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Abstract

The transferrin receptor (TfR) is a membrane protein whose tunction is 1o
deliver transferrin-bound iron into the cell. Erythroid precursor cells and
reticulocytes require huge amounts cof iron for hemoglobin synthesis and express
large numbers of TfRs. However, as the reticulocyte matures into an
crythrocyte, TfRs are lost from the cell, as are a number of other membrane
proteins. Nearly a decade ago, it was shown that TfRs are released from the
sheep reticulocyte in vesicular form (in exosomes) during culture. Exosome
formation may be the mechanism for remodelling of the plasma membrane
during reticulocyte maturation. In this thesis, we determine whether the sheep
reticulocyte has the capacity to sythesize TfRs and whetheyr TfR biosynthesis or
externalization is controlled directly by iron. Although the sheep reticulocyte
incorporates [33S|methionine into the TR, the labelled TfRs are incompletely
glycosylated and are not transported to the cell surface. TIR synthesis is
regulated by heme, rather than directly by iron. Newly synthesized TiRs are not
externalized; however, pulse-chase experiments showed that they are lost slowly
by an iron-dependent mechanisin. Externalization of preexisting TIfRs is
stimulated by hemin but not iron. We propose that hemin catalyzes an oxidative
change in the TfR which may facilitate the removal of the TfR from the
recycling pathway and allow it to be targeted to multivesicular bodies and
ultimately released in exosomes. We suggest that the TfR ectodomain can be
cleaved from the released vesicles and propose that exosomal membranes are the

source of the soluble truncated TfRs found in the circulation,
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Résumé

Le récepteur de la transferrine (TfR) est une protéine membranaire qui a
la fonction de transporter le fer li€ 4 la transferrine & l'intérieur de la cellule.
Les précurseurs érythroides et les réticulocytes ont besoin d'énormément de fer
pour la synthése de I'hémoglobine et contiennent beaucoup de TfRs. Mais quand
le réticulocyte se transforme en érythrocyte, les TfRs disparaissent, ainsi qu'un
nombre d'autre protéines membranaires. 1l y a presque dix ans, il a été
démontré que pendant la culture des réticulocytes de mouton, les TfRs sont
libérés de la cellule sous une forme vésiculaire (dans les exosomes). La
formation d'exosomes peuc €tre le mécanisme pour le remodelage de la
membrane plasmique durant la maturation du réticulocyte, Dans cette these,
nous voulons déterminer si le réticulocyte de mouton a la capacité de synthétiser
les TfRs et si la synthése ou la libération sont affectées directement par le fer.
Bien que le réticulocyte incorpore la [35S]méthionine dans le TfR, les TfRs
marqués som incomplétement glycosylés et ils ne sont pas transportés a la surface
cellulaire. La synthése du TfR est regulée par I'hémin et non directement par le
fer. Les TfRs nouvellement synthétisés ne sont pas libérés; cependant, nos
expériences ont demontré que ces TfRs sont perdus lentement par un mécanisme
dépendant du fer. La libération des TfRs préexistant est stimulée par I'hémin et
non par le fer. Nous proposons donc que I'hémin catalyse un changement
d'oxydation dans le TfR lequel facilite I'élimination du TfR de la chaine de
recyclage et lui permet d'étre ciblé aux corps multivésiculaires et ultérieurement
liberé dans les exosomes. Nous suggérons que I'ectodomaine du TfR peut tre
coupé des vésicules libérées et nous croyons que les membranes vésiculaires sont

sources des TIRs tronqués solubles que I'on retrouve dans la circulation.
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Foreword

Parts of this thesis have alrcady been published ~r submitted for
publication. Chapter 3 (with the exception of section 3.2) and parts of Chapter 4
(including Figures 18, 25, 26, and 28) have been published as a paper with the
title "Maturation-associated loss and incomplete de novo synthesis of the
transferrin receptor in peripheral sheep reticulocytes: response to heme and
iron." [Ahn, J.,, and Johnstone, R.M. (1989) J. Cell. Physiol. 140, 107-118].
Sections 4.1, 4.2, 4.3 (Figure 27), and 4.5 of Chapter 4 have been published as a
paper titled "Intracellular localization of newly synthesized transferrin receptors
in the peripheral sheep reticulocyte" [Ahn, J., and Johnstone, R.M. (1991) Arch.
Biochem. Biophys. 291, 154-160]. Chapter 5 has been submitted under the title
"The origin of a soluble truncated transferrin receptor.” [Ahn, J., and Johnstone,
R.M. (1992)].

The experiment shown in Figure 26 of Chapter 3 was performed by
Claire Turbide and subsequently repeated by me. The data for Table 9 and
Figures 31, 34, and 35 of Chapter 5 were contributed by Francine Nault. The
358 incorporation experiment with chicken reticulocytes (Chapter 4) was

performed in collaboration with Anu Mathew.



viil

Acknowledgments

I am truly grateful to Professor Rose Johnstone for providing me with
excellent supervision and encouragement throughout my graduate training and
showing great interest in my research project. I also wish to thank Professors
Walter Mushynski, Peter Braun, Annette Herscovics, and Rhoda Blostein for
their advice during my thesis research.

My gratitude extends to the following people for providing reagents: Dr.
Prem Ponka for the iron chelators, C.A. Enns for HL60 cells and the TfR
cDNA, J. White for GP4F cells, and R. Reithmeier, J.A. Chasis, D. Wilson, and
T. Yoshimori for the antibodies listed in Materials (section 2.1).

I would like to thank Barry Sleno and Dr. Pedro Romero (of the
Herscovics lab) for being helpful and for the use of their equipment and
reagents, and Maria Jaramillo for help with Northern blots. I thank Anoush,
John, Guorong, Mira, Anu, and Francine for their help on numerous occasions
and for making the lab a pleasant place to work; especially Anu Mathew for
preparing the chicken rzticulocytes, and Francine Nault for preparing the sheep
reticulocytes and periorming many of the experiments in Chapter 5. Special
thanks are due to Claire Turbide who started the synthesis project and taught me
the techniques, and Kathy Teng who produced all the photographs in this thesis.
I also thank Jean-Marc for letting me use the computer and for assembiing all the
copies,

The Medical Research Council of Canada, Fonds pour la Formation de
Chercheurs et I'Aide a la Recherche, and the McGill Faculty of Medicine are
acknowledged for their financial support.

Finally, I wish to thank my parents for their constant support.



1X
Contributions to Original Knowledge

1. The newly synthesized TfR of sheep reticulocytes is incompletely
glycosylated and not expressed at the cell surface. It appears that the reticulocyte
has lost some component(s) of the Golgi complex that is/are required for the
transport of nascent proteins from the ER to the Golgi and between Golgi
cisternae.

2, Unlike the preexisting TfR, the newly synthesized TfR is not
externalized during reticulocyte maturation, but remains in an intracellular
membrane compartment where it is lost slowly (112 ~20 h) by an iron-dependent
mechanism.

3. Hemin stimulates the loss of preexisting TfRs and nucleoside
transporters (NBMPR binding sites) from reticulocytes while increasing the
amount of these proteins and the 70 kDa protein in exosomes that are released
from the cells during reticulocyte maturation. Therefore, heme may accelerate
the maturation process.

4, Although sheep reticulocytes can maintain their ATP levels when
depleted of oxygen, TfRs and nucleoside transporters are not externalized under
this condition, suggesting that there is an absolute requirement of oxygen for
reticulocyte maturation.

5. Truncated non-vesicular TfRs (M; ~80 kDa) are relecased by
cultured human HL60 myeloid cells. A portion of the TfRs released by
reticulocytes may also be truncated.

6. A 17 kDa cytoplasmic domain of the TfR is present in sheep
exosomes, suggesting that soluble truncated TfRs arise from cleavage of

exosomal TfRs.
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Chapter 1 Introduction

The central question under study is what determines the expression or
distribution of specific membrane proteins in the compartmentalized cell, i.c.
how are these proteins directed? This question arises during protein biosynthesis
when nascent proteins are targeted to different destinations, during receptor-
mediated endocytosis when receptors are either recycled or degraded, and during
membrane remodelling associated with cell maturation when sclective proteins
are eliminated. Is the information contained in the structure of the protein?
How do cellular components process this information? Are accessory proteins,
cytosolic factors and/or external factors involved? How is this membranc
trafficking and protein sorting regulated? The transferrin receptor (TtR) has
been studied by many researchers interested in these questions. The TR, whose
function is to transport iron into the cell, is expressed by many different cells
since nearly all cells require iron for the synthesis of a number of important
proteins, including hemoglobin, cytochromes, ribonucleotide reductase, and
catalase. Its biosynthesis, endocytic pathway, and fate during reticulocyte
maturation have been well characterized over the last decade; however, many
questions at the molecular level have yet to be resolved.

A model which can be used to approach some of these questions is the
maturing reticulocyte. The reticulocyte expresses a high concentration of TfRs
but at the same time, its intracellular structure is simplified due to the
maturation-associated reduction in ER, Golgi, mitochondria, and lysosomes. For
this reason, reticulocytes have been used for the study of endocytosis [1-3] and
isolation of clathrin coated vesicles [4,5]. In fact, the existence of TfRs on the
cell surface [6] and the recycling of transferrin (Tf) were first proposed for

reticulocytes [7]. As the reticulocyte matures into an erythrocyte, there is a



Loy,

decline in TfR number [8-12] accompanied by an overall remodeliing of the
plasma membrane and loss of endocytic vesicles. Understanding how TfRs are
processed in these cells will give us insight into the fate of other membrane
proteins which are knowr to disappear during reticulocyte maturation. Although
it is well known that reticulocytes are active in hemoglobin synthesis, their
ability to synthesize and process functional membrane proteins has not been
studied in detail. This thesis examines the biosynthetic pathway for membrane
proteins in the maturing reticulocyte 2ad the possible roles of iron and heme in

TR expression during reticulocyte maturation.

1.1 Erythroid Cell Differentiation

All the highly differentiated cells in a multicellular organism are derived
from a small number of multipotent stem cells, e.g. hepatocytes originate from
liver stem cells and nerve cells originate from nerve stem cells. Multipotent
stem cells have the choice to either proliferate (undergo self-renewal) or
differentiate and become specialized to carry out specific functions. To be
defined as a stem cell, the cell must be capable of self-renewal, i.e. to produce an
exact copy of itself with the same potential to either proliferate or differentiate.
The red blood cell is derived from the bone marrow stem cell (hemopoictic stem
cell) which gives rise to all the blood cells in the circulation (Fig. 1). Less than
1% of the cells in bone marrow are multipotent stem cells which continuously
divide throughout the lifespan of the animal to replenish the blood cell supply
[13]. Thke remainder are precursors and immature cells of the erythroid and
other hemopoietic (white blood cell and platelet) lineages, all of which are
denved from multipotent stem cells. Differentiation involves commitment to a

specific lineage, reduced proiiferative capacity, and the expression of a specific
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Fig. 1. Model of hemopoietic stem cell differentiation

The cell classes indicated within rectangles can be detected by assays for colony
formation. CFU-S, pluripotent myeloid stem cell; BFU-E, eany erythrocyte
progenitor; CFU-E, late erythrocyte progenitor; CFU-M, megakaryocyte
progenitor; CFU-C (also called CFU-GM), granulocyte, monocyte, macrophage
progenitor. Taken from Til' and McCulloch [13].



set of proteins. Protein expression is regulated at many levels, including
transcription and translation of mRNA, modulation of activity after translation,
and protein degradation. The differentiation of bone marrow celis has been
studied extensively and serves as a model for the differentiation of other types of

stem cells.
1.1.1 Erythropoiesis

Erythropoiesis, or the production of red blood cells, takes place mainly in
the bone marrow. Figure 2 outlines the stages of the erythroid cell, a result of
studies aided by several models of red cell differentiation (section 1.1.2). The
stem cells and committed progenitor cells look similar and therefore cannot be
casily identified while the erythroid precursor cells of the next four stages of
differentiation have distinct morphological and biochemical characteristics, The
method used to identify morphologically unrecognizable progenitor cells is the
clonal assay. A single cell when cultured will develop into a colony of several
different cells, many of which will have recognizable characteristics but
restricted proliferative potential. For example, the colony-forming unit (CFU)-
GEMM gives rise to granulocytes, erythrocytes, macrophages and
megakaryocytes [16,17]. The earliest cell to be identified by this specific assay
was the spleen colony-forming unit (CFU-S) for mouse [13] and mix-CFC (or
CFU-GEMM) for man. The burst-forming unit-erythroid (BFU-E) and colony-
forming unit-erythroid (CFU-E) are the erythroid progenitors. BFU-Es
produce large clusters of 8-30 colonies and CFU-Es give rise to 8-50
erythroblasts after several days in culture [18,19].

The growth of erythroid progenitor cells depends on several hemopoietic

growth factors as well as non-lineage specific growth factors [20].
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The morphological and biochemical changes associated with eryhroid cell
differentiation are outlined. Iron uptake is proportional to the number of TfRs
in developing erythroid cells [8]. At least 8-10 ccll divisions take place between
the pronormoblast and reticulocyte stages. Adapted from Koury et al.j14] and

Telen [15].



Erythropoietin is made in fetal liver and adult kidney in response to hypoxia.
Erythropoietin increases the proportion of committed erythroid precursor cells
and accelerates the rate of terminal differentiation. Erythropoietin stimulates
mature BFU-Es or CFU-Es (or more mature cells) but not immature BFU-Es or
undifferentiated stem cells (CFU-S). Recently, TGFa was implicated in the
growth of chicken erythroid progenitor cells {21]. Interleukin-3 and hemin may
also play a role in the growth of erythroid progenitor cells (see section 1.1.2).
The morphologically recognizable erythroid precursors are
pronormoblast (proerythroblast), basophilic normoblast, polychromatophilic
normoblast, orthochromatic normoblast, and reticulocyte (Fig. 2). The
erythroid cell, at each stage of differentiation, is identified by its overall size, the
size of its nucleus, and the expression of specific proteins. TfRs are synthesized
early during erythroid cell differentiation with maximal TfR expression at the
pronormoblast stage [8]. Recently, high numbers of TfRs (106-107
receptors/cell) were found to be expressed on CFU-Es purified from normal
human peripheral blood [22] suggesting that TfR synthesis occurs even earlier.
At the orthochromatic normoblast stage, the nucleus is lost (in mammais)
or inactivated (in chicken). Electron micrographs of the nuclear extrusion
process show the nucleus localized to one side of the normoblast and surrounded
by a portion of the plasma membrane which eventually wraps the nucleus
completely and separates it from the cytoplasm of what will become the
reticulocyte [23]. Since colchicine, a microtubule-depolymerizing agent,
increases the number of normoblasts arrested at the extrusion stage, microtubules
are probably involved in the process [24]. Some membrane remodelling may
take place during enucleation. Most of the sialoglycoproteins and spectrin
remain in the reticulocyte [25] whereas concanavalin A binding glycoproteins are

enriched in the plasma membrane surrounding the nucleus [26,27]. It has been



suggested that these plasma membrane proteins are involved in the recognition of
extruded nuclei by macrophages which leads to degradation of the nuclei.
However, membrane protein profiles of erythroblasts, bone marrow
reticulocytes and erythrocytes from anemic rabbits show that the major change
in the composition of the plasma membrane takes place between reticulocyte and
erythrocyte, i.e. after and not during nuclear extrusion [28]. One would expect
changes to take place at the cell surface as the reticulocyte is released from the
bone marrow environment into the circulation. Loss of the fibronectin receptor
and cell adhesion has been associated with the release of reticulocytes from the
bone marrow into the peripheral blood [29]. Deformability increases as
reticulocytes mature and may also control the release of bone marrow
reticulocytes [24,30).

Cytoskeletal structures including microtubules and intermediate filaments
(e.g. vimentin) are absent in mature mammalian red blood cells. Vimentin is lost
at the early to mid-erythroblastic stage before enucleation [31]. Chicken
erythrocytes, however, retain their microtubules (marginal band) and vimentin
which could account for their ellipsoidal shape.

Before the maturation of reticulocytes is discussed in detail, a brief
description of the models for erythroid cell differentiation wiil be given since

many studies have been carried out using these cells.
1.1.2 Models for the study of erythroid cell differentiation
(@) Normal bone marrow cultures

Normal marrow-derived multipotent stem cells (CFU-GEMM) can be
cultured in semi-solid media using methylcellulose, fibrin or plasma clots, or

agar to maintain the cells in a suspended state and exposed to the required



concentration of nutrients and growth factors. In order to define and
characterize the growth factors and components responsible for colony
formation in vitro, it was necessary to develop "serum-free” cultures with a
defined nutrient medium, a process which has been difficult with these
hemopoietic cell progenitors which have a high serum requirement for optimal
growth. In "serum-free" methylcellulose clonal cultures, both interleukin-3 and
hemin, but not erythropoietin, were required for colony growth [32]. Hemin
also stimulated erythroid colony formation by more mature bone marrow and
fetal liver cells (BFU-Es and CFU-Es) [33,34].

Red cell precursors at defined stages of maturation may be obtained with
relative ease from the circulating blood of developing chick embryos. At day 4,
most of the red cells are polychromatophilic erythroblasts of the primitive series.
At day 10, 25% are mature primitive erythrocytes, 35% are mid- to late
polychromatophilic erythroblasts of the definitive series and 35% are mature

definitive erythrocytes. At day 15, ~75% are mature definitive erythrocytes [35].
(b)  Proerythroblasts from virus-infected mice and chicken

Viral infection can enhance the production of a large homogeneous
population of erythroid progenitor cells. Proerythroblasts from the spleens of
mice infected with the anemia strain of Friend virus (FVA) respond to
erythropoietin by synthesizing erythroid-specific proteins, i.e. hemoglobin,
spectrin, band 3, protein 4.1, and by increasing TfR expression [36].
Enucleation can occur after 48 hrs [14].

The avian erythroblastosis virus (AEV) induces erythroleukemia in
chicken in vivo and transforms chicken erythroblasts in vitro. AEV is a

retrovirus carrying the v-erbA and v-ertbB oncogenes. v-ErbA blocks



differentiation of chicken erythrocytic progenitors at the CFU-E stage. v-ErbB
codes for a mutated form of the EGF receptor which transduces a mitogenic
signal even in the absence of EGF. The homolegous cellular gene is c-erbB
whose product is the receptor for EGF wad TGFa. After examining these virus-
infected erythroblasts, it was found that normal chick embryo bone marrow cells
also express the c-erbB product and require TGFa for growth in culture [21].
The normal cells appeared to be between the BFU-E and CFU-E stages and

differentiated into erythrocytes upon the addition of anemic chicken serum.

(c)  Erythroleukemia cell lines

I. human (K562, HEL)

K562 and HEL cells are erythroid-like in that they can synthesize
hemoglobin and glycophorin A [37]. Induction of hemoglobin synthesis in K562
cells requires the addition of hemin, sodium butyrate, actinomycin D, or
hydroxyurea, and takes 4-5 days for maximum hemoglobin accumulation [38].
The induction is reversible and hemoglobin synthesis ceases upon removal of
hemin [39]. Unlike normal erythroid cells, hemin-induced K562 cells do not
make adult hemoglobin (only embryonic and fetal hemoglobin [et2y2]), do not
express band 3, and do not lose their proliferative capacity. Recently it was
found that anthracycline drugs could act synergistically with hemin to promote
the terminal differentiation of K562 cells [40]. About 40% of these induced cells
developed the morphological characteristics of orthochromatic normoblasts,
including decreased proliferation. However, these cells still could not synthesize
B-globin chains and therefore do not make hemoglobin A (x3B7). Transforming
growth factor-§ (TGF-p) also induces hemoglobin accumulation in HEL and

K562 cells. When both TGF-p and hemin were added to HEL cultures, a
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synergistic decrease in proliferation and increase in glycophorin A expression

was observed [41].

2. murine (MEL)

Friend virus transformed erythroleukemic cells [42] are proerythroblast-
like cells (CFU-E) which are induced to synthesize hemoglobin and differentiate
in the presence of dimethylsulfoxide (DMSQ), sodium butyrate, N-
methylacetamide, or actinomycin D. In DMSO-treated MEL cells, the enzymes
for heme synthesis are fully induced [43] and TfR number and iron uptake
increase {44,45]. Intermediate filaments (vimentin) are found in undifferentiated
cells but decrease in amount during differentiation with DMSO [31]. Four days
after DMSO induction, MEL cells grown in suspension cultures reach the late
erythroblast stage (orthochromatic normoblast) and hemoglobin accounts for up
to 25% of the protein being synthesized. After 4 days, these cells lyse and
therefore do not reach the reticulocyte or erythrocyte stages. MEL cells can be
made to differentiate further and even enucleate if they are induced by DMSO on
fibronectin-coated dishes [46], in the presence of high concentrations of albumin
[47], or in the presence of cytochalasin B [48]. However, only 8% of the induced
cells differentiate completely to resemble erythrocytes [46]. Hemin will also
induce hemoglobin accumulation in MEL cells [49] but unlike DMSO, hemin by

itself will not commit the cells to terminal differentiation.
(d} Reticulocytes from anemic animals

It is very difficult to obtain a homogeneous population of erythroid
precursor cells in large quantities from the bone marrow or spleen unless they
are first infected with a virus. Erythroleukemia cell lines have the advantage of

being easily handled, but these cells, like erythroblasts from FV A-infected mice,



are not normal cells. Of the mod¢ls described above, only MEL cells and
erythroblasts from the spleens of FVA-infected mice terminally differentiate, but
only a small fraction of these cells become erythrocytes. Reticulocytes can be
obtained in a large quantity from the circulation of animals made anemic by
repeated bleeding. Under anemic stress, larger and more immature reticulocytes
are released into circulation (which under non-anemic conditions are found in
the bone marrow), increasing the reticulocyte count from a few % to as much as
30% of the cells in the peripheral blood. These reticulocytes develop into
erythrocytes after two days of culture. The main limitation of using
reticulocytes is that they are at the last stage of erythroid differentiation and one
cannot study events before this stage. However, for the purpose of studying
plasma membrane remodelling, the reticulocyte is an appropriate model, taking

into account that considerable changes occur during reticulocyte maturation.

1.1.3 Reticulocyte maturation

As the reticulocyte matures into an erythrocyte, the cell loses all of its
intracellular organelles, the protein synthetic machinery, some cyinsolic
enzymes, and as already mentioned, selected plasma membrane proteins [50).
The mechanisms used by the reticulocyte to rid itself of these functions are
proving to be fascinating. The emphasis of earlier studies concerning the
expression of proteins (in cells of all types) has been on their syn.:*=sis with little
attention paid to their turnover. More recently, the selective remos - of proteins
has been found to play an important rolc in regulating the number (and hence
activity) of cellular proteins. Proteins can be (1) degraded by ATP-dependent

and ubiquitin-dependent proteolysis, (2) targeted to lysosomes, (3) degraded in
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non-lysosomal compartments (ER?), or (4) extruded from the cell. Each of the

these routes uses a different set of proteins and proteolytic enzymes.
(a)  Mitochondria and other organelles

There are very few organelles in the mammalian reticulocyte compared to
erythroid progenitor cells. Reticulocytes are capable of respiration, synthesis of
membrane-bound proteins, and endocytosis which suggest that they have
mitochondria, ER, and endosomes [50]. There are also morphological data
supporting the existence of residual organelles. Erythrocytes, however, do not
have any intracellular membranes. Only the loss of mitochondria has been
studied in detail. How the other organelles disappear is largely unknown.

The main mechanism for the loss of mitochondria is degradation by a
reticulocyte-specific lipoxygenase [51] and ubiquitin-dependent proteases.
Lipoxygenase is a 78 kDa glycoprotein containing non-heme iron and is the
major non-globin protein synthesized by the reticulocyte [52]. The lipoxygenase
mRNA is transcribed in the normoblast before the loss of the nucleus but the
mRNA is masked and not translated until the late reticulocyte stage. Extrusion

of mitochondria by maturing reticulocytes has also been reported [53,54].
(b)  Protein synthetic machinery

The reticulocyte has proved to be a useful system for the study of
translational regulation of protein synthesis, using either intact cells or cell-free
lysate. Reticulocytes are responsible for 30-50% of the total hemoglobin
synthesis that takes place in immature red cells [55], as well as for the synthesis
of lipoxygenase and other proteins. However, the protein synthetic machinery is

lost during reticulocyte maturation and erythrocytes do not synthesize proteins.
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The total RNA content declines with a half-time of 6-12 h during in vitro
maturation of sheep reticulocytes [56]. Initiation and elongation factors also
appear to he maturation-dependent. Transfer RNAs appear to be more stable
during maturation (t;;2 ~50 h) than the other components an~d probably are not
the limiting factors of protein synthesis [50]. Messenger RNAs have different
stabilities and could determine which proteins are still synthesized in the
reticulocyte. The heme-controlled repressor (HCR) which inhibits initiation of
protein synthesis in reticulocyte extracts is also found in maturc human and
rabbit erythrocytes and has been suggested to play a role in shutting down
protein synthesis during reticulocyte maturation [57]. However, no definitive

evidence to substantiate this view is available.
()  Loss of cytosolic enzymes

The glucose consumption and glycolytic enzymes (hexokinase, pyruvate
kinase, glucose-6-phosphate dehydrogenase) decline during reticulocyte
maturation [58,59]. The several isoforms of hexokinase (Ia, Ia*, and Ib in rabbit
reticulocytes) share similar kinetics, but differ in their intracellular distributions
and rates of loss during reticulocyte maturation [60]. la and Ib are soluble
whereas Ia* is bound to mitochondria. Ia* makes up half of the total hexokinase
in reticulocytes but disappears quickly during reticulocyte maturation. Only Ia
and a small amount of Ib are present in mature erythrocytes. The decay of
soluble but not mitochondrial hexokinase activity was ATP- and ubiquitin-
dependent [59]. The Ia* isoform may become a substrate for this proteolytic
system as the mitochondria are degraded during reticulocyte maturation. Others
[61] found that hexokinase was lost in the absence of ATP and suggested that the

lysosomal proteolytic system was involved. Loss of hexokinase and other
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cytosolic enzymes (glucose phosphate isomerase, glucose-6-phosphate
dehydrogenase) during maturation of sheep reticulocytes was noi ATP-dependent

[62].
(d)  Protein degradation

A nonlysosomal proteolytic system requiring ATP and ubiquitin has been
described in reticulocytes [reviewed in ref. 63]. Ubiquitin is a small, heat-stable
polypeptide (76 amino acids) which is highly conserved between species and
present in all eukaryotic cells. The C-terminal glycine of ubiquitin is covalently
attached to the e-amino group of lysines in proteins to be degraded. The ATP-
dependent attachment of ubiquitin to target proteins is catalyzed by three
cytosolic proteins: ubiquitin-activating enzyme (E1), ubiquitin carrier proteins
(E2), and ubiquitin-protein lyase (E3). Ubiquitin-conjugated proteins are then
degraded by cytosolic proweases. Two large cytosolic proteases which degrade
both abnormal globins (containing amino acid analogues or puromycin) and
normal globin have been purified from reticulocytes [64]. One has a molecular
weight of 1500 kDa and is likely to be a multicomponent enzyme system. This
protease requires ATP and ubiquitin and is inhibited by hemin and NEM. The
second protease has a molecular weight of 670 kDa and is not required for ATP-
dependent proteolysis. Liver and muscle cell extracts also contain enzymes
which conjugate ubiquitin and degrade ubiquitin-protein conjugates, including a
1500 kDa protease [65]. How proteins are specifically recognized for ubiquitin
conjugation is not known.

