of ferritin, p97 and transferrin receptor 1 
from cells after incubation with ̂ Fe-loaded p97 or transferrin. The Tf R-
and TTR1+ ceils were incubated with 55Fe-loaded protein for 2 hours, then 
immunoprecipitated with antibody against ferritin, p97 or Tf R1. The 
immunoprecipitated counts were measured in a scintillation counter. A 
representative experiment is shown. 
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p97, Tf and ferritin. The results shown in Figure 3.6 depict that significant amounts of 

radioactive iron are measured in conjunction with the iron storage protein ferritin only in 

the case of the TfRl positive cells incubated with 55Fe-loaded Tf, but not p97. Higher 

levels of 5 5 Fe remain associated with the p97 immunoprecipitated from both TfR- and 

TfRl+ cell lines compared to Tf, which seems to retain almost no radioactive iron. 

D. Discussion 

Under the experimental conditions outlined above, it has been determined that 

55Fe-loaded p97 does not deliver a significant amount of iron to the cells examined via 

the T f R l , therefore the null hypothesis is supported. Indeed, in Figure 3.6 it is clear that 

the amount of iron, while very similar between the two cell lines, may be slightly higher 

for the cell line without the TfRl (although the iron uptake is not statistically different 

between the two cell lines). Further, as shown in Figure 3.6, the iron that does get 

internalized into the cells via iron-loaded soluble p97 is not delivered to the iron storage 

protein ferritin. In addition, the iron that enters the cells when the TfR- cells are 

incubated with 55Fe-loaded Tf also does not get delivered to ferritin. This may indicate 

that in these cases the iron that is being measured may be background binding to the cell 

surface, or may be entering a different pathway within the cell. The amount of 5 5 Fe 

associated with ferritin in the TfRl+ cells incubated with 5 5 Fe-Tf is substantially higher 

than the amount measured in any other case. This result is consistent with the published 

data on holo-Tf iron delivery via T f R l ! Bottomley and associates found that in K562 

(erythroid leukemia) cells, 85% of the iron taken up via this pathway is delivered to 
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ferritin (Bottomley et al., 1985). It seems clear that holo-p97 is not functioning here in 

the same manner as holo-Tf. 

In Figure 3.6, the amount of iron associated with p97 after the 

immunoprecipitation of both cell lines is higher than that associated with Tf. The fact 

that the Tf immunoprecipitated from the TfR- cell line does not have iron associated with 

it indicates either that very little Tf associates with the cells i f the TfRl is not present, or 

that the Tf that is non-specifically associated with the cells allows its iron to dissociate. 

From the known dissociation behavior of iron from Tf the former explanation seems 

more plausible: that Tf does not bind measurably to the TfR- cells and is thus not present 

to be immunoprecipitated after the wash steps. Unlike Tf, p97 shows a high degree of 

non-specific binding to the cells. This is apparent as only a small increase in bound 

counts are present in the immunoprecipitation from the TfRl+ cells compared to the TfR-

control cells. This association with both cell types may indicate that p97 has a much 

higher propensity for non-specific binding than Tf, or that an as yet unidentified specific 

receptor for p97 exists on both cell types. This phenomenon should be investigated 

further. 

III. Surface plasmon resonance studies to measure binding of soluble p97 to 

soluble transferrin receptor 1 and the integrin 0CvP3 

A . Rationale 

While cell based assays can be a powerful technique for examining interactions 

between proteins, sometimes the results can be difficult to interpret due to the presence of 

many factors that can not be controlled in complex biological systems. For this reason, 
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biosensors to detect the interaction between isolated proteins can be a useful tool to 

supplement information gained in other ways. One biosensor, called BIAcore, measures 

biomolecular interactions in real time (Nice and Catimel, 1999). The system utilizes a 

sensor chip with a gold film to which a ligand (protein, peptide, oligonucleotide, or 

carbohydrate of interest) is immobilized, allowing measurement of analyte binding to a 

ligand. Unlike in the field of biological receptors, in BIAcore terminology, the ligand is 

the stationary substrate, fixed on the BIAcore chip. The analyte is the substance in 

solution, flowing over the BIAcore chip. 

The surface of the BIAcore chip has a dextran matrix (see Figure 3.7) that is 

covalently linked to the gold film (Hashimoto, 2000). Before the ligand can be bound to 

the chip, the surface of the chip is first activated by using a mixture of N-ethyl-N'-

(dimethyl-aminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS). Once activated, the NHS-ester groups react with amino groups in the ligand 

molecules and thus immobilize the ligand. Following this immobilization, the rest of the 

active groups in the matrix are deactivated by injecting 1 M ethanolamine-HCL through 

the flow cells. In the BIAcore 2000, four flow cells can be used on the chip, so three 

different ligands, or three concentrations of the same ligand can be loaded onto the cells, 

and the fourth is maintained as a blank cell to monitor background binding interactions. 

One chip can be used multiple times with regeneration steps between experiments, as 

long as the ligand-analyte interaction is reversible. Some interactions, such as many 

between an antibody and antigen, are of such high affinity that the treatments required to 

separate the two binding partners are very stringent, and damage the ligand or the chip in 

the attempt to regenerate the chip. 
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Figure 3.7: Diagram of Surface Plasmon Resonance detection system. 
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Once the chip is prepared, the analyte can be injected and allowed to flow over 

the chip. The BIAcore measures the change in surface plasmon resonance that occurs 

due to the change in molecular mass near the gold film when the analyte binds to the 

ligand on the chip. Specifically, a polarized light is focused onto the gold surface of the 

chip, and while much of the light is reflected, some of the energy is transferred to 

electrons in the gold (plasmons), thus causing a drop in the amount of reflected light. 

The binding of the analyte to the ligand causes a change in mass, and thus a 

change in the refractive index of the gold. This is measured as a drop in the intensity of 

the reflected light at a specific angle of reflection. The changes in refractive index that 

are measured represent the change in mass that occurs as the ligand binds to or 

dissociates from the analyte. The information is formulated into a sensorgram that 

graphically depicts the association and dissociation phases of the binding interaction. 

The sensorgram shows resonance signal versus time, with the units of the resonance 

signal being the resonance unit. A shift in the resonance angle of 0.1° is represented by 

1000 resonance units (RU) (Hashimoto, 2000). With proper controls, including 

measurements at various concentrations of bound ligand on the chip and analyte, as well 

as proper analysis, the BIAcore can generate a dissociation constant that is comparable to 

those generated through older methods, such as a Scatchard analysis. In a Scatchard 

experiment, binding experiments are carried out to equilibrium, and then bound ligand is 

plotted vs. free in a Scatchard plot (Rovati, 1993; Rovati, 1998). 

Two hypotheses were tested using this method: 1) p97 binding to TfRl and 2) p97 

binding to the integrin owpV Although the first major, effort towards revealing a 

functional receptor for p97 focused on a role in iron transport and thus the T f R l , 
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homology to Tf is only one model that can be applied to predict possible interactions for 

p97. A second model is that p97 may bind to an integrin. The family of related 

heterodimeric receptors which integrate the intracellular cytoskeleton with the 

extracellular matrix in order to achieve migration and adhesion of the cells was first 

termed integrin in a review article (Hynes, 1987). The receptors are made up of two 

subunits, an a subunit (one of eighteen individual a subunits) and a |3 subunit (one of 

eight in mammals) (Plow et al., 2000). Individual receptors are often capable of binding 

multiple ligands. Integrins containing an ou, a$, a%, anb, or av component recognize the 

RGD motif (arginine, glycine, and aspartate amino acids) in their respective ligands (van 

der Flier and Sonnenberg, 2001). p97 has an RGD motif at residues 190-192. Through 

comparison of the p97 sequence to the sequence and crystal structure of Tf, it is likely 

that the RGD motif is exposed on the surface of p97, and may be available for integrin 

binding. The RGD motif is known to be an important component of the recognition 

motif of ligands for a family of integrins. The significance of the R G D was first 

identified through the determination that the fibronectin receptor (a5(3l) binds to 

fibronectin in a manner dependent upon the RGD motif of fibronectin (Pytela et al, 

1985). It was subsequently determined that a related receptor binds vitronectin in the 

same RGD dependent manner (Pytela et al., 1985). Integrin avP3 is a good choice to 

study not only because it binds ligands through an RGD motif, but because p97 is an 

angiogenic protein (Sala et al., 2002), in that it leads to the formation of blood vessels in 

chorioallantoic assays, and the integrin av03 has been linked to angiogenesis in tumors 

(Brooks et ai, 1994a; Brooks et al., 1994b). For this reason, integrin avfo, which has 

been described as a "promiscuous" integrin and binds to many different ligands including 
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vitronectin, angiostatin and osteopontin (Xiong et al., 2001), was examined for its ability 

to bind p97. 

B. Results I: p97 binding to soluble transferrin receptor 1 measured by BIAcore 

The data from the cellular studies suggest that p97 may bind to the TfRl under 

certain conditions, but kinetic data to determine binding constants were not obtainable 

through the traditional methods already employed. To determine i f soluble p97 binds to 

the soluble T f R l , and to measure this interaction, a series of BIAcore experiments were 

carried out. The soluble TfRlwas prepared and purified in Dr. Pamela Bjorkman's lab, 

as outlined in Chapter 2. The CM5 sensor ship was prepared with TfRl coupled to the 

chip by direct amine coupling. 

