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ABSTRACT OF THE DISSERTATION 

 

Transferrin Receptor 1 and its Targeting  

by Non-neutralizing Antibodies  

 

by 

 

Jose Alfonso Rodriguez 

 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2012 

Professor Manuel Penichet, Chair 

 

The receptor for transferrin (Tf), otherwise known as transferrin receptor 1 (TfR1 or CD71), is a 

single pass type two transmembrane protein ubiquitously expressed in most vertebrate cells. 

TfR1 is responsible for facilitating the import of iron into cells from transferrin bound iron in 

circulation. In cells, release of iron from Tf occurs near pH 5.5 and requires clathrin-mediated 

endocytosis of the Tf-TfR1 complex to acidified endosomes, followed by its recycling to the 

cell surface without dissociation.  

Since its discovery, high expression of TfR1 is typically associated with rapidly proliferating 

cells and a variety of tumor cell types. Because of its association with cancer, its cell surface 

accessibility, its facile entry into cells, and its critical role in the pathophysiology of cancer, 

TfR1 is an active target for anti-cancer therapies. Antibodies were the first vehicles designed to 

specifically target TfR1 with the aim of blocking Tf uptake into malignant cells and induce 

cytotoxicity.  
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Based on a panel of thirty-two mouse monoclonal antibodies developed, in the late 1980s, to 

recognize the extracellular domain of human TfR1, several were identified that did not appear 

to block binding of the receptor to Tf. One of these antibodies, otherwise referred to as 128.1, 

inspired the generation of a chimeric antibody-avidin fusion protein (ch128.1Av). This molecule 

was originally designed to act as a delivery vehicle for biotinylated agents into cancer cells. 

However, this molecule possesses a significant intrinsic anti-proliferative/pro-apoptotic activity 

against malignant B cells expressing TfR1, as did its parental chimeric antibody (ch128.1) 

although to a lesser extent. The detailed nature of the interactions of these antibodies (based 

on the murine monoclonal 128.1) with TfR1 is addressed in part by this thesis.  

The experiments presented in this thesis are those from two published articles addressing the 

nature of the interactions between ch128.1 or ch128.1Av and TfR1, and the effects of these 

interactions on malignant B cells expressing the receptor. Special emphasis is placed on how 

these antibodies affect the recycling of TfR1 in order to reduce Tf uptake and induce lethal iron 

deprivation in malignant hematopoietic cells, as well as the transcriptional response of affected 

cells to insult by these antibodies.  

While investigating the effect of a low pH (late endosome or lysosome like) environment on the 

stability of TfR1 in the presence of these antibodies, the unexpected observation was made of 

an intrinsic instability of TfR1 under these conditions. Thus, data that provide insights into the 

inducible proteolysis of the extracellular domain of TfR1 in a low pH environment (pH 3-5) are 

presented. These results show a distinct and consistent pattern of degradation of the TfR1 

ectodomain selectively within this pH range, which is consistent with the enzymatic activity of a 

pH-dependent cysteine/serine protease.  
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Chapter 1  

Introduction 

 

1.1 Cellular iron homeostasis and the iron carrier protein transferrin 

Iron is an element important to all living organisms, since it facilitates many of the enzymatic 

reactions that sustain life. Among other things, iron is required for nucleotide synthesis and 

oxidative respiration. However, free iron can be toxic to living systems (1). Storing and 

transporting free iron using carrier proteins can avoid this toxicity. For example, in mammals, 

iron is primarily incorporated into heme, iron sulfur clusters, ferritin, or transferrin (1). Transferrin 

is a two-lobed protein originally discovered as the component of plasma capable of binding 

two ferric iron molecules in solution (2). Transferrin forms a stable complex with iron under 

physiological conditions, at normal plasma pH and osmolarity. Release of iron molecules from 

transferrin is achieved in a pH-dependent manner, with a maximal release achieved between 

pH 5 and 6 (3). 

 

1.2 Identification of the cellular receptor for transferrin 

The identification of transferrin as the primary transporter of iron in serum (4,5) prompted a 

search for the mechanism that facilitated the import of transferrin-bound iron into cells. When 

trying to identify a potential cellular receptor for transferrin, investigators envisioned the 

molecule as a membrane-associated protein with the ability to selectively bind circulating 

transferrin molecules loaded with iron (2). Francesco and colleagues first provided definitive 

evidence of the existence of the receptor for transferrin (6) in rabbit reticulocytes. Thereafter 

the existence of the transferrin receptor was corroborated by a number of other groups in a 

variety of species and cell types, including human placenta and cultured human cells (7,8). 

Altogether, these studies indicated that the transferrin receptor was expressed ubiquitously in 
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most tissues, although at different levels, and was critical for cell proliferation, suggesting that 

it was the primary gatekeeper for the internalization of transferrin-bound iron from plasma (9).  