The ievel of ATP-dependent and ubiquitin-dependent proteolysis declines
during reticulocyte maturation [66]. Erythrocytes contain high levels of

ubiquitin and the amount of ubiquitin-activating enzyme (E1) is comparable to
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that in reticulocytes. The E2 carrier proteins, however, disappear during
reticulocyte maturation and E3 ligase is partially reduced in the erythrocyte [67].
One can restore ATP-dependent proteolysis in erythrocyte extracts by adding E2
and E3. Erythrocytes contain other ligases which attach one or a few ubiquitin
molecules, a step requiring E1. Monoubiquitination of histone and certain
receptors may modify their function in other cells. The function of
monoubiquitinated proteins in erythrocytes is not known. Conjugation of

multiple ubiquitins is necessary for protein degradation [63].
(e¢) Plasma membrane remodelling

During reticulocyte maturation, there is a decrease in the activities of
many plasma membrane proteins (Table 1); however, the anion transporter
(band 3), glycophorin A, and components of the membrane skeleton are retained
by erythrocytes of all species. The different transporters decrease in number as
the need for glucose, nucleosides, and amino acids (especially glycine for heme
biosynthesis) are reduced in the mature red cell. Nat-dependent transport of
glycine [68,69] and Nat-independent exchange diffusion of histidine, methionine,
and leucine [70] decrease during maturation of sheep reticulocytes. Alanine
transport (both Nat-dependent and independent [71,72]) and Na*-independent
transport of lysine and other cationic amino acids [71] also decrease during
reticulocyte maturation but with different schedules. The alanine transporter is
lost much more rapidly than the lysine transporter [71]. The nucleoside
transporter is lost more slowly [69,72,73,99].

The degrees to which these membrane activities decrease is species-
dependent. For example, the pig but not human reticulocyte loses all its glucose

transporters. The pig erythrocyte, however, has nucleoside transporters and uses
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Table 1. Plasma membrane activities which decrease during reticulocyte
maturation
Function Ref.
transferrin receptor 10-12
amino acid transporters 68-72
nucleoside transporter 69,72,73
(NBMPR binding)
insulin receptor 74,75
glucose transporter 76.77
Na,K-ATPase 69,78,378
(ouabain binding)
B-adrenergic receptor 79,80
fibronectin receptor 81
acetylcholinesterase 82

There is a species difference in the loss of certain functions. Human
reticulocytes retain most of their nucleoside and glucose transporters. Pig
reticulocytes also retain their nucleoside transporters. There was no change in
acetylcholinesterase activity during maturation of rabbit reticulocytes [378).
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nucleosides as an energy source [83]. The TfR is a membrane protein which is
lost by reticulocytes of all species [8-12]. In immature red cells, the TiR is
essential for hemoglobin production, but as the cells mature, the need for new
iron disappears and the loss of this protein during maturation thus avoids cellular
accumulation of excess iron which can be toxic. The basis for the selectivity
during membrane remodelling is not known but any mechanism would have to
take into account this selectivity. The differences in quantitative losses between
species would depend on species differences in the proteins or the cellular

machinery which process these membrane proteins.

1.1.4 A mechanism for the loss of membrane proteins during reticulocyte

maturation

Early studies have proposed that internalization of the cell membrane is
associated with remodelling of the plasma membrane during reticulocyte
maturation [84-86]. Spectrin-free invaginations and vesicles formed in the
maturing reticulocyte and it was suggested that these vesicles are exocytosed with
the help of the spleen [25]. With the characterization of proteolytic systems in
reticulocytes, some investigators have suggested that lysosomal proteascs or
ATP- and ubiquitin-dependent proteolysis play a role in the loss of proteing
during reticulocyte maturation. However, no one has, to date, directly shown
that membrane proteins are degraded intracellularly by either of thesc two

proteolytic systems.
(a) TfRs are externalized in vesicular form

Pan et al. [12] raised reticulocyte-specific antibodies in order to follow the

loss of membrane proteins during reticulocyte maturation. Rabbits were injected
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with sheep reticulocytes and the antiserum was absorbed with mature sheep cells.
The major antigen, present on the reticulocyte surface but not on the
erythrocyte, was identified as the TfR.

The TfR is a transmembrane protein which is lost by reticulocytes of all
species and is a useful marker for the study of reticulocyte maturation. Both
functionally active (Tf binding) and structurally intact (antibody binding)
receptors can be measured. The fate of the TfR was followed during in vitro
maturation of sheep reticulocytes and the protein was shown to be externalized
from the maturing reticulocyte in 50 nm vesicles [87,88], later named exosomes.
Rather than budding directly from the cell surface, these exosomes were formed
intracellularly in multivesicular sacs and were released after fusion of the sacs
with the plasma membrane (Fig. 3). Harding et al {89,90] have also demon-
strated a pathway for receptor shedding in rat reticulocytes. The rat vesicles
could also be retrieved by centrifugation of the cell-free medium and were

similar in size to those observed in the multivesicular endosomes (62nm £11 SD).
{(b) Exosomes contain several proteins

Exosomes contain two prominent proteins in equal amounts detectable by
Coomassie blue staining of electrophoretic gels. One protein, the TfR, migrates
as two bands (the reduced monomer at 94 kDa and the residual dimer at 190
kDa). The same pattern is seen when immunoprecipitates of cellular TfR are run
on reducing gels. The cellular and exosomal TfRs have identical
[1251}iodotyrosy! maps [91] and bind transferrin with similar affinities. The only
difference found to date between the cellular and exosomal TfRs is that the
exosomal TfR is a poor substrate for endogenous kinases or exogenous protein

kinase C [92]. TfR immunoprecipitates prepared from reticulocytes, but not
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After internalization of the TfR (T) in coated vesicles, the clathrin dissociates,
resulting in an uncoated vesicle (also called an endocytic vesicle). Instead of
recycling to the cell surface, the uncoated vesicle fuses with other vesicles to
form a large endosome. Vesicles form inside the endosome by budding from the
endosomal membrane. When this multivesicular body (MVB) fuses with the
plasma membrane, its contents (exosomes) are released. Note that the TR in the

exosome has its extracellular domain oriented outward.
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immunoprecipitates from exosomes, could be phosphorylated by protein kinase
C. This observation led to the hypothesis that a structural change in the N-
terminal domain (containing the protein kinase C phosphorylation site) could act
as a signal for routing these TfRs into multivesicular bodies for their subsequent
externalization [92].

The other major protein found in the exosomes is a 71-72 kDa doublet
which has been identified as the clathrin uncoating ATPase from its
immunological properties, iodotyrosyl peptide map and ATPase activity [93].
The 71 kDa polypeptide is probably a cleaved product of the 72 kDa polypeptide
and the 71-72 kDa doublet will be referred to as the 70 kDa protein. Unlike the
TfR, this protein is not exposed at the exosome surface and is not labelled after
surface iodination. As its name implies, the clathrin uncoating ATPase
dissociates clathrin from coated vesicles fol'owing receptor-mediated endocytosis
[94]. It is a member of the 70 kDa family of heat shock proteins (HSP70s) which
behave as molecular chaperones by binding to unfolded proteins and preventing
undesirable interactions or disaggregating abnormal complexes to allow proper
refolding [95]. HSP70s may be involved in the translocation of nascent proteins
into the ER and mitochondria during their biosynthesis [96]. Although the 70
kDa protein does not co-immunoprecipitate with the TfR, it responds similarly to
agents which increase or decrease TER release from cells.

The exosomes contain other proteins Lut in lesser amounts. Activities
which have been detected in the exosomes are phosphatase, cholinesterase,
glucose transport, nucleoside transport, and amino acid transport [77]. All of
these plasma membrane activities are known to diminish during reticulocyte
maturation (Table 1). Lysosomal enzyme activities were also found in the
exosome fraction. Enzymes of cytosolic origin (lactate dehydrogenase, glucose-

6-phosphate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, 6-
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phosphogluconic acid dehydrogenase) or mitochondrial enzymes (succinate
dehydrogenase, monamine oxidase) were not detectable in the exosomes. A
report has appeared suggesting that partially degraded mitochondria are extruded
during maturation of rat reticulocytes {54]. These membranous components
were centrifuged at 12,000g and are distinct from the 100,000g pellet
{exosomes) containing smaller and more uniform vesicles.

The question was asked whether a homogeneous population of vesicles is
released during reticulocyte maturaticn, i.e. whether all these activities are
present in the same exosome or different exosomes carry different activities.
The activities recovered in externalized vesicles are lost from the cell at different
rates, e.g. most of the TfR is externalized in 24 h whereas NBMPR binding sites
and lysosomal activities are lost more slowly with ~50% of the activity
remaining in the cell after 24 h of culture [98,99]. Therefore, exosomes
produced at earlier times would be expected to contain more TfRs and less
NBMPR binding sites. Lysosomal enzymes which have a cellular site of origin
different from that of plasma membrane proteins might be packaged separately.
This was shown to be the case when magnetic beads coated with mouse anti-TfR
antibody were used to separate exosomes containing TfRs from those which did
not contain TfRs [97]. Half of the externalized NBMPR binding sites were in
TfR-containing exosomes. The externalized lysosomal activities (N-acetyl-B-
glucosaminidase, P-glucuronidase), however, were absent from the TfR-
containing exosomes. The 70 kDa protein was also present in the TfR-containing
exosomes. These results show that different exosomes contain a different

mixture of proteins which are shed during reticulocyte maturation.

(¢) Exosome release requires ATP and elevated temperature
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Exosome formation and TfR release by reticulocytes during maturation is
dependent on energy and temperature [91,98]. When reticulocytes are cultured
in the presence of metabolic inhibitors (NaCN, NaF, NapAsO4) which cause
depletion of cellular ATP, or at 4°C, externalization of TfRs is inhibited.
Alkalinizing reagents such as chloroquine and methylamine which inhibit

endocytosis also reduce exosome formation [91].
(d) Exosomes are found in vivo in several species

TfR-containing vesicles have been found in the circulation of anemic
animals of several species, strongly suggesting that this is a process which occurs
in vivo [99]. The presence of the characteristic multivesicular sacs and/or
circulating exosomes has now been demonstrated for nine species of immature
red cells from anemic animals, including man [100]. The anemias in which the
sacs and/or vusicles were detected were naturally occurring (special breeds of
naturally anemic dogs and cats, newborn piglets, and embryonic chicken), or
induced by phlebotomy (rabbit, sheep, rat and man) or phenylhydrazine
treatment (rat and guinea pig). These observations indicate thut exosome
formation is not due to excessive bleeding and the formation of "stress
reticulocytes”.

While mammalian reticulocytes lose all their organelles during
maturation, chicken red cells retain their nuclei and mitochondria. The fact that
embryonic chicken reticulocytes also shed the TfR in vesicles in vivo and in vitro
suggests that plasma membrane remodelling occurs independently of the

mechanism for the loss of intracellular organelles [99].

(¢)  Fate of vesicular TfR and release of a soluble truncated TfR
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The fate of the exosomes after release from the cell is not known, but the
presence of truncated TfRs in the circulation [101,102] has raised the possibility
that TfRs are cleaved from the exosomes following their release from maturing
erythroid cells, The level of serum TfRs is increased in hemolytic and iron-

deficiency anemias and may be used clinically to assess erythropoiesis {103,104).

1.2 Synthesis of Membrane Proteins

Plasma membrane proteins, secretory proteins, and resident proteins of
the ER, Golgi, and lysosome, share a common biosynthetic pathway beforc they
are sorted and localized to their respective membrane compartments. While
membrane proteins remain anchored to the membrane, secretory and lumenal

proteins lose their membrane anchor.
1.2.1 Translocation of nascent proteins into the ER membrane

Membrane proteins have a somewhat hydrophobic sequence (usuvally ~15
amino acids) which signals their insertion into the ER membrane [revicwed in
ref. 105]. This sequence was originally found on the N-terminus of membrane
and secretory proteins and called a signal sequence. As soon as this sequence is
translated, the signal recognition particle (SRP) binds to it and causes a
temporary arrest in translation of the remainder of the protein. The SRP-
mRNA-ribosome complex attaches to the SRP receptor (docking protein) i: the
ER membrane and the SRP dissociates from the signal sequence of the nascent
protein. A major ER protein which can be crosslinked to the signal sequence of
the nascent protein has been identified as the signal sequence receptor (SSR
[106]). The SSR has been suggested to be a component of the protein conducting

channel which mediates translocation of the nascent polypeptide across the ER
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membrane. SRP-independent translocation requiring hsp70 is known to occur
(107).

Integral membrane proteins can be classified into four types depending on
their topology and mode of insertion into the ER membrane (Fig. 4). The
nascent protein may be inserted as a hairpin loop structure with both N and C
termini in the cytoplasm [109]. The transmembrane domains of membrane
proteins which span the lipid bilayer several times may act as start or stop
sequences, mediating translocation into the ER membrane. The majority of
proteins are inserted into the ER cotranslationally. An exception is the
erythrocyte glucose transporter which spans the membrane up to 12 times and
can be synthesized on cytosolic ribosomes and inserted into the ER
posttranslationally in vitro [110].

Processing of the nascent protein is cotranslational. As soon as the - rotein
is inserted into tae ER, high-mannose oligosaccharides are iransferred from
dolichol pre:ursors to asparagine residues in the polypeptide and protein folding
commences. An ER lumen protein, signal peptidase, cleaves the signal sequence

of type 1 proteins.
1.2.2 Processing in the ER

Processing, which normally takes place in the ER, includes the acquisition
of function, proper folding, disulfide bond formation, and subunit assembly.
The ER is also the site of glucosidases and mannosidases which remove the
glncoses and one mannose residue from each oligosaccharide chain (Fig. 5). The
receptors for EGF, insulin, and acetylcholine appear to have a common
mechanism for the acquisition of ligand-binding function which involves

rearrangement of disulfide bonds formed during or immediately after translation
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Fig. 4. Insertion of membrane proteins into the ER membrane

These are the four types of integral membrane proteins as proposed by Singer et
al.[108]. Type I and type II membrane proteins have a single transmembrane
(TM) sequence, but differ in the orientation of their N (amino) and C (carboxyl)
termini. Type III proteins may have their N or C termini on either side of the
membrane. QOut, extracellular or lumenal face of membrane; /n, cytoplasmic

face.
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Fig. 5. Processing of asparagine-linked oligosaccharides

This schematic diagram shows an example of oligosaccharide processing. Key:
Q, N-acetylglucosamine; O, mannose; M, glucose; @, galactose; A, sialic acid;
A, fucose; (1) oligosaccharyltransferase; (2) a-glucosidase I; (3) a-glucosidase
II; (4) ER «-1,2-mannosidase; (5) Golgi o-mannosidase I; (6) N-
acetylglucosaminyltransferase I; (7) Golgi o-mannosidase II; (8) N-acetyl-
glucosaminyltransferase II; (9) fucosyltransferase; (10) galactosyltransferase;
(11) sialyltransferase. Adapted from Komnfeld and Kornfeld [111].

The following inhibitors of oligosaccharide processing are known to act at
the site(s) indicated in parentheses: deoxynojirimycin (2: glucosidase I), castano-
spermine (2,3: glucosidases I and II), deoxymannojirimycin (5: mannosidase I),
swainsonine (7: Golgi mannosidase II).
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[112]. For insulin and nicotinic acetylcholine receptors, acquisition of ligand
binding function takes up to 45 min and precedes subunit assembly. The TtR
also acquires the ability to bind transferrin in the ER [113]. Proteins must be
properly folded and assembled before they can exit the ER [114-121], For
example, secretion of heavy chains of immunoglobulins requires the binding of
light chains before leaving the ER [118]. An ER lumen protein, BiP
(immunoglobulin heavy chain binding protein) binds unassembled heavy chains
and is released when two heavy chains and two light chains assemble [119]. BiP
is identical to grp78, a protein which is induced by glucose starvation and
inhibits glycosylation. BiP also interacts with unglycosylated proteins which are
frequently misfolded. In virus-infected cells, the viral proteins, hemagglutinin
and G protein, must form homotrimers before leaving the ER. BiP can also
associate with hemagglutinin monomers and retain them in the ER until

trimerization [115,120,121].
1.2.3 The Golgi apparatus

Proteins with the proper tertiary and quaternary structure are transported
to the Golgi where they are further processed, concentrated, and sorted.
Transport from the ER to the Golgi and through the Golgi compartments is
mediated by nonclathrin coated vesicles and requires cytosol and GTP [122]. An
N-ethylmaleimide-sensitive fusion protein (NSF) [123,124], SNAPs (soluble NSF
attachment proteins) [125] and small GTP-binding proteins (the rab proteins
[126]) are also involved in vesicular transport. These components were
identified by using cell-free assays to dissect the steps involved in transporting
newly synthesized proteins through the Golgi cisternae. Transport between the

ER and Golgi and from the Golgi to the plasma membrane have also been
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reconstituted in vitro or in semi-intact cells where the cell is broken gently so
that it retains the intracellular structure while allowing soluble factors to pass
freely through the perforated cell membrane.

In the Golgi complex some mannose sugars are removed and sugars such
as galactose and neuraminic acid are attached to the oligosaccharides. These
processed oligosaccharides are resistant to endoglycosidase H (Fig. 5). Other
post-transiational modifications like O-linked glycosylation, acylation,
phosphorylation, and sulfation are known to occur in the Golgi apparatus. Some
proteins may undergo conformational changes during transport through the
Golgi. For example, an increase in accessibility of the cytoplasmic domain of the
G protein to proteases occurs in the trans Golgi after trimerization and may be

of functional significance {127].
1.2.4 Sorting of newly synthesized proteins

Newly synthesized proteins with different destinations must be
distinguished from each other as well as from resident ER and Golgi proteins.
Examples of proteins which are sorted are lysosomal enzymes, lumenal ER and
Golgi proteins, constitutive and regulated secretory proteins, and apical and
basolateral plasma membrane proteins.

The general belief is that most proteins are transported by bulk flow
(default route) to and from the plasma membrane. The rate of bulk flow from
the ER to the cell surface is fast enovgh to explain the rapid appearance of newly
synthesized proteins at the cell surface. Proteins are selectively sequestered from
the constitutive pathway by a signal which is dictated by the structure of the
protein. It appears that all the information pertaining to the protein's destination

is encoded in the primary structure of the protein. The unravelling of sorting
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signals and the machinery which translates these signals into actions is important
for understanding how a cell functions. Several sorting signals are emerging but
very little is known about the mechanism of sorting.

Lysosomal enzymes are usually phosphorylated on terminal mannoses.
Specific receptors which recycle between the trans Golgi and prelysosomal
compartment recognize proteins with the phosphorylmannose and target the
protein to the lysosome. There are two different mannose-6-phosphate
receptors, a 275 kDa cation-independent M6P receptor which also binds insulin-
like growth factor II (IGF-II) and a 46 kDa cation-dependent M6P receptor
[reviewed in ref. 128].

Soluble ER proteins (e.g. the glucose-regulated proteins grp78 |BiP] and
grp94, and protein disulfide isomerase) have a Lys-Asp-Glu-Leu (KDEL)
sequence on the carboxy-terminus which is required for retention in the ER
(HDEL in yeast). Deletion of this sequence from these proteins resulted in their
secretion [129]). Addition of the KDEL sequence to the carboxy-terminus of a
secreted protein, lysozyme, resulted in its retention in the ER [129]. Since ER
lumenal proteins have undergone modifications by enzymes which are localized
in the Golgi, these proteins are first transported to the Golgi [130], then return to
the ER via a putative recycling KDEL receptor [131] or the ERD2 gene product
in yeast [132]. A second mechanism for the retention of proteins in the ER
against a bulk flow is the retention of unfolded and incompletely assembled
proteins in the ER (section 1.2.2 above). Here, the tertiary or quaternary
structure of the protein acts as the signal for ER retention.

Less clear is the nature of the signal for retention of resident Golgi
proteins. The membrane spanning domain (10 amino acids of the lumenal half)
of B-1,4-galactosyltransferase was sufficient to localize most of a hybrid

invariant chain (normally found in endocytic compartment and cell surface) to
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the transGolgi [133]. In addition, a cytoplasmic domain (either
galactosyltransferase or invariant chain) was required for complete retention. In
another study, replacement of the transmembrane domain of
galactosyliransferase with that of the TfR resulted in transport of the hybrid
protein to the cell surface [134]. These results indicate that the membrane
spanning domain is required for Golgi retention.

Secretion of proteins may be constitutive or regulated. Regulated
secretion involves transport of proteins from the Golgi to secretory storage
vesicles and appears to be signal-dependent. There are two models for the
sorting of constitutive and regulated secretory proteins. The receptor model is
analogous to the targeting of lysosomal enzymes. A protein or sortase (like the
mannose-6-phosphate receptor) binds secretory proteins in the TGN and targets
them to a pre-secretory vesicle. The sortase then returns to the TGN. However,
no sortase or pre-secretory vesicle has been found. There is some evidence for
the second model in which regulated secretory proteins are selectively
aggregated in the TGN, A decrease in pH and increase in calcium were
sufficient to trigger the selective aggregation of granins in the TGN [135]. The
granins were thus segregated from the constitutive secretory proteins. If there
are factors responsible for this aggregation, they have not yet been found.

The apical and basolateral surfaces of a polarized epithelial cell may be
considered as two different membrane compartments. Basolateral membrane
proteins are transported directly to the basolateral surface from the TGN.
However, the localization of apical membrane proteins appears to depend on the
type of cell [136]. Apical proteins may be transported directly to the apical
surface (usually in kidney) or they may first be inserted into the basolateral
membrane, then transported to the apical surface by transcytosis (in hepatocytes).

Both direct and indirect pathways may exist in other cells, i.e. CaCo2 cells,
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Once these proteins have reached the correct surface, some proteins may be
stabilized by association with the cytoskeleton or basement membrane, thus
membrane polarity is maintained. Delivery to both membrane domains may be
signal-mediated. There is evidence that targeting of apical proteins depends on a
fumenal signal [137].

It becomes apparent that the number of possible sites of regulation of the
biosynthetic pathway for secretory and membrane proteins is great compared to
that for cytosolic proteins. Although cytosolic proteins must also fold properly,
assemble, and acquire post-transiational modifications to become functional,
these events take place in the cytoplasm without the need for transport between
membrane compartments. Membrane proteins in the ER must fold properly and
subunits must often assemble (in the case of multisubunit proteins) before they
are transported out of the ER. Once the proteins have been transported to the
Golgi, they must be modified and sorted correctly to be expressed at their target
sites. If these requirements are not met, the newly synthesized protein is held up

in an intraceliular pool or degraded in a nonlysosomal compartment [138].

1.3 Receptor Mediated Endocytosis
1.3.1 Internalization and sorting of receptors

Cells take up certain nutrients and respond to growth factors by binding
these ligands to specific cell surface receptors and internalization of the receptor-
ligand complexes. Toxins and viruses also gain entry into the cell by receptor-

mediated endoc, "osis,

(a)  Clustering into clathrin-coated pits
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While the binding of some ligands (epidermal growth factor [EGF],
insulin) to their receptors induces clustering and internalization of the ligand-
receptor complex, others like the TfR and low density lipoprotein receptor
(LDL-R) cluster in coated pits and internalize in the absence of ligand [139-143].
Coated pits occupy 1-2% of the total plasma membrane area but may contain
over 10% of the cell surface receptors [144] (>50% of LDL-Rs on fibroblasts).
Although TfRs do not induce the formation of coated pits [145], they may
promote the formation of lattices (possible precursors to coated pits) since the
number of lattices increased when the TfR was overexpressed in fibroblasts

[146].
(b) Internalization

Internalization of the receptor-ligand complex from the coated pit is rapid
(minutes) and requires ATP [139,147,148]. Comparison of the cytoplasmic
domains of several constitutively endocytosed receptors has revealed that the
signal for rapid internalization may consist of a 4-6 amino acid sequence
containing an aromatic amino acid and a bulky hydrophobic amino acid (e.g.
Y20XRFj3 in the TfR) [149-151]. Equivalent signals from the LDL and
mannose-6-phosphate receptors could be transplanted into the TfR to promote
the rapid internalization of the TfR in chicken embryo fibroblasts [152].
However, the tyrosine internalization signal from the LDL receptor did not cause
rapid internalization of the TfR when expressed in CHO cells, making it possible
that the signal for internalization consists of as many as 27 amino acids in the
cytoplasmic domain of the TfR [153].

Following internalization, the clathrin dissociates from the coated vesicles

and the endocytic vesicle containing the receptor-ligand fuses with the early
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endosome (Fig. 6). The majority of receptor-ligand complexes dissociate due to

the decrease in pH.
(c)  Sorting of receptors and ligands in the endosome

From the early endosome, several routes are possible: (1) Some
receptors (EGF-R, a portion of insulin receptors) and their ligands are targeted
to the lysosome (or some other compartment) where they are both degraded
[154,155]. (2) Other receptors (LDL-R, asialoglycoprotein receptor) recycle to
the cell surface while only their ligands are transported to the lysosome
[156,157]. (3) Two ligands (Tf and hemopexin) remain bound to their receptors
while the iron (of Tf) or heme (of hemopexin) is released in the endosome. Both
the receptor and ligand recycle to the cell surface where the ligand is released
and both proteins are re-utilized [157,158-165]. Recycling receptors can travel
between the cell surface and endosome many times and deliver large amounts of
ligand.

A fraction (5-15%) of some recycling receptors (TfR, M6P receptor,
asialoglycoprotein receptor) may be transported to the Golgi complex before
returning to the plasma membrane. Cell surface TfRs which have been
synthesized in the presence of deoxymannojirimycin (inhibitor of mannosidase 1)
and therefore lacked endo H-resistant sugars acquired terminal sugars when the
cells were re-incubated in the absence of inhibitor [166], suggesting that these
TfRs recycled through the transGolgi. Asialotransferrin was taken up and
resialylated [167]. There are alsc electron microscope and cell fractionation
studies to support the view that the Gelgi or transGolgi network (TGN) are part
of the cell surface receptor recycling pathway [168]. Some TfRs may pass

through multivesicular bodies (MVBs) during their recycling to the cell surface
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[89). These alternate pathways may be involved in regulating the distribution of
receptors at the cell surface and their recycling time.

It appears that the recycling pathway is the default route and receptors,
like the EGF reccptor, which are degraded inside the cell possess & lysosome
targeting signal. The targeting of the EGF-R to lysosomes requires kinase
activity since a kinase-negative mutant recycles to the cell surface for re-
utilization [169]. Unoccupied EGF receptors also undergo recycling. When
specific ~atibodies or crosslinked ligands are added to surface receptors which
are normally recycled, the receptors form dimers which are endocytosed and
degraded inside the cell. When K562 cells were exposed to monoclonal
antibodies, TfRs were redistributed to intracellular sites where they were
degraded [170]. TfRs in mouse lymphoma cells also responded to antibodies by
decreasing cell surface expression and degrading TfRs [171]. Therefore,
recycling of receptors appears to be the default route and those ligands and
receptors which possess a signal (e.g. receptor divalency, kinase activity) are

targetcd for degradation.

1.3.2 Iron Uptaice

Iron is required by all cells since it is a component of many important
enzymes, including ribonucicctide reductase, cytochrome oxidase, peroxidases,
succinic dehydrogenase, aconitase and xanthine oxidase. Iron is required for
heme which itself could have regulatory functions (section 1.4).

Iron (Fe2+ the form used by cells) is never found free in solution at
neutral pH since it would get oxidized to Fe3+. The latter would be rapidly
hydrolyzed or precipitated, forming large complexes that are toxic to cells.

When not incorporated into heme or an enzyme (e.g. list above), iron is bound to
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T, chelated by low molecular weight compounds such as citrate and ATP, or
stored in ferritin. Plants and bacteria wake up iron by absorption of chelated iron
[172]). In mammals, the iron transport protein, transferrin, carries Fe3+ in the
serum and interstitial fluid. Transferrin contains two high affinity iron-binding
sites which are independent of each other and have slightly different affinities for
Fe3+. Bicarbonate or some other anion is required for Fe3+ binding. Iron
binding causes a change in the Tf molecule, making it extremely stable and
resistant to denaturation. Diferric Tf also binds more strongly to its receptor
than apotransferrin [173,174].