The coupling densities of the TfRl on the chip were varied, with the first cell 

blank (acting as the negative control), the second with 110 response units bound, the third 

with 309 response units, and the fourth with 670 response units. The Tf injection did 

show binding to the T f R l , and the level of binding with the three flow cells corresponded 

to the amount of TfRl loaded onto each cell (see Figure 3.8a). The flow cell with the 

lowest amount of bound TfRl (shown as the bottom curve in figure 3.8a, just above the 

line indicating the blank flow cell), shows the least amount of association when the Tf 

flows over. The upper-most curve, which is flow cell 4 with 670 response units of TfRl 

bound, shows the highest amount of association of Tf. There was, however, no binding 

observed with different concentrations of holo-p97 at pH 7.4 (Figure 3.8b shows 50 U.M 

p97, 10 u.M p97 not shown), or with apo-p97 at pH 6.0 (see Figure 3.8c). In both cases, 

with the blank flow cell used as a negative control and subtracted from the other flow 
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F i g u r e 3.8: S e n s o r g r a m o f t r a n s f e r r i n a n d p97 b i n d i n g t o s o l u b l e t r a n s f e r r i n 
r e c e p t o r 1. The sensor chip is loaded with 110, 309, and 670 response units of soluble 
TfRl on flow cells 2, 3, and 4. a) 1 p M holo-Tf binding to three concentrations of TfRl 
bound to the BIAcore chip, b) 50 u M holo-p97 at pH 7.4 binding to T f R l . c) 50 u M apo-
p97 at pH 6.0 binding to T f R l . The bars above the sensorgrams indicate time of protein 
injection. 
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cells to zero the response units, the amount of binding is at zero or just above zero 

response units. No rise in signal indicating an association rate or down slope indicating a 

dissociation rate is observed for p97. The length of injection is indicated on the 

sensorgram as a bar. 

C. Results II: p97 binding to soluble integrin 0CvP3 

A BIAcore 2000 biosensor system was used to assay the interaction of p97 with 

a v P3 integrin (the kind gift of Alistair Henry of Celltech pic) at 25°C. The extracellular 

domains of the ocv and P3 subunits were linked at the C-terminal end to the Fc of mouse 

IgGl to enforce heterodimerization (Stephens et al., 2000). 

The carboxymethylated dextran matrix was preactivated with NHS according to 

the manufacturer's recommendations. Random amine coupling of the p97 or a v P3 

integrin to the chip was achieved by subsequent injection of 10 Ug/ml p97 in 10 m M 

sodium acetate at pH 4.5, and ocvP3 integrin at 50 ug/ml at pH 4.5. One cell on the chip 

was left blank to serve as a control, and the sensorgram generated from the control cell 

was subtracted as a baseline from the experimental sensorgrams. To perform binding 

assays, samples of p97 or a v P3 integrin were injected in Hepes buffer (10 m M Hepes, 150 

m M NaCl, 0,005% polysorbate 20, 2 m M M g C l 2 , 0.6 mM C a C l 2 , pH 7.4). 

In Figure 3.9a) the integrin 0 ^ 3 was bound to the chip, and fibronectin was 

injected over the flow cell at 50 ug/ml as a positive control. The sensorgram is shown 

with the blank subtracted. The binding of the fibronectin to the integrin is clear from the 

shape of the rising curve during the injection and the decreasing curve after the injection. 
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Figure 3.9: Sensorgram of fibronectin and p97 binding to the integrin ocvP3. The 
sensor chip in a) through e) is loaded with the heterodimer ocvp3, while the flow cell in f) 
is loaded with p97. a) 50 pg/ml fibronectin is injected over a flow cell with integrin 0 ^ 3 . 
b) 50 Ug/ml of apo-p97 injected over integrin ocvp3. c) 50 Ug/ml of holo-p97 injected 
over integrin a v p3 . d) 1 mg/ml of holo-p97 injected over integrin a v p 3 . e) 1 mg/ml of 
holo-p97 with 1 m M manganese injected over integrin 0 ^ 3 . f) 400 Ug/ml integrin 0 ^ 3 
with 1 m M manganese injected over flow cell with p97 loaded. Bars above the 
sensorgrams indicate time of protein injection. 
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Approximately 100 response units difference are measured. Figures 3.9b)- e) also show 

the integrin a v p3 bound to the chip, now with various concentrations of injected p97 as 

the analyte. Figure 3.9b) shows the injection of 50 ng/ml of iron-free (apo) p97, while 

Figure 3.9c) shows the same concentration of iron-loaded (holo) p97 injected over the 

integrin. In Figure 3.9 d) a much greater concentration (1 mg/ml holo-p97) is injected, 

and in Figure 3.9e) the same 1 mg/ml holo-p97 is injected, but with the addition of 1 m M 

manganese. The manganese is included as a known activator of integrins (Diamond and 

Springer, 1994). In all these cases, no difference from the baseline is observed in the 

sensorgrams. (All graphs are shown with the blank flow cell subtracted.) Figure 3.9f) 

shows the injection of the integrin a v P3 at 400 Lig/ml in buffer with 1 m M manganese 

over the chip bound with holo-p97. The binding of the analyte to the ligand was lower 

than the binding observed to the blank. No binding above background was observed in 

any of the conditions except the positive control. The length of the injections into the 

flow cells is indicated in Figure 3.9 by the gray bar over the sensorgram. 

D. Discussion 

In both BIAcore experiments, the null hypothesis is supported. p97 does not 

show measurable binding to the TfRl or integrin a v p V The positive controls bound in 

both series of BIAcore experiments, which indicates that the loading of the chips was 

successful and that the ligands are functioning properly in terms of binding ability. The 

fact that no binding was observed in the experimental injections, where the binding of 

p97 to the TfRl or the integrin a v P3 was assessed, indicates that there is no measurable 

binding under the tested conditions. While this is strong evidence that no high affinity 
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interaction occurs between the two proteins, it does not rule out the possibility of 

biological interactions between the two proteins in very specific situations, or under 

particular conditions required for binding that have not been determined and tested. 

The level of sensitivity of the BIAcore 2000 approaches the low ng/ml 

concentration level, which enables the system to measure interactions at physiologically 

relevant concentrations (Nice and Catimel, 1999). The real sensitivity of the BIAcore, 

however, depends on a number of factors. These include the relative masses of the ligand 

and analyte, the level of immobilisation on the chip as well as the orientation of the 

ligand on the chip, the rates of both association and dissociation, and the volume and 

concentration of the injection (Nice and Catimel, 1999). For example, i f the analyte is of 

much smaller molecular mass than the ligand, the change in refractive index when the 

analyte molecule binds wil l be very small, creating an extremely low signal. This, 

however, should not be a major problem in these experiments, as both the ligands and 

analyte molecules are fairly large. 

In addition, while the immobilisation of the ligand to the chip seems to have been 

quite successful, there is no way to determine definitively how much of the ligand is 

oriented correctly. Direct amine coupling which was used in both experiments has the 

disadvantage of being orientationally non-specific, in that the protein of interest can be 

affixed to the matrix via any reactive amine group. Thus, this method does not guarantee 

that the majority of the bound ligand will be oriented in a way that promotes binding by 

the analyte. A n alternative to this method would be to attach a linker molecule, such as a 

ligand-specific antibody covalently to the matrix, and then attach the ligand to the 

antibody (although the binding of the ligand to the chip may be slightly less stable under 
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these conditions). In this way, all the bound ligand should be oriented in a similar 

fashion, and as long as the antibody of interest does not obscure the binding site of the 

analyte, this method may lead to better BIAcore results. This coupling method was 

attempted, as the TfRl was cloned with a 6 histidine tag on the C-terminus (Lebron et al, 

1998), thus creating a protein that can be correctly and uniformly oriented on the chip 

with the use of an anti-his antibody. Unfortunately, the analyte (p97) bound very 

strongly to the anti-his antibody, thus making this fixation method untenable. The 

problem of orientation is complicated even more with the integrin a v P 3 , as the 

heterodimer has to be assembled correctly in order for the interaction with the ligand to 

occur. In this case, however, the fact that the positive control proteins (Tf and 

fibronectin) were able to bind to the immobilized ligands indicates that at least some of 

the ligand must be oriented in a position that favors binding. There was a rather smaller 

signal than expected generated for the positive controls, which might indicate that some 

of the ligand was not oriented correctly on the chip (West et al, 2000). If a greater signal 

(i.e. more response units) could have been measured for both Tf binding to TfRl and 

fibronectin binding to the integrin ccvp\ this would provide more confidence that the 

assay could measure a very small binding affinity interaction. Finally, i f the dissociation 

rate of the binding interaction is very fast, it may also be difficult to observe binding with 

the BIAcore technology. 