 

1.3 Physiology of the transferrin receptor 

The transferrin receptor (TfR1, also known as CD71) has been extensively characterized, and is 

now well recognized as a single pass type-II transmembrane receptor glycoprotein, encoded 

by the TfRC gene. The transferrin receptor family also includes TfR2, a paralogue of TfR1 

primarily expressed in hepatocytes and involved in regulation of iron homeostasis, which will 

not be extensively discussed in this thesis. TfR1 exists as a disulfide-linked homo-dimer on the 

cell membrane. As detailed in Figure 1, TfR1 binds iron-loaded transferrin at the outer cell 

membrane and is constitutively internalized through the canonical clathrin mediated 

endocytosis pathway into the endosomal vesicle network of cells through which it reaches 

acidified endosomes. There, a low pH environment induces structural changes in both TfR1 

and Tf, catalyzing the release of iron from Tf while supporting the Tf-TfR1 interaction. The 

receptor is then either targeted for lysosomal degradation or returned to the cell surface. Once 

on the cell surface, Tf is released and TfR1 is left available to interact with circulating Tf once 

again. A complex ‘molecular dance’ between Tf and TfR1, induced by local changes in pH, is 

thus responsible for the coordinated release of iron from the Tf-TfR1 complex to the 

cytoplasm.  This entire process can range in length from tens of seconds to several minutes 

and is repeated several hundred times during the lifetime of a single receptor (10).  

 

1.4 High levels of TfR1 are associated with proliferating and malignant cells 

Shortly after the identification of TfR1, investigators began searching for links between the rate 

of proliferation of cells and their level of receptor expression, particularly in malignant cells from 

various tissue origins (11,12). At that time, proteins extracted from tumors could already be 
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recognized by monoclonal antibodies derived from tumor lysates; a strategy that had found 

several tumor-derived proteins that could give clues as to the cancerous nature of cells. One 

protein identified through these methods was suggested to be TfR1 (13). As investigations 

systematically studied the expression, distribution, and cellular physiology of TfR1, the close 

association between its expression and a high rate of cell proliferation was confirmed (14). We 

now know that malignant cells have an intrinsically high demand for iron, given its central role 

in the formation of deoxyribonucleotides from ribonucleotides, needed for DNA synthesis, and 

in the expression and regulation of molecules that control cell cycle progression (15). Thus, 

high levels of TfR1 are essential for the survival of many tumor cells. Additionally, some studies 

have speculated that TfR1 may play a role in cell signaling or proliferation independent of its 

role in iron import (16).  

 

1.5 Targeting of TfR1 

 

1.5.1 TfR1 is an attractive cell surface target  

TfR1 has become the primary target of a number of approaches intending to deliver small 

molecules, proteins, nucleic acids, nanoparticles and viruses into many types of cells (10,17). 

Its ubiquitous expression, extracellular accessibility, and ability to internalize and recycle in and 

out of cells in a constitutive manner, make TfR1 a widely accessible portal into most cells. 

Extensive studies of the structure and physiology of TfR1 have provided insights into the 

elaborate mechanisms through which the receptor binds its natural ligands, pathogens seeking 

to enter host cells, or molecules designed to target the receptor (10,18). Based on these 

studies, molecules that target TfR1 can be broadly categorized as Tf or Tf-like conjugates, 

peptides that are designed to bind the receptor, antibodies, or viral particles, nanoparticles or 

microparticles of various types (10). The number and diversity of these molecules 
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demonstrates the need for a strong fundamental understanding of the interactions between 

TfR1 and the proteins that bind it. This thesis focuses primarily on the antibody category, but 

can also be broadly applied to multivalent agents and agents that do not compete for binding 

with the receptor’s natural ligands. 

 

1.5.2 Antibodies targeting TfR1 

Shortly after the association of TfR1 with certain malignant cells, a monoclonal antibody with 

specificity for TfR1 was used in an attempt to curtail tumor cell growth (19). Since then, a broad 

range of antibodies has been developed to target TfR1. This is due to the exquisite specificity 

and high affinity of monoclonal antibodies for their antigens, which makes them excellent tools 

for targeting highly expressed cell-surface proteins (10). Antibodies targeting TfR1 bind a 

number of different epitopes on the receptor and provide a broad repertoire of receptor-

antibody interactions that can be exploited for a variety of targeting applications. These are: 

targeting of TfR1 for delivery purposes (10,17), or targeting TfR1 to directly inhibit its function 

(10,16). A number of studies have detailed the effect of antibodies targeting TfR1 on its 

expression, recycling, and ability to facilitate Tf-mediated iron uptake in malignant cells (20-25). 

In general, antibodies targeting TfR1 can be classified into two groups: those that directly 

block the binding of iron-loaded Tf to TfR1 (hereafter referred to as neutralizing antibodies), 

and those that do not (hereafter referred to as non-neutralizing antibodies). This classification 

also generally reflects the anti-proliferative capacity of these two groups of antibodies. 

