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Abstract

The transferrin receptor (TIR) is a memnrane protein whose function is to

deliver transferrin-bound iron into the cclI. Erythroid precursor cells and

reticulocytes require huge amounts of iron for hemoglobin synthesis and express

large numbers of TfRs. However, as the reticulocyte matures into an

crythrocyte, TIRs are lost from the ccII. as are a number of olher memhrane

proteins. Nearly a decade ago, it was shown that TIRs are released from the

sheep reticulocyte in vesicular form (in exosomes) durinf; cullure. Exosome

formation may be the mechanism for remodelling of the plasma membrane

during reticulocyte maturation. In this thesis, wc determine whether the sheep

reticulocyte has the capacity to sylhesize TIRs and whethe,' TIR biosynlhesis or

extemalization is controlled directly by iron. Although the sheep reliculocyle

incorporates [355 Jmethionine into the TIR, the labclled TIRs are incomplelely

glycosylated and are not transported to the ccII surface. TfR synlhesis is

regulated by heme, rather than direclly by iron. Newly synlhesized Tl'Rs are nol

extemalized; however, pulse-chase experiments showed that they are lost ~'lowly

by an iron-dependent mechanism. Extemalization of preexisting TfRs is

stimulated by hemin but not iron. Wc propose that hemin calalyzes 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 mullivesicular bodies and

ultimately released in exosomes. Wc suggest lhat the TfR ectodomain can be

cleaved from the released vesicles and propose that exosomal membranes are the

source of the soluble truncated Tl'Rs found in the circulalion.
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Résumé

Le réce;:lteur de la transferrine (TfR) est une protéine membranaire qui a

la fonction de transporter le fer lié à la transferrine à l'intérieur de la cellule.

Les précurseurs érythroides et les réticulocytt:s ont besoin d'énormément de fer

pour la synthèse de l'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. Il 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 peUl être le mécanisme pour le remodelage de la

membrane plasmique durant la maturation du réticulocyte. Dans cette thèse,

nous voulons déterminer si le réticulocyte de mouton a la capacité de synthétiser

les TfRs et si la synthèse ou la libération sont affectées directement par le fer.

Bien que le réticulocyte incorpore la [35S]méthionine dans le TfR, les TfRs

marqués som incomplètement glycos),Jés et ils ne sont pas transportés à la surface

cellulaire. La synthèse du TfR est rt'gutée par l'hémin et non directement par le

fer. Les TfRs nouvellement synthétisés ne sont pas libérés; cependant, nos

expériences ont dt:montré que ces TfRs sont perdus lentement par un mécanisme

dépendant du fer. La libération des TfRs préexistant est stimulée par l'hémin et

non par le fer. Nous proposons donc que l'hémin catalyse un changement

d'oxydation dans le TfR lequel facilite l'élimination du TfR de la chaîne de

recyclage et lui permet d'être ciblé aux corps multivésiculaires et ultérieurement

liberé dans les exosomes. Nous suggérons que l'ectodomaine du TfR peut ~tre

coupé des vésicules libérées et nous ;;ropns que les membranes vésiculaires sont

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

Parts of this thesis have alr::ady been published '1r submitled for

publication. Chapter 3 (with the exception of section 3.2) and parts of Chapter 4

(including Flgures 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. Physio/. 140, 107-1181.

Sections 4.1, 4.2, 4.3 (Figure 27), and 4.5 of Chapter 4 have bcen published as a

paper titled "Intraeellular 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 bcen submitled 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 pe.rformed 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

35S incorporation experiment with chicken reticl!locytes (Chapter 4) was

performed in collaboration with Anu Mathew.
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IX

Contributions to Original Knowledge

1. The newly synthesized TfR of sheep reticulocytes is incomplctcly

glycosylated and not expressed at the cell surface. It appears that the rcticulocylc

has lost sorne component(s) of the Golgi complex that is/are requircd for thc

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 (t1/2 -20 h) by an iron-dcpendent

mechanism.

3. Hernin stimulates the loss of preexisting TfRs and nuclcosidc

transporters (NBMPR binding sites) from reticulocytes while incrcasing the

amount of these proteins and the 70 kDa protein in exosomes that are rclcascd

from the cells during reticulocyte maturation. Therefore, hcme may acccicratc

the maturation process.

4. Although sheep reticulocytes can maintain their ATP levcls whcll

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 (Mr -80 kDa) are releascd by

cultured human HL60 myeloid cells. A portion of the TfRs released by

reticulocytes may also he truncated.

6. A 17 kDa cytoplasmic domain of the TfR is present in sheep

exosomes, suggesting that soluble truncated TfRs arise from c1eavage of

exosomal TfRs.
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Chapter 1 Introd uction

The central question under study is what determines the expression or

distribution of specifie membrane proteins in the compartmentalized ccII. Le.

how are these proteins directed? This question arises during protein biosynthesis

when nascent proteins are targeted to different destinations. during rcccptor­

mediated endocytosis when receptors are either recycled or degraded. and during

membrane remodelling associated with ccli maturation when selective protcins

are eliminated. Is the information contained in the structure of the protein?

How do cellular components process this information? Are acressory proteins.

cytosolic factors and/or external factors involved? How is this membrane

traffieking and protein sorting regulated'! The transferrin receplor (TIR) has

been studied by many researchers interested in these questions. The TIR. whose

function is to transport iron into the cell. is expressed by many different cells

since nearly ail cells require iron for the synthesis of a number of imporlant

proteins, including hemoglobin, cytochromes, ribonucleotide reduclase, and

catalase. Its biosynthesis, endocytic pathway, and fate during reticulocyle

maturation have becn weil characterized over the last decade; however, many

questions at the molecular level have yet to be resolved.

A model whieh can be used to approach sorne of these questions is the

maturing reticulocyte. The retieulocyte expresses a high concentration of TIRs

but al !he same time, its intracellular structure is simplified due to lhe

maturation-associated reduction in ER, Golgi, mitochondria, and lysosomes. For

this reason, retieulocytes have been used for the study of endocytosis [1-3 J and

isolation of clathrin coated vesicles [4,5 J. In fact, the existence of TIRs on the

cell surface [6] and the recycling of transferrin (Tf) were first proposed for

retieulocytes [7]. As the reticulocyte matures into an erythrocyte, there is a
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decline in TfR number 18-12J accompanied by an overall remodellmg 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 ~embrane

proteins which are knowp to disappear during reticulocyte maturation. Although

il is weil 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 ?nd the possible roles of iron and heme in

TfR expression during reticulocyte maturation.

1.1 Erythroid Cell Differentiation

Ail 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 becorne specializ'~d to carry out specifie functions. To be

defined as a stem cell. the cell must be capable of self-renewal, Le. 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 (hemopoietic stem

cell) which gives rise to ail the blood ceIls in the circulation (Fig. 1). Less than

1% of the cells in bone marrow are multipotent stem cells which continuously

divide thrcughout the Iifespan of the animal to replenish the blood cell supply

1131. The remainder are precursors and immature cells of the erythroid and

other hemopoietic (white blood cell and platelet) Iineages, ail of which are

derived from multipotent stem cells. Differentiation involves commitment to a

specifie lineage. reduced proliîerative capacity. and the expression of a specifie
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Fig. 1. Model of hemopoietic stem cell differentiation

The ccII classes indicated within rectangles can he detected by assays for colony

formation. CFU-S, pluripotent myeloid stem cell; BFU-E, earlY erythrocyte

progenitor; CFU-E, late erythrocyte progenitor; CFU-M, megakaryocyte

progenitor; CFlJ-C (also callt:d CFU-GM), granulocyte, monocyte, macrophage

progenitor. Taken from Til! and McCulloch [131 .
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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 cells 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 ccli, 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

easily 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

clonai 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 potentiaJ. For example, the colony-forming unit (CFU)­

GEMM gives Tise to granulocytes, erythrocytes, macrophages and

megakaryocytes 116,17]. The earliest cell to he identified by this specifie assay

was the spleen colony-forrning 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 specifie growth factors [20].
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Fig. 2. Erythroid Cells

The morphological and biochemical changes associated with crYlhroid ccII

differentiation are outlined. Iron uptake is proportional to the number of TfRs

in developing erythroid cells [8]. At least 8-10 ccII divisions take place bctwccn

the pronormoblast and reticulocyte stages. Adapted from Koury et al.I141 and

Telen [15].
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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 ils overall size, the

size of its nucleus, and the expression of specific proteins. TfRJ 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 [221 suggesting that TfR synthesis occurs even earlier.