It seems clear that under the conditions examined in these BIAcore experiments, 

there is no strong interaction between p97 and T f R l . The results shown earlier in this 

chapter point to a binding interaction occurring between these two proteins. This 

apparent discrepancy may be explained by noting that many factors are present in the cell 
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binding studies that are absent in the surface plasmon resonance assay, such as additional 

proteins, media, and different solute and pH conditions. As well, the TfRl used in the 

BIAcore experiments is truncated so that the membrane-spanning and intracellular 

domains are not present. The construct used to produce the soluble TfRl was expressed 

in a lytic baculovirus/insect cell expression system. The human TfRl gene with the first 

120 amino acid residues deleted, was fused 3' to a gene segment that encodes the 

hydrophobic leader peptide from the baculovirus protein gp67, plus a his tag and factor 

Xa site, and then inserted into a modified pAcGP67a vector (West et al., 2000). In 

experiments used to examine the effect of point mutations on the binding of Tf and HFE 

to the T f R l , Bjorkman and associates have found that some amino acid residues near the 

site of truncation of the TfRl are very important for high affinity Tf binding (unpublished 

observations). If p97 and Tf do not bind in exactly the same spot, or i f p97 binds with 

lower affinity than Tf (which seems likely), then perhaps the truncation of the TfRl 

would lower binding of p97 to a level that is not detectable by the BIAcore. It does seem, 

from all the results in this chapter, that any interaction between p97 and the TfRl is of 

low affinity. For this interaction to be physiologically relevant it would likely have to 

take place in specialized circumstances to be useful (because in the bloodstream p97 is 

unlikely to compete with Tf for binding to the TfRl) . These specialized circumstances 

may include places like transport across the blood-brain barrier (discussed in the 

following chapter). 

Furthermore, no interaction could be measured between p97 and the integrin av(33 

by BIAcore. It is not possible as yet to rule out p97 binding to integrin a vp3, because 

ligand binding to integrins is a complex phenomenon. For example, the % integrins have 
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been shown to have two classes of ion binding sites within them, one that must have an 

ion present for the ligand to bind and a second that inhibits ligand binding when the ion is 

bound (Hu et ah, 1996). The binding of ligand is regulated by the coordination between 

these two ligand binding pockets. It is also quite possible that p97 may bind to a different 

integrin via the RGD peptide, as we have only tested the binding to one possible receptor. 

There have been eight to twelve identified integrins that recognize the R G D motif 

(Ruoslahti, 1996). 

The binding studies of p97 to various receptors lead to the conclusion that while 

p97 may bind to T f R l , another receptor may be important in the physiological role of 

p97, as the measured interaction between p97 and TfRl is of low affinity. Given the high 

level of Tf in the blood, p97 would have to be acting in a very specialized area for this 

interaction to have a physiological role in the body. The examination of p97 and 

integrins will have to be continued before this possible mode of action can be ruled out. 
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Chapter 4: Characterization of the novel receptor transferrin receptor 2, 

including interaction with p97 

The results of the binding of p97 to the TfRl did not produce clear and 

convincing evidence that TfRl is the main receptor for the soluble form of p97, so a 

search was initiated for other likely receptors. The first step in this process was to search 

databases to find proteins closely related to T f R l . Transferrin receptor homologues were 

initially targeted in this search for the same reason that TfRl was examined for binding to 

p97: p97 is very similar in sequence and structure to Tf, and the TfRl binds Tf with a 

very high affinity. This avenue was pursued further due to the evidence shown in 

Chapter 3, that p97 does interact to some degree with T f R l . Using the expressed 

sequence tag (EST) database of the National Center for Biotechnology Information, a 

homologue of the TfRl was identified first in human and then in mouse tissues (Boguski 

et al, 1993). The EST database contains, short cDNA segments generated by researchers 

that are sequenced once and added to the public domain without further sequence 

conformation. They represent a survey of the cDNA of a tissue or organism, and have 

been useful in the past for applications including identification of new members of gene 

families and for discovering orthologues of genes (Boguski, 1995). 

After analyzing three EST clones of human and mouse each (all from American 

Type Culture Collection) and determining in each case that they were from the same 

gene, the longest cDNA of each species was used to pursue a full length clone. Several 

rounds of screening were carried out on a human liver library with a short probe made 

from the EST (ATCC # 363316) derived from human infant brain. A longer fragment of 
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the novel cDNA was successfully isolated from the liver library. Before a full-length 

cDNA could be isolated, Kawabata and associates (Kawabata et al., 1999) independently 

published the full length human TfR2 protein, so attention was turned instead to the 

mouse EST of TfR2. 

I. Tissue expression of transferrin receptor 2 

A . Rationale 

The identification of a new member of the TfR family, and potentially important 

protein in iron uptake and transport, has raised many questions in the field of iron 

transport. Comparing this new receptor to the classical receptor in terms of its expression 

in adult and fetal tissue is one method of gaining some important information about the 

new receptor. For example, differential expression of the two related receptors may lead 

to some insight into the nature of TfR2's physiological role. 

Often the expression and function of a protein can be quite different when 

comparing adult tissue with embryonic tissue. For this reason, two Northern blots of 

adult and fetal organs were examined for TfR2 expression. First, a Northern blot analysis 

was carried out representing multiple human adult organs. These included heart, brain, 

placenta, lung, liver, skeletal muscle, kidney and pancreas. As well, a second Northern 

blot was completed to determine the level of expression in a mouse embryo at different 

stages of development, beginning with embryo day 7 (E7) and culminating at E l 7 . These 

various stages represent quite disparate occurrences in the development of the mouse. 

The hypothesis in these studies is that TfRl and TfR2 have distinct expression patterns, 

both in the adult and the developing organism. 
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The brain is an organ with a high requirement for iron, and the route by which 

iron is specifically delivered to the brain is not thoroughly understood. It has been 

proposed that the major route for iron transport to the brain is via Tf, but in a 

hypotransferrinemic mouse model that possesses less than 1% of the normal serum Tf 

levels, brain iron uptake is quite adequate (Dickinson et ah, 1996; Malecki et ah, 1999b). 

This indicates that an additional route of iron uptake besides the Tf/TfRl system may be 

involved. With this in mind, an experiment was designed to determine i f TfR2 is present 

in cells that compose the blood-brain barrier (BBB). The B B B consists of endothelial 

cells of the cerebral microvessels with tight junctions. The blood is thus prevented from 

diffusional contact with the brain, unlike most other areas of the body, and transport 

across the B B B is very tightly regulated (Abbott et ah, 1999). The endothelia of the brain 

capillaries is different from most non-brain capillaries in that they have a greatly reduced 

number of pinocytotic vesicles, no fenestrae, and the mitochondial volume is higher 

(Brightman, 1992). A l l these factors combine to produce a protective barrier that allows 

the microenvironment of the brain to be carefully regulated. In addition, p97 is able to 

traverse the B B B to a much greater degree than Tf, and thus it is possible that p97 may 

function in shuttling iron into or out of the brain. It is very likely that in order to facilitate 

the amount and rapidity of transport across the B B B observed with p97, a specific 

receptor is involved in this movement. 

Kawabata and associates have previously reported that TfR2 is not expressed in 

brain tissue (Kawabata et ah, 1999). However, the brain capillary endothelial cells of the 

brain microvasculature make up such a small proportion of total brain material, a 

Northern blot or reverse transcription of the mRNA followed by polymerase chain 
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reaction (RT-PCR) (carried out to assess whether TfR2 is present in brain) may not 

necessarily be sensitive enough to detect any transcripts if the template material is drawn 

from whole brain homogenates. To examine for the presence of TfR2 in the B B B , 

cultured primary human brain capillary endothelial cells were harvested for their R N A in 

these experiments, and then the RT-PCR was performed. 

B. Results I: Northern blot of multiple human organs 

Figure 4.1 shows a multiple organ Northern blot probed with a P-labeled cDNA 

probe of TfR2. The Northern blot was purchased from Clontech Laboratories, and was 

loaded with approximately 2 ug of poly A+ R N A per lane from eight different tissues: 

heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas. The probe was 

created by PCR with EST 363316 (ATCC) used as the template. The primers used are 

listed in Table 2.3. The hybridization was carried out as suggested by Clontech, with a 

one hour incubation of the probe in ExpressHyb solution followed by several washes, and 

development on the phosphoimager. 

Figure 4.1 shows that the only band that can be visualized on the blot is in the 

liver at about 2.7 kb. The signal from the liver band is quite strong, and no other 

detectable signal was found in any other tissue lane, or at any other size on the blot. 

Following the hybridization with the probe of human TfR2, the blot was stripped and re-

probed with a P-actin probe as a loading control. A l l lanes showed approximately equal 

P-actin signal (data not shown). 
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Figure 4.1: Human multiple tissue Northern blot of transferrin 
receptor 2. Northern blot with RNA from pancreas, kidney, skeletal 
muscle, liver, lung, placenta, brain and heart, hybridized with a 3 2 P -
labeled human T f R 2 cDNA probe. 
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C. Results II: Mouse embryo Northern 

The mouse embryo Northern blot represents the poly A+ R N A from four different 

mouse embryos at days 7, 11, 15, and 17. It was commercially prepared with 2 \ig of 

R N A per lane on a denaturing formaldehyde gel, transferred to a nylon membrane and 

fixed by ultraviolet radiation. The blot was first probed with a mouse TfR2 cDNA short 

probe according to the Clontech protocol. The probe was approximately 250 base pairs 

long, generated by PCR from the cloned full-length mouse TfR2, gel purified and labeled 

with 3 2 P . After the initial hybridization, the blot was stripped and re-hybridized with a 

cDNA probe against the TfRl (approximately 640 base pairs, also generated by PCR and 

gel purification). Finally, it was stripped and re-hybridized with a cDNA probe from J3-

actin, to check that the loading of RNA on the blot was comparable between the various 

embryonic ages. The specific activity of all three probes was very similar. 