Neutralizing antibodies directly prevent Tf-TfR1 interactions and thereby starve cells of Tf-

bound iron by competition or steric hinderance of Tf uptake. Non-neutralizing antibodies cross-

link TfR1 but do not competitively inhibit Tf uptake and therefore have generally milder anti-

proliferative effects. 
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1.5.3 Targeting of TfR1 by non-neutralizing antibodies and antibody-avidin fusion proteins 

In the late 1980s, a group of thirty-two mouse antibodies were generated. All of these 

antibodies recognized the extracellular domain of human TfR1, but few could block the 

proliferation of cells expressing high levels of TfR1 (22).  From among these thirty-two 

antibodies, several were identified that did not appear to block binding of TfR1 to Tf. One of 

these antibodies, otherwise referred to as 128.1, is a protagonist in this thesis. From this 

mouse antibody, Ng et al. generated an antibody-avidin fusion protein (ch128.1Av, previously 

known as anti-hTfR1 IgG3-Av), which was a chimeric molecule whose constant regions were 

composed of a human gamma 3 heavy chain and kappa light chain, and variable regions were 

those of the original mouse 128.1, with chicken avidin genetically linked to its carboxy terminus 

(23). In addition, Ng et al. constructed the parental mouse/human chimeric antibody (ch128.1, 

previously known as anti-hTfR1 IgG3) without the chicken avidin (24). The original intent of 

constructing ch128.1Av was to use it to target TfR1 as a universal delivery vehicle for 

biotinylated agents, in order to target and deliver biotinylated agents into cells that expressed 

high levels of TfR1 (23). However, the unexpected discovery that ch128.1Av and a 

mouse/human chimeric anti-rat TfR IgG3-Av fusion protein were both intrinsically cytotoxic to 

malignant hematopoietic (including myeloma and lymphoma) cells, prompted the further 

investigation of the nature of the interaction between ch128.1Av, as well as ch128.1, and TfR1 

(23,24). These studies demonstrated that ch128.1Av, and to a lesser extent, ch128.1, could 

cross-link membrane bound TfR1 and redirect it to lysosomal compartment, inducing its 

degradation (24).  

 

1.6 Targeting TfR1 in malignant cells 

Transferrin receptor is one of many proteins expressed at high levels by tumor cells. It is the 

goal of targeted therapies to achieve specific and potent interactions with these proteins to 
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maximize the effect on target cells and minimize unwanted side effects. These agents, 

including antibodies designed to target TfR1, are not expected to be magic bullets against 

cancer, but could significantly curb the mortality currently associated with cancers such as 

multiple myeloma and aggressive lymphomas. Cancer remains among the leading causes of 

death in the world, despite the allocation of tremendous resources to curtail its mortality rate. 

The use of TfR1 as a molecular target could lead to more effective therapies that can better 

distinguish between malignant and normal cells, unlike the unspecific and harmful effects 

currently attributable to chemotherapy or radiation (25,26). Despite the fact that no 

therapeutics targeting TfR1 have garnered FDA-approval to date, various efforts are underway 

to improve the specificity and efficacy of molecules used to target the receptor. Through a 

better understanding of TfR1 targeting by these molecules, future therapeutic agents may one 

day provide safer and more efficacious therapies against malignancies. 

 

1.7 Overview 

Chapters 2 and 3 of this thesis focus on TfR1, it’s targeting by a non-neutralizing antibody and 

derivatives, as well as the response of malignant cells to targeting of the receptor by these 

antibodies. Chapter 4 details the unexpectedly observed phenomenon by which the 

ectodomain of human TfR1 undergoes self-proteolytic degradation in a pH dependent manner. 

Altogether this thesis hopes to shed new light on the function of TfR1 in malignant cells, the 

effects of targeting the receptor with non-neutralizing antibodies, and the nature of the 

degradation of the receptor in low pH environments.  
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Figures 

Figure 1: 

Figure 1

 

Schematic representation of TfR1 mediated Tf-bound iron uptake into cells. 
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TfR1 is a type II homodimeric transmembrane protein consisting of two monomers linked by 

disulfide bridges (squares) as shown in panel A. TfR1 contains a small intracellular domain, a 

transmembrane domain, and a predominant extracellular domain, as shown, with its four 

glycosylation sites (circles). The extracellular domain of the TfR consists of three subdomains: 

the apical (A), helical (H) and protease-like domains (P). TfR1 monomers each bind 1 differric Tf 

molecule (Holo-Tf). Tf in turn consists of two lobes (the N and C lobes), each of which carries 

one iron molecule. Thus, two diferric Tf molecules bind to the receptor with high affinity, as 

shown in panel B. Endocytosis of the diferric Tf/TfR complex occurs via clathrin-coated pits 

and the complex is delivered into acidified endosomes as shown in panel C. Acidic pH 

stimulates a conformational change in Tf and TfR1 as well as the subsequent release of iron. 

Free iron is transported out of the endosome and into the cytosol by the divalent metal 

transporter (DMT1), while iron-free Apo-Tf remains bound to TfR1. Once the complex reaches 

the cell surface, Tf is released. This figure is reprinted from (10). 

 



! "#!

Chapter 2 

This chapter is based on the published article “Binding specificity and internalization properties 

of an antibody-avidin fusion protein (ch128.1Av) targeting the human transferrin receptor”. 

 

Summary 

This article determines the nature of the interaction between ch128.1Av (referred to in the 

article as anti-hTfR IgG3-Av), and the family of human transferrin receptors (TfR1 and TfR2). 

The antibody-avidin fusion protein ch128.1Av is shown to specifically bind TfR1 and not TfR2, 

on the cell surface, on a solid surface, and in solution. Given the importance of the interaction 

between TfR and its natural ligand the hemochromatosis protein (HFE), this article addresses 

the impact of the HFE-TfR interaction on the ability of ch128.1Av to also bind the receptor. 