At the orthochromatic nonnoblast stage, the nucleus is lost (in mammals)

or inactivated (in chicken). Electron micrographs of the nuclear extrusion

process show the nucleus localized to one side of the nonnoblast 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

arc probably involved in the process [24). Sorne membrane remodelling may

take place during enucleation. Most of the sialoglycoproteins and spectrin

relllain in the reticulocyte (25) whereas concanavalin A binding glycoproteins are

enriched in the plasma membrane surrounding the nucleus [26,27]. Il has been
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suggested that these plasma membrane proteins are involved in the recognition of

extruded nuclei by macrophages which leads to degradation of the nuc1ei.

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 nuc1ear extrusion 128). One would expcct

changes to take place at the ccli 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 incrcases 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 will be given since

many studies have been carried out using these cells.

1.1.2 Models for the study of erythroid ccli differentiation

(a) 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
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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 clonai cultures, both interleukin-3 and

hemin, but not erythropoietin, were required for colony growth [32]. Hernin

also stimulated erythroid colony formation by more mature bone marrow and

fetalliver cells (BFU-Es and CFU-Es) [33,34].

Red cell precursors at defined stages of maturation may he 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,

spcctrin, 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-erbB oncogenes. v-ErbA blocks
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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 homolC'gous cellular gene is c-erbB

whose product is the receptor for EGF L.ld 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 [211.

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

1. human (K562, HEL)

K562 and HEL cells are erythroi.d-Iike 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 1381.

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 la.z'Yzl), 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

~-globin chains and therefore do not make hemoglobin A (a.z~z). Transforming

growth factor-~ (TGF-~) also induces hemoglobin accumulation in HEL and

K562 cells. When both TGF-~ 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 (DMSO), sodium butyrate, N­

methylacetamide, or actinomycin D. ln 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

ceIls 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 en:Jcleate if they are induced by DMSO on

fibronectin-coated dishes [46], in the presence of high concentrations of albumin

[471. or in the presence of cytochalasin B [48]. However. only 8% of the induced

cells differentiate completely to resemble erythrocytes [46]. Hernin 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 animais

Il 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 FVA-infected mice.
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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 hecome erythrocytes. Reticulocytes can he

obtained in a large quantity from the circulation of animais made anemic hy

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. Th~ main limitation of using

reticulocytes is that they are at the last stage of erythroid differentiation and one

cannot study events hefore 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 in,o an erythrocyte, the cell loses ail of its

intracellular organelles, the protein synthetic machinery, sorne cytflsolic

enzymes, and as already mentioned, selected plasma membrane proteins ISO].

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 ail types) has heen on their syn.:·~sis wilh liule

attention paid to their turnover. More recenlly, the selective remo, .' of proleins

has been found to play an important rolo in regulating the numher (and hence

activity) of cellular proteins. Proteins can be (1) degraded by ATP-dependenl

and ubiquitin-dependenl proleolysis, (2) targeted 10 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 veïY 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 detaiI. 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-hemè 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 weil 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 he more stable

during maturation (t1/2 -50 h) than the other components a!'d probably are not

the Iimiting factors of protein synthesis [501. 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 mature human and

rabbit erythrocytes and has been suggested to play a role in shutting down

protein synthesis during reticulocyte maturation [571. However, no definitive

evidence to substantiate this view is available.

(c) 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 (la, la*, and lb in rabbit

reticulocytes) share similar kinetics, but differ in their intracellular distributions

and rates of loss during reticulocyte maturation 1601. la and lb are soluble

whereas la* is bound to mitochondria. la* makes up half of the total hexokinase

in reticulocytes but disappears quickly during reticulocyte maturation. Only la

and a small amount of lb are present in mature erythrocytes. The decay of

soluble but not mitochondrial hexokinase activity was ATP- and ubiquitin­

dependent [59]. The la* 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

Iysosomal proteolytic system was involved. Loss of hexokinase and other
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cytosolic enzymes (glucose phosphate isomerase, glucose-6-phosphate

dehydrogenase) durillg maturation of sheep reticulocytes was nol ATP-dependent

[62J.

(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 ail 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 (El), ubiquitin carrier proteins

(E2), and ubiquitin-protein lyase (E3). Ubiquitin-conjugated proteins are then

degradtd by cytosolic proleases. Two large cytosolic proteases which degradc

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 level 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 [671.

One can restore ATP-dependent proteolysis in erythrocyte extracts by adding E2

and E3. Erythrocytes contain other Iigases which altach one or a few ubiquitin

molecules, a step requiring El. Monoubiquitination of histone and certain

receptors may modify their function in other ceHs. The function of

monoubiquitinated proteins in erythrocytes is not known. Conjugation of

multiple ubiquitins is necessary for protein degradation [631.

(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 retaincd

by erythrocytes of aH species. The different transporters decrease in number as

the necd for glucose, nucleosides, and amine acids (especially glycine for heme

biosynthesis) are reduced in the mature red cciI. Na+-dependent transport of

glycine [68,69) and Na+-independent exchange diffusion of histidine, methionine,

and leucine [70) decrease during maturation of sheep reticulocytcs. Alanine

transport (both Na+-dependent and independent [71,72)) and Na+-indcpcndent

transport of lysine and other cationic amino acids [71 J 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 ail its glucose

transporter~,. The pig erythrocyte. however, has nucleoside transporters and uses



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)

l3-adrenergic receptor 79,80

fibronectin receptor 81

acetylcholinesterase 82

16

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 ail species [8-121. In immature red cells, the l'fR 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 whieh can he toxie. 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 whieh process these membrane proteins.

1.1.4 A mechanism for the loss of membrane proteins during retieulocyte

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 fonned in thc

maturing reticulocyte and it was suggested that these vesicles are exocytosed with

the help of the spleen [25]. With the characterization of proteolytie systems in

reticulocytes, sorne investigators have suggested that Iysosomal protcasL:s or

ATP- and ubiquitin-dependent proteolysis play a role in the loss of proteins

during reticulocyte maturation. However, no one has, to date, directly shown

that membrane proteins are degraded intracellularly by either of these two

proteolytic systems.

(a) TfRs are externalized in vesieular form

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

loss of membrane proteins during retieulocyte maturation. Rabbits were injected
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with sheep reticulocytes and the antiserum was absorbe<! with mature sheep cel1s.

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 al1

species and is a useful marker for the study of reticu!ocyte maturation. Both

functional1y active (Tf binding) and structural1y intact (antibody binding)

receptors can he measured. The fate of the TfR was fol1owed during in vitro

maturation of sheep reticulocytes and the protein was shown to he extemalized

from the maturing reticulocyte in 50 nm vesicles [87,88], later named exosomes.