In Figure 4.2a, the mouse TfRl signal is clearly visible even in the youngest 

embryo at day E7. The signal increases through day E l 1 until it peaks at day E l 5 . At 

day E l 7 , the signal has markedly decreased. In contrast, in Figure 4.2b the signal for 

mouse TfR2 is only visible beginning with E l 5 , and has increased by day E l 7 . Figure 

4.2c shows that all four lanes on the Northern blot have comparable levels of P-actin. 

D. Results III: Transferrin receptor 2 on human blood-brain barrier endothelial cells 

To determine if the transcript of the alpha, or transmembrane form, of TfR2 is 

found in human brain microvascular cells, primary human brain microvascular cells from 

two individuals were cultured, and the R N A was harvested. The R N A was then used in 

RT-PCR to amplify a transcript specific to the alpha form of the protein. Figure 4.3a 
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Figure 4.2: Mouse embryo Northern blot of transferrin receptor 1, 
transferrin receptor 2, and p-actin. The mouse embryo Northern blot 
contains RNA from four mouse embryo stages: day 7 ,11 ,15 and 17. 
a) shows the embryo blot hybridized with a 3 2 P-labeled probe against TfR1 
b) embryo blot hybridized with a 3 2P-labeled probe against TfR2. 
c) embryo blot hybridized with a 3 2P-labeled probe against p-actin. 
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Figure 4.3: Transferrin receptor 2 in brain endothelial cells, a) Exon 
structure of TfR2 (Kawabata ef. al., 1999). Exons 1,2, and 3 are found 
only in the a-form of TfR2, while exon 4 is only found in the p-form. 
Exon 5 is common to both forms. Primer F is complementary to 
sequence within exon 3 and primer A is complementary to sequence in 
exon 5. b) Agarose gel of PCR product from K562 cells and human brain 
endothelial cells. PCR product generated with primers F and A. 

Primer A 
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shows the primers used for the amplification, and Figure 4.3b shows that both K562 cells 

(human erythroid leukemia) and the primary brain microvascular endothelial cells 

produce a band of approximately 200 bp, which is the predicted result. After the PCR 

reactions, the band was cut from the agarose gel, purified, and sequenced to confirm that 

the product was TfR2 a. This procedure was carried out on two separate samples of 

RNA, isolated from two sources of human brain microvascular cells, and confirmed by 

sequencing both times. As a negative control, the TfR2 and actin PCR was also carried 

out on cDNA from human heart tissue, which has previously been determined to be 

negative for TfR2a expression by RT-PCR (Kawabata et al., 1999). 

E. Discussion 

The expression of the TfR2 in adult tissue is markedly different from that of the 

TfRl . In Figure 4.1, TfR2 can only be detected in the liver, while no detectable signal is 

observed for the pancreas, kidney, skeletal muscle, lung, placenta, brain or heart. This 

data agrees with that of Kawabata and associates, who subsequently published a Northern 

blot showing that the TfR2 a form can only be strongly detected in the liver, While a very 

weak signal was also detectable in the stomach, and that the band is of comparable size 

(Kawabata et al., 1999). The expression of human TfR2 is similar to that observed for 

mouse TfR2 (Fleming et al., 2000). A RT-PCR experiment also showed expression of 

the TfR2 a transcript in the liver derived cell line HepG2, and the erythroid leukemia cell 

line K562 (data not shown). This result was also confirmed by Kawabata (Kawabata et 

al., 1999). The high degree of liver expression of TfR2 suggests that the primary role of 

TfR2 may be within this organ. Hepatocytes have a high requirement for iron as they 
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have a high rate of metabolic activity, and iron is essential as a cofactor for cytochromes 

a, b, and c, cytochrome oxidase and the iron sulfur complexes of the oxidative chain (all 

involved in adenosine triphosphatase, or ATP, production) (Connor et al., 2001). This is 

likely one reason why TfR2 remains highly expressed in the liver throughout the life of 

the organism. 

Transferrin receptor 1 expression is very low in the adult liver, both under normal 

physiological conditions, and in the case of iron overload (Fleming et al., 2000). Thus, 

the iron loading of the liver that takes place early on in iron overload diseases such as 

hereditary hemochromatosis (HH) may be due to TfR2 on hepatocytes (Fleming et al., 

2000). Unlike T f R l , TfR2 expression is not regulated by the amount of iron in the cell 

through the iron response element system mentioned earlier (Kawabata et al., 1999). 

This lack of regulation by cellular iron conditions may be advantageous under normal 

physiological conditions, as the liver is an organ with a constitutively high requirement 

for iron. 

The difference between expression of TfRl and TfR2 during embryogenesis is 

very distinct. Mouse TfRl is clearly visible by Northern blot quite early in development, 

by day E7 (Figure 4.2). At this stage, the head process is forming, along with the foregut 

pocket and the first somites, but most organs are not distinguishable (Rugh, 1990). 

Transferrin mRNA is detectable in whole embryos by E6 (Plowman, 1986). It is initially 

produced in the visceral yolk sac, by endodermal cells (Meehan et al., 1984), and the 

production of Tf mRNA is several fold higher in these cells than in the adult liver. 

Transferrin receptor 2 transcript is not detectable at this stage (Figure 4.2b). The fetal 

liver develops from the gut ectoderm at E9. Transferrin mRNA can be detected in fetal 
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liver as early as E l 1 (Ekblom and Thesleff, 1985). By E l 1, the TfRl is expressed to a 

greater degree than at day E7 (Figure 4.2), but TfR2 is not yet discernable. At this point 

in development, organogenesis is occurring, but the organs are not completely formed. 

By E l 5 , which is the first day-TfR2 a transcript is detectable, organogenesis is complete, 

however rapid cell growth continues to take place. At this point, the liver is beginning to 

carry out some of its major functions and thus has a constitutive need for iron (discussed 

earlier). This situation continues through day E l 7 and beyond. The Northern blot shows 

that expression of TfRl peaks around day E l 5, and is expressed to a lesser degree after 

that. This may be due to the high demand of the body for iron at early stages to support 

extremely high rates of cell division and growth. As well, during embryogenesis, the 

liver accounts for approximately 5% of the body weight and is an extremely active 

hematopoeitic organ. The rise and fall of TfRl levels in the embryo roughly correspond 

to the proliferation of hematopoeitic stem cells in the liver (McNagny, 1990). Even after 

embryogenesis, the cells that continue to need high levels of iron, such as 

reticuloendothelial cells, continue to express high levels of T f R l . 

The examination of TfR2 expression on cells of the B B B was undertaken to try to 

understand the relationship between p97 and brain iron transport. The microvessels 

within the brain consist of specialized endothelial cells that have tight junctions. These 

cells make up the barrier between the brain and the blood and maintain control over the 

ionic microenvironment of the brain for important processes such as synaptic processing 

(Abbott et al., 1999). Therefore, specific transport systems exist to allow selective 

movement of specific compounds such as macromolecules and peptides that the brain 

requires for proper functioning. 
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The brain is an organ with high energy requirements, and thus a high demand for 

iron. While the brain weighs only 2% of total adult weight, it accounts for 25% of the 

body's oxygen consumption (Thompson and Thompson, 2001). As mentioned before, 

iron is essential for the production of ATP, and the brain requires ATP for such tasks as 

maintaining membrane ionic gradients, synthesizing neurotransmitters, and generating 

lipids and cholesterol for the synthesis of myelin (Beal, 1998; Connor and Menzies, 

1996). The transport of iron into the brain is not clearly understood. Studies have 

demonstrated that serum Tf does not cross the B B B (Crowe and Morgan, 1992). Instead 

the brain produces its own Tf, which is located in the interstitial fluid of the brain and 

CSF at levels about 100 times lower than the amount normally found in serum (Rouault, 

2001). Using a mouse model in which oligodendrocytes fail to thrive, it was shown that 

oligodendrocytes in the brain produce the bulk of the Tf transcripts (Bartlett et ah, 1991). 

The current theory of iron transport across the B B B is that iron en route to the brain is 

internalized via the regular Tf/TfRl pathway, released within the endosomes, and 

transported across the cell to the brain parenchyma, where it is picked up by Tf in the 

CSF and transported to where it is needed within the CNS. One unexplained aspect of 

this system is that, while there is a molar excess of Tf in the blood stream to prevent free 

iron from causing cell damage through free radical formation, there is a molar excess of 

iron relative to the levels of Tf in the CSF (Bradbury, 1997; Moos and Morgan, 1998). 