Based on these results it can be concluded that ch128.1Av and HFE do not bind overlapping 

sites on TfR1, as is the case with Tf and this antibody-avidin fusion protein. Since both Tf and 

HFE are known to predominantly interact with TfR1 via its protease like and helical domains, 

we speculate that the 128.1 variable regions bind TfR1 on its apical domain. This article also 

details the impact of the ch128.1Av-TfR1 interaction on the internalization of the receptor into 

cells. The rate of internalization of the receptor when bound to ch128.1Av is compared to that 

of the receptor bound to ch128.1 and Tf, indicating similar kinetics of uptake for all three. This 

is confirmed by the specific and efficient delivery of a biotinylated toxin by ch128.1Av only into 

cells expressing human TfR1.  

These results have implications on the efficacy and specificity of the variable region of 128.1 as 

it is incorporated into both ch128.1 and ch128.1Av. Since this variable region does not 

compete with the natural ligands of the TfR1 ectodomain (Tf and HFE), it poses an advantage 

over proteins that must overcome normal binding of these ligands to TfR1 in order to bind the 

receptor. In addition, the specificity of the 128.1 variable region for TfR1 and its lack of 
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interaction with TfR2 alleviates worries of potential cross-reactivity with this close paralogue, 

which is recognized by Tf and its derivatives, and side effects on tissues that express high 

levels of TfR2 such as the liver. Lastly, the efficient, selective, and rapid internalization of the 

chimeric antibodies bearing the variable region of 128.1 gives hope to similar therapies that 

seek to target TfR1 for delivery purposes or the direct inhibition of its function. 
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Chapter 3 

This chapter is based on the published article “Lethal iron deprivation induced by non-

neutralizing antibodies targeting transferrin receptor 1 in malignant B-cells”. 

 

Summary 

This article describes the effect of ch128.1 and ch128.1Av on malignant human B-cells. In 

these cells, TfR1 is the primary gatekeeper for iron import. Accordingly, the transferrin receptor 

is highly expressed in these cells, at many fold higher levels than in their normal counterparts. 

This article demonstrates that ch128.1 is marginally cytotoxic to certain malignant B-cells as it 

is non-neutralizing, but that ch128.1Av is strikingly cytotoxic to these same malignant cells. 

The results presented in this chapter determine that the cytotoxicity attributable to ch128.1Av 

(and to a lesser extent ch128.1) is due to its induction of the mistrafficking, sequestration, and 

degradation of TfR1. In sensitive cells, these events cause a reduction in the amount of Tf 

uptake, which reduces the level of intracellular iron, and induce lethal iron deprivation resulting 

in the induction of cell death for which p53 is required but not sufficient. However, certain 

malignant B-cells, which show resistance to treatment with ch128.1Av, when treated with this 

antibody fusion protein retain their ability to internalize Tf since they avoid the degradation of 

TfR1 induced by ch128.1Av. 

These results have implications on the toxicity of ch128.1 and ch128.1Av toward malignant B 

cells, and on the potential avenues to resistance that cancer cells may take in response to 

treatment with these or other similar antibodies. The identification of p53 as a co-factor 

required for cell death induced by the iron deprivation that results from treatment of malignant 

B cells with these antibodies may be important for future studies seeking to bolster the efficacy 

of these or similar molecules through combination therapies. However, the primary mechanism 

of resistance to these antibodies remains unclear since no molecular identifiers were found that 



! #$!

could explain the reason for the lack of TfR1 degradation in resistant cells. These studies 

suggest that agents that induce the degradation of TfR1 alone or in combination with these 

antibodies could serve as effective therapies against B-cell malignancies. 
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Chapter 4 

This chapter is based on an article in preparation titled “pH inducible degradation of the 

extracellular domain of human TfR1.” 

 

Summary 

In preparations of the purified extracellular domain of human TfR1, proteolysis of the receptor 

is observed. This proteolytic degradation of the TfR1 ectodomain is dependent on a low pH 

environment (ranging from pH 3-5), and increases over time. However, in solutions in which the 

degradation of TfR1 is observed, the degradation of Tf, bovine serum albumin, or an IgG, are 

not observed. In addition, mass-spectrometry analysis of solutions in which TfR1 degradation 

is observed, showed no potential contaminating proteases. The protease inhibitors leupeptin, 

PMSF, and E-64 could prevent the degradation of TfR1 throughout the range of pH in which it 

is normally observed, and a fluorescently labeled analogue of E-64 with specificity for active 

and accessible serine/cysteine residues binds TfR1. Our initial results show that pH dependent 

degradation of human TfR1 varies between purified batches of protein, and between the host 

species used for production. Human TfR1 produced in baculovirus-infected Tripolusia ni (Hi-5) 

cells shows the greatest level of pH-dependent proteolysis, whereas receptor preparations 

from mammalian cells show much less activity. Intriguingly, proteolysis of these latter 

preparations can be accelerated in the presence of receptor isolated from insect cells. This 

catalysis can be inhibited by E-64 and leupeptin, and under these conditions, the receptor 

isolated from insect cells acts as a limiting reagent. These results suggest a potential role for 

the extracellular domain of TfR1 in its own pH dependent proteolysis. 
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Introduction 