Rather than budding directly from the cel1 surface, these exosomes were formed

intracel1ularly in multivesicular sacs and were re1eased after fusion of the sacs

with the plasma membrane (Fig. 3). Harding et al [89,90] have a1so demon­

strated a pathway for receptor shedding in rat reticulocytes. The rat vesicles

cou1d also be retrieved by centrifugation of the cel1-free medium and were

similar in size to those observed in the multivesicular endosornes (62nm ±11 5D).

(b) Exosomes contain severa! proteins

Exosomes contain two prominent pioteins 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 residua1 dimer at 190

kDa). The same pattern is seen when immunoprecipitates of cel1u1ar TfR are run

on reducing gels. The cellular and exosomal TfRs have identical

[I 2511iodotyrosyl maps [91] and bind transferrin with similar affinities. The on1y

difference found to date between the cel1ular and exosomal TfRs is that the

exosomal TfR is a poor substrate for endogenous kinases or exogenous prntein

kinase C [921. TfR immunoprecipitates prepared from reticu10cytes, but not
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Fig. 3. Extemalization of the TfR in vesicles
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After intemalization of the TfR (T) in coated vesicles, the clathrin dissociates,

resulting in an uncoated vesicle (also called an endocytic vesicle). lnstead of

recycling to the cell surface, the uncoated vesicle fuses with other vesicles to

forrn :i large endosome. Vesicles forrn inside the endosome by budding from the

endosomal membrane. When this multivesicular body (MVB) fuses with the

plasma membrane, ils contents (exosomes) are releascd. Note that the TfR in the

exosome has ils extl3cellular 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 [92J.

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 fol1owing receptor-rnediated endocytosis

[941. 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 TfR release from cells.

The exosomes contain other proteins Lut in lesser amounts. Activities

which have been dctected in the exosomes are phosphatase, cholinesterase,

glucose transport, nucleoside transport, and amino acid transport [77]. AlI of

these plasma membrane activities are known to diminish during reticulocyte

maturation (Table 1). Lysosornal 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,OOOg pellet

(exosomes) containing smaller and more uniform vesicles.

The question was asked whether a homogeneous population of vesicles is

released during reticulocyte maturation, Le. whether ail these activities are

present in the same exosome or different exosomes carry different activities.

The activities recovered in extemalized vesicles are lost from the cell at different

rates, e.g. most of the TCR is extemalized 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 [98,991. Therefore, exosomes

produc:ed at earlier times would be expected to contain more TCRs and less

NBMPR binding sites. Lysosomal enzymes which have a cellular site of origin

different from that of plasma membrane proteins might he packaged separately.

This was shown to he the case when magnetic heads coated with mouse anti-TCR

antibody were used to separate exoso:nes containing TCRs from those which did

not contain TCRs [97]. Half of the externalized NBMPR binding sites were in

TCR-containing exosomes. The extemalized lysosomal activities (N-acetyl-~­

glucosaminidase, ~-glucuronidase), however, were absent from the TfR­

containing exosomes. The 70 kDa protein was also present in the TCR-containing

exosomes. These results show that different exosomes contain a different

mixture of proteins which are shed during reticulocyte maturation.

(c) 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, Na2As04) 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

animais 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 animais, including man [100]. The anemias in which the

sacs and/or v\;sicles were detected were naturally occurring (special breeds of

naturally anemic dogs and cats, newborn piglets, and embryonic chicken), or

induced by phlebotomy (rabbi t, sheep, rat and man) or phenylhydrazine

treatment (rat and guinea pig). These observations indicate that exosome

formation is not due to excessive bleeding and the formation of "stress

reticulocytes" .

While mamrnalian reticulocytes lose ail their organelles during

maturation, chicken red cells retain their nuclei and rnitochondria. 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].

(e) 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 m?y be used clinically to assess erythropoiesis [103,1041.

1.2 Synthesis of Membrane Proteins

Plasma membrane proteins, secretory proteins, and resident proteins of

the ER, Golgi, and lysosome, share a common biosynthetie 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 hydrophobie sequence (usually -15

amino acids) which signais their insertion into the ER membrane [reviewed 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) h~ 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 becn 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

[\071.

Integral membrane proteins can he classified into four types depending on

their topology and mode of insertion into the ER membrane (Fig. 4). The

nascent protein may he 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 Iipid 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 toe ER, high-mannose oligosaccharides are ii'ansferred from

dolichol pre.~ursors to asparagine residues in the polypeptide and protein fo1ding

commences. An ER lumen protein, signal peptidase, c1eaves 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

g\J!coses and one mannose residue from each oligosaccharide chain (Fig. 5). The

reccptors for EGF, insulin, and acetyIcholine appear to have a common

mtchanism for the acquisition of ligand-binding function which involves

rcarrangement of disulfide bonds formed during or immediate1y 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 ct
aI. [108]. Type 1 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. Out, extracellular or lumenal face of membrane; ln, cytoplasmic
face.
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Fig. 5. Processing of asparagine-linked oligosaccharides

This schematic diagram shows an example of oligosaccharide processing. Key:
0, N-acetylglucosamine; 0, mannose; ., glucose; e, galactose; tJ., sialic acid;
., fucose; (1) oligosaccharyltransferase; (2) a-glucosidase 1; (3) a-glucosidase

Il; (4) ER a-1,2-mannosidase; (5) Golgi a-mannosidase 1; (6) N­
acetylglucosaminyltransferase 1; (7) Golgi a-mannosidase II; (8) N-acetyl­

glucosaminyltransferase II; (9) fucosyltransferase; (10) galactosyltransferase;
(11) sialyltransferase. Adapted from Komfeld and Komfeld [111].

The following inhibitors of oligosaccharide processing are known to act at
the site(s) indicated in parentheses: deoxynojirimycin (2: glucosidase 1), castano­

spermine (2,3: glucosidases 1 and II), deoxymannojirimycin (5: mannosidase 1),
swainsonine (7: Golgi mannosidase II).
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[I12]. For insulin and nicotinic acetylcholine receptors. acquisition of ligand

binding function takes up to 45 min and precedes subunit assembly. The TIR

also acquires the ability to bind transferrin in the ER 11131. Proteins must be

properly folded lnd assembled before they can exit the ER [114-121]. For

example, secretion of heavy chains of immunoglobulins requires the binding of

Iight chains before leaving the ER [118]. An ER lumen protein. BiP

(immunoglobulin heavy chain binding protein) binds unassembled heavy c1lains

and is released when two heavy chains and two light chains assemble [1191. 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-infeeted 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 a.~J through the Golgi compartmenls is

mediated by nonc1athrin coated vesicles and requires cytosol and GTP 11221. An

N-ethylmaleimide-sensitive fusion protein (NSF) 1123,1241. SNAPs (soluble NSF

attachment proteins) [125] and small GTP-binding proteins (the rab proleins

[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 sorne 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-translational modifications like O-linked glycosylation, acylation,

phosphorylation, and sulfation are known to occur in the Golgi apparatus. Sorne

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 [127J.

1.2.4 Sorting of newly synthesized proteins

Newly synthesized proteins with different destinations must be

distinguished from each other as weil as from resident ER and Golgi proteins.

Examples of proteins which are sorted are Iysosomal 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 enough 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 ail 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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signais and the machinery which translates these signaIs into actions is important

fOi understanding how a cell functions. Several sorting signaIs are emerging but

very little is known about the mechanism of sorting.

Lysosomal enzymes are usually phosphorylated on terminal mannoses.

Specifie receptors which recycle between the tTans Golgi and prelysosomal

compartment recognize proteins with the phosphorylmannose and target the

protein to the lysosome. There are two different mannose-6-phosphatc

receptors, a 275 kDa cation-independent M6P receptor which also binds insulin­

Iike growth factor II (lGF-II) and a 46 kDa cation-dependent M6P rcccplor

[reviewed in ref. 128].