Although reticulocytes may take up iron from Tf-bound to Sepharose,
suggesting that Tf does not have to enter the cell in order to deliver its iron
[175,176,86], the established means of iron uptake involves TfR recycling (Fig.
6). There are many microscopic (fluorescent and EM) and biochemical studies
showing that both Tf and its receptor are internalized during iron delivery [158-

164,177].
(@) Recycling of the TfR

The advantages of transporting iron after endocytosis of FeTf over direct
transport of Fe across the plasma membrane should be considered. The process
of clustering and internalization of TfRs concentrates the FeTf in coated pits and
results in compartmentalization of the Tf-TfR in a different environment, i.e. an
endosome with a pH lower than that of the extracellular miliei. The lower pH
plays a significant part during iron delivery [174,178-180] and weak bases
(ammonium chloride or chloroquine) block iron uptake [147..81]). The TfR
appears to have a pH-dependent conformation which alters its affinity for Tf. At

pH 7.4, the affinity of the receptor for FeTf is higher than that for apoTf.
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However, at pH 6.0, Fe is released from Tf and apoTf binds more tightly to the
receptor than at pH 7.4 [173,179]. Therefore, after Fe delivery, apoTf remains
bound to the receptor inside the endosome and recycles to the cell surface where
it is replaced by FeTf [89,160]. Fe transport across the endosome membrane

could also depend on acidification [181].
(b) Release of iron and transport across the membrane

When the Tf-TfR complex reaches an endosome of low pH (<6.5), the
iron dissociates from Tf. The release of Fe is an enrly step in the Tf cycle [182],
occurring within one minute of internalization in reticulocytes [147]. In addition
to transporting the FeTf inside the cell, the TfR appears to have a role in Fe
release. At pH 7.4, Fe binds more tightly to Tf in the presence of TR, but at
low pH, Fe is released 5 times more rapidly from Tf-TfR than from Tf [183].
Therefore, at the cell surface, binding of FeTf to its receptor secures the Fe in
place until it is transported to the endosome, where due to low pH, the Fe is
efficiently released while the apoTf remains bound ‘o its receptor.

After it is released from Tf, the iron must be transported across the
endosome membrane into the cytosol, then transported into the mitochondrion
for heme synthesis. Not much is known about thc steps between the release of
iron from Tf and the incorporation of the iron into heme or ferritin. At some
point, the iron must be reduced and bound to a chelator. It has been proposed
that a reductase/channel in the endosome membrane translocates the iron across
the membrane [184]. Receptors for FeATP have been found on the mitochondria
[185]. Calcium which is required for iron uptake [186,187] may increase

transmembrane iron transport by a mechanism dependent on membrane fluidity
[187].
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(c)  Tf-independent uptake of iron

Cultured cells can oe grown in serum-free medium containing ferrous
sulfate or ferric citrate [188-190]. Iron may be taken up by a saturable transport
system [188] or by non-specific processes such as fluid endocytosis [191].
Normally, less than 1% of the plasma iron is not bound to Tf. However, the
liver may extract iron more efficiently from non-Tf-bound iron (e.g. Fe-
ascorbate) and these sources of iron may be important in patients with iron

overload where as much as 35% of the plasma iron is not bound to Tf [189].

1.3.3 Regulation of Iron Uptake
(@)  Regulation of TfR number by iron

In growing cultured cells, TfR expression is increased by intracellular
iron chelators (picolinic acid or desferrioxamine) [192-195] and decreased by
iron sources (Fe(NHg4)citrate or hemin) [196-199]. The effect of iron on TfR
number is through protein synthesis and is accompanied by changes in the level
of TTR mRNA. There is a 3-fold difference in transcription of TfR mRNA in
cell« treated with hemin or desferrioxamine, but this cannot account for the 25-
fold difference in mRNA levels observed in these cells [202]. It appears that
intracellular iron influences the stability of the TfR mRNA by modulating the
binding of a cytoplasmic protein (IRE-binding protein [IRE-BP] or iron
regulatory factor [IRF]) [200,201] to iron-responsive elements (IREs) in the
mRNA [202]. Iron chelators stimulate binding of the IRE-BP to mRNA 25-fold
and stabilize the TfR mRNA whereas iron salts decrease mRNA binding and
increase degradation of the TfR mRNA [201j. IRE-BP may be 1ihe first

example of a repressor of mRNA degradation. In addition to the five
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homologous palindromic sequences (IREs), a stem-loop structure in the 3'
untransiated region (UTR) of the TfFR mRNA is necessary for the regulation of
TfR mRNA by iron [203].

The iron storage protein, ferritin, is known to be upregulated by iron at
the translational level. An IRE similar to the five IREs of TfR mRNA is found
in the 5' UTR of ferritin mRNA [204] and can compete with the TfR mRNA for
the binding of IRE-BP. Therefore, the synthesis of two metabolically related
proteins, ferritin and TfR, is regulated in a concerted manner (Fig. 7) [205].
Low intracellular iron concentration stimulates high affinity binding of IRE-BP
to the 3' UTR of TfR mRNA and to the 5' UTR of ferritin mRNA. This
stabilizes TfR mRNA so that it is translated into protein which will increase the
transport of FeTf into the cell. Binding of IRE-BP inhibits translation of ferritin
mRNA. At high intracellular iron concentrations, binding of IRE-BP is
prevented, thus TfR mRNA is degraded and TfR synthesis ceases. At the same
time, ferritin mRNA may be translated into protein which will be available for
storage of excess intracellular iron. Recently, an IRE was found in the 5' UTR
of erythroid d-aminolevulinate (ALA) synthase [206], an enzyme required for
heme synthesis. Therefore, the IRE mechanism may regulate iron utilization in
erythroid cells by controlling the translation ALA synthase [207] in addition to
regulating iron uptake and storage.

Cloning of the human IRE-BP cDNA has revealed 30% amino acid
identity with the Krebs cycle enzyme aconitase from mitochondria and
conservation of all 18 active-site residues (208,209]. The 98 kDa IRE-BP may
be the cytosolic aconitase since purified IRE-BP also had aconitase activity [210].
The crystal structure of aconitase has been solved and may provide clues for the
iron-sensing mechanism of IRE-BP. Aconitase contains a 4Fe-4S cluster which

can undergo a reversible conversion to 3Fe-4S (inactive form) in vitro. IRE-BP
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could also have an Fe-S complex containing a labile Fe which can alter the
protein conformation depending on the intracellular iron concentration.

TfR expression in human macrophages may respond differently to iron
since they store large amounts of ferritin, Even though the intracellular iron
coacentration is high, there is translation of TfR mRNA [359]. Lowering the
intracellular iron concentration with iron chelators decreases mRNA levels. It is
not known whether erythroid cells which must accumulate large amounts of iron
for heme synthesis regulate TfR synthesis by the post-transcriptional mechanism
described above. K562 cells have some erythroid characteristics but they are
abnormal and do not terminally differentiate. In undifferentiated MEL cells,
addition of hemin (an iron source) decreased TfI. expression. However, when
MEL cells were grown for 4 days in the presence of DMSQO and hemin, the TfR

binding capacity increased [211].

(b) Regulation of TfR number by the proliferation status or differentiation

level of the cell

Rapidly proliferating cells express high numbers of TfRs and a decrease in
proliferation is often accompanied by a decrease in the number of TfRs. For
example, when HL60 cells are induced to terminally differentiate by the addition
of DMSO or phorbol diesters, cell proliferation decreases and TfRs are lost
[212,213]. TfRs are expressed by activated lymphocytes and lymphoblastoid cell
lines but not by resting lymphocytes [214,215]. Since delction of the 3' UTR of
TfR mRNA does not affect the decrease in TfRs during growth arrest, growth-

related expression of TfRs may be regulated by anuther mechanism, e.g.

transcription [216].
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The number of TfRs in erythroid cells is determined by the stage of cell
differentiation (see Fig. 2), with pronormoblasts expressing 20-fold more TfRs
than reticulocytes [217]. Immature reticulocytes express more TfRs than

reticulocytes at a later stage of maturation.

(c)  Acute regulation of TfRs by growth factors and mitogens: rate of

endocytosis and exocytosis

Growth factors and phorbol esters can infiuence cell surface expression of
TfRs and iron uptake, depending on the treatment and cell type. Insulin-like
growth factor I (IGF-I), insulin, and EGF cause a rapid increase of TfRs at the
cell surface in fibroblasts and A431 cells but do not always increase iron
uptake [218-221]. IGF-I increased surface TfRs in A431 cells by decreasing the
rate of endocytosis [220] while insulin and EGF caused redistribution in
adipocytes and A431 cells, respectively, by increasing the rate constant for
exocytosis [220,221].

Phorbol esters, which are specific activators of protein kinase C, increase
phosphorylation of the TfR [92,226-231] and alter its distribution in some cells
but have little effect on other cell types. In J774 mouse tumour macrophage-like
cells [222], CHO fibroblasts or CHO transfected with human TfR [223], and 3T3
fibroblasts [224,225], phorbol esters (phorbol myristate acetate [PMA]) increased
TfRs on the cell surface by increasing the rate of exocytosis. However, in HL60
cells [226,228], K562 cells [227], and lymphoblastoid cells [229], phorbol esters
decreased the number of TfRs at the cell surface without a change in iron uptake
or total cellular TfR number. PMA did not affect the distribution of TfRs in
primary cultures of normal chick embryo myogenic cells; however, iron uptake

was increased by 15-30% probably due to increased TfR recycling [230]. There
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is only one report where treatment of K362 cells with a phorbol ester produced a
change in the total number of TfRs. TPA (12-O-tetradecanoyl phorbol-13-
acetate) decreased the total TfR content in K562 cells to 10% and this was due to
both a specific decrease in TfR synthesis and decrease in half-life of the TfR
from 15 h to 5 h [231].

The effect of phorbol esters on CHO cells [223] and mouse 3T3 fibroblasts
[224,225] does not require phosphorylation of serine-24 since the expression of a
mutant TfR with Serp4 replaced by a non-phosphorylable amino acid is affected
in the same way as the wildtype TfR. It appears that phorbol esters perturb
endocytosis by another mechanism and not by activating protein kinase C to
specifically phosphorylate the TfR. It has been suggested that phosphorylation of
protein(s) apart from the TfR could regulate TfR internalization in some cells
[223].

Although TfRs can undergo recycling in the absence of Tf, some studies
have suggested, to the contrary, that endocytosis and release of internalized 125-
Tf (especially in cells which express high numbers of TfRs, e.g. K562 cells) is
dependent on the presence of Tf in the medium [36,227,232]. More recent
studies have shown that although Tf is not required for internalization, FeTf can
alter the kinetics of TfR recycline by increasing the rate constants for
endocytosis and exocytosis [233,234]. In cells with more than one route for TfR
recycling, i.e. a fast recycling route between early endosomes and the plasma
membrane, and a slower recycling route which includes multivesicular
endosomes or the TGN, TfRs buund to ligand may have a tendency to recycle
through the faster pathway and show a higher kinetic rate. However, transferrin
is unlikely to play a role in modulating TfR recycling and iron uptake in vivo
since the Tf concentration in serum and tissues is much higher than that required

for saturation of TfKs.



(d)  Efficiency of iron release

Less data are available on the vegulation ¢f iron transport subsequent to Tf
endocytosis. Differentiating MEL ceiis take up iror. more efficiently from Tf
than undifferentiated cells which release part of the internalized iron into the
medium [235]. It has been known for some time that heme inhibits iron uptake
by reticulocytes {236,237], but the mechanism is not entirely clear. At low
concentrations, heme blocks delivery of iron from Tf following endocytosis and
before insertion into protoporphyrin IX [238], but at higher concentrations, it
also inhibits endocytosis of Tf [237,239]. Inhibiting heme synthesis with 4,6-
dioxoheptanocate (DOH) stimulates iron uptake and TfR recycling by
reticulocytes [237,240,241] This increased delivery of iron in the presence of
DOH results in accumulation of intracellular and intramitochondrial non-heme
iron [{237,240,241]. In other cell types, a rise in the level of intracellular iron
would decrease iron uptake by decreasing TfR synthesis. However, in
reticulocytes, free heme regulates iron uptake by acting on preexisting TfRs.
Heme also inhibits iron uptake by DMSO-treated Friend cells [242], and
erythroid cells from fetal mouse and rat liver [237). Hemin does not inhibit iron

uptake by K562 cells [11] and uninduced Friend cells [242].
1.3.5 Structure of the TfR

TiRs from a wide variety of cells have been studied [243-250]. Erythroid
cells (reticulocytes) which synthesize enormous amounts of hemoglobin [245-
2471, placental trophoblasts [248,249] and rapidly dividing cells {250] have a

great demand for iron and express high numbers of TfRs, The TfRs from these
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cells are particularly well characterized and have been puritied using affinity
chromatography and chemical methods [247-249,251,252].

The TfR is a iransmembrane glycoprotein having two identical subunits
(90-100 kDa) which ar~ covalently linked by one or more disulfide bridges
[12,253-256]. Full-length human, mouse, and chicken cDNA clones have been
isolated and sequenced [257-260]. Fig. 8 shows the significant amino acid
sequences and post-translational modifications of the TfR. The human and sheep
TfRs have been shown to be acylated [253,261] but this posttranslational

modification is not required for TfR internalization and iron uptake [262].
(a) Dimerization

The two 90 kDa subunits appear to associate and form dimers even in the
absence of disulfide bonds. When the cysteines at positions 89 and 98 were
changed to serines, the two monomers could be crosslinked suggesting that the
mutant subunits associated as a dimer [263]. Covalent dimerization is not
required for cell surface expression nor Tf binding [256]. Enns et al.[264] found
that during TfR biosyntiesis in A431 cells, intersubunit dimer formation is a
slow event occurring after acquisition of Tf binJing function. Furthermore,
when the extracellular de.nains are removed by trypsin distal to the disulfide
bonds, the 70 kDa truncated receptors form noncovalent dimers [252) and bind
Tf {159,252,255]. Tnerefore, the cywoplasmic and membrane domains and the

disulfide bridges are not required for Tf binding.
(b) Glycosylation

The human TfR has three N-linked oligosaccharides [253,254] as well as
O-linked oligosaccharides [265]). One of the N-linked oligosaccharides is
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Fig. 8. Structure of the human TfR

Of the 760 amino acids of the hurnan TfR, those considered to be of significance
are denoted by their one-letter codes. The disulfide bonds (C+»C) and trypsin
cleavage site (R) are located close to the extracellular/lumenal surface of the
membrane. The YTRF sequence, Serp4 phosphorylation site (S), Cysg2 acylation
site (C), and the three Asn glycosylation sites (N) are conserved in the mouse and
chicken TfRs {252,256-260).
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processed to a complex type oligosaccharide while the other two remain as high-
mannose forms in the mature TfR {253,254]. One role of the oligosaccharides is
probably, as in other membrane glycoproteins, io mediate proper folding of the
protein in the ER and allow its association with other subunits. These steps are
required for transport of the nascent protein through the Golgi and to the cell
suriace. Biosynthetic studies on the TfR support this view., When A431 cells
were incubated with tunicamycin, a drug which inhibits the synthesis of dolichol-
oligosaccharides and therefore inhibits N-linked glycosylation, the
unglycosylated TfR did not form a dimer, did not bind Tf, and was not
transported to the cell surface [266]. In other tunicamycin-treated cells, some
unglycosylated TfR did reach the cell surface, but at a siower rate [253.267], and
was able to form dimers and bind Tf-Sepharose [267,268). These results indicate
that different cells may process unglycosylated receptors differently and/or that
tunicamycin may have secondary effects on some cells.

Inhibitors of oligosaccharide processing, such as castanospermine and
swainsonine which block the removal of terminal glucoses and mannoses,
respectively, have no effect on the transport of TiRs to the cell surface
[264,268]. Therefore, high-mannose oligosaccharides do not have to be
processed to the complex forms for the TfR to be transported to the cell surface.
However, these receptors were reported to have a reduced affinity for Tf |264].
Removal of the terminal sialic acids also appeared to change the affinity of the
TR for Tf [267].

Tunicamycin inhibits the glycosylation of all proteins including resident
ER and Golgi proteins and therefore, it may perturb the entire processing
machinery. If site-specific mutations are made in the glycosylation sites of TfRs,
only the TfR would be unglycosylated. Mutation of the asparagine glycosylation

sites resulted in decreased Tf binding, slower transport to the cell surface, and
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association with BiP [269]. In another stuay, replacement of Asnzs; with a Gin
resulted in cleavage of the TfR to yield a 73 kDa soluble polypeptide which was
degraded with a half-time of 1 h before entering the Golgi {270]. Therefore, the
removal of as few as one N-linked oligosaccharide results in protein misfolding
and a block in the transport of the TfR to the cell surface. In one case, the
misfolded TfR could not bind Tf and in the second case, a protease sensitive site

was exposed.
(c)  Phosphorylation

The TfR can be phosphorylated on a serine in the cytoplasmic domain
[254,271] by cAMP-dependent protein kinase [92] and protein kinase C [92,226-
228,272]. These studies have suggested that phosphorylation of the TfR acts as a
signal to target the receptor to different pools, i.e. between the cell surface and
internal pool of TfRs [239,273] or between recycling and non-recycling pools of
TfRs [271,92]. But more recent studies have shown that mutation of Serps
abolishes phosphorylation without an effect on the rate of TfR nternalization
[223-225,274). Dephosphorylation of the TfR appeared to have nr effect on its
affinity for Tf [267].

1.4 Effect of Heme on Cellular Functions

Heme (ferrous protoporphyrin 1X)! is a structural component of several

important proteins, including hemoglobin and cytochromes. It is also apparent

!'Hemin = ferric protoporphyrin 1X chloride
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from the previous sections that free heme is involved in many cellular processes,
especially in erythroid cells. Heme regulates iron uptake, cell growth, gene

transcription, protein translation, and protein degradation.
1.4.1 Heme biosynthesis

In the liver cell, heme is a negative inhibitor of §-aminolevulinate (ALA)
synthase at the level of (1) transcription, (2) translation, (3) transport of
cytosolic precursors into mitochondria, (4) enzyme activity [38]. ALA synthase,
the first enzyme of the heme biosynthetic pathway, catalyzes the formation of 8-
aminolevulinic acid (ALA) from glycine and succinyl CoA (Fig. 9).

Control of heme synthesis changes during erythroid cell differentiation.
Heme stimulates its own biosynthesis in erythroid precursor cells by increasing
the expression of the enzymes of the heme biosynthetic pathway [43]. In
uninduced Friend cells, as in liver cells, ALA stimulates heme synthesis by
bypassing the rate-limiting enzyme ALA synthase. But in Friend cells induced to
differentiate with DMSO, ALA has no effect since the rate-limiting step in thesc
cells is the utilization of iron from transferrin [275]. Heme synthesis in these
cells and in reticulocytes is stimulated by adding FeSIH which bypasses the
transferrin cycle and provides the cell with larger amounts of iron than that
which is normaily supplied by FeTf [276]. In reticulocytes, hemin inhibits heme
synthesis mainlv by decreasing the rate of iron uptake [238,277] and limiting the
incorporation of iron into protoporphyrin 1X. The activity of enzymes of the
biosynthetic pathway are not affected.

The difference in regulation of heme synthesis in liver and erythroid cells
was somewhat clarified by the discovery of two distinct isozymes of 3-ALA

synthase, encoded by two different genes in chicken and man [206,278]. The
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Fig. 9. Biosynthesis of heme

ALA, 8-aminolevulinic acid; PBG, porphobilinogen; UROQ, urosorphyrinogen
Ill; COPRO, coproporphyrinogen III; (1) ALA synthase; (2) ALA dehydratase;
(3) PBG deaminase; (4) URO decarboxylase; (5) COPRO oxidase; (6)
protoporphyrinogen oxidase; (7) ferrochelatase.

4,6-dioxoheptanoate (DOH) is a specific inhibitor of ALA dehydratase.
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liver enzyme is the constitutive or housekeeping isoform and is subject to
negative transcriptional regulation by heme. Transcription of the erythroid
specific ALA synthase gene is not affected by heme [279]. A sequence similar to
the IRE in ferritin and TfR mRNAs is present in the 5' UTR of the erythroid but
not the housekeeding (liver) ALA synthase mRNA {206,207]. Low iron could
stimulate the binding of a protein (like IRE-BP) and inhibit the translation of the
ALA synthase mRNA, It remains to be determined whether ALA synthase is
still made in the reticulocyte and whether its synthesis is subject to regulation by
iron.

In addition to regulating its biosynthesis, heme regulates its own
degradation by inducing transcription of the mRNA for heme oxygenase, the
enzyme which breaks down heme to bilirubin (20-25 fold in mouse hepatoma
and HL60 cells [165]). However, heme oxygcnase is inhibited by heme in

erythroid cells.
1.4.2 Cell growth and differentiation

Hemin increases the number of erythroid progenitor cells (BFU-E and
CFU-E) in bone marrow and feizl liver cultures and promotes their
differentiation [33,34,280]. Hemin also induces hemoglobin accumulation in the
models described ahove (section 1.1.3). Heme may play a role in the terminal
maturation of Friend ceils, independent of its involvement in hemoglobin
syntucsis [281,282]. Hemin may also have a role in the differentiation of
nonerythroid cells. The addition of hemin induced mouse 3T3 cells to
differentiate into adipocytes [283] ar< increased neurite outgrowths by neurons

[284]. The mechanism: underiying these effects are not known,

1.4.3 Protein translation
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One of the best studied mechanisms of regulation by heme is that of
protein translation. In reticulocyte lysates, hemin is required for the translation
of endogenous and exogenous mRNA [285-289]. In the absence of heme, the
heme-regulated iunhibitor (HRI, elF-2c kinase, or heme-controlled repressor
[HCR]) accumulates [290.291]. HRI phosphorylates the « subunit of elF-2 and
inactivates the initiation factor [292]. When phosphorylated, eIF-2 binds tightly
to the reversing factor (RF or guanosine nucleotide exchange factor), thereby
sequestering it. Since the amount of reversing factor is limited, GTP cannot be
exchanged for GDP and initiation of protein synthesis is inhibited [293]. Hemin
inhibits the autophosphorylation of HRI as well as the activity of HRI after
phosphorylation. Hemin can bind directly to purified HRI [294]. The effect of
hemin on HRI is similar to thiol oxidation by diamide in that hemin promotes
interdisul{ide formation in both unphosphorylated HRI and phosphorylated HRI.
HRI 15 activated by heme deficiency and sulfhydryl reagents (N-ethylmaleimide

or o-iodosobenzoate) which prevent disulfide formation [295].
1.4.4 Protein degradation

While hemin is an inhibitor of ubiquitin-dependent proteolysis [296,297],
it can stimulate the degradation of proteins in the presence of oxygen and a
reducing agent {298]. Hemin catalyzes the production of hydroxyl free radicals
(reduced oxygen species) from hydrogen peroxide by the Fenton reaction: Fe2+
+ HpO» ---> Fe3+ + -OH + OH-, Free radicals can cause oxidation of proteins,
resulting in changes in structure, loss of activity, and increased degradation.
Amino acids susceptible to oxidation are cycteine, methionine, histidine, proline,
arginine, and lysine [299]. Oxidative damage is inhibited by antioxidants and

free radical scavengers such as catalase, superoxide dismutase, and vitamin E.
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Hemin may destabilize interactions between the cytoskeletal and peripheral
membrane proteins underlying the erythrocyte membra.e. Hemin alters the
conformation of purified spectrin and decreases its resistance to proteolysis.
Hemin also alters the conformation of protein 4.1 and weakens spectrin dimer-
dimer, spectrin a-f, and spectrin-protein 4.1 interactions {300]. Chou and Fitch
[301] observed that hemin causes lysis of erythrocvtes by a mechanism not
dependent on free radicals and lipid peroxidation. They suggested that heme
impairs the cation gradient and causes a rapid loss of K* which leads to osmotic
swelling and cell lysis. Sulfhydryl agents (glutathioiz, cysteine, B-

mercaptoethanol) interact directly with hemin and prevent its effects {301,302].

1.5 Purpose of Work

The TfR is a useful tool in the study of a variety of problems: receptor-
ligand interactions, clustering of receptors in coated pits, endocytosis, sorting,
biosynthesis, regulation at the mRNA level, terminal differentiation of erythroid
and leukemic cells. For our study, we adopted the TfR as a model for the
biosynthesis and faic of transmembrane proteins during reticulocyte maturation.

Many cellular functions decrease during reticulocyte maturation such that
they are absent or present in low amounts in the mature erythrocyte.
Intracellular organelles disappear while the protein composition of the plasma
membrane is altered during cell maturation. Reticulocytes still have the protein
synthetic machinery and can make a variety of different proteins; however, the
vast majority of protein synthesis is for hemogiobin which makes up 90% of the
total protein in the reticulocyte. It has been known for some time that
reticulocytes also synthesize a number of membrane-bound proteins [303-306],

but until recently, probes to identify these membrane proteins, such as
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antibodies, were not available. Also, our knowledge of membrane protein
synthesis and processing subsequent to translation on ribosomes has expanded
greatly over the past decade. Unlike cytoplasmic proteins (e.g. hemoglobin),
membrane proteins appear to require translocation into organelles (ER, Golgi)
and vesicular transport before being inserted into the cell membrane. The
purpose of this thesis is to determine whether red cells at the reticulocyte stage
have the capacity to synthesize and fully process membrane proteins. Since most
of these organelles appear to have been lost by the reticulocyte stage, processing
and translocation of newly made membrane proteins to the celi surface might not
be possible. On the other hand, reticulocyies may contain all the necessary
enzymes for post-translational processing although they are not organized into
specific compartments. Using the TfR as an example of a membrane protein, the
questions addressed are the following. (1) Does the sheep reticulocyte have the
machinery to synthesize, glycosylate, and transport a transmembrane protein to
the cell surface? (2) Is TfR expression in the reticulocyte regulated by iron
availability as in other cell types? (3) What i: the fate of newly synthesized
TifRs? Is the fate of the new TfR different from that of preexisting TfRs which
are externalized during reticulocyte maturation? (4) What is the mechanism of
selective loss of membrane proteins during maturation? The effect of hemin on
the level of TfRs (preexisting and newly synthesized) in the maturing
reticulocyte is also examined. From the following study, it can Le concluded that
the maturing reticulocyte is unable to fully process a newly syn‘hesized
membrane protein. Hemin, which stimulates the loss of preexisting TfRs, could
have a inore general effect on the selective loss of membrane proteins during

reticulocyte maturation,
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Chapter 2 Materials and Methods

2.1 Materials

HL60 cells and GP4F cells were obtained from Caroline A. Enns, Oregon
Health Sciences University, Portland, OR, and Judith White, University of
California, San Francisco, respectively. Mouse anti-human TfR monoclonal
antibody which recognizes the exofacial domain of the TfR originated from
James Larrick, Cetus Corp., now at Genentech, Palo Alto, CA. A rabbit
antibody made against twenty amino acids of the cytoplasmic domain {(Alag-
Arga7) of the human TfR was a gift of Dr. Tamotsu Yoshimori, Osaka
University, Japan (present address: Dept. of Physiology, Kansai Medical
University, Japan). Both these antibodies recognize the sheep TfR. Anti-human
band 3 was provided by Reinhart Reithmeier, University of Toronto. (Note:
This antibody did not bind to sheep band 3 protein after the antigen was heated in
the presence of B-mercaptoethanol.) Anti-human glycophorin A was obtained
from Joel Chasis and Narla Mohandas, University of California, Berkeley. Anti-
NSF was obtained from Duncan Wilson and James Rothman, Princeton
University.

Endo H and Bio-Gel P6 (Bio-rad) were gifts of Prof. A. Herscovics, Dept.
of Biochemistry, McGill University. Pyridoxal isonicotinoyl hydrazone (PIH;
gift of Dr. P. Ponka, Dept. of Physiology, McGill University) was dissolved in
0.01 M HCI, diluted with culture medium, then neutralized with NaOH. FePIH
was prepared by mixing equal volumes of 2 mM PiH and 1 mM FeCl3:20 mM
Na citrate and allowing the solution to stand for 30 min at room temperature

prior to use [358]. Hemin and SIH were dissolved in 1 M NaOH, and diluted
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with PBS, pH 7.4. A mM solution of hemin in 0.1 M NaOH gave an Agjo of 4.6
[276].