As previously detailed, the extracellular domain of TfR1 is comprised of 3 subdomains denoted 

the helical, protease-like, and apical domains (see Chapter 1, Figure 1). As suggested by its 

name, the protease-like domain of the receptor resembles the fold of a family of membrane-

associated proteases including the prostate specific membrane protein (PSMA), and the 

glutamate carboxypeptidase (1). However, TfR1 is thought to lack any protease activity due to 

its lack of key residues within the ancestral active site fold that are required for the 

coordination of catalytic metal ions (2). The extracellular domain of the receptor is cleaved from 

the membrane by a number of proteases (3). Shedding of TfR1 from the membrane, as well as 

it’s recycling into lysosomal compartments, are essential for the post-translational regulation of 

the receptor (4). Lysosomal degradation of TfR1 is dependent on a low pH environment, and is 

expected to occur more rapidly in the absence of Tf (5). Once shed from the membrane, the 

extracellular domain of TfR1 can be found in the interstitial spaces and circulating in the blood, 

where it has become a diagnostic marker of iron homeostasis (6).  

In cells treated with certain antibodies that target TfR1, the treatment accelerates the 

degradation of the receptor presumably by trapping it within the cells and guiding it toward 

acidic compartments such as the lysosome. The chimeric antibody-avidin fusion protein 

ch128.1Av and to a lesser extent its parental antibody ch128.1 exhibit this phenomenon in a 

subset of malignant cells. Because of this, they can prevent Tf uptake and induce iron 

deprivation in the affected cells (see Chapter 3). However, the mechanism by which these and 

other antibodies accelerate the degradation of TfR1 in cells is not entirely clear. It is presumed 

that in a low pH-environment, the receptor is susceptible to rapid degradation by lysosomal 

enzymes and is at least partly susceptible to inhibitors of serine/cysteine like proteases (7). The 

study of how this occurs might shed light on the biology and/or pathophysiology of TfR1. 
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Materials and Methods 

Production and purification of human TfR1 ectodomain 

The extracellular domain of human TfR1 (residues 121-760), containing a hexa-histidine tag 

(His-Tag) (8), was produced by the protein expression core at the California Institute of 

Technology (see http://www.its.caltech.edu/~pec/). It was expressed in Hi5 (Tripolusia ni) 

insect cells cultured with ESF 921 media in shake flasks for 48 hrs at 27°C. Supernatant was 

harvested and immediately neutralized with 1M Tris pH 8 to minimize aggregation of the TfR 

(~40ml/L). phenylmethanesulfonylfluoride (PMSF) and azide were added as preservatives. The 

receptor was then dialyzed against PBS using a tangential flow concentrator and concentrated 

approximately 5-fold. TfR1 was isolated by positive selection using a HisTrap (NiNTA, GE) 

column at a rate of 0.5-1ml per minute, washed with 50mM NaPO4; 300mM NaCl; 20mM 

imidazole (pH 7.5), then eluted with 50mM NaPO4; 300mM NaCl; 250mM imidazole (pH 7.5). 

Purified protein was then passed through a superdex 16/60 column with Tris buffered saline at 

a total volume of 3ml of sample with a flow rate of 1 ml/min. Alternatively a similar preparation 

of the extracellular domain of human TfR1 was obtained by expression in Baby Hamster 

Kidney (BHK) cells grown in serum free media in roller bottles at 37°C, whose supernatant was 

harvested, and from it TfR1 purified via its His-tag (9).  

 

Determination of TfR1 degradation 

Approximately 2µg of purified TfR1 ectodomain was introduced into solutions with various pH: 

50mM citric-citrate buffer pH 3–5, 50mM Tris with 150mM NaCl pH 7.8, phosphate buffered 

saline pH 6.8, at either 37°C or room temperature for periods as short as 10min and as long as 

24 hours. The TfR1 ectodomain was present in these solutions alone, in combination with other 

proteins including bovine serum albumin (Sigma), transferrin (Sigma), or IgG (purified in our 

laboratory), or in the presence of various protease inhibitors including PMSF, leupeptin, 
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aprotinin, E-64, 4-aminobenzamidine (4-ABZ), and chymostatin, obtained from Sigma (Sigma-

Aldrich), or the fluorescently labeled E-64 derivative DCG-04 (10). Following these incubations, 

the proteins were boiled and detected by SDS-PAGE with a 12% gel under non-reducing 

conditions, by means of a SimplyBlueTM SafeStain (Invitrogen) or Coomassie.  

 

Mass-Spectrometry analysis of TfR1 preparations 

Preparations of purified TfR1 in solution at pH 7.8 and pH 3.5 were analyzed by sequential 

liquid chromatography mass spectrometry at the UCLA Proteomics Center (see 

http://www.mic.ucla.edu/Prot/proteomicshome.htm).  
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Results 

pH dependent degradation of the human TfR1 ectodomain 

The ectodomain of human TfR1 has been purified and crystallized alone or in combination with 

several of its ligands (2,8,9,11). The purified ectodomain of the receptor contains the helical, 

protease-like, and apical domains, as well as a hexa-histidine tag for purification. After 

purification by means of this His-tag, as described in the preceding methods section, the 

stability of an aliquot of this preparation was tested for purity, and integrity, by gel 

electrophoresis and mass spectrometry (data not shown). Based on these analyses, no 