Soluble ER proteins (e.g. the glucose-regulated proteins grp78 IBiPI 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 [129J. Sincc ER

lumenal proteins have undergone modifications by enzymes which are localizcd

in the Golgi, these proteins are first transported to the Golgi [\301, then rcturn to

the ER via a putative recycling KDEL receptor 11311 or the ERD2 genc 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 residcnt Golgi

proteins. The membrane spanning domain (10 amino acids of the lumenal half)

of ~-I,4-galactosyltransferasewas sufficient to localize most of a hybrid

invariant chain (normally found in endocytic compartment and ccli surface) to
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the 1ra ns Oolgi Il j 3]. In addition, a cytoplasmic domain (either

galactosyltransferase or invariant chain) was required for complete retention. In

another study, replacement of the transmembrane domain of

galactosyltransferase with that of the TfR resulted in transport of the hybrid

protein to the cell surface [134]. These results indicale that the membrane

spanning domain is required for Oolgi retention.

Secretion of proteins may be constitutive or regulated. Regulated

secretion involves transport of proteins from the Oolgi 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 TON and targets

them to a pre-secretory vesicle. The sortase then returns to the TON. However,

no sortase or pre-secretory vesicle has been found. There is sorne evidence for

the second model in which regulated secretory proteins are selectively

aggregated in the TON. A decrease in pH and increase in calciuM were

sufficient to trigger the selective aggregation of granins in the TON [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 he

considered as two different membrane compartments. Basolateral membrane

proteins are transported directly to the basolateral surface from the TON.

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, Le. CaC02 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 maintaineJ. Delivery to both membrane domains may he

signal-mediated. There is evidence that targeting of apical proteins depends on a

lumenal 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-translational modifications 10 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) hefore they

are transported out of the ER. Once the proteins have been transportcd to the

Golgi, they must he modified and sortrd correctly to be expressed at thcir target

sites. If these requirements are not met, the newly synthesized protein is held up

in an intracellular pool or degraded in a nonlysosomal compartment [1381.

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 specifie cell surface receptors and internalization of the receptor­

ligand complexes. Toxins and viruses also gain entry into the cell by receptor­

mediated endocJ·l)sis.

(a) Clustering into c1athrin-coated pits
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While the binding of sorne ligands (epidermal growth factor [EGF],

insulin) to their receptors induces clustering and intemalization of the ligand­

receptor complex, others like the TfR and low density lipoprotein receptor

(LDL-R) c1uster in coated pits and intemalize in the absence of ligand [139-143].

Coated pits occupy 1-2% of the total plasma membrane area but may contain

ovcr 10% of the cell surface receptors [~44] (>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 lattiees increased when the TfR was overexpressed in fibroblasts

1146J.

(b) Internalization

Internalization of the receptor-ligand complex l'rom 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 amine acid sequence

containing an aromatic amine acid and a bulky hydrophobie amine acid (e.g.

y 20X R F23 in the TfR) [149-151]. Equivalent signaIs l'rom 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 l'rom the LDL receptor did not cause

rapid internalization of the TfR when expressed in CHO cells, making it possible

that the ~ignal for internalization consists of as many as 27 amine acids in the

cytoplasmie domain of the TfR [153].

Following intemalization, the c1athrin dissociates l'rom the coated vesicles

and the endocytie vesiele containing the receptor-ligand fuses with the early
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endosome (Fig. 6). The majority of receptor-ligand complexes dissociatc duc to

the decrease in pH.

(c) Sorting of recepto'3 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 ta 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 ccli 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 [1661, suggesting that these

TfRs recycled through the transGolgi. Asialotransferrin was taken up and

resialylated [167]. There are aise electron microscope and cell fractionation

studies to support the view that the Golgi or transGolgi network (TGN) are part

of the cell surface receptor recycling pathway 11681. Some TfRs may pass

through multivesicular bodies (MVBs) during their recycling to the cell surface
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[89]. These alternate pathways may he involved in regulating the distribution of

receptors at the cell surface and their recycling time.

It appears tha! the recycling pathway is the default route and receptors.

like the EGF rel.:"ptor, which are degraded inside the cell possess a 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

specifie' - '1tibodies or crosslinked ligands are added to surface receptors which

are normally recycled, the receptors form dimers which are endocytosed and

degraded inside the ccII. When K562 ceUs were exposed to monoclonal

antibodies, TfRs were redistributed to intracellular sites where they were

degraded [170]. TfRs in mouse Iymphoma ceUs also responded to antibodies by

decreasing cell surface expression and degrading TfRs [1711. Therefore.

recycling of receptors appears to be the default route and those ligands and

recciJtors whicb possess a signal (e.g. receptor divalency, kinase activity) are

targe:cJ for degradation.

1.3.2 lron Uptal:e

Iron is required by ail cdls since it is a component of many important

enzymes, including ribonuci.:.c~ide reductase, cytochrome oxidase, peroxidases.

succinic dehydrogenase, aconitase and xanthine oxidase. Iron is required for

heme which itself could have regulatory functions (section lA).

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 he 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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Tf, ..:helated by low molecular weight compounds such as citrate and ATP, or

stored in ferritin. Plants and bacteria take up iron by absorption of chelated iron

[172]. In mammals, the iron transport protein, transferrin, carries Fe3+ in the

serum and interstitial f1uid. Transferrin contains two high art1nity iron-binding

sites which are independent of each other and have slightly different affinities for

Fe3+. Bicarbonate or sorne 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

[175,176,861, the established means of iron uptake involves TfR recycling (Fig.

6). There are many microscopie (fluorescent and EM) and biochemical studies

showing that both Tf and its receptor are internalized during iron delivery [158­

164,177].

(a) 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 :he extracellular milieu. 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 ilS 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. afler Fe delivery. apoTf remains

bound to the recep!or inside the endosome and recycles to the cell surface where

it is replaced by FeTf [89,160]. Fe transport across the endosome membrane

cOldd a1so 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 11821,

occurring within one minute of internalization in reticulocytes [1471. 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 TfR, but at

low pH, Fe is released 5 times more rapidly from Tf-TfR than from Tf [1831.

Therefore, at the cell surface, binding of FeTf to its receptor se,;ures the re in

place until it is transported to the endosome, where due to low pH, the Fe is

efficiently released while the apoTf remains bound to 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 the steps between the relcase of

iron from Tf and the incorporation of the iron into heme or ferritin. At sorne

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 J may increase

tra.1smembrane iron transport by a mechanism dependent on membrane f1uidity

[187].
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(c) Tf-indepcndent uptake of iron

Cultured cells <;an oe grown in serum-free medium containing ferrous

sulfate or fCl"':ic citrate [188-190]. Iron may be taken up by a saturable transport

system [188] or by non-specifie 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

(a) Regulation of TfR number by iron

ln growing cultured celIs, TfR expression is increased by intracellular

iron chelators (picolinic acid or desferrioxamine) [192-19:;] and decreased by

iron sources (Fe(NH4)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 TfR mRNA. There is a 3-fold difference in transcription of TfR mRNA in

cclI' 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 [lRE-BP] or iron

regulatory factor [lRFJ) [200,201] to iron-responsive elements (IREs) in the

mRNA [2021. Iron chelators stimulate binding of the IRE-BP to rnRNA 25-fold

and stabilize the TfR rnRNA whereas iron salts decrease rnRNA binding and

increase degradation of the TfR rnRNA [201 j. IRE-BP rnay he the first

exarnple of a repressor of rnRNA degradation. In addition to the five
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homologous palindromic sequences (IREs), a stem-Ioop structure in the 3'

untranslated region (UTR) of the TfR 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 mRN A 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) [2051.