[35S )methionine (>1100 Ci/mmol), [2-14C]glycine (50 mCi/mmol), D-[2-
3H|mannose (18.5 Ci/mmol), and UDP-D-[6-3H]galactose (20 Ci/mmol) were
purchased from Amersham, Oakville, Canada. Trans 35S-Label
([35S|methionine/cysteine), Na!25], methionine-free MEM, and endo H were
obtained from ICN Flow, Mississauga, Canada. [3H]S-(p-nitrobenzyl)-6-
thioinosine (NBMPR; 23 Ci/mmol) was obtained from Moravek Biochemicals,
Brea, CA. [3H]Palmitic acid (30 Ci/mmol), En3Hance, Protosol, and Aquasol
wcre from Dupont New England Nuclear, Boston, MA. S-MEM, D-MEM,
RPMI 1640, fetal bovine serum, glutamine, non-essential amino acids,
penicillin/streptomycin, trypsin/EDTA were from Gibco, Burlington, Canada.
Dynabeads M-450 were purchased from P&S Biochemicals, Gaithersburg, MD.
Protein A-Sepharose CL-4B, Sephadex G-25, CNBr-activated Sepharose 4B, Con
A-Sepharose, and Percoll were from Pharmacia, Derval, Canada.
Lactoperoxidase, a-chymotrypsin, trypsin, soybean trypsin inhibitor, aprotinin,
PMSF, human Tf, bovine albumin (Fraction V), luciferase (firefly lantern
extract), a-methylmannoside, NBMPR, adenosine, hemin (equine), 4,6-
dioxoheptanoic acid, and Triton X-100 were purchased from Sigma Chemical
Co., St. Louis, MO; 2-deoxy-D-glucose and trifluoromethanesulfonic acid
(TFMS) were from Aldrich Chemical Co., Milwaukee, WI; Hepes and Pronase
were from Calbiochem-Behring, La Jolla, CA; glucose oxidase, inosine,
endoglycosidase F/N-glycosidase were from Boenringer-Mannheim, Dorval,
Canada; heparin was from Organon Teknika, Canada. Deferoxamine was
obtained from Ciba, Dorval, Canada. X-CMAT ARS film was from Kodak
Canada Ltd. Alkaline phosphatase-conjugated goat anti-rabbit IgG and substrates

were from Biorad.
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2.2 Cell Preparation and Culture

Isolaticn of sheep reticulocytes: Adult sheep were bled twice a week and
maintained in an anemic state for ~6 weeks, Animals were injected with 2.5 ml
of an iron-dextran solution (100 mg/ml) twice a week to prevent iron deficiency.
Reticulocytes were enriched by differential centrifugation as described by Fan et
al.[12), Benderoff et al.[68]. Whole blood was centrifuged and washed twice
with 0.9% saline. The cells were transferred to 50-ml tubes and centrifuged at
1600g for 1 h. The top 20% of the cells including the bufiy coat were
transferred to 15-ml tubes and centrifuged for an additional hour. After the
white cells at the top were removed with a Pasteur pipet, the red cells were
fractionated starting from the top. The cells were washed three times in saline.
Any contaminating white cells above the reticulocytes were removed carefully
after each wash. Reticulocytes were counted on methylene blue stained smears.
Those fractions containing 60-95% reticulocytes were used immediately after
isolation or stored overnight in culture medium at 4°C prior to use. The
reticulocytes from certain sheep were more susceptible to lysis after overnight
storage and therefore 50 mM sucrose was included in the storage medium for
these cells,

Preparation of avian reticrlocytes: Fourteen day old fertilized eggs were
cracked open over a sheet of piastic mesh, and the main blood vessel of the
embryo was punctured, allowing the blood to be collected through the mesh.
The blood cells were washed four times with 1% saline containing 0.25%
albumin. The blood from 14 day chick embryos contain mainly reticulocytes of
the definitive series [35].

HL60 cells: HL60 cells, a human promyelocytic cell line, were maintained
between 2x105 and 1.5x106 cells/mi in RPMI 1640 containing 100 units/ml
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penicillin, 100 pg/ml streptomycin, 2 mM glutamine, 10% fetal bovine serum
(complete RPMI). To prepare cells and conditioned medium for measuring
protease activity, HL60 cultures were grown to 106 cells/ml. The cells were
centrifuged and suspended in fresh medium, and the ce!'-free conditioned
medium was concentrated by ultrafiltration (Amicon YM100).

Humgan _blood: Human blood was derived from a hemochromatesis patient
undergoing periodic phlebotomy and was discarded blood from the outpatient
clinic. The heparinized blood was centrifuged and the cell-free plasma was
either diluted 1:1 with saline and centrifuged at 135,000g for 90-120 min to
obtain an exosome pellet or was incubated with iron-core beads crosslinked to
sheep anti-mouse IgG and coated with anti-TfR MAb. The immobilized material
was subjected to SDS-PAGE.

lodination of the Reticulocyte Cell Surface: To obtain a quantitative measure of
the TfR during reticulocyte maturation, red ceils werc iodinated using
lactoperoxidase and glucose oxidase [307]. Before labelling, the cells were pre-
incubated in MEM for 30-45 min to increase surface iodination sites [307]. The
cells were suspended 50% in 2.5 mM PBS, pH 7.4, containing 10 mM glucose, 1
uM KI, and 50 uCi/ml Nal251. After 2 mis, 16 pug/ml lactoperoxidase (40
units/mg) and ! pg/ml glucose oxidase (140 units/mg) were added and the
mixture was shaken gently at room temperature for 15 min. The cells were
washed with cold saline to remove the unincorporated 1231 and cultured as
described below. The radioactivity recovered in the immunoprecipitates of the
released TfR was compared to the amount of immunoprecipitable radioactivity
lost from the cells.

Longterm incubation of red cells: Cells were transferred to a 1 L bottle
containing Eagle's minimal essential medium (for suspension cultures)

supplemented with 0.2 mM nonessential amino acids, 4 mM glutamine, 5 mM
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adenosine, 10 mMi inosine, 200 units/ml penicillin, and 200 pg/ml streptomycin
(complete S-MEM). The bottle was capped with a rubber plug and gassed using
a needle connected to a 95% 03/5% CO; tank. The bottle was rotated slowly in a
37°C incubator.

Isolation of cxosomes: After incubation, cells were centrifuged at 7700g for 8
min at 4°C. The supernatant was removed and re-centrifuged to remove any
remaining cells. The cell-free supernatant from the second centrifugation was
ultracentrifuged at 100,000g for 90 min to pellet the vesicles released during
culture. Alternatively, the vesicles were collected by concentration of the cell-
free supernatant with an Amicon ultrafiltration cell equipped with a YM100
membrane (at a flowrate of ~10 ml/h).

Trypsin treatment of cells: A 20% cell suspension in PBS was incubated with
0.1% trypsin on ice for 30 min, or at 37°C for 10 min, with gentle shaking.
Soybean trypsin inhibitor was then added to achieve 0.5% final concentration.

After 10 min on ice, the cells were washed several times with PBS.
2.3 Incorporation of Labelled Precursors

Measurement of heme synthesis: [2-14C]Glycine incorporation into heme and

protein was measured according to Ponka et al.[276]. A 5% cell suspensicn was
incubated with 10 uCi/ml [2-14Clglycine (50 mCi/mmol) for 1 h in MEM
buffered with 20 mM NaHepes. Cells were washed in ice-cold PBS, pH 7.4,
lysed in 10 volumes of cold distilled water, kept on ice for 20 min, and frozen
overnight. After thawing, 1 ml ice-cold acidified acetone (3% concentrated HCI
in acetone [v/v]) was adued to a 50 ul aliquot of lysate to precipitate the protein.
The precipitate was washed with acidified acetone, dissolved in 1 N NaOH, then

re-precipitated with TCA and collected on Whatman GF/B filters. The filters
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were dried and counted in scintillation fluid (5 g/L PPO, 0.05 g/L POPOP in
toluene). The acetone-soluble heme was precipitated with the addition of 3 ml
water. Seventcen ml of water were added and the heme was collected on a
Millipore 0.22 p nitrocellulose membrane,

Metabolic labelling of sheep reticulocytes: A 10-20% suspension of sheep
reticulocytes was incubated in MEM supolementad with 0.2 mM nonessential
amino acids, 4 mM glutamine, 200 units/ml penicillin, and 200 pg/ml
streptomycin with (1) 70 uCi/ml [3H]palmitate (specific activity: 30 Ci/mmol),
(2) 50-200 uCi/ml L-[35S|methionine (1-1.5 Ci/mmol), or (3) 1.0 mCi/ml D-[2-
3H|mannose (20 Ci/mmol). The duration of incubation is specified in the
legends. The cell suspension was either incubated under a 95% 03/5% CO»
atmosphere or supplemented with 20 mM NaHepes, pH 7.4, and incubated under
air. In cither case, the cells were shaken gently in a 37°C water bath. For chase
experiments, 5 volumes of medium containing 2 mM methionine were added.
The labelled cells were washed with PBS, pH 7.4,

Because reticulocyte preparations may contain some nonerythroid cells
and these might contribute to overall synthesis of the TfR, the contribution of the
nonerythroid cells to isotopic incorporation was examined. For these
experiments, isotonic NH4Cl was used to lyse red cells after a period of
[35S]methionine incorporation. The labelled cells (50 pl) were suspended in 0.25
ml of 0.144 M NH4ClI (containing 3 mM DTT) and 0.03 ml of NH4HCO3 [308].
After 5 min on ice ihe mixture was centrifuged over a 9.25% sucrose cushion at
1600g. White cells should remain intact and pellet through the sucrose while the
red cell ghosts are recovered in the supernatant. Both the red cell lysate and
white cell fractions were immunoprecipitated to measure 35§ incorporation into
the TfR. Under the given conditions, all 35§ incorporation into the TfR was

tound to be due to reticulocytes.
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Total protein synthesis: To determine the incorporation of 33§ into proteins, an
equal volume of cold 10% TCA was added to an aliquot of lysate after incubation
with [33S]methionine. Afier at least 10 min on ice, the precipitate was collected
by centrifugation at 12,000g, washed twice (by suspending the pellet with a glass
rod), and heated for 5 min at 90°C in 5% TCA. The precipitate was then
dissolved in 1 M NaOH., The samples were neutralized by the addition of 2 M
acetic acid and counted in Aquasol. Alternatively, the filter paper disk method
[309] was used. Ten pl of lysate was applied 10 a 1 cm?2 of Whatman 3 MM
paper wiich had been presoaked with 50 pl of a 50X amino acid solution. The
paper was soaked in ice-cold 10% TCA for at least 1 h, washed in 5% TCA,
washed in ether/ethanol, dried and counted in scintillation fluid.

Metabolic labelling of avian reticulocytes: One ml avian reticulocytes were
labelled in 5.0 ml D-MEM containing 50 U.S.P, units heparin, 0.25% bovine
albumin, and 1.0 mCi D-[2-3H]mannose for 4 h at 37°C. The cells were washed
in 1% NaCl, 7.5 mM NaPi, 0.25% bovine albumin, pH 7.4, and lysed in 100
volumes of 5 mM NaPi, 4 mM MgCl;, pH 7.4. Membranes were collected at
7700g and washed twice.

Metabolic labelling of HL60 cells: HL60 cells were washed with PBS and
incubated in complete MEM (107 celis/ml) containing 10 pM methionine, 10%
fetal bovine serum, 20 mM NaHepes, pH 7.4, and 20 uCi/ml |33S]methionine for
1 h at 37°C. The labelled cells were cultured 12-38 h in complete RPMI under
95% 02/5% CO5.

24  Transferrin and NBMPR Binding to Cells and Vesicles

Preparation and iodination of Tf: Sheep Tf (iron-loaded) wus isclated from

plasma as follows [310, 217]. To 800 ml of plasma, 2 ml of 5 mM FeCl3:20 mM

sodium citrate and one-third volume of 0.01 M Tris-1ill, pH 8.8, were added,



62

and the mixwre was stirred for one hour. This mixture was precipitated with
50% ammonium suifate overnight at 4°C, and the soluble fraction was
concentrated to 75 ml in an Amicon ultrafiltration cell (PM30 membrane),
dialyzed against Ho0 and lyophilized. Portions of the dried material were
suspended in Tris-HCI and applied to a Sephadex G-25 column. Fractions
containing Tf (by SDS-PAGE) were dialyzed and lyophilized. The protein was
suspended in H20 and applied to a DEAE-cellulose #52 column. Proteins were
cluted with a 0-0.5 M NaCl gradient and fractions containing Tf were passed
through a second anion exchange column. The purified Tf had an Asgs nm/A280
am Tatio of 0.046. Human Tf was iron-loaded (2 mol Fe3+:1 mol Tf) with an
FeCla:sodium citrate solution (20-fold molar excess citrate) containing 0.6 M
NaHCOs3. After 3 h at room temperature, the solution was dialyzed overnight
against PBS, pH 7.5.

lodination was by tne chloramine-T method [311]. Tf (2 mg) suspended in
40 pl of 50 mM PBS, pH 7.5, was added to 16 pl of PBS containing 3 ug KI and
1 mCi Nal25[. 0.1 mg (10 pl) of chloramine-T was added and the mixture was
left at room temperature for 2 min. 0.5 mg (50 i) of sodium metabisulfite and
0.4 mg (40 pi) of KI were added to stop the iodination, After 5 min on ice, 1251-
Tf was separated from free 1251 by filtration on Sephadex G-25 (PD10 column).
Only fractions containing 100% TCA-precipitable 1251 were used.
Tf binding assay: Total !251-Tf binding to Triton X-100 solubilized cells and
vesicles was measured at room temperature according to Klausner et al.[164] as
modified by Adam et al.[312], Orr and Johnstone [98]. Cells (5 ul) or vesicles
(from 50 pi cells) in 50 pl of PBS containing 0.025% bovine albumin (binding
buffer) were solubilized by the addition of 50 pl of 1% Triton X-100 and
incubated with 2 pg 1251-Tf (2x105 cpm) in a final volume of 250 pl. Iron-

loaded human Tf was added in 500-fold excess to measure nonspecific binding.
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After 20 min at room temperature, an equal volume of 60% saturated
ammonium sulfate, pH 7.0, was added and the mixture was put on ice for 10
min. The Tf-TfR complex was collected on Whatman GF/C filters and washed
with 3 x 4 ml ice-cold 30% saturated ammonium sulfate containing 0.8% bovine
albumin, pH 7.0. The dried filters were placed in gamma tubes and counted for
60 sec. Each sample was prepared in triplicate, two aliquots for total binding
and one for nonspecific binding.

Binding of [3HINBMPR: Equilibrium binding of [3H[NBMPR was measured as
described by Johnstone et al [77]. Membranes or vesicles (100 pg protein) were
incubated with 5 nM [3HJNBMPR (23 Ci/mmol), 50 mM Tris, | mM EDTA, 50
Mg soybean trypsin inhibitor, 6 uM PMSF, pH 7.1, in a final volume of 1.0 ml.
Ten uM unlabelled NBMPR was added to measure nonspecific binding. After 30
min at room temperature, 50 pl of 33 mg/ml y-globulins and 450 pi of 33% PEG
8000 in 50 mM Tris, 1 mM EDTA were added. The mixture was vortexed and
allowed to sit at room temperature for 15 min. Four ml of 8% PEG was added
and the mixture was filtered through Whatman GF/B filters. The filters were

washed once with 4 ml of 8% PEG, dried, and counted in scintillation fluid.
2.5  Transferrin and Concanavalin A -Sepharose Binding

Tf affinity column: Sheep Tf was coupled to cyanogen bromide-activated
Sepharose 4B according to the manufacturer's instructions. The column was
loaded with iron by passing 1 ml of 5 mM FeCl3:20 mM nitriloacetate in 0.6 M
NaHCOj through the column and washed with PBS, pH 7.4, containing 0.2%
Triton X-100. Solubilized membranes (see section 2.7 for solubilization
protocol) were diluted to 1.0 ml in PBS (0.2% TX-100 final concentration) and

mixed gently with 1 ml of Tf-Sepharose 4B for 30 min at room temperature.
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The mixture was poured into a 3-ml syringe, and the column was washed with
0.15 M sodium citrate, pH 5.0, containing 0.2% TX-100 and 50 ug/ml
desferrioxamine, as described by van Driel et al. [251). TfR was eluted with a
solution containing 1 M NaCl, 0.2% TX-100, 20 mM sodium phosphate, pH 7.4.
The eluate was dialyzed overnight ard lyophilized. The dried material was
dissolved in H20 and immunoprecipitated prior to analysis by SDS-PAGE (see
below).

Con A-Sepharose binding: Solubilized membranes (0.2 ml) were mixed with 10
il Con A-Sepharose in Con A buffer (! mM CaClz, 1 mM MgCl;, 0.5 M NaCl,
0.5% Triton X-100, 200 mM Hepes-KOH, pH 7.4) for 15 h at 4°C. The
Sepharose was collected by centrifugation at 4200g and washed three times in
Con A buffer. The proleir;s were eluted by incubating the Sepharose for 15 min
with 0.2 M and 0.5 M a-methylmannoside in Con A buffer. The eluates were
immunoprecipitated for TfR as described below. The material remaining bound
to Con A after the 0.5 M a-methylmannoside wash was heated in sampie buffer

and loaded directly onto the gei for electrophoresis.
2.6  Density Gradient Centrifugation

Percoll gradients: Cells were lysed in 10 volumes of 20 mM sodium phosphate,
pH 7.5, containing 0.1 mM PMSF. After centrifuging the lysate at 800g for 10
min, the top two-thirds of the supernatant was removed, made iso-osmotic with
0.25 M sucrose, and loaded onto 20 ml of 20% (v/v) iso-osmotic Percoll (final
density=1.055 g/ml). The gradient was formed by centrifugation at 43,000gmax
for 1 h. Fractions (1 ml) were removed from the top and either

immunoprecipitated for TfR or assayed for ER and Golgi marker enzymes.
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Galactosyltransferase assay: To measure enzyme activity, S0 fl of the fraction
was incubated with 50 uM (105 dpm) UDP-[3H|galactose, 0.1 mg ovomucoid,
0.5% Triton X-100, 20 mM MnCl,, 25 mM B-mercaptoethanol, 2 mM ATP, 50
mM Tris-HCl, pH 7.4, in a final volume of 100 pl. After 1 h at 37 °C, the
reaction was stopped with 1 ml 10% TCA and left on ice for 30 min. The
precipitated protein was collected on Whatman GF/C filters, washed with 5%
TCA, with ethanol, then dried and counted in scintillation fluid.
Glucose-6-phosphatase: The method of Beaufay et al. {313] was used. Samples
were incubated for 30 min at 37°C in 1 mM NaEDTA, 40 mM sodium glucose-
6-phosphate, 20 mM histidine-HCI, pH 6.5, in a final volume of (.25 ml.
Proteins were removed by TCA precipitation and the supernatant was
transferred to clean test tubes. Phosphate was determined with Molybdate
reagent and reading the absorbance at 660 nm.

NADPH cvtochrome ¢ reductase: Samples were incubated at room temperature
with 50 uM oxidized cytochrome C, 0.25 mM NaCN, 32 mM nicotinamide, 40
mM potassium phosphate, pH 7.4, in a final volume of 1 ml [313]. The reaction
was initiated by the addition of 50 pl of 2 mM NADPH and the absorbance at

550 nm was followed. Cytochrome C (reduced) has an €=29.5 mM-icm-l.
2.7  Immunoprecipitation of the TfR

Preparation of nionoclonal antibodies: The supernatant from hybridoma

cultures was passed through a Protein A-Sepharose column which had been
equilibrated in 50 mM PBS, pH 7.5. The IgG was eluted with 150 mM NaCi, 0.1
M glycine, pH 3.0, into tubes containing 500 mM PBS, pH 7.5, then dialyzed

against water and lyophilized. The IgG was dissolved in PBS containing 10 mM
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NaN3i. Non-immune IgG was purified from the ascites fluid of a mouse which
was not producing immune IgG.

Reticulocyles: Red cells were lysed by osmotic shock [314] in 30 volumes of 5
mM sodium phosphate, pH 8.0, containing 1 mM EDTA and 20 uM PMSF (lysis
buffer). After 10 min on ice, membranes were collected by centrifugation at
30,000¢ for 15 min, washed twice in lysis buffer and once in 20 mM sodium
phosphate, pH 7.0. Membranes were solubilized, with stirring, for 30 min on
ice, in at least 2.5 volumes of a solution containing 1% Triton X-100, 0.2 U/ml
aprotinin, and 20 mM sodium phosphate, pH 7.0. After solubilization, an equal
volume of PBS was added, and the extract was centrifugad at 27,000g for 30 min
to remove undissolved material. The clear supernatant (containing the proteins
from 0.1 ml cells) was incubated overnight at 4°C with 30-50 pg anti-TfR MADb,
then 100 pl of a 20% suspension of Protein A-Sepharose CL-4B in PBS were
added for 3 h at 4°C. The beads were collected by centrifugation at 12000g for
30-60 sec and washed four times in PBS prior to treatment with glycosidases or
SDS sample buffer.

Exosomes: To retrieve the exosome-associated TfR released to the medium (or
to the plasma), the cell-free medium was centrifuged at 100,000g (culture
medium) or 130,000g (plasma) for 90-120 min to pellet any insoluble
(membrane-associated) TfR. The pellet was solubilized with Triton X-100 and
immunoprecipitated as outlined for the plasma membranes. Soluble TfR in the
supernatant (PES) was also immunoprecipitated.

HL60 cells and medium: HL60 cells (~107 cells/ml) were solubilized with 1%
Triton X-100 containing 0.1 mM PMSF and 0.2 Ufii! aprotinin and the lysate
was immunoprecipitated as for red cells (see above). The cell-free culture
medium (with 0.1 mM PMSF added) was fractionated intv an insoluble fraction

(100,000¢ pellet) and soluble fraction (PES) by centrifugation. The PES was
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concentrated 8-10X in an Amicon ultrafiltration cell (YM100 membrane) before

immunoprecipitation.
2.8 Treatment of Immunoprecipitates with TFMS and Enzymes

Trifluoromethanesulfoni¢ acid: After immunoprecipitation, the TfR (~10 pg)
and IgG were eluted from the protein A-Sepharose beads by heating for 5 min at
100°C in 100 il of 1% SDS in PBS. The eluted proteins were treated with 1%
Triton X-100 (800 pl) containing 0.2 U/ml aprotinin and 100 pl of 100% (w/v)
TCA. The precipitate was washed with acetone (-20°C) and dried in a specdvac.
Treatment with TFMS was then carried out according to Edge et al. |315]. To
the dried pellet, 5 pl of anisole was added. The TFMS vial was placed on dry ice
and opened while thawing. Forty-five pl of the newly thawed TFMS was mixed
with the pellet, N; was immediately blown over the mixture, and the capped
tube was put on ice. After 2 h, 0.9 ml of ether (-70°C) was added and the tube
was transferred to dry ice. This was followed by the dropwise addition of 100
pl of pyridine (-70°C). After 10 min at -70°C, the tube was centrifuged,
uncapped, for 15 min at 4°C. The supematant was discarded and the pellet was
dried in a speedvac. The pellet was dissolved in 0.8 ml of 1% Triton X-100,
precipitated with TCA and washed with acetone (-20°7\.

Endo H: TIR bound to protein A-Sepharose was heated at 100°C for 3 min in
100 pul of 50 mM sodium citrate, pH 5.5, containing 0.02% SDS. Endo H (4
mlU} was added to the TfR-protein A-Sepharose suspension and the mixture was
inverted at 37°C for 20-24 h. Fifty pl of 3X concentrated sample buffer was
added, and after heating for 5 min at 100°C, the supernatant was applied to the

electrophoresis gel.
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Endoglycosidase F/N-glycosidase F:  TfR, bound to protein A-Sepharose, was
incubated with 0.2 units of enzyme in 20 mM sodium phosphate, pH 7.0,
contzining 20 mM EDTA for 18 h at 37°C. After the incubation, the beads were
centrifuged and suspended in sample buffer.

2.9  Electrophoresis and Autoradiography

Electrophoresis: Sample buffer (2% SDS, 10% B-mercaptoethanol, 10%
glycerol in 0.0675 M Tris-HCI, pH 6.8) was added to protein A-Sepharose to
elute the bound immunoprecipitates. To prepare membrane suspensions for
electrophoresis, one-half volume of 3X concentrated sample buffer was added.
All samples were heated for 10 min at 100°C for 5-10 min. For nonreducing
gels (where noted), p-mercaptoethanol was omitted from the sample buffer.
Proteins were resolved on 5-15% polyacrylamide gradient gels (except where
noted) using the Laemmli system [316]. Gels were stained with 0.2% Coomassie
brilliant blue R (in 50% methanol, 7.5% acetic acid) and destained in 10%
methanol, 7.5% acetic acid. Carbohydrates were detected with periodic acid-
Schiff reagent [317,318] as follows. The gel was soaked in 10% methanol, 7.5%
acetic acid overnight, then in 10% acetic acid to fix the gel and remove SDS.
The gel was soaked in 0.5% periodic acid (2 h), 0.5% sodium arsenite in 5%
acetic acid (30-60 min), 0.1% sodium arsenite in 5% acetic acid (2x 20 min), 5%
acetic acid (10-20 min), 0.1% sodium metabisulfite in 0.01 N HCI (2x 5 min),
Schiff reagent (overnight). Finally, the gel was washed in 0.1% sodium
metabisulfite in 0.01 N HCI for several hours. To prepare Schiff reagent, 2.5 g
basic fuchsin was dissolved in 500 ml H;O, then 5 g sodium metabisulfite and 50
ml of I N HCI were added. The solution was stirred for several hours and

decolourized with activated charcoal.
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Pepti mapping: Cleveland mapping [319] was performed as follows.
Following electrophoresis and staining, the 94 or 88 kDa (deglycosylated) TtR
band was cut from the gel, washed 2 x 2 min in Buffer A, placed on a 12%
polyacrylainide gel, and overlaid with 10 pg a-chymotrypsin (51 units/mg). The
gel was run at 20 mA until the sample reached the bottom of the stacking gel, at
which point the current was stopped for 30 min. The remainder of the gel was
run at 30 mA,

Autoradiography apd quantitation: Gels were dried under vacuum and exposed
to Kodak X-Omat AR film at -80°C. To detect 3H and 35S labelled proteins, the
destained gels were treated with En3Hance for 1 h, rinsed in water, and soaked in
3% glycerol for 30 min before drying. To quantitate the radioactivity of '251-
labelled proteins, bands were excised from the dried gel and counted in a gamma
counter. Labelled bands from En3Hance-treated and dried gels were excised and
placed in scintillation vials containing 150 pl of water. The cellophane and paper
backing were removed, and 400 pl of Protoss! was added to cover the get picces.
The vials were put in a 37°C incubator for 24 h. Ten ml of Aquasol were added
and the digests were incubated for a further 24 h. The vials were equilibrated at
room temperature before counting. To quantitate stained gels and autorads, an
LXB Ultroscan densitometer equipped with a 2220 recording integrator was
used. Varying amounts of standard proteins (albumin, IgG, or 35S-TfR) in
adjacent lanes were also scanned to assess the linear response of the densitometer.
All data presented as a gel or autorad are representative of at least three
experiments unless noted otherwise.