protease-like contaminants were identified that may explain the degradation observed under 

our conditions. Additionally, when placed in a solution of Tris buffered saline at pH 7.8, the 

protein appeared of high purity and integrity as determined by SDS-PAGE. Surprisingly, when 

placed in a solution of various buffers including citric-citrate at pH 3.5, the protein rapidly 

undergoes proteolytic degradation (Figure 1). Neutralizing the pH of the solution with the 

addition of 2M Tris pH 8.0 can inhibit this degradation. In contrast, other proteins such as 

bovine serum albumin, or transferrin (Tf) do not suffer a similar type of degradation under these 

conditions (Figures 1 and 4). This degradation generates a reproducible set of fragments 

consistently observed by gel electrophoresis. The observed degradation is limited to a certain 

pH range (between pH 3 and 5), and is time and temperature dependent (Figures 2 and 3).  

 

Inhibition of TfR1 ectodomain degradation by small molecules 

Various protease inhibitors can inhibit the pH dependent degradation of the human TfR1 

ectodomain. The serine/cysteine protease inhibitor PMSF, the highly selective cysteine 

protease inhibitor E-64, and the serine/cysteine protease inhibitor leupeptin all partially inhibit 

the pH dependent degradation of the human TfR1 ectodomain under these conditions (Figures 

5 and 6). However, the competitive serine protease inhibitor aprotinin does not prevent the pH 
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dependent degradation of TfR1 (Figure 5). Importantly, a Cy-5 labeled derivative of E-64 

selectively binds the ectodomain of human TfR1 and competes with n-ethylmaleimide (NEM), 

which interacts with free cysteines, for binding to the receptor (Figure 7). 

 

Degradation of the human TfR1 ectodomain is self-specific 

An environment with a pH in the range of 3 to 5 is required for the proteolysis of the human 

TfR1 ectodomain. However, different preparations of this protein undergo this proteolysis at 

different rates. Batches produced in baculovirus infected insect cells show the most rapid 

degradation (Figure 8), while those produced in mammalian cells show very limited proteolysis, 

which is only observed with longer incubation times (data not shown). Importantly, when other 

proteins (such as Tf or IgG) are added to the solution containing human TfR1 ectodomain, the 

proteolysis of the receptor occurs independently of these proteins and does not degrade them 

in the same manner (Figures 4 and 9). This specific proteolysis of the TfR1 ectodomain is also 

observed when TfR1 preparations from mammalian cells are added to those in which the 

proteolytic effect is most rapid (produced in insect cells). When the ectodomain of human TfR1 

produced by BHK cells is introduced into a solution at a pH within the range of 3 to 5 in the 

presence of TfR1 ectodomain produced in insect cells, the former is proteolytically cleaved as 

rapidly as the latter (Figure 8). This suggests that TfR1 ectodomain produced in insect cells 

selectively catalyzes the degradation of TfR1 ectodomain prepared in mammalian cells, but not 

other proteins such as BSA, Tf or IgG.  
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Discussion 

The pH dependent degradation of the extracellular domain of TfR1 observed here appears to 

be selective for itself, and may act as a source of its own proteolysis. Although the possibility 

remains that the results here presented are the consequence of a contaminating 

serine/cysteine type protease that is pH dependent and targets the TfR1 ectodomain, the 

contribution of contaminating proteases has been extensively analyzed, and no such enzyme 

has yet been found that can explain this activity. If true, this would be a first description of such 

an enzyme. However, if the proteolysis is self-induced, the human TfR1 ectodomain would 

have to undergo a pH inducible autolysis that is self-specific. This is supported by the lack of 

proteolysis of other proteins in the presence of this activity, and by the selective accelerated 

proteolysis of other, less active TfR1 preparations. Serine/cysteine specific protease inhibitors 

prevent the pH dependent autolysis of the human TfR1 ectodomain in solution. Collectively, 

these results indicate that the human TfR1 ectodomain suffers a pH dependent autolysis that is 

carried out by a serine/cysteine type catalytic site. Whether or not full-length membrane-bound 

TfR1 in cells experiences this same phenomenon is unclear. At this moment, the role of this 

phenomenon in the physiology of normal cells, and/or the pathophysiology of cancer cells 

remains unclear. Also unknown are the factors driving this activity other than a low pH 

environment.  
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Figures 

 

Figure 1: pH dependent proteolysis of the human TfR1 ectodomain. 

 

Purified human TfR1 ectodomain (4µg) or bovine serum albumin (2µg) placed for 30 minutes in 

Tris buffered saline at pH 7.8 or citric-citrate buffer at pH 3.5 are shown, analyzed by 

SimplyBlueTM SafeStain of the proteins after SDS-PAGE. Lanes are, in the order shown above, 

(1) BSA pH 7.8, (2) BSA pH 3.5, (3) TfR1 pH 7.8, (4) TfR1 pH 3.5, (5) TfR1 pH 3.5 + 2M Tris pH 

8.0. MW markers are shown to the left of the gel image (kDa). 
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Figure 2: pH dependence of human TfR1 ectodomain proteolysis. 