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 cclI. Binding of IRE-BP inhibits translation of ferritin

mRNA. At high intracellular iron concentration" binding of IRE-BP is

prevented, thus TfR mRNA is degraded and TfR synthesis ceases. At the same

time, ferritin mRNA may he translated into protein which will he available for

storage of excess intracellular iron. Recently, an IRE was found in the 5' UTR

of erythroid B-aminolevulinate (ALA) synthase [2061, an enzyme required for

heme synthesis. Therefore, the IRE mechanism may regulate iron utilization in

er~'!hroid cells by controlling the translation ALA synthase 12071 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 ail 18 active-site residues [208,209]. The 98 kDa IRE-BP may

he the cytosolic aconitase since purified IRE-BP also had aconitase activity [2101.

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 forrn) 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

concentration is high, there is translation of TfR mRNA [359]. Lowering the

intracellul~ iron concentration with iron chelators decreases mRNA levels. lt is

not known whether erythroid cells which must accumulate large amounts of iron

for herne synthesis regulate TfR synthesis by the post-transcriptional mechanism

described above. K562 cells have sorne erythroid characteristics but they are

abnorrnal and do not terminally differentiate. In undifferentiated MEL cells.

addition of hemin (an iron source) decreased Tff. expression. However, when

MEL cells were grown for 4 days in the presence of DMSO and hemin. the TfR

binding c~pacity 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 numlJer 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 arc lost

[212,213]. TfRs are expressed by activated lymphocytes and Iymphoblastoid ccII

Iines but not by resting lymphocytes [214,215]. Since deletion of the 3' UTR of

TfR rnRNA does not affect the decrease in TfRs during growth arrest, growth­

related expression of TfRs may be regulated by another 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 J. 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 influence cell surface expression of

TfRs and iron uptake, depending on the treatment and cell type. Insulin-like

growth factor 1 (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 J and alter ils distribution in sorne cells

but have liule effect on other cell types. In J774 mouse tumour macrophage-like

r;ell~ [2221, CHü fibroblasts or CHü transfected with human TfR [223J, and 31'3

fibroblasts [224,225], phorbol esters (phorbol myristate acetate [PMA]) increased

TfRs on the cell suïface by increasing the rate of exocytosis. However, in HL60

cells [226,228J, K562 cells [227J, and Iymphoblastoid cells [229J, 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 [230J. There
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is only one report where treatment of K562 cells with a phorbol ester produced a

change in the total number of TfRs. TPA (12-0-tetradecanoyl phorbol-13­

acetate) decreased the total TfR content in K562 cells to 10% and this was due to

both a specifie 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 [2231 and mouse 3T3 fibroblasts

[224,225] does not require phosphorylatioo of serine-24 since the expression of a

mutant TfR with Ser24 replaced by a non-phosphorylable amino acid is affected

in the same way as the wildtype TfR. lt appears that phorbol esters perturb

endocytosis by another mechanism and not by activating protein kinase C to

specificaUy phosphorylate the TfR. It has been suggested that phosphorylation of

protein(s) apart l'rom the TfR could regulate TfR internalization in sorne cells

[223].

Although TfRs cao undergo recycling in the absence of Tf, sorne studies

have suggested, to the contrary, that endocytosis and release of internalized 1251_

Tf (especiaUy in ceUs which express high numbers of TfRs, e.g. K562 cells) is

dependent on the presence of Tf in the medium [36,227,2321. More recent

studies have shown that although Tf is not required for internalization, FeTf can

alter the kinetics of TfR recyclino by increasing the rate constants for

endocytosis and exocytosis [233,234]. h. cells with more than one route for TfR

recycling, Le. a fast recycling route between early endosomes and the plasma

membrane, and a slower recycling route which includes multivcsicular

endosomes or the TGN, TfRs bound to ligand may have a tendency to recycle

through the l'aster 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 TfRs .



44

(d) Efficiency of iron release

Less data are available on the "egulation (;f iron t.r::'f)sport subsequent to Tf

endocytosis. Differentiating MEL ceUs take up iror, more efficiently from Tf

than undifferentiated cells which release part of the internalized iron into the

medium [235]. Il has been known for sorne 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 concentration~, il

also inhibits endocytosis of Tf [237,239]. Inhibiting heme synthesis with 4,6­

dioxoheptanoatf' (iJOH) 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 1137,240,241]. In other cell types, a rise in the level of intracenular iron

would decrease iron uptake by decreasing TfR synthesis. However, in

reticulocytes, free heme regulates iron uptake by acting on preexisting TfRs.

Herne also inhibits iron uptake by DMSO-treated Friend cens [142], and

erythroid cens from fetal mouse and rat liver [237]. Hernin does not inhibit iron

uptake by K562 cells [II] and uninduced Friend cells [242].

1.3.5 Structure of the TfR

TfRs from a wide variety of cens have been studied [243-250]. Erythroid

cells (reticulocytes) which synthesize enormous amounts of hemoglobin [245­

247], placental trophoblasts [248,249] and rapidly dividing cens [250] have a

great demand for iron and express high numbers of TfRs. The TfRs from these
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celIs are particularly welI characterized and have been puritïed using affinity

chromatography and chemical methods [247-249,251,2521.

The TfR is a lï:msmembrane glycoprotein having two identical subunits

(90-100 kDa) which ar~ covalently linked by one or more disulfide hridges

[12,253-256]. FulI-length human, mouse, and chickeu 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 posllranslational

modification is not required for TfR intemalization and irun uptake [262[.

(a) Dimerization

The two 90 kDa subunits appear to associate and form dim.:rs 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 celI surface expression nor Tf binding [2561. Enns et al.[264[ found

that during TfR biosynthesis in A431 celIs, intersubunit dimer formation is a

slow event occurring after acquisition of Tf binJjng function. Furthermore,

when the extracelIular do;nains are removed by trypsin distal to the disulfide

bonds, the 70 kDa truncated receptors form noncovalent dimers [2521 and bind

Tf [159,252,255]. Tnerefore, the cYLOplasmic and membrane domains and the

disulfide bridges are not required for Tf binding.

(b) Glycosylation

The human TfR has three N-linked oligosaccharide5 [253,254J as weil as

O-linked oligosaccharides [265]. One of the N-linked oligosaccharides is
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==0-===========================
NH2-YTRF5--C--Ç-Ç-R,21-- N",-N317---N 727-COOH

NH2-YTRF5--C--~-t-R12,--·N",-N317---N727-COOH
========================

cytosol g;';;3
==

Fig. 8. Structure of the human TfR

Of the 760 amine acids of the human TfR, those considered to he of significance
are denoted by their one-Ietter codes. The disulfide bonds (C""C) and trypsin

c1eavage site (R) are located close to the extracellularf\umenal surface of the

membrane. The YTRF sequence, Ser24 phosphorylation site (S), CYS62 acylation

site (C), and the three Asn glycosylation sites (N) are conserved in the mouse and

chicken TIRs 1252,256-260].
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processed to a complex type oligosaccharide while the other two remain as high­

mannose forrns in the mature TIR [253.254 J. One role of the oligosaccharides is

probably. as in other membrane glycoproteins. to mediate propcr folding of the

protein in the ER and allow its association with other subunits. These steps are

rè..'Juired for transport of the nascent protein through the Golgi and to the cell

surface. Biosynthetic studies on the TIR 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 TIR did not form a dimer. did not bind Tf, and was not

transported to the cell surface 1266J. In other tunicamycin-treated cells. sorne

unglycosylated TIR did reach the cell surface. but at a siower rate 1253.2671. and

was able to forrn dimers and bind Tf-Sepharose 1267,2681. These resulls indicate

that different cells may process unglycosylated receptors differently and/or that

tunicamycin may have secondary effects on sorne 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 ccli surface

[264,268). Therefore. high-mannose oligosaccharides do not have to be

processed to the complex forrns for the TIR to he transported to the cell surface.