Whether this iron is bound to proteins such as p97 is unknown. As well, this explanation 

of iron transport into the brain does not explain how iron can be successfully delivered to 

the brain in hypotransferrinemic mice (mice with extremely low serum Tf levels) 

(Dickinson et ah, 1996). Transferrin is required for correct distribution of iron within the 
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brain (Malecki et al., 1999a), as the hypotransferrinemic mice display abnormal iron 

accumulation in the choroid plexus. Clearly, Tf plays an important role in this system, 

but pieces of the puzzle to make the picture complete are still missing. 

In vivo studies involving injections of p97 and Tf into mice have shown that a 

much greater proportion of p97 is transported into the brain compared to Tf, after 

intravenous injection of the proteins (Moroo et al, 2002). Figure 4.4 shows that the 

proportion of p97 transported into the brain is 7 times that of Tf (Moroo et al., 2002). 

The proteins, labeled with radioactive 1 2 5 I were examined in the brain parenchyma 

fraction of brain homogenate one hour after injection, followed by perfusion and 

capillary depletion of the brain to remove the microvessels (Triguero et al, 1990). While 

1 2 5 I -Tf is not detectable in the parenchyma after this treatment, p97 can be recovered and 

appears to be intact, as shown by Western blot (Moroo et al., 2002). Transport across the 

B B B has also been demonstrated through injection of fluorescently labeled proteins (p97, 

Tf, and B S A labeled with Alexa fluor 488) into the tail vein of a mouse. While all three 

proteins can be found in the brain microvessels very clearly, only p97 can be visualized 

in the brain parenchyma (see Figure 4.5) (Moroo et al., 2002). The fact that p97 is 

transported across the B B B into the brain suggests that a specific receptor exists on the 

capillary endothelia to facilitate this transport. 

Previous publications have shown by RT-PCR and Northern blot that TfR2 is not 

expressed in the brain (Kawabata et al, 1999). The approach used for these experiments, 

however, was not sensitive enough to identify expression in certain lower frequency 

subsets of cells within the brain, as some of these specialized cells make up a very small 

proportion of the total cell mass of the brain. One of these specialized sub-types of cells 
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Figure 4.4: Uptake of 125l-p97 and 1 2 5 l-Tf in vivo, a) The level of 1 2 5 l -p97 
reaches a peak 3 hours after injection and is cleared from the brain within 
5 hours. The maximum value of 1 2 5 l -p97 is approximately two fold higher 
than that of 1 25l-Tf. b)Ratio of brain dpm: serum dpm for both 1 2 5 l -p97 and 
1 2 5l-Tf. (Moroo et al. 2002) 
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Figure 4.5: Visualization of p97 and Tf uptake by the brain. Intraperitoneally injected 
(a) Alexa 488-p97 and (b) Alexa 488-Tf appear in the brain after one hr. Although p97 
and Tf can be seen in the microvessels of respective mice (solid arrows), p97 appears to 
transcytose the B B B more efficiently than Tf and exhibits a punctate distribution in the 
cytoplasm of cerebral cortical cells (open arrows). Scale bar represents 10 pm. (c) After 
DIG-labeled p97 was injected into a mouse, the brain was harvested, sectioned, and the 
p97 localized with colloidal gold conjugated anti-DIG antibody and visualized by gold 
enhancement. Although parenchymal structures are weakly fixed, this electron 
micrograph shows that DIG conjugated p97 crosses the intact B B B and can be seen in the 
brain parenchyma. Scale bar represents 1 pm. (Moroo et. al, 2002). 
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is the endothelial cells of the brain microvascular system. When the R N A from these 

cells grown in culture was harvested and used in a RT-PCR reaction, the TfR2 a signal is 

clearly present (see Figure 4.3). Transferrin receptor 2 has 2 forms, due to alternate 

splicing events. One form is called the a form and includes exons 1, 2 and 3, and has 

both the full transmembrane domain and signal sequence, and is expressed on the surface 

of cells (Kawabata et al, 1999). The second, or (3 form of TfR2 lacks exons 1, 2, and 3, 

which code for the transmembrane and intracellular portions of the protein, including the 

signal sequence, and is likely to be located intracellularly. This form is detected in small 

amounts in nearly all tissues and cell lines examined through RT-PCR (Kawabata et al., 

1999). To ensure that the form of the transcript present in the microvascular cells of the 

brain is the a form, primers were designed such that the forward primer is 

complementary to a sequence within exon 3, which is found in the transcript of the TfR2 

a form, but not (3 form (Kawabata et al., 1999) (Figure 4.3a). 

The role of TfR2 in the cells of the B B B is not known. It has not been 

demonstrated i f this protein is located luminally or abluminally, or i f it is capable of 

undergoing transcytosis. Future experiments must be undertaken to examine the 

localization of TfR2 in various polarized cells. If the protein is expressed specifically on 

the apical surface of the polarized cells, this would suggest that it may be expressed on 

the luminal surface, or the surface facing the blood, in cerebral microvessels. This must 

also be confirmed with direct antibody staining once a good antibody is developed. It has 

been suggested that the high serum levels of p97 observed with Alzheimer disease may 

be due to an increased production of p97 in the brain, and that this p97 may be able to 
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cross the B B B from the brain to the serum via a receptor. More work wil l have to be 

done before one can conclude that TfR2 is involved in this process. 

II. Subcellular localization 

A. Rationale 

To further characterize TfR2, and as an initial step toward eventual transcytosis 

experiments, it is important to examine where the receptor is located in the cell and what 

vesicles it travels through along the internalization pathway. The endocytosis pathway of 

TfRl is very well studied, and has long been cited as a classical model of receptor 

mediated endocytosis. Endocytosis of the TfR l has been shown to require the 

cytoplasmic domain of the receptor, specifically the YTRF motif (which conforms to the 

classical Y X X O endocytosis signal that consists of an aromatic amino acid, often 

tyrosine, followed by two large hydrophobic residues) (Collawn et al, 1990; Iacopetta et 

al, 1988; Jing et al, 1990; Rothenberger et al, 1987a). The hypothesized endocytosis 

motif is also present in TfR2, with Y Q R V (tyrosine, glutamine, arginine, and valine) 

closely resembling the classical endocytosis motif (Kawabata et al, 1999). To 

investigate the endocytosis of this protein, confocal microscopy was used to examine 

TfR2 expressing cells that were immunofluorescently labeled with markers of the 

endocytic vesicles. The hypothesis to be tested is that TfR2 follows a similar endocytosis 

pathway to T f R l , and that it is localized to the early endosome during receptor mediated 

endocytosis. 

Another question that may increase the understanding of the function of TfR2 is 

whether TfR2 might function in tandem with T f R l . Transferrin receptor 1 exists at the 
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cell surface as a homodimer, with two disulphide bonds forming in the extracellular 

portion of the molecule to hold together the two monomers. TfR2 is also present as a 

homodimer (Kawabata et al, 1999), and has cysteines in a similar position to those found 

in T f R l . The possibility that the two receptors can exist as heterodimers on cells that 

express both receptors is addressed in this section. The hypothesis is that TfRl andTfR2 

form heterodimers on the surface of cells. 

B . Results I: Confocal immunofluorescence 

Two sets of immunofluorescence experiments were carried out to assess which 

subcellular compartments TfR2 is found in. In the first experiment, shown in Figure 

4.6a) the SK-Mel-28 human melanoma cells were transiently transfected with a myc-

tagged mouse TfR2 construct. These cells were then double stained with antibody 

against the myc tag (9E10) and antibody against the early endosomal antigen (EEA1), 

which recognizes a membrane bound protein that is both specific to the early endosome 

and essential for fusion between early endocytic vesicles. The cells were grown on 

coverslips, washed and blocked with 1% BSA in PBS, and permeablized with saponin. 

This permeablization step allows the antibody to enter the cell, as both antigens are 

intracellular. In this experiment, the EEA1 antigen is shown in green (visualized with 

secondary antibody rabbit anti-goat Alexa 488), and is depicted alone in the first frame of 

the figure. Antibody against c-myc (the marker on the mTfR2) is shown in red (with 

secondary antibody rabbit anti-mouse Alexa 568), alone in the second frame. The 
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Figure 4.6: Subcellular localization of transferrin receptor 2 in transfected human 
melanoma cells, SK-mel-28. a) EEA1 is shown in green, in the first panel, visualized an 
anti-EEAl antibody and with rabbit anti-goat Alexa 488 secondary antibody. Mouse 
TfR2 is stained with anti-myc antibody 9E10 in the center panel, and visualized with 
rabbit anti-mouse Alexa 568. The merged image is shown on the right, b) Anti-clathrin 
antibody staining the transfected human melanoma cell line is shown in green on the left, 
visualized with goat anti-rabbit Alexa 488. Mouse TfR2 is stained with 9E10, and 
visualized with the secondary goat anti-mouse Alexa 568. The right frame shows the 
merged image. In both a) and b) some yellow punctate staining indicating colocalization 
is indicated with large arrows, while the small arrows indicate no colocalization. 
Scale bar=5um 
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merged image is seen in the third frame. The areas where the EEA1 and TfR2 colocalize 

are visualized as yellow, and indicated with the larger arrows. 