Immunoblotting:  After electrophoresis, the proteins were electroblotted onto
nitrocellulose membranes in 25 mM Tris, 192 mM glycine, 20% (v/v) methanol
as described by Towbin et al.[320]. The membranes were blocked for 30 min
with 5% skim milk in TBS (10 mM Tris, 140 mM NaCl, pH 7.5), then incubated
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with 0.5 pg/ml anti-human band 3 or anti-glycophorin A antibody overnight at
4'C. The membranes were washed in TBS, blocked, and incubated for 1 h with
goat anti-rabbit IgG conjugated to alkaline phosphatase. The blots were
developed by incubation with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and

p-nitroblue tetrazolium chloride (NBT).
2.10 Bio-Gel P6 Chromatography

Glycopeptides were prepared and separated as described by Romero et
al.[321]. Membranes (from 0.5 ml cells) were extracted successively with
chloroform/methanol (2/1, v/v), three times with water, twice with methanol,
and finally with chloroform/methanol/water (10/10/3). The protein residue was
digested for 40 h at 50°C with 2 mg/ml Pronase in 10 mM Tris-HCI, pH 7.4,
containing 1 mM sodium azide. More pronase was added every 12-15 h. The
resulting glycopeptides were chromatographed on a coiumn of Bio-Gel P6 (1 x
105 cm) in 0.1 M pyridine-acetate, pH 5.0, containing 0.5 mM sodium azide.
The eluate was pooled, dried in a rotary evaporator at 40°C, suspended in 0.5 ml
sodium citrate, pH 5.0, and treated with 20 mU endo H for 22 h at 37°C. The
sample was heated 5 min at 95°C, then reapplied to the column. One mill itre
fractions were collected and aliquots were counted either in Beckmar Ready

Caps (Beckman Instrumentals) or in Aquasol.

2.11 Cell Fusion

Polyethylene glycol-mediated cell fusion: PEG-mediated fusion was carried out
using the method for the production of hybridoma cell lines [322]. 0.1 ml (10%)
labelled reticulocytes and 107 cultured cells were mixed in 1 ml of 45% PEG
8000 in PBS (w/w) for 1 min at 37°C. Nine ml of PBS (37°C) were added

slowly, with stirring, and the cells were incubated for 30 min at 37°C. Unfused
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reticulocytes were removed with 5.0 ml of isotonic NH4C! buffer (0.12 M

NH4Cl, 1 mM NH4HCO3).

GP4F/Reticulocyte Fusion: GP4F cells (2-5 x 105) were plated on 20x100 mm
dishes 2-3 days before the experiment. Cells were washed twice in 5 ml of
serum-free DMEM or PBS, then incubated with 5 ml of 5 pg/ml trypsin and 0.1
mg/ml neuraminidase in DMEM for 15 min at room temperature to activate the
hemagglutinin precursor, HAO [323]. To stop the enzymes, 5 ml of DMEM
containing 10% fetal bovine serum were added, followed by three washes in
DMEM or PBS. Five ml of a 0.2 to 1% suspension of reticulocytes in PBS, pH
7.4, were added to the plates and left for 30 min at room temperature with gentle
agitation every 10 min. Unbound reticulocytes were aspirated off and the plates
were washed 3 times in PBS. To fuse the bound red cells, 10 ml of 10 mM
MES, 10 mM Hepes, 20 mM NaH;POq4, 0.i54 mM NaCl, pH 4.5 at 37°C (fusion
buffer) were added. Control cells were treated with PBS, PH 7.3, instead of
fusion buffer. After 5 min at 37°C, the fusion buffer was replaced with DMEM
containing 10% fetal bovine serum, and the cells were incubated for 60 min at
37°C. The cells were washed twice in cold PBS. Bound but unfused
reticulocytes were removed by a 5 min wash in 3 ml of ammonium chloride
buffer (0.155 M NH4Cl in 10 mM Tris, pH 7.4, mixed 10:1 [v/v] with 10 mM
NH4HCO3 just before use). The cells were washed twice in cold PBS and
harvested by either using a rubber spatula or 0.05% trypsin/EDTA. The cells
were lysed with 10% TCA and the precipitated proteins were collected on
Whatman GF/B fi'ers. The precipitate was washed with 10% TCA, then with

ethanol and counted in liquid scintillation fluid.

2.12 Entrapment of Liver Extracts into Reticulocytes
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Preparation of Golgi-containing extracts: Mouse liver (6.5 g) was homogenized
in 0.25 M sucrose, 10 mM NaHepes, pH 7.4, and centrifuged at 12,000g for 10

min. The supernatant (7.0 ml) was passed through 4 layers of cheesecloth and
centrifuged at 27,000g for 15 min. The resulting supernatant contained 4.7-7.0
nmol/h/ml galactosyltransferase activity.

Entrapment by dialysis lysis and resealing: This method, taken directly from
Magnani et al.[324], was used to entrap enzymes into erythrocytes. A dialysis
bag (Spectra/por 2 molecular porous membrane tubing MW 12,000-14,000)
containing a 30-50% hematocrit of reticulocytes and 0.5 ml liver extract were
put into a 50-ml tube containing 20 mM glucose, 10 mM NaHCO3, 10 mM NaPi,
pH 7.4. The tube was placed on its side and shaken gently on an orbital shaker
for 60 min at 4°C. The lysed cells were removed from the dialysis bag and
placed in a tube, One-tenth of the lysate volume of 10X concentrated resealing
solution (5 mM adenosine, 100 mM inosine, 100 mM sodium pyruvate, 100 mM
glucose, 12% NaCl, 100 mM NaPi, pH 7.4) was added slowly, while mixing.

The resealed ghosts were incubated for 20 min at 37°C and washed in PBS.

2.13  Other Methods

ATP assay: The cellular ATP concentration was determined by the luciferin-
luciferase method [325]. Ten pl cells were centrifuged through 50 pl
dibutylphthalate/900 pl PBS and the supernatant was removed. The cells were
lysed with 110 pl of water and extracted with 80 pl of 10% TCA. After
centrifugation for 2 min, 150 pl of the TCA supernatant was mixed with ATF
buffer (3 ml final volume). The ATP buffer contained 19 parts buffer A (0.1 M
NazHAsQ4.7H70, adjusted to pH 7.6 with H2SO4) and 1 past solution B (0.4 M
MgS04.7H,0) and was mixed just before use. To 0.5 ml of luciferase in a

scintillation vial, 0.2 ml of sample in ATP buffer was added, and the vial was
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counted for 10 sec in a Packard liquid scintillation spectrometer with the
coincidence switched off. An ATP standard curve (log counts vs. log
concentration) was also prepared.

Lactate dehydrogenase: Lactate dehydrogenase was measured by the method of
Nielands [326]. Twenty pl of a 1:30 lysate was incubated in 1.0 ml of 25 mM
Tris-HCl, pH 9.0, containing 1 mM nicotinamide adenine dinucleotide (NAD)
and 12.5 mM lactate. The change in absorbance at 340 nm was monitored at

room teniperature (£=6.22 mM-lcm-1),

Extraction_of glycophorins: Glycoproteins were extracted by the method of

Hamaguchi and Cleve [327]. To 1 volume of membranes suspended in 20 mM
sodium phosphate, pH 7.0, 9 volumes of chloroform/methanol (2/1, v/v) were
added. The mixture was centrifuged at 1600g and the supernatant (aqucous
layer) was dried in a speedvac, dissolved in sample buffer, and subjected to SDS-
PAGE.

Protein determination: Protein was estimated by a modification of the Lowry
procedure for the determination of proteins in membrane samples, using bovine
albumin as a standard. This method includes 1% SDS and replaces the K,Na
tartrate with Na tartrate [328].

Extraction of_total RNA: Cells were lysed in guanidine isothiocyanate and
centrifuged through CsCl at 180,000g for 21 h [329]. The peliet was dissolved
in 0.3 M sodium acetate, pH 5.0, and precipitated with ethanol [329]. The
OD260/OD2gp ratios were read (22.0) to determine purity.

Northern blot analysis: Total RNA was separated on 1.2%

formaldehyde/agarose and transferred to nitrocellulose by capillary action. The
filter was baked for 2 h in a vacuum oven and hybridized with a 2.5 kb
(EcoRV/Xbal) fragment of the TfR cDNA clone, pCDTR-1 [257]. The 32pP-
labelled probe was prepared using the Pharmacia oligolabelling kit.
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RESULTS
Chapter 3 Effect of Hemin and Iron on Transferrin Receptor
Expression

When rtcticulocytes are incubated in vitro, they mature into erythrocytes
(as they do in vivo) by losing the characteristics associated with reticulocytes
[12,68-82). The TfR, which makes up 1-2% of the plasma membrang proteins, is
a characteristic of the reticulocyte but not the erythrocyte |6]. As a result, the
number of TfRs in reticulocytes will largely depend on the maturity of the cells
and be subject to factors which influence the maturation process. Both in vitro
and in vivo, a popuiation of extracellular vesicles can be found that contain TfR
as weil as other activities of plusma membrane origin derived from reticulocytes
[87,90,77]. To obtain a better understanding of the mechanism involved in this
process, we have been studying factors that may influence the rate of reticulocyte
maturation. New protein synthesis is not required for reticulocyte maturation
[Adam and Johnstone, unpublished results], and although maturation can occur in
a chemically defined medium, the presence of serum (2%) increases the rate at
which TfR-containing vesicles are formed [91]. Moreover, both reduction of the
temperature of incubation and lowering of cellular ATP levels reduce the loss of
cellular TfR and the formation of TfR-bearing vesicles [91,98]. These
observations suggested to us that components, other than proteins still synthesized
by the reticulocyte, might play a role in the maturation process.

Heme is known to play an important role in many aspects of reticulocyte
metabolism and its synthesis persists in peripheral reticulocytes [236]. Heme has
been shown to stimulate globin synthesis as well as to inhibit ubiquitin-depcndent
proteolysis [285,286,296,297]. Heme itself, as well as iron, has been implicated

in decreasing the expizcssion of the TfR in cultured cell lines [196-199,330].
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Heme is also an important negative regulator of its own formation by controlling
iron uptake from transferrin in the reticulocyte [236,238]. For these reasons, we
were prompted to examine the influence of heme on the level of TfRs in
maturing reticulocy.cs. In this chapter, we show that heme, not iron, increases
the loss of preexisting TfR. However, heme also stimulates de novo synthesis of
TfR, but the newly formed TfR is segregated from the pool of preexisting TfR,

and its turnover responds preferentially to nonheme iion.
3.1  Hemin and reticulocyte maturation

Hemin stimulates externalization of TfRs during reticulocyte maturation

Figure 10 and Table 2 show that the addition of hemin to the culture
medium increases the rate at which the TfR is lost from the cells. TfR content in
the cells was measured in three ways: 1) 1251-Tf binding to reticulocyte lysaies,
2) immunoprecipitation of the TfR from 125]-surface labelled cells, and 3)
scanning of Coomassie blue-stained gels of immunoprecipitates of total TfR. All
three methods have previously been used to quantify 1fR content in sheep
reticulocytes [331,312]. Because there is variation from day to day (and sheep to
sheep) in the absolute rates at which TfR is lost, it is not possible to compare
precisely any two experiments carried out on different days with different cells.
Therefore, the results are expressed us a percentage of their initial control
values, and the averages are presented. It is evident that the same trends are seen
with all three independent assays.

During maturation of reticulocytes, vesicles are formed that contain the
TiR, and there is a reciprocal relationship between cellular and vesicular TfR
content [331]. Therefore, the presence of hemin in the medium should increase
vesicle-associated TfR. The results in Fig. 10 and Table 3 show that this

prediction is correct. Both !25I-Tf binding and the immunoprecipitates from
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Fig. 10. Hemin stimulates externalization of 1251-TfR

Reticulocytes were iodinated as described in Materials and Methods and
suspended in culture medium containing 20 pM hemin (4) or an equivalent
volume of PBS (-). After 0, 3, 17 h of cuiture, cells were centrifuged, washed
and lysed. TfRs were immunoprecipitated from the cell membranes after
solubilization. The vesicles were coliected by concenirating the cell-free culture
medium (after 17 h) in an Amicon ultrafiltration cell (YM100 membrane), and
the vesicle TfRs were solubilized and immunoprecipitated.



Tabie 2. Effect of hemin on the loss of transferrin receptors during reticulocyte maturation

A. 125-transferrin B. Immunoprecipitation C. Coomassie blue-
binding of 125I-protein stained gel
(% original binding) (% original activity) (% original intensity)
Culture time - Hemin + Hemin - Hemin + Hemin - Hemin + Hemin
Short-term
76 £ 9 (4) 50+ 10(4) 74 £ 16 (3) 39 (1)
(1-5 h)
Long-term
(8-17 h) 50+x9(2) 337 (2) 41 6 (3) 27+9@3) 56+ 20 (2) 275 (2)

Reticulocytes were cultured without or with 20 tM hemin. At the indicated times, an aliquot of cells was used for
1251-Tf binding (A) or immunoprecipitation (B,C) as described in Materials and Methods. To quantitate the loss of
TfR protein in B, cells were iodinated before culturing. The immunoprecipitaied 125I-protein was separated by
electrophoresis, and the excised bands were counted in a gamma counter. In C, the gel of nonlabelled
immunoprecipitates was scanned with a densitome:er. The values represent percent of initial TfR remaining after
culture + SD, where the number of determinations (n) = 3 or 4, or trange, where n=2. 125I-Tf binding has been
corrected for nonspecific binding (<10% cf total).

LL
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Table 3. Effect of hemin on the formation of vesicles containing the TiR
Method - Hemin + Hemin
A. 125]-transferrin binding to vesicles 43,600 131,500

(cpm/vesicles from 109 cells)

B. 125{-]abelled receptor derived from 90 280
125]-surface labelled cells
(cpm/vesicles from 109 cells)

C. Coomassie blue stains of TfR 0.20 0.73
immunoprecipitates from vesicles
(relative density)

The cell-free medium after 18-24 h culture without or with 20 uM hemin was
centrifuged at 100,000g or filtered under pressure. The T{R in the vesicles was
measured by the three methods described in Table 2. Shown are typical results
for each method, which was performed at least three times.

125]-surface labelled cells are elevated in vesicles from cells cultured with hemin,
Hemin has no direct effect on Tf or antibody binding (not shown). Replacement
of hemin by FePIH or FeSiH [358,276], comrounds which are known sources of

iron for heme synthesis, does not appear to influence TfR loss (Fig. 11).

Hemin stimulates externalization of nucleoside transporters

A number of other membrane-bound cellular activities, including the

nucleoside transporter, decrease during sheep reticulocyte maturation. The latter
transporter is frequently assayed by equilibrium binding of the nucleoside
analogue NBMPR [73]. To test whether heme has a similar effect on maturation-

associated loss of the nucleoside transporter, we examined the effect of hemin on
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Fig. 11. Iron has no effect on externalization of preexisting TfRs

After incubation of reticulocytes for 18 h, with the additions below, plasma
membranes (lanes 1-4) and exosomes (lanes 5-9) were harvested,
immunoprecipitated, subjected to SDS-PAGE, and stained with Coomassie blue.
Both dime: (186 kDa) and monomer (94 kDa) of the TfR are shown. The other
two bands are characteristic of IgG. (1,6) 20 uM hemin; (2,7) 100 uM SIH;
(3,8) 100 pM FeSIH; (4,9) 100 uM FeSIH + 1 mM DOH (inhibitor of heme
biosynthesis); (5) no additions.
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the loss of cellular NBMPR binding and its appearance in vesicles. The results
show that greater NBMPR binding is recovered in the vesicles from hemin
supplemented cultures and that cellular loss of binding is increased by hemin
(Table 4). Lactate dehydrogenase levels do not change during maturation of
sheep reticulocytes and the cellular levels are not influenced by hemin (activity =

1.2 £ 0.3 nmol/min/107 cells before and after culture + heme).

Table 4. NBMPR binding to cell membranes and vesicles from reticulocytes

cultured without and with 20 pM hemin

Membranes Vesicles
Culture time (cpm/107cells) (cpm/107 cells)
(h) - Hemin + Hemin - Hemin + Hemin
0 450+70(3) 405+30(2)
17-22 36217 (3) 260 + 20 (3) 30+ 6(3) 68 £ 15 (3)
43 2759 (2) 164 = 8 (2) 40 £ 4 (2) 66 + 3 (2)

Following culture, membranes were prepared from the cells, and vesicles were
isolated from the medium by centrifugation. Washed membranes (~150 pg
protein) or vesicles (~50 yLg protein) were incubated with 5 nM [3BH]NBMPR
(specific activity 50 dpm/fmol) for 30 min at room temperature in Tris-citrate
buffer, pH 7.1, containing 1 mM EDTA. Nonspecific binding (<15% of total
binding) was measured in the presence of 10 uM unlabelled NBMPR. The values
have been corrected for nonspecific binding. The means of two (2) or three (3)
separate experiments, each done in duplicate, are shown, along with the range (2
experiments) or £SD (three experiments).
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It is unlikely that the efficts of hemin on the protein content of the vesicle
pellet are due 1o hemin's hemolytic effect on red cells [301]. If some lysis had
occurred and contaminating plasma membranes accounted for the increased TfR
in the 100,000g pellet, proteins characteristic of the plasma membrane would be
detected in the pellet. The data (Fig. 12) show that with hemin there is an
enrichment of the two major polypeptides characteristic of vesicles, the overall
protein pattern being very different from that reported for the sheep plasma
inembrane |[77]. Furthermore, control experiments have shown that most
(~80%) of the plasma membranes released by cell lysis would have been
retricved by centrifugation at 7700g and thus could not account for the increased
loss in cellular TfR seen with hemin. Direct measurements of cell lysis (loss of
hemoglobin and lactate dehydrogenase) after culturc with or without hemin also
showed that overall lysis is under 10% and insufficient to account for tne
increased losses of Tf and NBMPR binding during incubation. Unlike other
reports [301,332}], hemin did not cause cell lysis in our culture system probably
because sheep reticulocytes are less susceptible to hemolysis compared to
erythrocytes and our culture medium contained cysteine and other compounds
which are known to prevent cell lysis [301,302). When reticulocytes were
incubated with hemin in PBS (the buffer used by others [301,332]), we also

observed significant cell lysis.

Differential loss of heme and globin synthetic capacities

Since reticulocytes undergo maturation in the absence of exogenous
hemin, the cells either maintain a sufficient level of intracellular heme or heme is
not absolutely required for maturation. A smali pool of free heme is known to
exist in reticulocytes [333]. This free heme may have a role during reticulocyte

maturation. To determine whether sheep reticulocytes still synthesize heme, the
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Fig. 12. Protein composition of vesicles derived from cells cultured with
and without hemin

Reticulocyies (0.3 ml packed cells) were cultured with (+) or without (-) 20 uM
hemin at 37°C. After 18 h, the cultures were centrifuged twice at 7700g. The
cell-free medium was then centrifuged at 100,000g, and the resulting vesicle
pellet was dissolved in SDS sample buffer for electrophoresis. Molecular weight
markers (st) at left are 94,000, 67,000, 43,000, 30,000, 20,100 daltons.
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incorporation of [2-!4C|glycine into heme was measured in cells after different
times of incubation. After 2 h, the amount of heme synthesized is 65% of the
initial level of synthesis while globin synthesis has fallen to ~20% (Table 5).
Therefore, heme synthesis falls off less rapidly than globin synthesis, and the
heme in excess of that bound to globin would exist as free heme and could

influence the rate of maturation.

Table 5. Differential loss of heme and protein synthesizing capacity during
reticulocyte maturation.

37°C Incubation 14C - Heme 14C - Protein
(h) cpm/107 cells % Original cpm/107 cells % Original
0 15,000 100 62,300 100
0.5 16,700 111 41,300 66
1 12,600 84 19,800 32
2 9,800 65 9,400 15
4 5,900 39 6,500 11

Reticulocytes were cultured for the indicated times before labelling with [2-
14Clglycine for 1 hour. Heme and protein were separated in acidified acetone
and processed as described in Materials and Methods. The values are from a
typical experiment and are representative of four experiments.
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3.2  Oxygen is required for maturation-associated loss of membrane functions

Since henan has been implicated in the formation of oxygen free rudicals
and the oxidation of proteins {298,295], we: asked whether the mechanism for the
externalization of membrane proteins during reticulocyte maturation involves an
oxidative modification catalyzed by hemin. If oxidation is required, depleting
the culture medium of oxygen should inhibit the maturation process. Fig. 13
shows that cells cultured under 5% CQ032/95% N» do not relcase their TtRs in
exosomes. When cells incubated anaerobically overnight are returned to an O;
atmosphere, they release their TfRs, showing that the effect of O2 deprivation is
reversible (data not shown). Externalization of NBMPR binding sites is also

inhibited by oxygen-depletion (Table 6).

Table 6. Effect of oxygen depletion on loss of NBMPR binding

97) N2
Original membranes 100
Membranes after culture 604 94+ 12

Reticulocytes were cultured under 5% CO72/95% O3 or 5% CO72/95% N, for 18
h. Cells were collected and membranes were prepared. Vesicles were harvested
by centrifugation. NBMPR binding was measured as in Table 4. Results are
expressed as % of original activity + SD, where n=3.
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Fig. 13. Oxygen is required for TfR externalization

Reticulocytes were cultured for 18 h with (+) or without (-) Oz and in the
presence of 2 mM 2-deoxyglucose (DOG) or I mM ascorbate where indicated.
For anaerobic cultures, the medium was gassed with 5% CQ2/95% N before and
after adding the reticulocytes. After culture, an aliquot of cells was extracted
with TCA for ATP det~rmination. The ATP values are given below each culture
condition. The remainder of the cells were solubilized in Triton X-100 and used
to immunoprecipitate TfRs. The cell-free culture medium was centrifuged at
100,000g and TfRs were immunoprecipitated from the exosomes. The gei was
stained with Coomassie blue. Also shown are molecular weight markers (far
left) and TfRs from reticulocytes before culture (original cells). The results
with anaerobic cultures represent four experiments; the results with 2-
deoxyglucose and ascorbate are representative of two experiments,



86

To show that the effect of oxygen-depletion is not due to a decrease in
ATP, which is rcquired for TfR externalization, the ATP concentration in the
cells was measured after culture. There is no difference in the ATP level in cells
cultured with or without Oz (Fig. 13). Reticulocytes, like erythrocytes which
lack mitochondria, can therefore maintain intracellular ATP through glycolys:s.
TfRs were externalized even when the cellular ATP concentration was lowered
to less than 507% of the control with 2-deoxyglucose. This is in agreement with
Pan and Johnstone [91], who found that a substantial decrease in ATP (>90%)
must be achieved in order to inhibit the externalization of TfRs. A related ATP-
dependent process, endocytosis of TfRs, was not inhibited until there was a large
drop in the cellular ATP concentration [148].

A variety of antioxidants and free radical scavengers (vitamin E,
ascorbate, y-hydroxybutyrate) were tested for their ability te inhibit TfPR

externalization. Only ascorbaie seems to have an effect similar to O deprivation

(Fig. 13).
3.3  Hemin stimulates TfR synthesis

In view of the effects of hemin on the loss of specific membrane proteins,
particularly the TfR, we examined whether hemin influences de novo synthesis
of the TfR in sheep cells. Reticulocytes from only one species (rabbit) have, to
date, been shown to retain the capacity to synthesize the TfR [334].

In sheep cells, the addition of hemin has a pronounced stimulatory effect
on 358 incorporation into the TfR parallel to its effect on total protein formation.
The increase in 35S incorporation into the TfR is duz to hemin and not to a
change of celfular iron (Fig. 14). Whereas FePIH does increase de novo

receptor formation (Fig. 14, l2ne 3), its effect is less than that of hemin (Fig. 14,



87

300

250 1

2004

150

100 T Sl pils | S | R S -

% OF CONTROL

50 1

Fig. 14. Regulation of TfR synthesis by heme

Reticulocytes (2x10% cells) were incubated in 2.0 ml methionine-free media
containing (1) no additions (zontrol), (2) 1 mM PIH, (3) 1 mM FePIH, (4) 20
UM hemin, (5) 1 mM PIH plus 20 pM hemin, (6) 0.5 mM DOH, (7) 0.5 mM
DOH plus 1 mM FePIIH, or (&) 0.5 mM DOH plus 20 uM hemin. After 30 min,
20 uCi (358 methionine (1000 Ci/mmol) were added, and the cells were incubated
for a further 2 h at 37°C. Receptor synthesis was compared by measuring the
radioactivity in the 94 kDa (monomer) and 186 kDa (dimer) bands after
clectrophoresis of the immunoprecipitates. Synthesis is expressed as percent of
control (1). The data are averages (xSD) of three separate determinations,
except columns 5 and 8, which are single determinations.
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lane 4) and can be blocked if heme formation is inhibited by 4.6-dioxoheptanoate
(DOH; Fig. 14, lane 7). DOH alone alse inhibits TfR synthesis (Fig. 14, lane 6),
but the inhibition is overcome by hemin (Fig. 14, lane 8). Similar results were
obtained when FePIH was replaced by sheep Tf (not shown). These results
suggest that sheep reticulocytes do not synthesize enough heme to maintain
maximal protein synthesis. In contrast, the addition of hemin to rabbit
reticulocytes [334] did not stimulate either global protein synthesis or TfR
synthesis when iron was available in the form of FeTf. The role of heme in
stimulating TfR synthesis in rabbit reticulocytes was deduced from the inhibitory
effect of DOH [334].

Duing incubation of sheep reticulocytes, the presence of hemin in the
medium does not prevent the loss of the capacity to synthesize the TfR, although
more 35§ incorporation is seen at any time if hemin is present (Fig. 15). The
rate of decay of total protein synthesis as well as TfR synthesis in sheep cells is
similar to that described by others for rabbit reticulocytes [285,51,334] if their
data are expressed as in Fig. 15. It appears that incubated reticulocytes lose
components of their protein synthetic machinery and this loss cannot be
prevented by the addition of hemin. In contrast to the above studies, Schulman
[335] found that rabbit reticulocytes after a 20 h incubation were capable of
synthesizing protein at initial control levels when supplemented with exogenous
hemin and concluded that the heme synthesizing capacity is lost before the
protein synthetic capacity during reticulocyte maturation. This would mean that
the initiation factor eIF-2 (the site of inhibition in heme-depleted medium) and
other components of the protein synthetic machinery are present in 20 h
incubated reticulocytes. The difference in these results could be due to an age
difference in the rabbit reticulocytes used by Schulman [335] and sheep

reticulocytes,
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Fig. 15. Effect of hemin on the loss of total protein and TfR synthesis

during in vitro incubation of sheep reticulocytes

Reticuiocytes were preincubated for 30 min at 37°C without (0) ot with (e) 10
UM hemin. At the indicated times, 2x10% cells were labelled with
[35S]methionine for 90 min at 37°C, also in the absence (o) or presence (e) of
hemin. Total protein synthesis (A) was measured by 35S incorporation into TCA
precipitates.  TfR was immunoprecipitated and electrophoresed as described
under Materials and Methods. The autoradiogram was scanned with a
densitometer to measure receptor synthesis {(B). Shown is a typical experiment,
which was performed three times.
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The rapid loss of the ability to synthesize TfRs may or may not be due to a
depletion of TfR mRNA. To follow the rate of loss of TIR mRNA, Northern
blot analysis was performed on total RNA isolated from reticulocytes before and
after increasing periods of culture. A transcript of 5 kb was detected in fresh
sheep reticulocytes using a human TfR ¢cDNA probe [257], but the amount of
message in the cell varied considerably after the reticulocytes were incubated at
37°C (data not shown). This was probably due to the very low level of TfR
mRNAs and their increased susceptibility to degradation in incubated
reticulocytes. The amount of total RNA isolated by the guanidine isothiocyanate
method after increasing times of incubation agreed with previous Azg0
measurements of reticulocyte extracts [331], decreasing with a tj;2 of 6-12 h

during maturation.
3.4 Iron stimulates loss of newly synthesized TfRs

In contrast to preexisting TfR, the rate of loss of 33S-labeiled TR from
the cells is predominantly increased by iron. The data in Fig. 16 show that
FePIH, even in the presence of DOH, is more effective than hemin in stimulating
loss of 35S-TfR during longterm incubation. Furthermore, the 358-TfR is not
externalized (Fig. 17). It is evident from Fig. 17 that, after 18 h of incubation,
more than 50% of the initial 35S-TfR is still cell-associated. In contrast, earlicr
studies as well as the data in Table 2 and Fig. 17 indicate that the preexisting T{R
is lost from the cell with a half-time of 6-12 h [87,331]. The different fates of
the newly formed and preexisting TfRs and their differential responses to iron
and hemin prompted us to determine what differences exist between these TfRs.