However, these receptors were reported to have a reduced affinity for Tf 12641.

Removal of the terminal sialic acids also appeared to change the affinity of the

TIR for Tf [267].

Tunicamycin inhibits the glycosylation of ail proteins including resident

ER and Golgi proteins and therefore, it may perturb the entire processing

machinery. If site-specifie mutations are made in the glycosylation sites of TIRs,

only the TIR would he 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 [2691. In another study, replacement of Asn251 with a GIn

resulted in c1eavage 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-Iinked 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

1254,2711 by cAMP-dependent protein kinase [92] and protein kinase C [92,226­

228,272J. These studies have suggested that phosphorylation of the TfR acts as a

signal to target the receptor to different pools, Le. between the cell surface and

internai pool of TfRs [239,273] or between recycling and non-recycling pools of

TfRs [271,921. But more recent studies have shown that mutation of Ser24

abolishes phosphorylation without an effect on the rate of TfR ;"1ternali.,-ation

1223-225,2741. Dephosphorylation of the TfR appeared to have nr effect on its

affinity for Tf 12671.

1.4 Effect of Herne on Cellular Functions

Herne (ferrous protoporphyrin IX)1 is a structural componen! of several

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

1 lIemin = ferric protoporphyrin IX chloride
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from the previous sections that free heme is involved in many cellular processes.

especially in erythroid cells. Herne regulates iron uptake. cell growth. gene

transcription, protein translation. and protein degradation.

1.4.1 Herne biosynthesis

In the liver cell. heme is a negative inhibitor of ô-aminolevulinate (ALA)

synthase at the level of (1) transr;ription. (2) translation, (3) transport of

cytosolic precursors into mitochondria. (4) enzyme activity 1381. ALA synthase,

the first enzyme of the heme biosynthetic pathway. catalyzes the formation of ô­

aminolevulinic acid (ALA) from glycine and succinyi CoA (Fig. 9).

Control of heme synthesis changes during erythroid ccli differentiation.

Herne stimulates its own biosynthesis in erythroid precursor cells by increasing

the expression of the enzymes of the heme biosynthetic pathway 1431. In

uninduced Friend cells. as in liver ceIls. 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 thcs.:

cells is the utilization of iron from transferrin [2751. Herne synthesis in these

cells and in reticulocytes is stimulated by adding FeSIH which bypas~;es the

transferrin cycle and provides the cell with larger amounts of iron than that

which is normally supplied by FeTf [276J. In reticulocytes, hemin inhibits heme

synthesis mainl~' by decreasing the rate of iron uptake [238,2771 and limiting the

incorporation of iron into protoporphyrin IX. The activity of enzymes of the

biosynthetic pathway are not affected.

The difference in regulation of heme synthesis in liver and erythroid cells

"Nas somewhat clarified by the discovery of two distinct isozymes of ô- ALA

synthase, encoded by two different genes in chicken and man [206,2781. The
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Fig. 9. Biosynthesis of herne

ALA. o-arninolevulinic acid; PBG, porphobilinogen; URO, uroporphyrinogen

III; c:üPRO. eoproporphyrinogen III; (1) ALA synthase; (2) ALA dehydratase;

(3) PIlG dearninase; (4) URO deearboxylase; (5) COPRO oxidase; (6)

protoporphyrinogen oxidase; (7) ferroehelatase.

4.6-dioxoheptanoate (OOH) is a specifie inhibitor of ALA dehydratase.
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Iiver enzyme is the constitutive or housekeeping isoforlll and is subjcct to

negative transcriptional regulation by heme. Transcription of the erythroid

specific ALA synthase gene is not affected by hellle [279J. A sequence similar 10

the IRE in ferritin and TfR mRNAs is present in the 5' UTR of the erythroid but

not the housekee:Jing (liver) ALA synthase mRNA i206,2071. Low iron couId

stimulate the binding of a protein (like IRE-BP) and inhibit the translation of the

ALA synthase lllRNA. Il remains to he deterlllined whether ALA synthasc is

stilllllade 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 hellle to bilirubin (20-25 fold in mouse hepatollla

and HL60 ceUs [165)). However, heme oxygcnase is inhibited by heme in

erythroid cells.

1.4.2 Cell growth and differentiation

Helllin increases the number of erythroid progenitor cells (BFU-E and

CFU-E) in bone marrow and fed Iiver cultures and promotes their

differentiation [33,34,280]. Hernin also induces helllogiobin accumulation in the

models described ahove (section 1.1.3). Herne may play a role in the terminal

maturation of Friend cells, independent of Ils involvement in hemoglobin

sYPt:I(~is [281,282]. Hernin may a1so have a role in the differentiation of

nonerythroid ceUs. The addition of hemin induced mouse 3T3 ceUs to

differentiate into adipocytes [283 J ap-;: iucreased neurite outgrowths bv 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 Iysates, hemin is required for the translation

of endogenous and exogenous mRNA [285-289]. In the absence of heme, the

heme-regulated i1.hibitor (HRI, eIF-2Cl. kinase, or heme-controlled repressor

IHeRn accumulates 1290.291]. HRI phosphorylates the (l subunit of eIF-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 il. Since the amount of reversing factor is limited, GTP cannot he

exchanged for GD? and initiation of protein synthesis is inhibited [293]. Hernin

inhibits the autophosphorylation of HRI as weil as the activity of HRI after

phosphorylation. Hernin can bind direetly to purified HRI [294]. The effeet of

hemin on HRI is similar to thiol oxidation by diamide ;n that hemin promotes

interdisulfide formation in both unphosphorylated HRI and phosphorylated HRI.

HRI \s activated by heme deficiency and sulfhydryl reagents (N-ethylmaleimide

or o-iodosohenzoate) which prevent disulfide formation [295].

1A.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

rcducing agent [2981. Hernin catalyzes the production of hydroxyl free radicals

(reduced oxygen species) from hydrogen peroxide by the Fenton reaction: Fe2+

+ HzOz ---> Fe3+ + 'OH + OH-. Free radicals can cause oxidation of proteins,

rcsulting in changes in structure, loss of activity, and increased degradation.

Amino acids susceptible to oxidation are cy~leine, methionine, histidine, proline,

arginine, and lysine [2991. Oxidative damage is inhibited by antioxidants and

frce radical scavengers such as catalase, superoxide dismutase, and vitamin E.
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Hernin may destabilize interactions between the cytoskeletal and peripheral

membrane proteins underlying the erythrocyte membr:..e. Hernin allers the

conformation of purified spectrin and decreases its resistance to proteolysis.

Hernin also alters the conformation of protein 4.1 and weakens spectrin dimer­

dimer, spectrin IX-~, and spectrin-protein 4.1 interactions [300J. Chou and Fitch

[301] observed that hemin causes Iysis of erythrocytes by a mechanism not

dependent on free radicals and Iipid peroxidation. They suggested that heme

impairs the cation gradient and causes a rapid loss of K+ which leads to osmotic

swelling and cell Iysis. Sulfhydryl agents (glutathiOl..:l, cysteine. ~­

mercaptoethanol) interact directly with hemin and prevent its effects [301 ,3021.