Another marker of endosomes is the clathrin heavy chain.-Clathrin heavy chain is 

found in vesicles that have originated from both the plasma membrane and trans-golgi 

network (Robinson and Pearse, 1986). In receptor mediated endocytosis, the receptors 

are associated with clathrin coated vesicles (Mellman, 1996). In this double labeling 

experiment, antibodies against the myc tag and those against the clathrin heavy chain 

were used. In figure 4.6b), the left frame shows the antibody against the clathrin heavy 

chain (in green, detected with goat anti-rabbit Alexa fluor 488). The middle frame shows 

anti-c-myc, which recognizes the myc tag on the TfR2, and is visualized in red (with goat 

anti-mouse Alexa 568). The right frame is the merged image, with yellow representing 

the areas where the clathrin heavy chain and the TfR2 are colocalized. In both a) and b), 

areas of colocalization are shown with large arrows, whereas areas that show single 

staining are indicated for comparison with small arrows. 

C. Results II: Western blot of heterodimers of transferrin receptors 1 and 2 

To determine i f TfRl and 2 form heterodimers on the surface of the cells, cells 

without transferrin receptors, cells with TfRl or TfR2, and cells with both TfRl and 

TfR2 were examined. A FACs profile showing the level of expression of both proteins 

on the four cell lines is shown in Figure 4.7a and b. The cells were harvested with 

versene, counted and aliquoted to 2 million cells per tube. The cells were then incubated 

with anti-TfRl antibody, normal rabbit serum, or no first antibody on ice, and washed to 

remove any unbound antibody. Next, the cells were solublized and immunoprecipitated 
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Legend: anti-TfR2 stain 
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Figure 4.7: Western blot of heterodimers of transferrin receptors 1 and 2. 
a) FACS profile showing expression of TfR2 on TfR-, TfR1+, TfR2+, and 
TfR1,2+ cells, b) FACS profile showing expression of TfR1 on TfR-, TfR1+, 
TfR2+, and TfR1,2+ cells, c) Western blot showing TfR-, TfR1+, TfR2+, and 
TfR1,2+ cells immunoprecipitated with anti-TfR1 antibody and blotted with 
anti-FLAG antibody to detect TfR2. 
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with protein G sepharose beads. Finally, the lysates were run on an 8% SDS-PAGE gel 

and transferred to nitrocellulose. The lysates were not reduced with DTT, so the 

disulphide bonds between receptors were not broken. The membrane was then blotted 

with an antibody against the FL AG-tag of hTfR2. Figure 4.7c shows that a band at 210 

kDa is present only in the lane loaded with lysate from cells that express both TfRl and 

TfR2. 

D. Discussion 

Confocal immunofluorescence microscopy is a sensitive way to examine 

subcellular localization of proteins. With this technique, optical slices allow one to 

distinguish vesicles within the cell, and double labeling can determine i f two proteins are 

co-localized within the same vesicle. The TfR2, shown in Figure 4.6a), co-localizes with 

a marker of early endosomes, EEA1, as well as with clathrin (Figure 4.6b), another 

marker of endosomes. This is shown by the punctate yellow staining pattern in the cells, 

indicated by a large arrow. This result supports the hypothesis that TfR2 follows the 

same endocytic pathway as TfRl (Tiong, 2001). This is logical, as the endocytic signal 

present in the cytoplasmic portion of TfR2 is similar to that of T f R l . The endocytic 

recycling process of TfRl is a very well studied phenomenon. The binding of ligand to 

receptor at the cell surface stimulates an accumulation of ligand-receptor complexes at 

clathrin-coated pits, which eventually bud off of the cell surface and become clathrin-

coated vesicles. These vesicles lose their clathrin coats and fuse with early endosomes. 

The pH of endosomes is approximately 6-6.8, and this slightly acidic nature promotes the 

dissociation of many ligands from their complexes (Forgac, 1992; Robinson and Pearse, 
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1986). The receptors accumulate in the tubular extension regions of the early endosomes 

after the removal of ligand, and these extensions bud off to become recycling vesicles 

that transport the receptor back to the cell surface (Mellman, 1996). The ligands that 

remain accumulate within the vesicles and these early endosomes then fuse with late 

endosomes or lysosomes. 

In the case of the T f R l , Tf does not dissociate at the pH of the endosome, but iron 

which is bound to Tf does dissociate. The apo-Tf at this pH remains bound to TfRl and 

is recycled to the cell surface. With TfR2, Kawabata and associates have demonstrated 

that 5 5 Fe can accumulate in the TfR2+ cells after incubation with Tf- 5 5Fe (Kawabata et 

al., 1999). The confocal results support the hypothesis that TfR2 follows a similar 

pathway to that of T f R l , but further research must be completed to confirm this. One 

experiment that is underway involves the mutation of the endocytic signal of TfR2 from 

23YRRV26 to A R R V . In T f R l , this tyrosine to arginine mutation leads to an 80% 

decrease in internalization of the TfRl (Collawn et al., 1990). It will be interesting to see 

if TfR2 is affected in a similar way. 

The Western blot experiment, shown in Figure 4.7 demonstrates that TfRl and 

TfR2 form heterodimers on the cell surface. The flow cytometry data in 4.7a shows that 

only the TfR2+ and TfRl , 2+ cell lines express TfR2. The high background fluorescence 

is likely due to the fact that the TfR2 F L A G marker is an intracellular antigen. In Figure 

4.7b it is clear that only the TfRl+ and TfRl,2+ cells stain positively for presence of 

T f R l . The immunoprecipitation experiment was performed by doing an identical 

immunoprecipitation on the four cells lines: TfR-, TfRl+, TfR2+, and TfRl ,2+. Since 

the antibody for the immunoprecipitation was added to intact cells, the proteins being 
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immunoprecipitated are more likely to represent functional surface expressed receptors as 

opposed to those retained internally, such as in the endoplasmic reticulum. The Western 

blot was stained with an anti-FLAG antibody, which recognizes the F L A G tag of TfR2. 

The fact that no FLAG-tagged protein is seen in the third lane (that of TfR2+ cells) but is 

clearly present in the fourth lane (TfRl,2+ cells) indicates that the protein in lane 4 is 

present because it was immunoprecipitated in conjunction with T f R l , which was 

specifically immunoprecipitated by the anti-TfRl antibody. The size of the protein on 

the Western blot closely corresponds with the known size of the TfRl homodimer (-210 

kDa), and once the gel was stripped and the blot detected with an anti-TfRl antibody, the 

bands correspond in size (data not shown). 

The presence of T fR l and TfR2 as a heterodimeric complex leads to some 

interesting new questions about TfR2 function. If the two receptors function as one unit 

in some cells in which they are both expressed, such as erythroid cells (Kawabata et al, 

2000) and cells of the B B B (Jefferies etal, 1984), perhaps the presence of the TfRl 

confers some iron-responsiveness to the function of the heterodimer. Transferrin receptor 

2 does not possess an iron response element (Kawabata et al, 1999), and does not exhibit 

any modulation of expression due to iron levels (Fleming et al, 2000). Transferrin 

receptor 1, on the other hand, is tightly regulated by the iron levels of the body, as 

discussed earlier. This iron-responsiveness is shared by many of the proteins involved in 

the iron uptake, transport and storage pathway, thus would seem very important for tight 

regulation of this system. When TfRl expression is down-regulated due to high 

intracellular levels of iron, this may down-regulate the heterodimer, and curtail any 

function that it may have had. Some level of iron-responsiveness conferred on the 
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function of TfR2 may be advantageous in certain situations. Further experiments to 

determine i f this heterodimerization occurs in vivo, rather than in transfected cell lines, 

will be important to carry out, as well as experiments designed to discover i f this 

phenomenon has a specific function, and i f it is actually iron-sensitive. 

III. Cloning, constructs and transfections of mouse transferrin receptor 2 

A. Rationale 

In order to study this new protein, the full sequence of the c D N A had to be 

determined, followed by insertion into a cloning vector for manipulation. For ease of 

identification in the absence of a good antibody against the protein, the mouse TfR2 was 

expressed with a myc-tag on the C-terminal end of the protein and was transfected into 

cells. The myc tag represents a portion of the human c-myc oncogene product, and 

includes the epitope 410-419 of human c-myc recognized by the anti-c-myc monoclonal 

antibody, 9E10 (Campbell et al, 1992). 

B. Results I: Sequence of mouse transferrin receptor 2 

The mouse EST, A T C C # 1978344 was originally derived from a 14 day mus 

musculus embryo. Through sequence analysis and comparison to the published human 

TfR2 sequence, it was confirmed that the EST was from mouse TfR2, and that the clone 

represented the full-length TfR2 cDNA. Figure 4.8 shows the full length TfR2 cDNA 

sequence derived from "primer walking", where additional primers are designed from the 

sequence already obtained to generate additional sequence until the entire cDNA 
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Figure 4.8: Sequence alignment of the transferrin receptors. Aligned sequences of 
mouse TfR2, mouse TfRl (Stearne et al, 1985), human TfR2 (Kawabata et al, 1999), 
and human TfRl (Schneider et al, 1984). Shaded areas represent homologous sequence, 
while the boxed areas represent identical sequence. 
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sequence is known. The sequence in Figure 4.8 has been aligned to the human TfR2, as 

well as both human and mouse T f R l . The mouse TfR2 shares 40% amino acid identity 

with mouse T f R l , and 82% identity with its human orthologue. Through comparison to 

the human form of the protein, it was determined that the mouse TfR2 clone is the oc-

form of the TfR2, or the transmembrane (surface expressed) form of the protein. 