The following chapter examines these differences.
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Fig. 16. Nonheme iron stimulates loss of 35S-TfR

A 10% suspension of ~80% reticulocytes was labelled for 2 h with
[35SImethionine (lane 1), then chased for 24 h in media containing 2 mM
unlabelled methionine and no further additions (lane 2), 0.5 mM PIH (lane 3),
0.5 mM FePIH (lane 4), 0.5 mM FePIH plus 1 mM DOH (iane 5), or 20 pM
hemin (lane 6). Following immunoprecipitation and autoradiography, the gel
bands corresponding to the TfR were excised, digested in Protosol, and counted.
The resulting cpm are printed below the autoradiogram.
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Fig. 17. Differential loss of newly synthesized and preexisting TfRs

Reticulocytes were labelled with [33S]methionine and cultured without (-) or with
hemin (+). Cells were harvested after 0, 6, 18, and 42 h. Exosomes (from twice
the number of cells) were collected by centrifugation from the 42 h culture.
TfRs were isolated using non-immune mouse IgG (NI) or anti-TfR antibody and
detected by Coomassie blue staining (A) or autoradiography (B). Total TfRs arc
lost with a half-time of 6-12 h (A and ref. 87) and are partially recovered in the
exosomes (A). 35S-TfRs are lost with a halftime of ~24 h (B) and are not
detected in the exosomes (B). The half-times were estimated by plotting the
decrease in radioactivity versus culture time from > 4 experiments.
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Summary

Hemin, but not iron, in ihe culture medium stimulates the maturation-
associated loss of TfRs from sheep reticulocytes (t; for loss ~ 6 h) and their
appearance in a population of externalized vesicles. A similar pattern is seen
with NBMPR binding (a measure of the nucleoside transporter), where hemin
increases the loss of binding activity from the cells during culture concomitant
with an increase in nucleoside binding in the externalized vesicles. Sheep
reticulocytes have retained the ability to synthesize TfRs, but 35S-labelled TfRs
are not detected in the released vesicles. Loss of 35S-TfRs is slower (tj; ~ 24 h)
and is stimulated by iron rather than hemin. This difference in response of the
native and 35S-labelled TfR to hemin and iron supplements appears to be related

to differences in the two TfRs.
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Chapter 4 Incomplete Synthesis of Transferrin Receptors and

Intracellular Localization

Although there is a net loss of TfRs, the mammalian reticulocyte continues
to synthesize TfRs during the maturation period (Chapter 3 and ref. 334). The
results in the previous chapter suggested that the newly synthesized TfR is
processed differently from the preexisting TfR. Here, we examine the post-

translational processing machinery of the maturing reticulocyte and its effect on

the biosynthesis of the TfR.
4.1 Newly synthesized TfR is incompletely glycosylated

Newly synthesized and native TfRs comigr fter degl lation

The data in Fig. 18 show that the newly synthesized TfR does not
comigrate with the native TfR on SDS gels but migrates as a polypeptide of 1~2
kDa less than the mature TfR. To highlight the difference in size between the
preexisting TfR and the 35S-TfR, the mobility of [3H]palmitate-labelled,
preexisting TfR was compared to the 35S-labelled TfR on the same gel. The 3H-
acylated TfR comigrates with the Coomassie blue-stained TfR {261]. Pulse-chase
experiments for up to 40 h failed to show the formation of 35§-labelled TR of
mature size.

To assess whether the difference in size between labelled and preexisting
TR is due to glycesylation, the TfR was treated with TFMS, which leaves only
one N-linked sugar attached to the polypeptide backbone [315]. After
deglycosylation, the 35S-labelled TfR comigrated with the Coomassic blue-stained
deglycosylated, preexisting TfR (Fig. 19). Thus it appears that the peptide

component of the newly synthesized TfR has the same mobility as the mature
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Fig. 18. The newly synthesized TfR does not comigrate with the preexisting

TfR

One millilitre of a 20% reticulocyte suspension (>70% reticulocytes) was
incubated for 2 h at 37°C with (a) 18 HCi [35S]methionine (1 Ci/mmol), (b) 70
uCi [3H]palmitic acid plus 18 nCi [33S]methionine (100 mCi/mmol), or (c) 70
uCi [3H]palmitic acid. TfR immunoprecipitates were prepared as described in
Materials and Methods and separated on a 6-12% gradient gel.
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Fig. 19. Treatment of TfR with endoglycosidase H and TFMS

Reticulocytes were labelled with [35S]methionine for | h, then processed
immediately (lanes 1,2,5,6) or chased for 19 h (lanes 3,4). TfR
immunoprecipitates {from 0.2 ml cells) were incubated without enzyme (lanes
1,3) or with 4 mU/100 pl endoglycosidase H (lanes 2,4) for 21 h at 37°C. For
samples to be deglycosylated with TFMS, TfR was first etuted from the
Sepharose beads with SDS, then treated with TFMS (lane 5) or untreated (lane 6)
as described under Materials and Methods. The molecular weight estimates in
kilodaltons are indicated. The IgG heavy chain migrates at 55 kDa.
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TR but that processing is incomplete.

To substantiate this conclusion we undertook Cleveland mapping of the
T{R from [33S]methionine labelled reticulocytes. It is evident in Fig. 20 that the
peptide map generated by 355-TfR (lane 2) is different from that of the native
TfR (lane 1). The difference in peptide maps is restricted to one or two peptides
and the difference in peptide mobility disappears if the TfR is deglycosylated
prior to mapping (compare lane 3 and lane 4 in Fig. 20). These data show that
the original difference in TfR mobility as well as the mobility differences of the
peptides were due to differences in the oligosaccharides attached to the
polypeptide backbone. It is thus evident that the post-translational processing is

deficient in these reticulocytes.

Newly synthesized TfRs contain high-mannose oligosaccharides

Human TfR contains both complex and high-mannose oligosaccharide
chains [253,254]. To assess if sheep TfR also contains both types of
oligosaccharides, we treated TfR immunoprecipitates with endo H which
removes high-mannose and hybrid oligosaccharides [336] or TFMS (or endo F)
which removes both high-mannose and complex oligosaccharides [315,337]. If
the mature TfR contains both complex and high-mannose oligosaccharides,
larger peptides will remain after endo H treatment than after endoglycosidase F
or TFMS treatment. The results in Fig. 19A show that this is so, the TFMS
product being smaller than the endo H product. However, with the 35S-labelied
TIR, cleavage with both endo H and TFMS yielded a product of the same size,
~88 kDa (Fig. 19B). Such a result is consistent with the conclusion that the
newly synthesized TfR, unlike the native TfR, contains only high-mannose type

oligosaccharides.
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Fig. 20. Cleveland map of TfR before and after deglycosylation

TfR was isolated from reticulocytes that had been labelled with [33S)methionine
for 2 h. Half of the TfR (lanes 3 and 4) was treated with endoglycosidase F/N-
glycosidase F for 18 h at 37°C before electrophoresis. Peptide mapping was
performed as described under Materials and Methods using 10 pg a-
chymotrypsin. Lane S, molecular weight markers (94, 67, 43, 30, 20, 14 kDa);
lane 1, Coomassie blue stain of TfR peptide map; lane 2, autoradiogram of map
shown in lane 1; lane 3, Coomassie blue stain of map of deglycosylated TfR;
lane 4, autoradiogram of map shown in lane 3.
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To judge whether the endo H-sensitive oligosaccharides on the 33S-TfR are
processed by the reticulocyte with time, the labelled cells were chased for 19 h
before subjecting the TfR to endo H. After 19 h of chase, most of the 35§-TfR
was still more sensitive to endo H than the mature TfR (Fig. 19), indicating that
high-mannose oligosaccharides on nascent TfRs are not efficiently processed by

the maturing reticulocvte,

Newly synthesized T{R binds more tighti n A

To obtain additional experimental support for the absence of complex
oligosaccharides in 35S-TfR, studies with concanavalin A (Con A) were carried
out. High-mannose oligosaccharides bind to Con A-Sepharose whereas
biantennary complex oligosaccharides bind with a lower affinity and tri- and
tetra-antennary complex oligosaccharides do not bind [338]. If 35S-TfR has a
higher number of high-mannose oligosaccharides than the native TfR, 338-TfR
should be retained more avidly by Con A than mature TfR. Under our
conditions, both the preexisting and the 35S-TfR bound completely to the Con A
column. A substantial fraction of the native TfR (30-50%) was eluted from the
affinity column with 0.2 M a-methylmannoside. A much smaller fraction (<3%)
of the 35S-TfR was removed under the same conditions (Fig. 21). Based on the
amount of 33§ incorporated into TfR, the 35S-TfR accounts for less than 0.1% of
the total receptor. The relatively higher retention of 35S-TfR by Con A, despite
a much smaller absolute amount of 35S-TfR suggests a tighter binding of 35S-TfR
due to the presence of a higher density of high-mannose chains in 35S-TfR than
in mature TfR. It is noteworthy that the small fraction of 33S-TfR eluted with o-
methylmannoside (Fig. 21, lane 3 of autorad) comigrates with the Coomassie
blue stained native TfR. This is in contrast with the bulk of the 33S-TfR which

migrates at a lower molecular weight when compared to the native TfR.
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Fig. 21. Binding of TfR to concanavalin A-Sepharose 45

Reticulocytes were labelled with {35S]methionine for 1 h, then chased for 0 h
(lanes 1-5) or 23 h (lanes 6-10). Triton X-100 extracts were mixed with
concanavalin A-Sepharose and incubated overnight at 4°C. Lanes 1,6: total TfR
in Triton X-100 extract; lanes 2,7: unbound TfR; lanes 3,8: TfR eluted with
0.2 M o-methylmannoside; lanes 4,9: TfR eluted with 0.5 M a-
methylmannoside (after 0.2 M wash); 1anes 5,10: protein eluted with SDS-ME
sample buffer (following the a-methylmannoside washes). All fractions except

those in lanes 5 and 10 were immunoprecipitated for TfR.
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Since it is possible that formation of complex oligosaccharides is a slow
process in maturing reticulocytes, and with time the TfR would be coimpleted, we
evamined whether the 33S-TfR could be chased into a form which bound Con A
less avidly. The results in Fig. 21 show that there is no difference in the elution
pattern of 35S-TfR froni a Con A column shortly after 35S incorporation and
after a chase of 23 h, These data are consistent with the conclusion that most of
the newly formed TfR remains incompletely glycosylated and lacks complex

oligosaccharides even after longterm incubation.
4.2  Sheep reticulocytes fail to process high-mannose oligosaccharides

If sheep reticulocytes largely fail to process mannose containing
oligosaccharides on all newly formed glycoproteins, it should be possible to show
that after proteolytic digestion of [3H]mannose-labelled proteins, the end products
contain only high-mannose residues. After labelling the reticulocytes with
[3H)mannose, the membranes were isolated and extracted with
chloroform/methanol, and the residual proteins were digested with pronase. The
resulting glycopeptides were separated on a column of Bio-Gel P6 (Fig. 22).
Most of the 3H-label was eluted in a single peak (Kyy = 0.46). The eluate was
treated with endo H and re-chromatographed on the same column. The 3H-label
eluted in a single peak, having an increased relative elution coefficient (Kyy =
0.6). This result shows that the vast majority (290%) of the 3H incorporated is
in high-mannose oligosaccharides. 1If a substantial portion of the [3H]mannose
had been associated with glycopeptides containing complex oligosaccharides, then
some fraction of the original 3H-labelled glycopeptide should have been endo H
resistant and eluted at K,y = 0.2-0.3. Such a result was obtained with

reticulocytes from chick embryos. When total [3H]mannose-labelled
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Fig. 22. Bio-Gel P6 chromatography of total [3H]mannose-labelled
glycopeptides from sheep reticulocytes

(a) Reticulocytes were labelled with [2-3H]mannose for 4 h. Membrane proteins
were digested with pronase and the resulting glycopeptides were separated on a
coiumn of Bio-Gel P6. (b) The eluate from the above column was pooled,
concentrated, and treated with endoglycosidase H, then reloaded onto the column.

Relative elution coefficient (K;,) = Ve-Vo
Vi-Vo

where V. = elution volume of oligosaccharide, V;= elution volume of mannose,
Vo = elution volume of bovine serum albumin.
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Fig. 23, Bio-Gel P6 chromatography of total [3H]mannose-labelled
glycopeptides from chick embryo reticulocytes

(a) Reticulocytes were labelled and the membrane proteins were digested with
pronase as described under Materials and Methods. The resulting glycopeptides
were chromatographed as in Fig. 22. (b) The eluate was pooled, concentrated,
treated with endoglycosidase H, and reapplied to the column. K,y was calculated
as in the legend to Fig. 22.
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glycopeptides from avian reticulocytes were passed through the Bio-Gel P6
column, some of the 3H-label eluted in a higher molecular weight fraction which
was resistant to endo H (Fig. 23). Unlike sheep reticulocytes, these cells can
process high-mannose oligosaccharides to complex oligosaccharides. There was
insufficient mannose label in the TfR immunoprecipitates to assess directly
whether the [3H]Jmannose residues incorporated into the TfR are only in high-
mannose oligosaccharides. In view of the data on total proteins, it is most likely
to be so.

Additional experiments with sheep reticulocytes showed that the majority
of the 3H label from the mannose was incorporated into a series of peptides
between 30 and 40 kDa (Fig. 24). [3H]Mannose incorporation into these peptides
was irhibited by cycloheximide, suggesting a requirement for de novo peptide
synthesis. However, compared to the TfR, the 30-40 kDa peptides incorporated
relatively little [35S]methionine. The decresse in [3H]mannose label during the
chase period could be due to trimming of the high-mannose oligosaccharide
chains on these proteins and/or a loss of these intensely glycosylated proteins
whose presence is below the level of detection by [35S]methionine labelling.
These data show the continued synthesis in late stage sheep reticulocytes of highly

glycosylated protein(s) whose identity has not yet been established.

4.3 Intracellular localization of newly synthesized TfR

Absence from the cell surface

Proteolysis of the cell surface with trypsin at 0°C reduces the cell-
associated TfR (in Fig. 25A, compare lane 2 to lane 1 and lane 5 to lane 4) and
releases 78 and 82 kDa fragments which are recognized by the anti-TfR antibody
and are detectable by Coomassie blue staining (Fig. 25A, lanes 3 and 6) There

is, however, no loss of 35S from TfR after trypsin treatment (Fig. 25B, lanes 1-
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Fig. 24. Incorporation of [?H]mannose into reticulocyte membranes

Left panel: A 30% suspension of reticulocytes was labelled with [2-3H]mannose
for 3 h. Ten volumes of medium containing 10 mM glucose were added and the
cells were incubated for 0, 2, 4, 6 h as indicated. Membranes were prepared and
dissolved in sample buffer for electrophoresis.

Right panel: Reticulocytes were labelled with [35S]methionine as above, except
that the chase medium contained 2 mM methionine.
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Fig. 25. Trypsin treatment of reticulocytes at 0°C

A 10% suspension of cells (~90% reticulocytes) was labelled with
[35S]methionine (25 pCi/ml) for 2 h at 37°C, then either trypsinized immediately
at 0°C (lanes 1-3) or chased with unlabelled methionine (2 mM) for 28 h (lanes
4-6) before trypsin treatment. After digestion and addition of soybean trypsin
inhibitor, the released fragments in the supernatant were immunoprecipitated
with anti-TfR MAD, and the immunoprecipitates were subjected to gel
electrophoresis. The cells were washed and lysed, and membranes were
prepared. TfR was immunoprecipitated and subjected to gel electrophoresis. A:
Coomassie blue-stained gel. Note the two characteristic IgG bands in addition to
the TfR (94 kDa). B: Autoradiogram of A. Lanes 1,4: TfR from untreated
cells; lanes 2,5: TR from cells treated with trypsin; lanes 3,6: tryptic fragments
released into medium from the cells shown in lanes 2 and 5, respectively.
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3) Even after a chase with unlabelled methionine for 28 h, treatment with
trypsin does not appear to reduce 338 in cell-associated TfR (Fig. 25B, lanes 4
and 5) and the released (if any) 35S-labelled tryptic polypeptides account for a
maximum ~3% of the total 35§ incorporated into the TfR (Fig. 25B, lane 6) It
appears that the small fraction of the newly formed TfR reaching the cell surface
has acquired the mature size since the labelled and unlabelled peptides released

by trypsin are identical in size.

wly synthesized TR not r |

To assess whether newly formed TfR is undergoing recycling, the cells
were treated with trypsin at 37°C. At 0°C, only surface TfR is accessible to
trypsin. At 37°C, trypsin should proteolyze the recycling TfR as it appears at the
surface. Assuming that 15% of the total TfR is at the cell surface, and the
recycling time is under 4 min [312), a 10 min treatment with trypsin at 37°C
should remove ~40% of the recycling TfR. The results with the Coomassie blue-
stained TR indicated a loss of this orde. vi magnitude (Fig. 26A). In contrast,
an insignificant amount of 35S-labelled TfR is lost (Fig. 26B) It cannot be
argued that the 35S-TfR is insensitive, rather than inaccessible, to trypsin, since
addition of trypsin to isolated membranes or immunoprecipitates of the TfR
resulted in digestion of 35S-TfR(not shown).

When embryonic chick reticulocytes were labelled with [33S]methionine
and treated with trypsin in an identical manner, both 35S-labelled and preexisting
TiRs in the intact cell were susceptible to trypsin digestion (data not shown),
implying that newly synthesized TfRs are transported to the cell surface in 13

day chicken reticulocytes.
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Cells were incubated with [33S]Jmethionine for 15 h, then treated with 0.1%
trypsin at 0°C for 30 min or at 37°C for 10 min. The cells were washed, and
immunoprecipitates were prepared and electrophoresed. A Coomassie biue-
stained gel (A) and autoradiogram (B) of the TfR from control (-) and trypsin-
treated (+) cells are shown. Molecular weight markers (st) are 94,000; 67,000,
43,000; 30,000; 20,100.
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Separation of native and 35S-TfRs using density gradient centrifugation

In the reticulocyte, TfRs are localized on the plasma membrane, in
endosomes, and in multivesicular bodies. The surface TfR and the recycling TfR
can be digested by treatment with trypsin at 37°C. The multivesicular body is
the precursor from which exosomes are externalized. The presence of 358-TfR
in multivesicular bodies may, therefore, be assessed by the appearance of 3°S-
TfR in exosomes while the sensitivity to trypsin treatment at 37°C reflects the
amount of TfR in endosomes and at the cell surface. The newly made 35S-TfR
does not appear to reach any of the above membrane compartments since 35S-
TfR is neither externalized in exosomes (Fig. 17) nor trypsin-sensitive at 37°C
(Fig. 26). Since the 35S-TfR lacks complex oligosaccharides, it is likely that the
35S-TIR is retained in the ER or cis-Golgi membranes.

In attempting to separate internal membranes (ER, Golgi) from the
membrane compartments containing preexisting TfR, reticulocyte membranes
were subjected to density gradient centrifugation. Although we could not obtain
a clean separation of these membrane compartments, the fraction containing the
peak of 35S-TfR was consistently of a higher density ihan that containing
unlabelied TfR (Fig. 27). Galactosyltransferase, a Golgi enzyme, also peaked in
the higher density membrane fractions and comigrated with 35S-TfR, supporting
the conclusion that the 35S-TfR may be Golgi-associated or in membranes which
comigrate with the Golgi. We could not assess whether the ER comigrates with
the Golgi since very low levels of the ER markers (cytochrome ¢ reductase,
glucose-6-phosphatase) were present in the fractions.

It is unlikely that the absence of the complex sugars prevents the migration
of the TfR to the plasma membrane and recycling pool, since it has been shown

in other systems that incompletely glycosylated TfRs are transported to the cell
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Fig. 27. Fractionation of membranes using a Percoll density gradient

The lysate from reticuiocytes labelled 2 h with [35S]methionine was applied to 20
ml of 20% (v/v) isoosmotic Percoll and centrifuged at 40,000gmax for 1 h. One-
millilitre fractions were collected from the top and the TfR in each fraction was
immunoprecipitated and separated by electrophoresis. The Coomassie blue-
stained gel (b) and its autoradiogram (c) were scanned with a iaser densitometer
and the relative amounts of stained TfR (closed circles) and radioactive TfR
(open circles) were plotted versus fraction number (a). The arrow indicates the
peak of galactosyltransferase activity.
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surface [166,264,268]. In K562 cells treated with deoxymannojirimycin (an
inhibitor of Golgi mannosidase I), the newly formed TfR containing only
trimmed, high-mannose oligosaccharides functions identically to the normal TfR
and is transported to the cell surface within 3 h of synthesis [166]. This rate is
similar to that of the transport of TfR in the control cells. Even with
tunicamycin, where all glycosylation is prevented, some cell lines still export the
TfR to the surface, albeit at a slower rate [253,267].

The 355-TfR, unlike native TfR, is not targeted to multivesicular bodies
for externalization. This suggests that membrane proteins being targeted for
externalization come from the recycling pool of TfRs and not from the
biosynthetic pathway, i.e. ER or Golgi vesicles. The incompletely glycosylated
TfR is retained intracellularly where it is slowly degraded by an iron-stimulated

mechanism (Chapter 3).
44  Dimerization and transferrin binding of newly synthesized TfR

Work with viral proteins that are inserted into plasma membranes suggests
that proper folding and oligomer formation are required for transport of
proteins from the ER [115,116,121]. Using nonreducing gels, we determined
that ~50% of the 35S-labelled TfRs exist in dimeric form within 15 min of
synthesis and that covalent dimerization is complete by 2 h (data not shown).

The newly synthesized TfR, moreover, is capable of binding transferrin
(Fig. 28). When solubilized membranes containing 35S-labelled TfR were
absorbed to a transferrin affinity column, the same fraction of 35S-TfR and total
TfR was retained by this column. A similar procedure was used by Cox et al

[334] to demonstrate the TfR binding capability of newly synthesized TfRs from
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Fig. 28. Binding of newly synthesized TfR to Tf-Sepharose 4B

Cells were labelled with [35S]methionine for 2 h at 37°C, and then the isolated
membranes were solubilized in 1% Triton X-100. The TX-100 extract was
centrifuged at 30,000¢ to remove insoluble material, and the supernatant was
diluted with PBS to reduce the TX-100 concentration to 0.2% and mixed with |
ml sheep Tf-Sepharose 4B and processed as described under Materials and
Methods. The column was washed with PBS, pH 7.4, containing 0.2% TX-100.
One millilitre fractions were collected (arrow A, lanes 1-3). Then the column
was washed with 0.1 M citrate, pH 5.0, 0.2% TX-100, 50 pg/ml desferrioxamine
(arrow B) to dissociate the iron from apotransferrin. Only the first three
fractions of the extensive wash with desferrioxaniine are shown (lanes 4-6).” TfR
was then eluted with 50 mM sodium phosphate, pH 7.0, 1 M NaCl, 0.2% TX-100
(arrow C, lanes 7-9). All fractions were neutralized with 1 M NaHepes,
immunoprecipitated, and subjected to gel electrophoresis. The Coomassie blue-
stained gel (not shown) is similar to the autoradiogram above.
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rabbit reticulocytes. The data are consistent with reports by others that complex
oligosaccharides on the TfR are not required for transferrin binding [267,268].
The ability to form dimers and bind transferrin suggests that the 35S-TfR is
folded properly and makes it unlikely that protein misfolding acts as a signal for
ER retention. It is possible that another post-translational event such as O-linked
glycosylation, phosphorylation or acylation {5 a prerequisite for transport to the
Golgi and the 358-TfR has not acquired these modifications.

Many cytoplasmic enzymes are diminished or lost during red cell
maturation [50]. The cytoplasmic protein(s) required for vesicle fusion from the
ER to the Golgi, between Golgi cisternae and between endocytic vesicles, such as
the NEM-sensitive factor (NSF) and SNAPs [124,125,339], may have been lost
by the reticulocyte stage. Loss of NSF itself is unlikely since recycling of the
TIR still takes place during this time. Using an antibody to NSF [123], we found
that NSF is present in reticulocytes, as well as in mature red cells of the sheep
(Fig. 29). Alternatively, intact Golgi and/or transport vesicles may be required
for transport of newly synthesized proteins to the plasma membrane. EM
sections of reticulocytes fail to show evidence of the usual Golgi stacks.
Maturation may be analogous to the effect of brefeldin A, which blocks protein
secretion in hepatocytes and intracellular transport of glycophorins in MEL cells
[340,341]. Brefeldin A disperses the Goigi complex and induces a rapid
redistribution of cis/medial-Golgi proteins to the ER [342-344]). The inability of
the reticulocyte to complete the synthesis of membrane proteins may arise from a
similar mechanism involving dispersal of the Golgi. The overall effect would be

retention of newly formed glycoproteins in an intracellular compartment.



114

R E

- c— -
M e - AL ame e

1o v jremen) 5o e

Fig. 29. Anti-NSF antibody reacts with a 76 kDa protein in sheep
reticulocytes and erythrocytes

Reticulocytes (R) or erythrocytes (E) were lysed in 4 volumes of swelling buffer
(20 mM Hepes-KOH, pH 7.4, 10 mM MgCl;, 5 mM ATP, 5 mM DTT, 0.1 mM
PMSF, 10 pg/ml leupeptin, and 1 uM pepstatin) and centrifuged at 12000g for
15 min. KCl was added to the supernatant to a final concentration of 0.1 M. 25
pi of magnetic beads (Dynabeads M-450) were coated with 0.75 pg anti-NSF (+)
or mouse IgM (-) and incubated 4 h at 4°C with 50 pl cytosol. The beads were
washed with 1% Nonidet P-40, 0.5 M NaCl, 50 mM Tris, pH 8.0. The proteins
were eluted in sample buffer, separated on a 7.5% polyacrylamide gel, and
visualized with silver stain.
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4.5  Synthesis of other membrane proteins

Figure 30A shows that the pattern of [33S]methionine-labelled proteins
from the reticulocyte membrane (middle, lane 1) is different from that of total
membrane proteins (left panel, lane 1), indicating that only a selected number of
proteins are synthesized at the reticulocyte stage. Most noticeably absent in the
355-]labelled membrane protein profile are the high molecular weight proteins,
including spectrin, which are known to be synthesized early during erythroid cell
differentiation [305]. Earlier work showed that rabbit reticulocytes still
synthesize two major proteins (Mr ~55,000 and 36,000) which are localized on
the cytoplasmic surface of the cell membrane. Since TfR and the anion
transporter (band 3) migrate closely together on reducing gels, we used
nonreducing gels to ascertain whether the anion transporter (a major protein of
the erythrocyte membrane) is still being synthesized. Band 3 was detected by
probing TfR-free Triton X-100 extracts of the plasma membrane with anti-band
3 antibody. After immunoprecipitation of the TfR, there is no 35S-label at 94
kDa where band 3 is detected by immunoblotting (Fig. 30B). Therefore it
appears that in sheep reticulocytes, as in reticulocytes of other species, band 3 is
no longer synthesized.

To assess the extent of synthesis of glycophorins ¢highly glycosylated
protein known to be present in red cell membranes), chioroform/methanol
extracts of the membrane proteins were prepared. These extracts contain the
majority of the PAS-positive glycoproteins (Lanes 1 and 2, PAS in Fig. 30A) but
contain a minimal amount of 35S (compare lanes 1 and 2, 338 in Fig. 30A). These
data support the conclusion that mature glycophorins are not synthesized de novo
in sheep reticulocyte and is consistent with the TfR results. Only proteins with a

very high carbohydrate content are extracted with chloroform/methanol and
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Fig.30.  Reticulocytes do not synthesize glycophorins nor band 3

(a) Detection of glycophorins in reticulocytes labelled with [35S|methionine.
Lane 1, total membranes from 40 i of cells were loaded directly onto the gel;
lane 2, membranes, equivalent to 200 pl of cells, were extracted with
chloroform/methanol (2/1, v/v) and the glycoproteins in the aqueous layer were
applicd to the gel. The gel was either stained with Coomassie brilliant blue (CB)
(left) or Schiff reagent (PAS)(right). The 35S-labelled proteins were detected by
autoradiography (middle). (b) Detection of band 3 in TfR-free extracts from
reticulocytes labelled with [35S]methionine. Electrophoresis was performed
under nonreducing conditions by omitting B-mercaptoethanol from the sample
buffer. Triton X-100 extracts were pretreated with nonimmune mouse IgG (lane
1) or anti-TfR antibody (lane 2). Lane 3 shows the TfR immunoprecipitate.
Left, autoradiogram; right, Western blot probed with antibody to band 3.
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detectable by PAS staining. If glycophorins are synthesized, thew are unlikely to
reach the Goigi apparatus which is the probable site of O-glycosylation for
glycophorins [341,345], and therefore we would be unable to detect any 338-
labelled polypeptides in the chloroform/methanol extracts.