I.S 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 fale 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 sorne time that

reticulocytes also synthesize a number of membrane-bound proteins 1303-3061,

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 cell surface might not

be possible. On the other hand, reticulocytes may contain ail the necessary

enzymes for post-translational processing although they are not organized into

specifie compartments. Using the TfR as an example of a membrane protein, the

questions addressed are the following. (l) Does the sheep reticulocyte have the

machinery to synthesize, glycosylate, and transpon 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 b the fate of newly synthesized

TfRs? Is the fate of the new TfR different from that of preexisting TfRs which

are exter:lalized 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 a!so examined. From the following study, it can L-e concluded that

the maturing reticulocyte is unable to fully process a newly sYII,hesized

membrane protein. Hernin, which stimulates the loss of preexisting TfRs, couId

have a more general effect on the selective loss of membrane proteins during

reticulocyte maturation.
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lll..60 cells and GP4F cells were obtained from Caroliro~ A. Enns, Oregon

Health Sciences University, Portland, OR, and Judith White, University of

Califomia, 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 (AIaH­

Argz7) of the human TfR was a gift of Dr. Tamotsu Yoshimori, Osaka

University, lapan (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 J3-mercaptoethanol.) Anti-human glycophorin A was obtained

from Joel Chasis and Narla Mohandas, University of Califomia, 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 Bioehemistry, McGill University. Pyridoxal isonicotinoyl hydrazone (PHI;

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 ami 1 mM FeC13:20 mM

Na citrate and allowing the solution to stand for 30 mm at room temperature

prior to use [358]. Hernin 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 A610 of 4.6

12761.

j35Slmethionine (>1100 Ci/mmol), [2_ 14C)glycine (50 mCi/mmol), D-[2­

3H Imannose (I8.5 Ci/mmol), and UDP-D-[ 6-3H]galactose (20 Ci/mmol) were

purchased from Amersham, Oakville, Canada. Trans 35S- La be 1

([35Slmethionine/cysteine), Na125i, 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. [3HjPalmitic acid (30 Ci/mmol), En3Hance, Protosol, and Aquasol

w"re 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 MASO 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, DC'rval, 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-IOO 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 Bochringer-Mannheim, Dorval,

Canada; heparin was from Organon Teknik?, Canada. Deferoxamine was

obtained from Ciba, Dorval, Canada. X-OMAT 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

Isol<lti,Qn of sheep reticulocytes: Adult sheep were bled twice a week and

maintained in an anemic state for -6 weeks. Animais 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 Pan et

al.[121, 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 bufîy 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 Iysis after overnight

storage and therefore 50 IT'~.~ ~:Jcrose was included in the storage medium for

these cells.

Preparation of avian reticl,lo~: Fourteen day old fertilized eggs were

cracked open over a sheet of plastic mesh, and the main blood vessel of the

embryo was punctured, allowing the blood to be collected through the mesh.

The hlood 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 1.5xl06 cells!ml in RPMI 1640 containing 100 units/ml
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pcnicillin, 100 I!g/ml strcptomycin, 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 cl'lLfree conditioned

medium was concentrated by ultrafiltration (Amicon YMlOO).

Human blood: Human blood was derived from a hemochromatœis patient

undergoing periodic phlebotomy and was discarded blood from the outpatient

clinic. The heparinized blood was centrifuged and !tie c:ell-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-TiR MAb. The immobilized material

was subjected to SDS-PAGE.

lodination of the Reticulocyte Cell Surface: To obtain a quantitative measure of

the TiR during reticulocyte maturation, red cel:' wt:rt: iodinated using

lactoperoxidase and ghlcose 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

!lM KI, and 50 I!Ci/ml Na1251. After 2 mi." 16 I!g/ml lactoperoxidase (40

units/mg) and ! iJ.g/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 1251 and cultured as

described below. The radioactivity recovered in the immunoprecipitates of the

released TiR was compared to the amount of immunoprecipitable radioactivity

lost from the cells.

Lon~term incubation of red cells: Cells were transferred to aiL boule

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 ml'v~ inosine, 200 units/ml penicillin, and 200 Ilg/ml streptomycin

(complete S-MEM). The bottle was capped with a rubber plug and gassed using

a needle connected to a 95% 0215% C02 tank. The boule was rotate:d slowly in a

37'C incubator.

Isolation of Gxosomes: After incubation, cells were centrifuged at 7700g for 8

min at 4'C. The supematant was removed and re-centrifuged to remove any

remaining cells. The cell-free supematant from the second centrifugation was

ultracentrifuged at 100,OOOg for 90 min to pellet the vesicles released during

culture. Altematively, the vesicles were collected by concentration of the cell­

free supematant with an Amicon ultrafiltration cell equipped with a YM 100

membrane (at a flowrate of -10 ml/h).

Tu-psin 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 Tnc Jrporation of Labelled Precursors

Measurement of heme synthesis: [2_14C]G1ycine incorporation into heme and

protein was measured according to Ponka et aI.1276]. A 5% cell suspensiçn was

incubated with 10 IlCi/ml [2_ 14CIglycine (50 mCi/mmol) for 1 h in MEM

buffcred with 20 mM NaHepes. Cells were washed in ice-cold PBS, pH 7.4,

Iysed in 10 volumes vf cold distilled water, kept on ice for 20 min, and frozen

ovemight. After thawing, 1 ml ice-cold acidified acetone (3% concentrated HCl

in acetone [v/v)) was adued to a 50 III 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 f1uid (5 g/L PPO, 0.05 g!L POPOP in

toluene). The acetone-soluble heme was precipitated with the addition of 3 ml

water. Seventeen ml of water were added and the heme was collected on a

Millipore 0.22 Il nitrocellulose membrane.

Melabolic labellint: of sheep reticulocytes: A 10-20% suspension of sheep

reticulocytes wa!; incubatcd in MEM supolemen!'~d with 0.2 mM nonessential

amino acids, 4 mM g!utamine, 200 units/ml penicillin, and 200 ILg/ml

streptomycin with (1) 70 IlCi/ml [3H]palmitate (specifie activity: 30 Ci/mmol),

(2) 50-200 IlCi/ml L-j35S Imethionine (1-1.5 Ci/mmol), or (3) 1.0 mCi/ml D-[2­

3111mannose (20 Ci/mmol). The duration of incubation is specified in the

legends. The cell suspension was either incubated under a 95% Oz/5% COz

almosphere or supplemented with 20 mM NaHepes, pH 7.4, and incubated under

air. ln cÎther case, the cells were shaken gently in a 3TC 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 sorne 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 NH4C1 was used to lyse red cells al'ter a period of

[35S Imethionine incorporation. The labelled cells (50 Ill) were suspendcd in 0.25

ml of 0.144 M N~CI (containing 3 mM DTT) and 0.03 ml of N~HC03 [308].

Al'ter 5 min on ic~ ,he mixture was centrifuged over a 9.25% sucrose cushion at

1600~. White cells should remain intact anù pellet through the 5ucrose while the

red cell ghosts art recovered in the supematanl. Both the red cell Iysate and

white cell fractions were immulloprecipitated to measure 35S incorporation into

the TfR. lJnder the given conditions, ail 35S incorporation into the TfR was

found to be due to reticulocytes.
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Total protein synthesis: To determine the incorporation of .15S into proteins. an

equal volume of cold 10% TCA was added ta an aliquot of Iysate after incubation

with [35S]methionine. Al'ter at least 10 min on ice. the precipitate was colle.:ted

by centrifugation at 12,OOOM, washed twice (by suspending the pellet with :\ 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 ncutralized by the addition of 2 M

acetic acid and counted in Aquaso1. Alternatively. the filter paper disk Illethod

[309] was used. Ten III of lysate was applicd to a 1 cm2 of Whatman 3 MM

paper wlach had been presoaked with 50 III of a 50X ami no acid solution. The

paper was soaked in ice-cold 10% TCA for at least 1 h, washed in 5% 'l'CA.

washed in ether/ethanol, dried and counted in scintillation tluid.