Through sequence analysis it is clear that the newly discovered mouse TfR2 

possesses an internalization signal at residues 23 to 26 that is very similar to that of the 

classical transferrin receptor. The mouse TfR2 internalization signal consists of a Y R R V 

(tyrosine, arginine, arginine, and valine) which is very similar to the internalization signal 

of the mouse T f R l and human T f R l of Y T R F (tyrosine, threonine, arginine, 

phenylalanine). In addition, the RGD sequence (arginine, glycine, and aspartate) located 

at amino acid residue 673 is completely conserved throughout all four proteins as shown 

in Figure 4.8. The RGD sequence is known to be critical to Tf binding to the TfRl 

(Dubljevice/a/., 1999). 

C. Results II: Myc-tagged mouse transferrin receptor 2 construct and transfections 

Figure 4.9 depicts Chinese hamster ovary cells transfected with the vector 

containing the mouse TfR2 cDNA tagged with a human c-myc tag. As the antigen (c-

myc) is located on the intracellular tail of the receptor, the cells were initially fixed with 

2% paraformaldehyde then treated with 0.1 % saponin to permeablize the membrane and 

stained with anti-myc antibody. In Figure 4.9, the TfR2 can be seen on the cell surface of 

the four cells, as well as in vesicles within the cell, but is excluded from the nuclei. This 
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Figure 4.9: Chinese hamster ovary ceils transfected with mouse 
transferrin receptor 2. Cells are permeablized and stained with the 
anti-c-myc antibody 9E10 followed by goat anti-mouse Alexa 488 to 
show subcellular localization of mouse TfR2. Scale bar = 5 um 
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staining was performed to confirm the expression of the TfR2 and the presence of the 

mouse TfR2 on the cell surface prior to experiments to examine iron uptake. 

D. Discussion 

The full-length sequence of the mouse TfR2 reveals a 798 amino acid protein that 

shares 40% sequence identity with the classical mouse T f R l . It also shows 82% amino 

acid identity with its human orthologue. The proteins are very similar in many important 

aspects, including the internalization signals. The fact that the mouse TfR2 possesses an 

internalization signal that is very similar to that of the classical T f R l , and conforms to the 

typical format of an endocytosis signal, indicates that the receptor is probably able to 

internalize from the cell surface and targeted to the endosome in a manner similar to that 

of the classical receptor. This targeting was confirmed experimentally (Figure 4.6). The 

tyrosine-X-X-(hydrophobic residue) motif has been recognized as the motif involved in 

internalization of clathrin-coated pits by endocytosis, and is recognized by the u2 subunit 

of AP2 adaptors (Owen and Evans, 1998). The AP2 subunit links the internalization 

signal to the clathrin coat through the p.2 subunit. 

The putative transmembrane domain, determined through alignment of the mouse 

and human TfR2 proteins is 92% identical at the amino acid level to that of the human 

orthologue, with 22 of 24 amino acids shared between the two sequences. Overall, the 

level of cross species conservation is extremely high. 
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IV. Uptake of 55Fe-loaded p97 by mouse transferrin receptor 2 

A. Rationale 

In order to determine i f p97 is a ligand of TfR2, the ability of p97 to deliver its 

bound iron to cells via TfR2 was determined. This was accomplished by comparing the 

amount of iron taken up by TfR- and mouse TfR2+ cells. In chapter 3 it was shown that 

p97 does bind to the TfRl in both radioligand studies and Pandex fluorescence studies. 

However, the 5 5 Fe uptake studies with p97 and TfRl showed that p97 does not internalize 

iron via this method. For this reason, the more functional aspects of p97 uptake by 

mouse TfR2 were addressed initially. In addition, binding of p97 loaded with 5 5 Fe to the 

surface of cells at 4°C (therefore with no receptor internalization) was also examined. 

The hypothesis being tested is that 55Fe-loaded p97 is able to both bind to cells via mouse 

TfR2, and internalize within the cells via the receptor. 

B. Results 1:55Fe-p97 uptake by mouse transferrin receptor 2 

Figure 4.10 shows that significantly more radioactive iron (p<0.005 by Student's 

t-test) is internalized by the CHO-mouse TfR2+ cells than the cells transfected with 

vector alone. The cells were initially washed to remove any bound Tf, and blocked with 

B S A to try to minimize non-specific background binding of the protein to the cells. The 

cells were then incubated with 55Fe-loaded p97 for 2 hours at 37°C, washed on ice and 

harvested for counting in the Beckman scintillation counter. The results are from a 

representative experiment, performed in triplicate. 
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Figure 4.10: 55Fe4oaded p97 uptake by Chinese hamster ovary cells 
and Chinese hamster ovary cells transfected with mouse transferrin 
receptor 2. The cells with and without the mouse Tf R2 were allowed to 
internalize the 5 5 Fe- loaded p97 for 2 hours and the internalized counts 
were measured in a scintillation counter. Represents the mean +/- standard 
deviation for a representative experiment, n=6. 'Statistical significance was 
assessed with the use of Student's t-test (p<0.005). 
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C. Results II: 55Fe-p97 binding by mouse transferrin receptor 2 

The cells in this experiment (TfR- and mouse TfR2+) were incubated with 5 5Fe-

loaded p97 at 4°C. The cells were then washed, harvested, and the D P M of the bound 

5 5 Fe was determined in a scintillation counter. The TfR- cells in this experiment (Figure 

4.11) have significantly less 5 5 Fe bound to the surface of the cells than the mouse TfR2+ 

cells, after being incubated with the iron loaded p97 (Student's t-test, p<0.005). The 

results are from a representative experiment, performed in triplicate. 

D. Discussion 

Two experiments were designed to show if p97 binds to TfR2, and if iron bound 

to p97 can be internalized by TfR2. These experiments both use human p97 and mouse 

TfR2. While human and mouse TfR2 are highly conserved (82% identity at the amino 

acid level), cross-species binding experiments are not ideal. They were, however, 

necessary in this case for a number of reasons. To begin, mouse p97 has been cloned, but 

is not yet available in the recombinant, soluble form at the quantities necessary for 

binding experiments. Secondly, while human TfR2 is available, and cloned into TfR-

cells, (such as those used earlier in this chapter for the heterodimer experiments) these 

cells do not function as expected in the binding and uptake experiments. A series of 

55 125 125 

experiments looking at Fe-loaded p97 and Tf as well as I-p97 and I-Tf uptake and 

cell surface binding were undertaken, and the results were rather surprising. While the 

TfRl+ cells were able to both bind and internalize Tf, the TfR2+ cells were not. This is 

in contrast to the published results for TfR2+ cells taking up 5 5 Fe via Tf (Kawabata et al., 

1999). In fact, the TfR2+ cells had significantly less iron uptake than the TfR- cells (data 
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Figure 4.11: Binding of 5 5 Fe-loaded p97 to cells with and 
without the mouse transferrin receptor 2. TfR- and TfR2+ 
cells were incubated with 5 5 Fe-p97 on ice, and the bound 
radioactivity was measured in a scintillation counter. Represents 
the mean +/- standard deviation for a representative experiment, n=6. 
'Statistical significance was assessed with Student's t-test (p<0.005). 

126 



not shown). The TfR2 FL AG-tagged construct was generated by Kawabata and 

associates to transfect TRVb cells. However, the individual clone of TfR2+ cells used for 

these experiments is not the same cell clone as that published by the Koeffler group at the 

Cedars-Sinai Medical Centre, but was instead cloned in Caroline Enns' laboratory at 

Oregon Health Sciences University. To resolve the discrepancy between the activities of 

TfR2 in the two cell lines and to be able to draw conclusions about the function of TfR2 

with regard to Tf uptake, additional studies on new clones should be undertaken. It is 

very likely that the unexpected decrease in internalized iron observed in the TfR2+ clones 

is a result of a problem with the expression of TfR2, or with the integration of the vector 

into the chromosomes of the cell. 

Even though these experiments use mouse TfR2 and human p97, both the uptake 

of 5 5 Fe via p97 (Figure 4.10) and the cell surface binding of 5 5Fe-loaded p97 (Figure 

4.11) are clear. The differences between the D P M measured in both cases is statistically 

significant by Student's t-test (p<0.005). It seems logical that once the appropriate 

reagents are generated, the intra-species experiments (mouse p97 binding to mouse TfR2 

and human p97 binding to human TfR2) may give even more convincing binding results. 