 

Purified human TfR1 ectodomain (4µg) placed for one hour in Tris buffered saline at pH 7.8 or 

citric-citrate buffer at a pH in the range of 3-6 is shown, analyzed by SimplyBlueTM SafeStain of 

the proteins after SDS-PAGE. All lanes are TfR1 placed in solution at pH (1) 3.0, (2) 3.4, (3) 3.8, 

(4) 4.2, (5) 4.6, (6) 5.0, (7) 5.4, (8) 6.0, (9) 7.8. MW markers are shown to the left of the gel image 

(kDa). Colors indicate pH level, orange pH 3.0 to green pH 7.8. 
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Figure 3: Time dependence of human TfR1 ectodomain proteolysis. 

 

Purified human TfR1 ectodomain (4µg) placed in Tris buffered saline at pH 7.8 or citric-citrate 

buffer at pH 3.5 is shown, analyzed by SimplyBlueTM SafeStain of the proteins after SDS-PAGE. 

All lanes are TfR1 placed in either Tris buffered saline at pH 7.8 (1) or pH 3.5 for (2) 2 hours, (3) 

1 hour, (4) 30 minutes, (5) 15 minutes, (6) 10 minutes. MW markers are shown to the left of the 

gel image (kDa). Colors indicate pH level, orange pH 3.0 to green pH 7.8. 
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Figure 4: The effect of Tf on human TfR1 ectodomain proteolysis. 

Lane 1 2 3 4 5 6 

Protein 1 TfR1 TfR1 - - TfR1 TfR1 

pH 7.8 3.5 7.8 3.5 7.8 3.5 

Protein 2 - - Tf Tf Tf Tf 

 

 

 

 

 

 

 

 

Purified human TfR1 ectodomain (4µg) or human Tf (10µg) placed for 30 minutes in Tris 

buffered saline at pH 7.8 or citric-citrate buffer at pH 3.5 are shown, analyzed by SimplyBlueTM 

SafeStain of the proteins after SDS-PAGE. Lanes are TfR1 and Tf, alone or in combination. The 

lanes shown are (1) TfR1 pH 7.8, (2) TfR1 pH 3.5, (3) Tf pH 7.8, (4) Tf pH 3.5, (5) TfR1 + Tf pH 

7.8, (6) TfR1 + Tf pH 3.5. MW markers are shown to the left of the gel image (kDa). 

 

TfR1 
Holo-Tf 
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Figure 5: The effect of small molecule inhibitors PMSF, leupeptin, and Aprotinin on human TfR1 

ectodomain proteolysis. 

 

Purified human TfR1 ectodomain (4µg) was placed for 30 minutes in Tris buffered saline at pH 

7.8 or citric-citrate buffer at pH 3.5 as shown, analyzed by SimplyBlueTM SafeStain of the 

proteins after SDS-PAGE. Lanes are all TfR1 alone or with inhibitors including PMSF, leupeptin, 

and Aprotinin; as shown they are  (1) TfR1 pH 7.8, (2) TfR1 pH 3.5, (3) TfR1 pH 3.5 + 100μM 

PMSF, (4) TfR1 pH 3.5 + 1mM leupeptin, (5) TfR1 pH 3.5 + 1mM Aprotinin. MW markers are 

shown to the left of the gel image (kDa). 
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Figure 6: The effect of small molecule inhibitors 4-aminobenzamidine, E-64, Chymostatin, and 

Aprotinin on human TfR1 ectodomain proteolysis. 

 

Purified human TfR1 ectodomain (4µg) was placed for 30 minutes in Tris buffered saline at pH 

7.8 or citric-citrate buffer at pH 3.5 as shown, analyzed by SimplyBlueTM SafeStain of the 

proteins after SDS-PAGE. Lanes are all TfR1 alone or with inhibitors including 4-

aminobenzamidine, E-64, Chymostatin, and Aprotinin; as shown they are  (1) TfR1 pH 7.8, (2) 

TfR1 pH 3.5, (3) TfR1 pH 3.5 + 1mM 4-aminobenzamidine (4-ABZ), (4) TfR1 pH 3.5 + 100μM E-

64, (5) TfR1 pH 3.5 + 100μM Chymostatin, (6) TfR1 pH 3.5 + 1mM Aprotinin. MW markers are 

shown to the left of the gel image (kDa). 
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Figure 7: Labeling of TfR1 with fluorescent small molecule inhibitor DCG-04. 

 

Purified human TfR1 ectodomain (0.5µg) was placed for 1 hour in Tris buffered saline at pH 7.8 

as shown, analyzed by measuring the fluorescence emitted from the Cy5 label of DCG-04 or 

color signal from Coomassie staining using a Typhoon scanner after SDS-PAGE. Lanes are 

TfR1 with 2µM DCG-04 with or without 10mM n-ethylmaleimide (NEM); as shown they are  (1) 

Cy5 signal from TfR1 pH 7.8 + DCG-04, (2) Cy5 signal from TfR1 pH 7.8 + DCG-04 + NEM, (3) 

Coomassie signal from TfR1 pH 7.8 + DCG-04, (4) Coomassie signal from TfR1 pH 7.8 + DCG-

04 + NEM. MW markers are shown to the left of the gel image (kDa). 
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Figure 8: The effect of a highly active preparation of the human TfR1 ectodomain produced in 

insect cells on human TfR1 ectodomain preparations from BHK cells. 