A difference between human and sheep glycophorins should be mentioned.
A peptide of 80 kDa reacting weakly with anti-human glycophorin A is detected
in sheep reticulocytes; however, unlike human giycophorin A, the sheep protein
is not extracted with chloroform/methanol indicating that it does not have the
high sugar content necessary for partitioning into the chloroform/methanol
layer. Since the polyclonal antibody reacts much more weakly with sheep
membranes than with human red cell membranes, the 80 kDa sheep protein may
in fact have only one epitope in common with human glycophorin A. The major
sheep glycoprotein which is extracted with chloroform/methanol and stained with
PAS is a 45 kDa protein (lane 2, PAS in Fig. 30A). This and other PAS-staining
glycoproteins are not labelled with [33S]methionine in sheep reticulocytes.
Murine red cells also lack the major sialoglycoprotein of the human erythrocyte,
and the major protein stained by PAS has a Mr of ~43 kDa {346].

Treatment of the reticulocyte surface with trypsin or chymotrypsin does
not alter the mobility of the 35S-labelled peptides, making it unlikely that any of
these newly formed peptides are targeted to the plasma membrane (not shown).
This is in agreement with others who have shown that the reticulocytes of rabbits
and man synthesize several low molecular weight membrane proteins (€90 kDa)
which appear to be exposed only on the cytoplasmic surface of the plasma
membrane [303,304,306,347]. One of these newly synthesized membrane
proteins (43 kDa) comigrated with purified actin on a two-dimensional gel [347].
None of the other polypeptides were identified. We have studied the synthesis of

a specific reticulocyte membrane protein and showed that the sheep reticulocyte
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fails to insert new proteins into the plasma membrane. Contrary to our findings,
Harris and Johnson showed that incorporation of [4Clgiucosamine into plasma
membrane proteins of reticulocytes from phenylhydrazine-treated rabbits is
sensitive to proteolytic digestion of the cell surface [348]. Cox et al [334] also
noted that 33S-labelled TfRs and 125I-labelled TfRs of reticulocytes from
phlebotornized rabbits comigrate during electrophoresis. Presumably rabbit
reticulocytes are more immature and can synthesize and process membrane
proteins to a later stage than reticulocytes obtained from phlebotomized sheep.
Our experiments with avian reticulocytes showed that these cells may also be

more immature and capable of final processing of membrane proteins.
4.6  Reconstitution of processing of newly synthesized sheep TfR

It appears that incompletely glycosylated proteins are held up in an
intracellular compartment because the late stage sheep reticulocyte lacks the
machinery to process newly synthesized membrane proteins. Reticulocytes may
have lost the vesicles or proteins required to target newly synthesized membranc
proteins from the ER to the Golgi apparatus, and to the plasma membrane. The
ER and Golgi are among the many membrane functions which are lost during
maturation of the reticulocyte into an erythrocyte. It may be possible to
complete the processing of the reticulocyte TfR by introducing foreign
microsomal and cytosolic components to the reticulocyte. Methods are available
for loading red cells with proteins and fusion of red cells with cultured cells
[349,350]. The two methods used were 1) fusion of reticulocytes with 3T3
fibroblasts expressing hemagglutinin [350] and 2) encapsulation of mouse liver
cell extracts into reticulocytes by dialysis lysis and isotonic resealing [324].

These two sources of the protein processing machinery have the advantage that
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the monoclonal antibody used to immunoprecipitate the sheep TfR does not
recognize the mouse TfR. With positive results, an assay could be developed for
studying factors required for the transport of nascent plasma membrane proteins

through the internal membrane network en route to the surface membrane.

Fusion of reticulocytes and GP4F cells

To determine whether the processing machinery of another cell can
complete the synthesis of the sheep TfR, we chose hybrid cell fusion. In initial
experiments, reticulocytes were fused to YAC mouse lymphoma cells using
polyethylene glycol (PEG). Unfused red cells were removed with isotonic
ammonium chloride which selectively lyses red cells but not nucleated cells
[308]. Cell fusion was monitored by the incorporation of radiolabelled
reticulocyte proteins. Greater radioactivity was incorporated into the PEG-
treated cells. Following this procedure, we could see that the pellet containing
PEG-treated but not that containing untreated cells was red in colour, indicating
that hemoglobin from the reticulocyte had been incorporated.

GPA4F cells are mouse 3T3 fibroblasts expressing the hemagglutinin (HA)
antigen of the influenza virus and can fuse with red cells with high efficiency
[350]. Mild trypsin treatment of GP4F cells cleaves the hemagglutinin precursor
HAO 1o active HA and prepares the cell for pH-dependent fusion with
erythrocytes. Microscopically it was seen that sheep reticulocytes bound to
GPA4F cells. There was pH-dependent incorporation of 35S-labelled proteins into
GP4F cells (Table 7), with a reticulocyte/GP4F cell ratio varying from 1/1 to
1/10 (i.e. one reticulocyte fusing to one in ten GP4F cells, on average).
However, the incorporated 35S-labelled protein was not stable in the fused cell
(Table 8), decreasing to 50% after 1 h of incubation, suggesting a half-life of

about 1 h. The half-life of 35S-labelled sheep hemoglobin in the intact
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Table 7. pH dependent fusion of reticulocytes and GP4F cells

Incorporation Protein Incorporation of
Active HA  pH  of 35S-proteins  recovered 35§-proteins

(cpm/ 2x106  after fusion  (cpm/mg GP4F
GPAF cells) {mg) protein)

+ 43 2660 0.14 19,000

+ 4.5 1930 0.10 20,300

+ 4.8 2910 0.26 11,200

+ 7.3 1480 0.30 4,900

- 4.3 940 0.17 5,500

- 4.5 1100 0.22 5,000

- 4.8 1230 0.41 3,000

- 73 1420 0.43 3,300

Reticulocytes were labelled with [35S]methionine (50,000 cpm incorporated/107
reticulocytes) and fused to 3T3 fibroblasts expressing hemagglutinin (HA) (GP4F
cells) as described under Materials and Methods. The GP4F cells were ¢ither
untreated (-) or treated with 5 ug/ml trypsin to activate HA (+). Only cells with
active HA should fuse with reticulocytes when the pH is lowered and incorporate
358-proteins. Since the number of cells recovered after the fusion procedure was
variable, the results are expressed per mg of total protein recovered as well as
per original number of GP4F cells. This experiment was repeated once and
similar results were obtained.
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Table 8. Labelled reticulocyte proteins are not stable after cell fusion
pH "Post-fusion" incubation  Incorporation of 33S-
(min) proteins
(cpm/2x105 GP4F cells)
4.5 30 2860
4.5 60 1990
4.5 120 1010
7.3 60 600

Reticulocytes were labelled and fused to GP4F cells as in Table 7. Following
cxposure to pH 4.5 buffer, the cells were incubated in culture medium (pH 7.4,
37°C). The incubation time was varied from the standard 30 min to 120 min.
The amount of radiolabelled protein incorporated was then determined. This
experiment was repeated once with similar results.

reticulocyte is ~50 h. Hendil [349] reported that the degradation of
radioactively labelled rabbit hemoglobin was increased 20-fold when introduced
into hamster fibroblasts by vin~  uiated fusion and that the half-life of the
rabbit hemoglobin in the fibroblast was 28 h. However, human hemoglobin had
an unchanged half-life of about 150 h in mouse and hamster fibroblasts [349].
Thus, there appears to be a difference in the stabilities of hemoglobins of
different species.

More 35S-labelled TfR was immunoprecipitated from the fused
reticulocyte-GP4F cells than from control cells (maintained at pH 7.4). To
determine whether the sheep TfR in the fused cells was transported to the cell

surface following fusion, half of the cells were treated with trypsin and the other



half (untreated cells) were detached from the dishes with a scraper. 35S-TfRs on
the surface of fused cells would be digested by trypsin while unprocessed TfRs in
fused cells would be protected from trypsin. These results showed that there was
a considerable decrease (~50%) in the total radioactivity associated with trypsin-
treated cells versus that of untreated cells, indicating that trypsin had access to
intracellular proteins. From these experiments, it is not clear whether the
reticulocyte-GP4F cells were leaky or whether a major portion of the
reticulocyte proteins were adsorbed to the surface of GP4F cells. It is evident

that trypsin sensitivity could not be used to measure the cell surface localization

of the 358-labelled sheep TfR.
Encapsulation of mouse liver extrac h nic lysis and resealin

While hybrid cell fusion could tell us whether the TfR that is wranslated by
the reticulocyte can act as a substrate for foreign processing enzymes, we also
sought to define the components of the processing pathway which are missing in
the sheep reticulocyte. For this objective, the use of hypotonic lysis and
resealing would serve to enclose specific functions into the ghosts. This method
has been used to encapsulate drugs, hexokinase and other proteins into
erythrocytes and reticulocytes [351]. 1t is not known whether membrane vesicles
and membrane proteins can be inserted into the red cell this way.

We started with a crude liver extract for entrapment into the sheep
reticulocyte. If the sheep TfR changes its size and/or is targeted to the surface of
the resealed ghost, then the crude extract could be fractionated with the goal of
identifying the factor which is missing in the reticulocyte. We chose the mouse
liver cell as the source for microsomes and cytosol because it is easily obtained

and known to contain the machinery for glycoprotein synthesis. The marker we
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used to monitor entrapment of Golgi-associated proteins was the enzyme
galactosyltransferase (GT). There was a significant increase of GT in the
resealed ghost following hypotonic lysis and resealing of erythrocytes (0.7
nmol/h/ml cells), but the change in GT activity in reticulocytes upon entrapment
was not readily quantifiable because the endogenous GT activity in reticulocytes
was 4 times greater (2.5 nmol/h/ml cells). When the liver extract was added to
erythrocytes or reticulocytes in an isotonic solution, there was no increase of
GT. A difference in response of erythrocytes and reticulocytes to the
lysis/resealing method was apparent from the recovered volume of resealed
ghosts. The yield of resealed reticulocytes was 80% while only 10% of the
erythrocyte packed cell volume could be recovered as resealed ghosts following
dialysis lysis and resealing. This suggests that reticulocytes do not lyse as well as
erythrocytes which may make them poor acceptors of exogenous enzymes.

Although glycosylitransferases are membrane-bound proteins found in the
Golgi, active soluble forms have been found [377]. The encapsulated GT in these
reticulocytes was probably membrane-bound since the activity was found in the
pellet after centrifugation of the liver cxtract at 100,000g.

Following encapsulation and incubation for 1 h at 37°C to allow
processing to take place, the resealed cells were treated with trypsin to determine
whether any of the 35S-TfR was transported to the cell surface. The liver extract
had no effect on either the size or the protease accessibility of the 355-TfR. The
Coomassie blue stained preexisting TfR was digested by trypsin treatment at
37°C whereas the newly synthesized 35S-TfR was still intracellular and not
cleaved by trypsin. Therefore, the liver extract components entrapped by this
procedure were unable to process the TfR that was incompletely synthesized by

the sheep reticulocyte. Further studies are needed to assess whether better
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success is attainable by encapsulating a more concentrated (purified) extract, e.g.

microsomes.

Summary

Sheep reticulocytes synthesize an incompletely glycosylated TfR which is
not transported to the plasma membrane. The 33S-TfR is 1~2 kDa smaller than
the native TfR and fails to acquire a mature size even when chased for 24 h.
Deglycosylation obliterates the size difference. There is preferential binding of
the 35S-TfR to Con A-Sepharose, indicating the existence of a higher density of
mannose sugars on the 33S-labelled TfR. Moreover, when total [3H]mannose-
labelled glycopeptides from reticulocytes are separated on a column of Bio-Gel
P6, the [3H]mannose associates with endo H-sensitive high-mannose
oligosaccharides, but not with complex oligosaccharides. After Percoll density
gradient centrifugation, the 35S-TfR peaks in a fraction which has separated from
the bulk of the native TfR. These results and the observation that the 358-TfR of
intact cells is inaccessible to exogenous trypsin at both 0°C and 37°C support the
conclusion that the 35S-TfR is retained in a nonrecycling compartment.
Nevertheless, the 35S-TfR binds Tf and forms intersubunit disulfide bonds. The
transmembrane glycoproteins, band 3 and glycophorins, are not synthesized in
the sheep reticulocyte. It appears that the reticulocyte, at this stage of red cell
development, has lost the vesicles and/or proteins which are required to transport

proteins from their site of translation to the cell surface.
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Chapter 5 The Origin of a Soluble Truncated Transferrin Receptor

Truncated TfRs have been found in the circulation of man and have been
associated with iron-deficiency anemia and red cell production [101,103]. The
mechanism for the release of soluble truncated TfR is not known. Because of the
potential clinical importance of measuring serum TfR levels, there is interest in
determining the source of truncated TfRs. The majority of the circulating non-
cellular TfR was identified as a cleaved receptor representing the exofacial
domain of ~85 kDa on nonreducing gels [102]. The cleavage occurred distal to
the pair of disulfide bonds (Cysgg and Cysgg [256]) between residues Argigo and
Leujo; (102]).

In contrast to the human samples, the sera from anemic sheep and rats
contain vesicular TfRs of native size (~94 kDa on reducing gels) [77,97]. These
results argue for a mechanism of releace which does not involve cleavage of the
receptor. Since the human material cited above originated from patients in the
clinic, processing of the released receptor may have been ongoing leading to the
formation of breakdown products.

The fact that plasma from seven different species of anemic animals show
the presence of exosomes argues strongly that exosome formation is associated
with reticulocyte maturation [97,99,100]. A population of multivesicular bodies
which appear to be the precursors of the circulating cxosomes has been identified
inside immature red cells of several species {90,97,99,352]. Based on this
common behaviour of reticulocytes, it has been proposed that exosome formation
is a major route for the elimination of specific membrane proteins during red
cell maturation. However, given the incomplete recovery of the TfR in
exosomes, there may be other means for the loss of TfR from the red cells

during maturation.
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To understand the differences between the sheep and human systems we
undertook to examine, in a quantitative and time-dependent manner, the
formation of externalized TfR under controlled conditions. Experiments were
done to detect both native and truncated receptor with isolated sheep

reticulocytes incubated in vitro. As well, cultured human cells were examined.

5.1 Recovery of the TfR

The quantitative recovery in exosomes of the TfR lost during reticulocyte
maturation has been poor (~30%), particularly using transferrin binding capacity
as a measure. These experiments suffered from several problems which may
have compromised the extent of recovery in vesicles. Most of the data originated
from experiments where the earliest sample was obtained after overnight
incubation. Since released transferrin binding activity may be unstable during
longterm incubation at 37°C as it is in storage, a low recovery is not unexpected.
Secondly, degradation could result in the release of material which would escape
detection in our standard experimental protocol, thereby also contributing to
poor recovery. By using 1251 surface labelled cells, followed by measuring the
level of radioactivity in the immunoprecipitates (i.e. measuring receptor
directly), the fractional recovery improved somewhat and 35-40% of the 125]-
TR lost from the cells could be recovered in exosomes from sheep reticulocytes.
However, since the recovery in exosomes of another membrane protein, the
nucleoside transporter, was ~80% [99], the data prompted us to conclude that
although exosome formation could be a major mechanism for the loss of
membrane-bound proteins during sheep reticulocyte maturation, additional

unknown factors contributed to the poor recovery of the TfR.
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The possibility was considered that receptor proteolysis and the release of
the exofacial domain of the TfR (which recognizes both transferrin and the anti-
TfR MAb) may contribute to the poor recovery of the TfR. Using 1251 surface-
labelled sheep reticulocytes cultured in vitro, we tested for the presence of
proteolytic cleavage products of the TfR in the medium. Both rcducing and non-
reducing gels were used to recover the four potential forms of the receptor
(intact dimer, intact monomer, cleaved dimer, cleaved monomer). The
following fractions were immunoprecipitated: (a) cell membranes from the
initial population of reticulocytes, (b) cell membranes after incubation of the
cells for 4 to 48 h at 37°C, {c) exosomes (the 100,000g pellet obtained by
centrifugation of the cell-free culture medium), (d) the cell-free, exosome-free
supernatant (post-exosome supernatant [PES]).

The pattern shown in Fig. 31A is characteristic of that obtained with
reducing gels. The stained immunoprecipitates and autoradiograms from the cell
membranes showed residual dimer (~190 kDa) and monomer (~94 kDa). The
majority of the label was recovered in the intact monomer. Some dimer is
frequently found despite the presence of mercaptoethanol. In the exosome
fraction, the labelled peptide pattern was similar to that in the cells with the
majority of the label in the 94 kDa polypeptide. The labelled peptide pattern in
the PES was different, with the radioactivity appearing in a band ~80 kDa,
characteristic of a cleaved, monomeric form of the receptor. A similar size
peptide is obtained by trypsin digestion of the reticulocyte surface followed by
immunoprecipitation of the cell-free medium with anti-TfR MAb (Chapter 4). It
is evident that in immunoprecipitates from the plasma membrane of cultured
cells, an intact receptor (dimer or monomer) was the principle product. In the
medium, the majority of the receptor was intact and found in the exosomes. Of

the total lost receptor, ~25% was present as a truncated form (~80 kDa)



Fig. 31. Loss of TfR from sheep reticulocytes during in vitro maturation
and recovery in the culture medium

Reticulocytes were labelled with 1251 and cultured for 4, 24, or 48 h. TfR was
immunoprecipitated from cellular membranes, vesicles {(exosomes) or the post-
exosome supernatant (PES) as described under Materials and Methods and then
electrophoresed on reducing (A) or non-reducing (B) gels. In B, only the TfR
immunoprecipitates from the PES are shown. 123]-labelled reticulocytes were
cultured in the presence of 1 pig/ml rotenone plus 2 mM 2-deoxyglucose (DOG),

10 uM PMSF plus 0.5 U/ml aprotinin, 0.85% albumin. m, molecular weight
markers (Mr x 10-3) are shown.
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representing the exofacial domain in the post-exosome supernatant (PES) (Fig.
31A).

On occasion we have also detected an intact receptor (94 kDa) in the PES.
On those occasions we found that re-centrifugation of the medium for an
addiiional thirty minutes at 130,000g clears the supernatant of all the intact
receptor, suggesting that there may be a smali population of less dense or smaller
exosomes requiring additional force to bring them down., For this reason, in all
subsequent experiments, only the peptide at ~80 kDa (under reducing conditions)
was regarded as "soluble” released receptor. Any 94 kDa peptide in the PES was
attributed to contaminating vesicles. In 8-10 experiments, the ~80 kDa peplide
was always a relatively small fraction of the total 1235[-TfR released indicating
that only a small percentage of the externalized receptor is cleaved.

In contrast to reports with cleaved human receptor [102,353,354], the
released soluble peptide migrated as a peptide of ~160 kDa on non-reducing gels
(Fig. 31B). Upon reduction, monomers were obtained (Fig. 31A). The present
results suggest that the sheep receptor may have a disulfide bridge more distal to
the plasma membrane than the human receptor. It is known that not all species
have disulfide bridges with an identical disposition to those of the human
receptor (e.g. the chicken receptor lacks one cysteine [260]). At present, we
cannot distinguish whether an additional bridge exists or whether the cysteine

residues of the sheep TR are situated downstream of the protease cleavage site.
5.2  Time of formation of cleaved TR

We were interested in determining whether the release of truncated TfR
preceded or followed the formation of exosome-associated TfR. The results in

Fig. 31 and Table 9 show that at 3-4 h of incubation, uncleaved receptor was
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Table 9. Improved recovery of 125I-TfR from reticulocytes incubated with
albumin
Incubation time 3 hrs 24 hrs
Albumin 0% 05% 1% 2% 0% 05% 1% 2%
cpm cpm

Membrane 36,150 45,000 49,180 48,670! 20,400 36,700 39,000 39,320
Exosomes 2460 2950 2,400 3,020|11,500 14,900 14,900 18,800

PES 130 460 660 7301 2,200 2,800 2,800 2,720

Recovery (%) 77 95 Single expt. 67 100

Average of five expts. 51 85
Range (n=5) (32-66) (57-100)

Sheep reticulocytes surface labelled with 1251 were incubated at 37°C. Samples
were taken at 0, 3, and 24 h of incubation. Cells were harvested, plasma
membranes isolated, solubilized and immunoprecipitated. The 100,000g pellet
(exosomes) from the cell-free incubation medium and the post-exosome
supernatant (PES) were also collected and immunoprecipitated. All
immunoprecipitates were subjected to SDS-PAGE. All samples had control non-
immune immunoprecipitates. After radioautography, the specific 1251 labelled
bands were cut from the gel and counted. The radioactivity in the
immunoprecipitate of membranes at time 0= 50,600 cpm. Complete details from
a single experiment, representative of five experiments, are shown. In addition,
the pooled data of average recovery from five experiments after 24 h of
incubation are also presented. All values have been corrected for their
respective nonimmune controls (less than 5% of corrected values). All values
are based on recovery from 108 cells.



detected in exosomes but little was found in the PES in the truncated form. At
24 h of incubation, when over 50% of the receptor was lost from the cells, both
exosome-pound and PES soluble (~80 kDa) receptor were present. The majority
of the radioactivity was associated with the exosomes. The radioactivity in the
soluble receptor was never found to exceed the radioactivity in exosome

associated receptor (8 experiments).
53 Proteolysis and release of truncated TfR

To assess whether the soluble TfR arose from the action of unspecified
proteases, albumin was added to the medium to provide an alternate substrate for
i"e putative protease. The presence of albumin in the incubation medium
improved recovery of 123I-TfR so that after overnight incubation, the majority
of the lost radioactivity was accounted for. However, the amount of soluble,
truncated TfR was not affected (Table 9). The increased recovery was due to
tvso factors: (a) the amount of 123]-TfR recovered in the cell membranes after
an overnighit ~ulture was increased by a factor of nearly two, and the amount of
label recovered from exosomes was increased. In the experiment reported in
Table 9, with 0.5% albumin, virtually all of the original 50,600 cpm in the
membranes could be accounted for in the sum of the residual receptor
radioactivity in the membranes, the exosomes and the PES compared with 77%
(at 3 h) and 67% recovery (at 24 h) without albumin. A composite of five
different experiments summarizes these observations (Table 9).

Attempts to assess directly whether the exosomes could give rise to the
truncated TfR were not successful. Wher exosomes were reincubated in fresh or

conditioned medium, the exosomes disintegrated and no antibody-detectable,
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soluble TfR was found. These data should be contrasted with those of Chitambar
et al.[355) where reincubation of rat exosomes gave rise to intact, soluble TfR.

Attempts to decrease the formation of truncated receptor from sheep
reticulocytes by adding a variety of proteolytic inhibitors including PMSF,
aprotinin, trypsin inhibitor, leupeptin, and pepstatin were not effective in a
consistent manner.

If the formation of truncated TfR is a natural process in sheep, the
presence of a truncated receptor in the plasma of anemic sheep should be
detectable. We were unable, however, with our procedures, to detect truncated,
circulating TfR in the 100,000g supernatant of plasma from phlebotomized
sheep. The exosome pellet from an equivalent volume of plasma had readily

detectable, full iength TfR,
5.4 Human cleaved TfR: HL60 cells release a truncated TfR

To assess the presence of intact and/or cleaved TfR in the human
circulation, plasma from patients with hemochromatosis was incubated with iron
core beads coated with an antibody to the human TfR. The retained material was
then subjected to SDS-PAGE. An intact TfR, as wcll as a lower molecular
weight peptide of ~80 kDa, was obtained (not shown).

Our studies on TfR synthesis with HL60 ceits showed the presence of an
~80 kDa 35S-labelled peptide in the 100,000g supernatant which
immunoprecipitated with anti-TfR MAb. Although HL60 cells release
membranous components into the medium, no labelled receptor was associated
with the high speed pellet from the incubation medium of these cells (Fig. 32).
However, native size, 33S-TfR wes still present in the cells after a 38 » chase with

unlabelled methionine. These data on the release of a truncated receptor are in
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Fig. 32, HL60 cells release a soluble truncat=d TfR

Cells were labelled with [33S]methionine and cultured for 21 h. The cells, the
100,000g pellet (exosome) and supernatant (PES) were immunoprecipitated with
a non-immune mouse IgG (NI) or anti-TfR MAb (I). Shown is an
autoradiograph after a 3 day exposure. Molecular weight markers (Mr x 10-3)
are indicated.
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accord with studies done by Chitambar and Zivkovic [353] who also found a
soluble ~80 kDa fragment in the medium.

We considered the possibility that HL60 cells possess a cell surface
protease (or secrete a protease) which might cleave the extracellular domain of
the TR from non-cellular but membrane-bound forms of the TfR. To test for
the putative protease activity, 33S-labelled TfR immunoprecipitates (bound to
Protein A-Sepharose) were incubated with either a suspension of HL60 cells or
with the cell-free conditioned medium from an HL60 culture. Figure 33 shows

that HL60 cells cleaved the 33S-TfR, releasing a peptide of ~80 kDa.

5.5 Origin of the cleaved TfR: Detection of the cytoplasmic domain of the

TR in vesicles but not cells

If TfR is cleaved from the red cell surface and/or the exosomes, the
transmembrane and cytoplasmic domains of the TfR may be retained in the
originating membranes. Recent studies have suggested that in HeLa cells, the
membrane-bound, cytoplasmic domain of the TfR is recycled like an intact TfR
[356]. Using an antibody against the cytoplasmic domain of the TfR (anti-
¢dTfR), we probed sheep erythrocyte membranes, sheep reticulocyte membranes
and sheep exosomes for the presence of the N-terminal (cytoplasmic) domain of
the TfR. The results show that anti-cdTfR recognizes native (94 kDa and 190
kDa) TfR in sheep reticulocyte membranes (Fig. 34). Nc other reactive peptides
were seen. In exosomes, however, the presence of two lower molecular weight
antibody reacting peptides were evident in addition to the native form of the
TfR. The faster migrating peptide (~17 kDa) corresponds approximately to the
expected size of the human N-terminal domain (~15 kDa) if cleavage had

occurred at (or nerr) the exofacial domain at residue 130 (a tryptic cleavage
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Fig. 33. A cellular protease cleaves 33S-TfR to produce an 80 kDa fragment
which is recognized by anti-TfR MAb

HL60 cells were labelled with [35S]methionine for 1 h, then chased for 1 h with
the addition of five volumes of complete MEM containing 10% fetal bovine
serum and 1 mM methionine. The cells were solubilized as described under
Materials and Methods and 1 ml of supernatant (containing 3*S-TfR from 5 x 10°
cells) was incubated with 20 pg anti-TfR MAb (lanes 1-3) or non-immune mouse
IgG (lane 4) for 2 h, then with 20 pl Protein A-Sepharose for 1 h, both at room
temperature. The Sepharose was washed with PBS, then incubated for 12 h at
37°C with 1 ml of RPMI 1640 medium (lane 1), medium containing 107 HL-60
cells (lane 2) or 10X concentrated conditioned medium (lane 3). Following the
incubation, the Sepharose was allowed to settle and the cell suspension and
medium were removed. The Sepharose was washed with PBS, and the 33S-TfR
eluted with SDS sample buffer for electrophoresis.
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Fig. 34. Detection of the cytoplasmic domain of the TfR by immunoblotting

Lane 1, prestained molecular weight markers of 100,%(); 80,000; 49,500;

reticulocyte membranes before culture; lane 4, sheep reticulocyte membranes
after culture; lanes 5-7, sheep exosomes after culture of 10, 20, and 50 ul cells,
respectively; lane 8, human membranes after culture; lane 9, human exosomes.
The intact TfR and cytoplasmic domains are indicated by arrows.
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site). The fact that a second peptide of roughly double the size was also present
suggests that there may be a second cleavage site (or that the latter peptide is the
residual dimer of the ~17 kDa component). Further study is required to address
this question. In exosomes from a patient with hemochromatosis, anti-cdTfR
also recognized two peptides of ~17 kDa and ~25 kDa (lane 9, Fig. 34). In the
cell membranes from the reticulocytes of the same individual, no cleavage

products were detectable.
5.6 Recycling of a cleaved T{R in sheep reticulocytes

Although we could not detect the cytoplasmic domain of the cleaved TfR
in fresh or incubated sheep reticulocytes, the possibility exists that any
cytoplasmic component would be rapidly removed from the cells, but not the
exosomes which may not contain the necessary enzymes. For this reason, we
generated a cleavage product by treatment of the sheep reticulocytes with trypsin
prior to incubation. The results showed that the cleaved, cell-associated
fragment generated by trypsin was recognized by anti-cdTfR. This domain was
retained in the membranes after overnight incubation (Fig. 35). The exosomes
generated from these cells also contained the cleaved cytoplasmic domain of the
TfR. It is evident that in exosomes from trypsin-treated cells, there is a
substantial increase in the amount of cleaved cytoplasmic domain. Thus, if the
cleaved, soluble TfR were generated directly from reticulocytes during normal
maturation, the residual cytoplasmic domain would likely be detected in the celi
membranes after overnight incubation. These data are consistent with the
conclusion that cleavage of the TfR from exosomes resuits in the formation of

. truncated circulating TfRs.
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25 kDa —>» wow -
17 kDa —> - - .