Since p97 is very homologous to Tf, it is likely that the interaction between p97 

and TfR2 is similar to that of Tf and TfR2, in terms of the binding pocket. While the 

binding pocket has not been studied in TfR2, some binding information is known. For 

example, it has been established that TfR2, like T f R l , binds Tf (although likely with 

lower affinity) and that TfR2, in contrast to T f R l , does not bind HFE (West et al, 2000). 

One part of the binding pocket of human T f R l , the R G D motif (arginine, glycine, 

aspartate at 646-648), is known to be crucial to Tf binding (Dubljevic et al, 1999). A 
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future experiment that is currently underway involves the mutation of this RGD site 

(which is fully conserved in both the mouse and human TfR2) by replacing the arginine 

with a lysine residue. This substitution leads to a reduction of Tf binding to TfRl by 

95% of the wild-type value (Dubljevic et al, 1999). The effect that this mutation has on 

both p97 and Tf binding will answer some important questions regarding the action of 

TfR2. 
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Chapter 5: Conclusions and future directions 

The field of iron uptake and transport has generated research interest for many 

years. Iron is essential to life because it participates in single electron oxidation-

reduction reactions involved in a range of important biological processes including the 

production of ATP (Trinder et al, 2000). Unregulated uptake and transport of iron is 

detrimental because it has the potential to lead to the formation of reactive oxygen 

species that cause molecular damage (Sayre et al, 1999). New components of the iron 

uptake system are being discovered all the time, such as hepcidin, which is a small, 

soluble protein believed to be involved in communicating the iron storage status of the 

body to the absorptive cells of the intestine (Fleming and Sly, 2001). On the other hand, 

the function of some proteins involved in the iron uptake and transport system is still a 

mystery, despite the fact they were identified long ago. p97 is one of these proteins, with 

a function that remains controversial. The ability of GPI-p97 to take up iron and deliver 

the iron to the storage protein ferritin has been demonstrated (Tiong, 2001; Tiong and 

Jefferies, 2002), and this suggests that some niche does exist for p97 in the iron transport 

scheme. Some studies, however, have questioned the role of GPI-linked p97 in 

physiological iron uptake, both because p97 expression is not regulated by iron 

(Richardson, 2000), and because the Tf/TfRl iron uptake system seems so efficient as an 

iron uptake system that additional systems seem redundant. The existence of a soluble 

form of p97 created through alternative splicing suggests that there maybe a unique 

function for this form of the protein. Elucidating this function through examining 

possible receptor interactions has been the major focus of this work. 
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The interaction of p97 with the most logical receptor choice, T f R l , was 

characterized with the use of radioligand assays and immunofluorescent labeling Pandex 

assays. These experiments have shown that p97 does interact with the TfRl in binding 

experiments, that the interaction is pH specific (in that it occurs at pH 7.0 but not 6.0), 

and can be specifically competed with excess unlabeled p97. The binding also seems 

specific, as excess p97 can compete with the binding of labeled Tf to T f R l , and reduce 

the binding of Tf by approximately 30%. The failure of p97 to facilitate the 

internalization of iron via TfRl indicates that this binding interaction is not likely to 

function in terms of classical iron uptake into the cell. This does not rule out the 

possibility that this interaction could function in some other capacity, such as to transport 

p97 across the B B B from the brain to the blood. 

The BIAcore studies were not able to measure any interaction between p97 and 

T f R l . This indicates that if an interaction does exist between the two proteins, it may 

require other cellular components in order for the interaction to occur, or that the binding 

affinity was too low to measure with the sensitivity of the BIAcore. In the future it may 

be possible to increase the sensitivity of the system by increasing the percentage of the 

TfRl that is immobilized on the chip in the proper orientation. In other studies, the TfRl 

was coupled to the chip through an anti-His-tag antibody which recognized the His tag on 

the C-terminus of T f R l , thus a large percentage of the receptor was oriented correctly. In 

these studies the resonance signal generated for Tf binding was about 3 times that 

observed in the experiments included here (West et al., 2000). 

BIAcore studies were also undertaken to test another theory of p97 function: that 

due to the presence of an RGD motif in p97 similar to the RGD motifs present in the 
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ligands of many integrins, p97 may interact with a receptor such as the 0CvP3 integrin. 

p97 has been implicated in angiogenesis, since it appears to stimulate vasculogenesis 

measured in a chick chorioallantoic assay (Sala et al, 2002), thus an association with the 

integrin av|33, known to interact with the vascular endothelial growth factor receptor 2, 

seems possible (Borges et al., 2000; Brooks et al, 1994b). This experiment did not 

demonstrate binding between p97 and the integrin. The work should be expanded, 

however, to examine both the possible interaction of p97 with other integrins, and to 

include the study of binding to integrins in cell based systems, which would allow the 

interaction with other factors that may be crucial to the interaction. 

In the search for other likely candidate receptors for p97, a novel homologue of 

the T f R l was discovered through mining of the EST database. This receptor, 

independently published by Kawabata (Kawabata et al., 1999), shows 45% identity and 

66%) similarity at the amino acid level, with T f R l . Through various experiments 

designed to characterize this new receptor, the expression was revealed to be largely 

restricted to the liver. In embryogenesis, the mouse TfR2 mRNA is present by E l 5 and 

continues to increase in expression through E l 7 , in contrast to TfR l mRNA that is 

discernable by E7, increases until E l 5 and decreases by E17. This research has also 

demonstrated that TfR2 is present on the brain endothelial cells that form the B B B , in 

contrast with results produced by Kawabata et al. This result is important as soluble p97 

has been demonstrated to cross the B B B , and thus candidate receptors for this protein are 

likely to be expressed in the brain microvasculature (Moroo et al., 2002). 

Subcellular localization experiments have indicated that the TfR2 protein is 

internalized into vesicles that also stain for both EEA1 (a marker of early endosomes) and 
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clathrin heavy chain. Transferrin receptor 1 is known to localize to these same vesicles 

during endocytosis, thus it is likely that the two receptors follow the same internalization 

pathway. One future experiment to confirm this expression involves modification of the 

internalization signal of the TfR2, to determine i f this modification wil l inhibit 

internalization of the receptor, as it does with T f R l . Another direction that will be 

interesting to explore in the future will be whether TfR2 is able to undergo transcytosis in 

polarized cells in a similar manner to T f R l . Transferrin receptor 1 has a basolateral 

sorting signal contained within residues 29 to 35 (Dargemont et al., 1993; Odorizzi and 

Trowbridge, 1997), which do not seem to be highly conserved between the two receptors. 

Since TfR2 is present in the polarized cells of the B B B , the question of whether it 

undergoes sorting to the apical or basolateral side of a polarized cell, and i f it can 

undergo transcytosis, are very pertinent. 

Interestingly, in transfected cells that over express both TfRl and TfR2, the 

receptor is present as a heterodimeric combination of the two receptors. This result must 

be examined further, as it poses some new and interesting questions. For instance, what 

unique role, i f any, does this heterodimeric receptor play in cells that express both TfRl 

and TfR2, such as cells in the erythroid lineage (Kawabata et al., 2001). Since TfRl is 

closely regulated by intracellular iron levels, would the heterodimerization of the two 

proteins confer some level of iron-regulation on whatever function this heterodimeric 

receptor carries out? The results of these functional experiments could be very 

interesting and lead to a new level of understanding in cellular iron uptake. 

Mouse TfR2, which was isolated from the EST database and sequenced through 

the technique of "primer walking" to confirm that the full-length cDNA was generated, 
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displays 40% amino acid identity with mouse T f R l , and 82% amino acid identity with 

human TfR2. The mouse TfR2, cloned with a myc-tag on the C-terminus for 

identification, was transfected into both CHO cells and TfR- cells and tested for both p97 

binding and iron uptake via p97. Human p97 was able to facilitate the uptake of 5 5 Fe 

through mouse TfR2, and the p97 was demonstrated to bind to the surface of the cells. 

These results are intriguing, because while p97 was able to bind to T f R l , the iron uptake 

or functional aspect of the interaction was not present. With TfR2, the functional aspect 

seems to occur along with the binding. The next steps in this research are already 

underway. First, a soluble form of mouse p97 is being generated for use in these studies, 

so that an inter-species binding system will no longer be necessary. As well, new clones 

of the human TfR2 in TfR- cells generated in the Enns' laboratory will soon be isolated 

for further work on the human p97 interaction with TfR2. In collaboration with Pamela 

Bjorkman's lab at the California Institute of Technology, new soluble recombinant forms 

of human TfR2 for BIAcore studies are being produced. While the Bjorkman group has 

produced soluble TfR2 for BIAcore studies in the past (West et al, 2000), a problem with 

protein stability generated BIAcore results in this study that did not show Tf binding to 

TfR2 (data not shown), thus were also unsuccessful at demonstrating any interaction with 

p97. Hopefully this protein stability problem will be rectified in the near future and the 

binding interactions between p97 and TfR2 can be measured by BIAcore. 

Clearly, identification of TfR2 as a receptor of p97 is only the first step toward the 

ultimate goal of clarifying the function of soluble p97. To reach this final conclusion, 

functional assays must be developed. The difficulty now will be to design these assays 
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and try to answer the pressing biological questions such as what p97 does as a soluble, 

iron binding protein, and why it is increased in Alzheimer disease. 
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