Lane 1 2 3 4 5 6 7 8 9 10 

Protein 1 TfR1i TfR1i - - TfR1i TfR1i TfR1i TfR1i TfR1i TfR1i 

pH 7.8 3.4 7.8 3.4 3.4 3.4 3.4 3.4 3.4 3.4 

Protein 2 - - TfR1m TfR1m TfR1m TfR1m TfR1m - - - 

Time 2h 2h 2h 2h 

2h + 

10min 

2h + 

10min 

2h + 

10min 10min 10min 10min 

Additive - - - - - 

leupeptin 

5uM 

leupeptin 

2uM - 

leupeptin 

5uM 

leupeptin 

2uM 

 

 

 

 

 

 

 

Purified human TfR1 ectodomain (4µg) was placed in Tris buffered saline at pH 7.8 or citric-

citrate buffer at pH 3.4 for various times as shown, analyzed by SimplyBlueTM SafeStain of the 

protein after SDS-PAGE. Lanes are a highly active preparation of TfR1 prepared in insect (Hi5) 

cells (TfR1i) alone or in combination with a less active preparation of TfR1 prepared in 

mammalian (BHK) cells (TfR1m). As shown the lanes are  (1) insect cell TfR1 pH 7.8 for two 

hours, (2) insect cell TfR1 pH 3.4 for two hours, (3) BHK TfR1 pH 3.4 for two hours, (4) BHK 

TfR1 pH 3.4 for 10 minutes, (5) insect cell TfR1 pH 3.4 for two hours + BHK TfR1 for 10 

minutes, (6) insect cell TfR1 pH 3.4 for two hours + BHK TfR1 and 5µM leupeptin for 10 

TfR1 
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minutes, (7) insect cell TfR1 pH 3.4 for two hours + BHK TfR1 and 2µM leupeptin for 10 

minutes, (8) insect cell TfR1 pH 3.4 for 10 minutes, (9) insect cell TfR1 pH 3.4 and 5µM 

leupeptin for 10 minutes, (10 insect cell TfR1 pH 3.4 and 2µM leupeptin for 10 minutes. MW 

markers are shown to the left of the gel image (kDa). 
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Figure 9: The effect of a highly active preparation of the human TfR1 ectodomain on other TfR1 

preparations, Tf or an IgG. 

Lane 1 2 3 4 5 6 7 8 9 10 

Protein 1 TfR1i TfR1i TfR1i TfR1i TfR1i TfR1i TfR1i - - - 

pH 7.8 4.0 7.8 3.4 3.4 3.4 3.4 3.4 3.4 3.4 

Protein 2 - - - TfR1i Apo-Tf Holo-Tf IgG Apo-Tf Holo-Tf IgG 

Time 1h 1h 10min 

1h + 

10min 

1h + 

10min 

1h + 

10min 

1h + 

10min 10min 10min 10min 

 

 

 

 

 

 

Purified human TfR1 ectodomain (4µg) was placed for various times in Tris buffered saline at 

pH 7.8 or citric-citrate buffer at pH 4 as shown, analyzed by SimplyBlueTM SafeStain of the 

proteins after SDS-PAGE. Lanes are a highly active preparation of TfR1 from insect cells (TfR1i) 

alone or in combination with a less active preparation of TfR1, Tf, or IgG. As shown the lanes 

are  (1) TfR1 pH 7.8 for 1 hour, (2) TfR1 pH 4 for 1 hour, (3) TfR1 pH 4 for 10 minutes, (4) TfR1 

pH 4 for 1 hour + less active TfR1 preparation for 10 minutes, (5) TfR1 pH 4 for 1 hour + apo-Tf 

for 10 minutes, (6) TfR1 pH 4 for 1 hour + holo-Tf for 10 minutes, (7) TfR1 pH 4 for 1 hour + IgG 

for 10 minutes, (8) apo-Tf pH 4 for 10 minutes, (9) holo-Tf pH 4 for 10 minutes, (10) IgG pH 4 

for 10 minutes. MW markers are shown to the left of the gel image (kDa). 
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Chapter 5 

 

Concluding Remarks 

TfR1 has become the primary target of a number of therapeutic agents aiming to curb the 

growth of cancer cells and eliminate them. Cancer is one of the leading causes of death in the 

world, despite worldwide efforts to curb its effects and find a cure. To achieve this, we still 

require a better understanding of the mechanisms by which current and developing therapies 

succeed and fail. This better understanding can then facilitate the rational design of new 

approaches, combinations, or methods that can help curb the mortality of currently incurable 

diseases including multiple myeloma and aggressive lymphomas.  

This thesis proposes TfR1 as a molecular target for future therapies, and outlines the 

mechanism by which these therapies, specifically those based on the targeting of the receptor 

by non-neutralizing agents (such as those derived from 128.1), can eradicate cancer cells. The 

specificity of these therapies could not only increase the efficiency of agents targeting TfR1, 

but could also reduce the harmful side effects currently associated with chemotherapy or 

radiation. In addition, this thesis describes conditions under which the extracellular domain of 

human TfR1 is induced to proteolysis. Overall, this thesis provides new clues into the 

physiology and/or pathophysiology of TfR1, and gives insight into approaches for targeting this 

receptor as a possible therapy of cancer.  

 

 