Fig. 35. Recycling of a trypsin generated cytoplasmic domain in sheep
reticulocytes

Reticulocytes were treated with 0.1% trypsin in PBS for 10 min at 37°C. The
cells were washed with PBS containing 0.2% soybean trypsin inhibitor, then
cultured for 16 h. The cell membranes and exosomes were subjected to SDS-
PAGE, blotted and probed with anti-cdTfR. Lane 1, prestained molecular
weight markers, as in Fig. 34; lane 2, untreated reticulocytes (20 pl) after
culture; lane 3, trypsin-treated reticulocytes (20 pl) after culture; lanes 4-5,
exosomes from culture of 20 pl or 50 pl untreated reticulocytes, respectively;
lanes -7, e:tosomes from culture of 20 pl or 50 pl trypsin-treated reticulocytes,
respectively. Arrows indicate the position of the TfR.
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Symmary

Elevated levels of serum TfR are clinical indicators of iron deficiency and
increased erythropoiesis. In man, most of the circulating TfRs are truncated,
representing the extracellular domain of ~80 kDa. Although exosome formation
is a mechanism for the shedding of TfRs by maturing reticulocytes of several
species, a recovery of less than 50% suggested that other mechanisms could
account for TfR release, such as cleavage from the cell surface. In this chapter,
we presented evidence to indicate that in sheep reticulocytes (and possibly in
human reticulocytes), a minor portion of the TfR is cleaved from exosomes
during or after their release from the maturing reticulocyte. The 17 kDa
cytoplasmic and transmembrane domains following cleavage remain associated
with exosomes but are absent from the cells making direct cleavage from the
cells unlikely. It therefore appears that exosome formation is the major route
for shedding TfRs and that the circulating, extracellular domain is a secondary

product from the circulating exosomes.
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Chapter 6 General Discussion

During reticulocyte maturation, many cellular and membrane functions
are lost [6,10-12,50,62,68-82]. Nearly a decade ago, it was shown that TfR-
containing vesicles are exocytosed during in vitro culture of sheep reticulocytes
[871. Thic tamperature- and ATP-dependent process could be the means by
which the reticulocyte loses specific membrane proteins, such as the T{R, during
maturation. How this process is controlled is largely unknown. The question
arose as to whether the reticulocyte synthesizes new TfRs during this time and
whether synthesis is regulated by heme or iron. The aim of this thesis was to
study the factors influencing the synthesis and externalization of TfRs in the
maturing reticulocyte.

The ability of peripheral reticulocytes to synthesize proteins has beer
known for decades [357,285,286,335]. Equally well known is the fact that this
ability is lost during reticulocyte maturation so that the protein synthetic
machinery is absent in erythrocytes [335,51]. Ninety percent of the protein
synthesized by reticulocytes is hemoglobin; however, the syntheses of
nonhemoglobin proteins and membrane proteins have also been shown in rabbit
and mice reticulocytes [52,289,303-305,347]. Protein synthesis in reticulocytes
is dependent on heme [285-289] which prevents the formation of an inhibitor of
translation initiation {290,291]. Hemin must be supplied to reticulocyte lysates
for in vitro protein synthesis since cell-free lysates do not synthesize heme.
Unlike cell-free lysates, intact reticulocytes are capable of heme synthesis and can
maintain protein synthesis for a longer period without exogenous hemin.

We have shown that intact sheep reticulocytes synthesize a membrane-
bound receptor for transferrin which is under heme regulation. When heme

synthesis was inhibited with 4,6-dioxoheptanoate (DOH), TfR synthesis was also
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inhibited. Cox [334] also showed that DOH inhibited TfR synthesis and that
synthesis could be restored by the addition of exogenous hemin. Heme synthesis
in rabbit reticulocytes was increased by FeSIH (which is a better iron donor than
FeTf), but FeSIH had no effect on protein synthesis [276], suggesting that rabbit
reticulocytes are already synthesizing proteins at a maximum level. Therefore,
increasing intracellular heme either through increased synthesis (by adding
FeSIH) or by adding hemin to the medium does not increase overall protein
synthesis. With sheep reticulocytes, however, excgenous hemin increased TfR
synthesis (as well as total protein synthesis) above the level observed in media
supplemented with FeTf or FePIH. This suggests that sheep reticulocytes, unlike
rabbit reticulocytes, do not synthesize sufficient c:;dogenous heme to maintain
maximal protein synthesis.

Recently, it was shown that TfR synthesis in cultured cell lines is regulated
post-transcriptionally by iron [200-203]. The intracellular iron concentration
influences the binding of a cytoplasmic protein (IRE-BP) to the TfR mRNA and
hence the stability cf the mRNA [200,201]. Iron decreases TFR mRNA stability
and hence TfR synthesis. The regulation of TfR synthesis by this mechanism was
not apparent in sheep reticulocytes. Iron stimulated TfR synthesis but this was
probably mediated through heme synthesis since DOH blocked the effect of iron
(delivered as FeTf or FePIH). All the iron taken up by reticulocytes is
incorporated into heme [240] with little or no free iron accumulating to
destabilize the TfR mRNA. Even in the presence of DOH, which is known to
increase iron uptake by reticulocytes [240,237,241], the nonheme iron
accumulates in the mitochondria and not in the cytosol where mRNA is
regulated. DOH inhibited TfR synrhesis by limiting heme availability, which is
required for the translation of mRNAs. The addition of an iron chelator, PIH,

inhibited TfR synthesis probably by making iron unavailable for heme synthesis.
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These results emphasize the importance of maintaining heme levels for TfR
synthesis in reticulocytes and suggest that the regulation of mRNA by iron is a
secondary factor. Cells such as uninduced K562 cells synthesize very little heme
and must have a "defence mechanism” to prevent the accumulation of free iron.

Alternatively, ti:. TfR mRNA in reticulocytes may not respond to iron as
it does in noneryttiroid or K562 cells. Red cell precursors must take up large
amounts of iron for heme synthcsis for the production of hemoglobin, yet these
cells must continue to synthesize TfRs in order to meet the demand for iron.
Therefore, the IRE mechanism for regulating TfR synthesis in other cells may be
modificd or absent in reticulocytes. Macrophages are also adapted for increased
iron uptake (for iron storage) and their TfRs are positively regulated by iron
[359). The mechanism for this posiitve regulation is not known. It would be
interesting to directly measure the effect of iron and iron chelators on the level
of TfR mRNA in reticulocytes. One should determine if the IRE-BP is present
in erythroid cells and what effect iron has on the binding of IRE-BP to both
erythroid and nonerythroid TfR mRNA. A recent publication noted that IRE-
BPs are present in chick embryonic erythroid cells but that TfR mRNA stability
is not regulated by iron levels in these cells [360].

The ability of the sheep reticulocyte to synthesize TfR and hemoglobin is
lost after a few hours of culture, even in the presence of hemin. Schulman [335],
however, showed that rabbit reticulocytes could syntl...size proteir.  nitial ratcs
after a 20 h incubation period if supplemented with exogenous hemin, suggesting
that the heme synthesizing capacity was lost more rapidly than the protein
synthesizing capacity in these cells. Heme deficiency was considered to limit
protein synthesis after longterm incubation. We measured heme synthesis in
sheep retic - ‘s by following [2-14C]glycine incorporation into heme after

culturing . - : for up to 6 h. The ability to synthesize heme was not lost as
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rapidly as the ability to synthesize proteins. This suggests that some factor(s)
other than heme limits protein synthesis in the maturing sheep reticulocyte. In
our experiments, hemin was present throughout the incubation period whereas
Schulman added hemin only during the iabelling period. Hemin may have other
effects on reticulocytes such as stimulating the loss of components of the protein
synthetic machinery (in addition to the loss of membrane proteins [sce below])
during reticulocyte maturation. If this were so, we would see a rapid decline in
protein synthesis even though elF-2a is available,

It has been shown in erythroid cells that heme synthesis is limited by the
rate of uptake of iron from Tf {275,276]. The rate of iron uptake by cells is
proportional to the number of surface TfRs and their rate of recycling. In sheep
reiiculocytes, the ability to take up iron is lost with a tj;2 of about 4 h [312].
Assuming that the enzymes of the heme biosynthetic pathway are stable during
this time and iron uptake is rate-limiting, we can also 2xpect heme synthesis to
decrease with a tj of 4 h. Our results show that the heme synthetic capacity
falls at this rate. A parallel decline of heme synthesis and iron uptake may be
necessary so that every iron molecule which is transported into the cell is
incorporated into heme rather than accumulating as free iron which would be
toxic to the cell. This is consistent with studies showing a tight coupling of iron
uptake and heme synthesis [240]. Since protein synthesis is lost more rapidly
(ti2 ~1 h), not all of the newly synthesized heme will be bound to globin. This
may increase the intracellular pool of free heme which in turn could inhibit iron
uptake and stimulate the selective loss of proteins (such as the TfR) during
reticulocyte maturation (discussed below).

In early reticulocytes, when iron uptake is high, maximal heme and globin
synthesis is achieved. As TfR expression decrzases with ¢!l maturation, iron

uptake also decreases accompanied by a decrease in heme synthesis. As the heme
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supply falls, initiation of protein synthesis is inhibited. Components of the
protein synthetic machinery and mRNA also decline in amount during red cell
maturation and contribute to the shutdown of protein synthesis.

The only other study on TfR synthesis in reticulocytes [334] did not report
any unusual features about the newly synthesized TfR. We have, iowever,
detected the formation of an incomplete TfR. Our conclusion is based on four
criteria. 1) The newly formed TfR migrated as a smaller polypeptide on SDS
gels. The difference in mobility appeared to be due to incomplete post-
translational processing, since removal of the majority of carbohydrates with
TFMS or endoglycosidase F resulted in the formation of comigrating labelled
and unlabelled polypeptides. Further studies showed that the newiy synthesized
TfR lacked complex-type oligosaccharides. 2) Whe~ reticulocytes were exposed
to trypsin at 0°C or 37°C, there was little or no appar=nt digestion of the 35S-TfR
in contrast with digestion of the preexisting TfR. These data suggest that the
newly formed TfR was not delivered to the cell surface. After density gradient
centrifugation of a reticulocyte lysate, fractions containing the peak of 35S-TfR
also contained galactosyltransferase, a Golgi-associated enzyme, and separated
from the peak of native TfR. The lack of complex oligosaccharides on :he 35S-
TiR and the accumulation of high-mannose glycopeptides suggested an ER or cis-
Golgi localization. 3) The half-time for the loss of newly formed TfR from the
cell was ~24 h, two to three times longer than that for native preexisting TfR.
No evidence was found for the presence of 35S-TfR in the exosomes released to
the medium during maturation of reticulocytes. These exosomes contained the
preexisting TfR. 4) Further confirmation that the newly formed TfR existed in a
pool separuicd toom the majority of the cellular TfR stems from the difference
in response of the preexisting TfR and the 35S-TfR to iron and hemin

supplements in the culture medium. Whereas hemin, not iron, stimulated the loss
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from the cell of unlabelled native TfR, iron (as FePIH) was more effective than
hemin in causing the loss of the 35S-TfR. Thus immature red cells may have two
mechanisms for regulating TfR protein levels, both of which are influenced,
directly or indirectly, by the supply of iron.

Since we were unable to identify any of the other newly synthesized
membrane proteins, we do not know with certainty whether all newly made
membrane proteins are incompletely processed or whether the newly made TfR
is selectively held up intracellularly. However, our experiments with
[3H]}mannose-labelled glycoproteins and protease treatment of the surface of cells
labelled with [33S]methionine suggest that the sheep reticulocyte has lost the
machinery to fully process newly synthesized membrane proteins.

While the reticulocyte must synthesize hemoglobin and lipoxygenase {52},
it does not need to make functional TfRs which have no role in the mature cell.
The majority of the proteins of the erythrocyte membrane (specirin, band 3,
glycophorin) are synthesized before the reticulocyte stage [304, our results).
Only a small fraction of the total TfR (less than 0.19%) is synthesized at the
retizulocyte stage in the sheep. The physiological significance of this late stage
synthesis is not clear but it may be related to the fact that the TfR, unlike band 3
or glycophorin, is shed during red cell development so that its synthesis
continues until the need for iron disappears.

The biosynthetic pathway of the TfR and other membrane proteins
requires the coordinated actions of many membrane-bound and cytosolic
proteins. While previous studies showed that the reticulocyte has the components
necessary for the synthesis of soluble proteins, they did not clearly show whether
any oligosaccharide processing and/or targeting to the cell surface take(s) place
in the reticulocyte. Ultrastructural and biochemical methods have been used to

detect the presence of ER and Golgi in reticulecytes. Electron micrographs have
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revealed ER and Golgi-like membranes in reticulocytes which may be the sites of
post-translational procussing [2,361], and the ER marker enzyme, NADH-
cytochrome ¢ reductase, is present although the level is 1% of that in the liver
[50]. Reticulocytes, but not erythrocytes, can also synthesize dolichol phosphate
oligosaccharides and transfer the sugar chains to endogenous proteins {362,363].
Our studies on TfR synthesis in the reticulocyte showed for the first time, that a
specific protein is inserted into the microsomal membrane, acquires high-
mannose N-linked oligosaccharides, but is not transported to the cell surface.
Therefore, the loss of Golgi-associated functions precedes the loss in capacity for
protein translation during reticulocyte maturation such that a pool of
incompletely processed polypeptides accumulate in an intracellular compartment.

These results also indicate that in sheep reticulocytzs, the biosynthetic
vothway has been separated from the endocytic pathway. Cell surface TfRs may
either recycle between the plasma membrane and endocytic vesicles or enter a
nonrecycling pooi involving multivesicular bodies (MVEs). The MVB is the site
where TfRs and other membrane proteins are packaged into vesicles for
externalization. When the MVB f{uses with the plasma membrane, these vesicles
are rel::ased into the culture mediun: (in vitro) or plasma (in vivo). Newly
synthesized TfRs, on the other hand, do not enter the pathway to the cell surface
and are not externalized during reticulocyte maturation. It is of interest to add
whiat ER and Golgi marl:er enzymes were not detectable in exosomes, as would be
expected if the biosynthetic pathway does not have direct access to MVBs,

Aside from its role in protein synthesis, hcmin has been recognized as an
important regulator of red cell function for many years at the level of gene
transcription, commitment to terminal differentiation and protein degradation
[49,296,297,364,365]. In HeLa cells, heme has also been implicated as a down-

regulator of TfR synthesis [330], but other investigators have concluded that free
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iron, not heme, down-regulaies the expression of the TfR at the post-
transcriptional level in a variety of cells [199-203]. In Chapter 3, we showed
that externalization of TfRs was stimulated by the addition of hemin. Eauslier
work had shown that serum increases externalization of the TfR from sheep
reticulocytes [91], an effect that may have been mediated, in part, by hemin in
serum or heme synthesis upon iron delivery. However, heme is found in the
serum bound to hemopexin and although heme-hemopexin enters several
different cell types by receptor-mediated endocytosis [165,366], it is not known
whether reticulocytes have a receptor for heme-hemopexin. In vitro, hemin,
being hydrophobic, is likely to enter the cell to some extent by diffusing inrough
the membrane.

The effect of hemin on the externalization of TfRs may be part of a more
general effect on membrane differentiation during reticulocyte maturation.
NBMPR binding is also known to diminish during maturation of sheep
reticulocytes, and the loss of this function was shown to be increased by hemin
concoinitant with an increase in vesicle formation and increased TfR and
NBMPR binding in these vesicles. Thus, in addition to its already diverse roles
in red cel! metabolism, heme may be an important regulator of reticulocyle
maturation. Hemin had no effect on lactate dehydrogenase, whose concentration
in the red cell is not affected by maturation.

To assess how heme could be involved in reticulocyte maturation, we will
first consider the known affects of hemin on red cell proteins. Hemin ca.
disrupt skeletal protein-protein interactions in erythrocytes, especially those
between protein 4.1 and glycophorin A [300]. It is unlikely that the stimulation
of membrane protein loss during culture is due to a disruption of skeletal

protein-protein interactions in the reticulocyte membrane since glycophorin A
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and band 3, proteins which interact with the cytoskeleton [368-371], are not lost
during reticulocyte maturation.

Both diamide, an oxidant of thiol groups, and hemin promote the
formation of disulfide bonds in the heme-controlled repressor and prevent its
activation in vitro {295]. A direct association between the iron of heme and the
thiol of glutathione has been suggested [302]. Loss of heme from hemoglobin is
induced by oxidation of the sulfhydryls [372). These observations suggest that
there may be an association between heme and the free sulfhydryls of proteins.

Hemin may also atfect proteins indirectly by catalyzing the production of
free radicals which cause oxidation. In reticulocytes, oxidatively damaged
proteins can be selectively degraded [298,373]. Thorburn and Beutler [375] have
proposed that oxidative damage may selectively mark hexokinase for proteolysis.
The decline in hexokinase activity was enhanced when the cells were incubated
with a free radical generating system (Fe2+/ascorbate). Although the addition of
hemin is not required for reticulocyte maturation, oxygen seemzd to be required
and this was not due to ATP-depletion.

From our results and the known effects of heme and oxidation described
above, we may speculate on the mechanisn: for the release of membrane proteins
during reticulocyte maturation. It has already been proposed that a structural
change in the TfR accompanies the shedding of TfRs [92]. The oxidation of an
amino acid(s) in the cytoplasmic domain of membrane proteins may lead to
unfolding of the cytoplasmic domain. A 2 h exposure of reticulocytes to 43°C
(heat shock) is known to stimulate loss of TfRs and nucleoside transporters [99].
Both heat shock and hemin may catalyze protein unfolding., These unfolded
domains interact more strongly with the 70 kDa protein which is known to bind
unfolded proteins [95]. The alteration in the cytoplasmic domain may explain

why the exosomal TfR, unlike the cellular TfR, is not a substrate for protein
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kinase C [92]. TfRs associated with the 70 kDa protein are segregated into a
nonrecycling pool where multivesicular bodies are formed by budding of
vesicles from the endosomal membrane into the lumen of the endosome. The
altered TfR may or may not play an active part, i.e. induce the formation of
exosomes, during reticulocyte maturation. When the MVB fuses with the plasma
membrane, the exosomes containing TfR and intravesicular 70 kDa protein are
released into the medium. Heme is known to inhibit iron uptake [236,237]. Itis
possible that the decreased iron uptake is partly due to routing of internalized
TfRs to MVBs so that they no longer undergo recycling.

An alternate hypothesis could be envisioned where TfR-containing
endocytic vesicles are constitutively sequestered into multivesicular bodies
because of the need to decrease the cell's surface area. The reticulocyte
eliminates membranes by budding vesicles into the lumen of the endosome and
then releasing these vesicles as the endosome fuses with the plasma membrane.
Intracellular proteins such as hemoglobin and the 70 kDa protein may also
become trapped in these vesicles. In this situation, all recycling membrane
proteins would be externalized. With the formation of multivesicular bodies, the
recycling pathway is eliminated. Such a mechanism, however, cannot explain the
selective nature of the elimination of membrane proteins during reticulocyte
maturation. Membrane proteins are exicrnalized at different rates, for example,
the nucleoside transporter is lost more slowly (tj ~24 h) than the TfR (ty;2 ~6-
12 h) [99]. The same membrane protein may be lost to different degrees by
different species, e.g. glucose transporter is lost completely by pig but not human
red cells [76]. This therefore is the salient feature of the first hypothesis:
membrane proteins are removed selectively from the recycling pathway. We
suggest that a structural motif in the membrane protein promotes the clustering

of these proteins in the buds during exosome formation. The degree to wiich
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membrane proteins are lost in different species may be due to species differences
in the structure of the protein or interactions which form between the membrane
protein and species-specific cellular proteins. Other membrane proteins like
band 3 and glycophorin are not lost during reticulocyte maturation. These
proteins are anchored at the cell surface by forming associations with
components of the membrane skeleton (ankyrin, protein 4.1 [368-371]). The
cytoplasmic domain of band 3 can also associate with a number of cytoplasmic
proteins [374]. These interactions restrict the mobility of band 3 and
giycophorin in the plasma membrane as well as protecting their cytoplasmic
domains from undergoing changes in folding which mark them for
externalization,

To carry these speculations further, we would show that externalized
membrane proteins have undergone some kind of alteration in their cytoplasmic
domains and determine whether additional components are involved in targeting
and releasing these membrane proteins. It is interesting to note that the
cytoplasmic domains of TfRs that have so far been cloned are conserved. The 61
amino acid residues from the N-terminus of the hamster TfR is identical to that
of the human TfR except for one amino acid (Tyrzg —> Cyszo) [376]. The
cytoplasmic domains of the human and mouse TfRs are 93% identical [257-259].
Since the TfRs of all species are lost during reticulocyte maturation and exosome
formation has been observed in seven different species [87,90,97,99,352], these
TfRs may undergo a common change during the course of maturation which
signals their removal from the recycling pathway. The extracellular domains, in
contrast, are not as well conserved between species [260]. This may explain why
the Tf of one species has different affinities for receptors of other species. For
example, the sheep TfR does not bind well to human Tf. This model agrees well

with the result showing that the extraceilular domain of the sheep TfR can be
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remaining cytoplasmic and transmembrane domains (Chapter 5). This result
demonstrates that the N-terminal domains and not the ectodomain carry the
information for selective externalization.

The fact that plasma from several different species of anemic animals
show the presence of exosomes argues strongly that exosome formation is
associated with reticulocyte maturation. A population of multivesicular bodies
inside immature red cells of several species which appear to be the precursors of
the circulating exosomes have also been identified. Based on this common
behaviour of reticulocytes, it has been proposed that exosome formation is a
major route for the elimination of specific membrane proteins during red cell
maturation. However, given the incomplete recovery of the TfR in exosomes,
there could be other means for the loss of TfR from the red cells during
maturation, such as proteolysis and direct cleavage from the cell surface.

In Chapter 5, it was shown that the addition of albumin to the culture
medium significantly improved the recovery of the TfR in cells and exosomes,
suggesting that some proteolysis takes place during overnight culture. When the
culture supernatant following centrifugatior. of exosomes (PES) was examined, a
soluble truncated TfR of 160 kDa (80 kDa on 12duced gels) was detected. Recent
work with blood from anemic patients has shown the presence of a truncated
form of the TfR in the circulation [101,103,104]. The levei of truncated TIR is
proportional to the degree of iron deficiency and the reticulocyte level. Tihe
existence of such a form of receptor in the circulation raises the question of its
origin. Is shedding of TfR by cleavage from the cell surface a major mechanism
for TfR loss from the red cell surface during maturation? Or is the cleaved TfR
a consequence of exosome formation followed by cleavage from the surface of

exosomes? Alternatively, is a soluble truncated TfR synthesized and secretec?
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The last possibility can be eliminated in the sheep system since very little
de novo synthesis of TfR occurs. Moreover, the small amount of newly
synthesized TfR is not detected in the medium. Therefore, the soluble TfR does
not originate from direct synthesis followed by secretion.

There is strong evidence to suggest that exosomes released during
reticulocyte maturation are the major source of the soluble truncated TiRs found
in the circulation. Exosomes formed during in vitro maturation of sheep
reticulocytes showed the presence of both intact TfR and the 17 kDa cytoplasmic
domain of the TfR. A cleaved cytoplasmic domain was absent in cultured
reticulocytes making direct cleavage from the cell surface unlikely. The cleaved
cytoplasmic domain was stable in the reticulocyte and remained cell-associated
for 16 h as shown by the stability of the 17 kDa cytoplasmic domain generated
artificially with trypsin. Therefore, its presence in the cell membrane would
have been detected in the maturing reticulocyte. Furthermore, intact exosomal
TfK was found in the medium (after 3-4 h) before the appearance of truncated
TiRs (~24 h).

HL60 cells also release soluble 80 kDa TfRs to the medium during culture.
We have shown that intact HL60 cells contain a surface protease which can cleave
Protein A-bound TfR to produce an 80 kDa fragment recognized by an antibody
to the ectodomain. The activity of this protease in HL60 cultures may be
sufficiently high to cleave any non-cell-associated TR that is released into the
medium. This may explain why intact TfRs are not detected in the cell-free
culture medium of HL60 cells. Similarly in sheep reticulocytes, a cell surface
protease may cleave some non-cell-associated TfR. The activity of this protease
in sheep reticulocytes, however, may be much lower, and therefore most of the
TR that iv released from sheep reticulocytes is intact and associated with

exosomes. Since no cleaved cytoplasmic domain was detected in the sheep
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reticulocyte, the TfR on the cell surface is probably not accessible to the surface
protease. These results suggest that the truncated TfRs are cleaved from non-
cellular sources and that the major route for shedding TfRs during maturation is
via exosome formation.

The process of exosome formation and extemalization may not be limited
to the maturing reticulocyte. Furthermore, externalization may require factors
similar to and perhaps even identical to those involved in the widespread
phenomenon of endocytosis (e.g. clathrin uncoating ATPase). Future
investigations would focus on the molecular mechanism of targeting proteins for
externalization and the potential of such a mechanism for the loss of membranes
(proteins and lipids) during the earlier stages of erythroid cell differentiation and
during the terminal differentiation of nonerythroid cells (e.g. HL60 cells).

In conclusion, with sheep reticulocytes, we have shown two distinct effects
of hemin on the TfR: 1) increased de novo synthesis and 2) an increase in the
loss of preexisting TfR. Neither effect is duplicated by iron presented to the cell
as FeTf or FePIH when heme formation is blocked. leme may play a dual role
in maintaining the level of reticulocyte TfR. One may speculate that, during the
early stages of red cell development when protein synthesis is high, the primary
effect of heme will be to increase the level of the TfR by a generai effect on
protein synthesis. As the cell ages and overall synthesis of protein falls, the
effect of heme on TfR loss will become the dominant effect. Based on our data,
we are able to propose a mechanism for the selective =xternalizziion of plasma
membrane proteins during reticulocyte maturation. This mechanism of selective
loss by exosome formation appears to be the major route for eliminating native

TfRs and other membrane proteins from the maturing reticulocyte.
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