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 Iysed in 100

volumes of 5 mM NaPi, 4 mM MgCh, pH 7.4. Membranes were collected at

7700g and washed twîce.

Metabolic labelling of HL60 cells: HL60 cells were washed with l'ilS and

incubatcd in complete MEM (107 cells/ml) containing 10 llM methionine, 10%

l'etaI bovine serum, 20 mM NaHepes, pH 7.4, and 20 llCi/ml 135S!methionine for

1 h at 37'C. The labelled cells were culturcd 12-38 h in complete RPMI under

95% 0215% C02.

2.4 Transferrin and NBMPR Binding to Cells and Yesicles

Preparation and iodination of Tf: Sheep Tf (iron-loaded) ·...·<ts isolated l'rom

plasma as follows [310, 217]. To 800 ml of plasma, 2 ml of 5 mM FeCI3:20 mM

sodium citrate and one-third volume of 0.01 M Tïi5-11CI, pH 8.8, were added,
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and the mixture was stirred for one hour. This mixture was precipitated with

50% ammonium sulfate overnight at 4'C, and the soluble fraction was

concentrated to 75 ml in an Amicon ultrafiltration cell (PM30 membrane),

dialyzed against H20 and Iyophilized. Portions of the dried material were

suspended in Tris-HCI and appli.:d 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

elutcd with a 0-0.5 M NaCI gradient and fractions containing Tf were passed

through a second anion exchange column. The purified Tf had an Â165 Dm/A280

Dm ratio of 0.046. Human Tf was iron-Ioaded (2 mol Fe3+:1 mol Tf) with an

FcCl3:sodium citrate solution (20-fold molar excess citrate) containing 0.6 M

NaIlC03. Aftcr 3 h at room temperature, the solution was dialyzed overnight

against PBS, pH 7.5.

lodination was by toe chloramine-T method [311]. Tf (2 mg) suspended in

40 III of 50 mM PBS, pH 7.5, was added to 16 III of PBS containing 3 Ilg KI and

1 mCi Na1251. 0.1 mg (10 Ill) of chloramine-T was added and the mixture was

Icft at room temperature for 2 min. 0.5 mg (50 Ill) of sodium metabisulfite and

0.4 mg (40 Ill) of KI were added to stop the iodination. After 5 min on ice, 1251_

Tf was scparated from free 1251 by filtration on Sephadex G-25 (PDI0 column).

Only fractions containing 100% TCA-precipitable 1251 were used.

Tf binding assay: Total 1251-Tf binding to Triton X-loo solubilized cells and

vesicles was mcasured at room temperature according to Klausner et al.[164] as

modified by Adam et al.[312], OIT and Johnstone [98]. Cells (5 Ill) or vesicles

(from 50 III cells) in 50 III of PBS containing 0.025% bovine albumin (binding

buffer) were solubilized by the addition of 50 III of 1% Triton X-100 and

incubated with 2 Ilg 1251··Tf (2x 105 cpm) in a final volume of 250 Ill. Iron­

loaded human Tf was addcd in 5OO-f01d 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 mil(ture was put on ice for 10

min. The Tf-TfR complel( 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 fihers were placed in gamma tubes and countcd for

60 sec. Each sample was prepared in triplicate, two aliquots for total binding

and one for nonspecific binding.

Binding of [3HlNBMPR: Equilibrium binding of [3HINBMPR was measurcd as

described by Johnstone et al [771. Membranes or vesicles (100 Ilg protein) wcre

incubated with 5 nM [3HjNBMPR (23 Ci/mmol), 50 mM Tris, 1 mM EDTA, 50

Ilg soybean trypsin inhibitor, 6 IlM PMSF, pH 7.1, in a final volume of 1.0 ml.

Ten IlM unlabelled NBMPR was added to measure nonspecific binding. ACter 30

min at room temperature, 50 III of 33 mg/ml y-globulins and 450 III of 33% PEG

8000 in 50 mM Tris, 1 mM EDTA were added. The mil(ture was vortel(ed and

allowed to sit at room temperature for 15 min. Four ml of 8% PEG was added

and the mixture Wli:l 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 ASepharose Binding

Tf affinity column: Sheep Tf was coupied 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 FeC1J:20 mM nitriloacetate in 0.6 M

NaHC03 through the column and washed with PBS, pH 7.4, containing 0.2%

Triton X-lOO. Solubilized membranes (see section 2.7 for solubilization

protocol) were diluted to 1.0 ml in PBS (0.2% TX-lOO 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

(US M sodium citrate, pH 5.0, containing 0.2% TX-IOO and 50 ~g/ml

desferrioxamine, as described by van Oriel et al. [251]. TIR was eluted with a

solution containing 1 M NaCl, 0.2% TX-IOO, 20 mM sodium phosphate, pH 7.4.

The eluate was dialyzed overnight al'd lyophilized. The dried material was

dissolved in HzO and immunoprecipitated prior to analysis by SOS-PAGE (sec

below).

Con A-SepharoSe bjndin~: Solubilized membranes (0.2 ml) were mixed with 10

~I Con A-Sepharose in Con A buffer (! mM CaClz, 1 mM MgClZ, 0.5 M NaCl,

0.5% Triton X-JOO, 20 mM Hepes-KOH, pH 7.4) for 15 h at 4·C. The

Sepharose was collected by centrifugation at 4200g and washed threc times in
•

Con A buffer. The proteins 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 <x-methylmannoside wash was heated in sample buffer

and loaded directly 0010 the gel for electrophoresis.

2.6 Oensity Gradient Centrifugation

Percoll gradients.: Cells were lysed in JO volumes of 20 mM sodium phosphate,

pH 7.5, containing 0.1 mM PMSF. After centrifuging the Iysate at 800g for 10

min, the top two-thirds of the supematant was removed, made iso-osmotic with

0.25 M sucrose, and loaded onto 20 ml of 20% (v/v) iso-osmotic Percoll (final

density= \.055 g/ml). The gradient was formecl by centrifugation at 4~,OOOgmax

for 1 h. Fractions (1 ml) were rem0ved from the top and either

immunoprecipitated for TfR or assayed for ER and Golgi marker enzymes.
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Galactosyltransferase assay: 1'0 measure enzyme activity. 50 ~I of the fraction

was incubated with 50 ~M (105 dpm) UDP-[3Hlgalactose. 0.1 mg ovomucoid.

0.5% Triton X-100. 20 mM MnCI2. 25 mM l3-mercaptoethanol. 2 mM ATP. 50

mM Tris-HCl. pH 7.4. in a final volume of 100 ~l. After 1 h at 37 "C. t:le

reaction was stopped with 1 ml 10% l'CA and left on ice for 30 min. The

precipitated protein was collected on Whatman GF/C filters. washed with 5%

l'CA. with ethanol. then dried and counted in scintillation fluid.

G1ucose-6-phosphatase: The method of Beaufay et al. [3131 was used. Samples

were incubated for 30 min at 37'C in 1 mM NaEDTA. 40 mM sodium glucose­

6-phosphate. 20 mM histidine-HCl. pH 6.5. in a final volume of 0.25 ml.

Proteins were removed by l'CA precipitation and the supernatant was

transferred to clean test tubes. Phosphate was determined with Molybdale

reagent and reading the absorbance 3t 660 nm.

NADPH cytochrome c reductase: Samples were incubated at room tempcrature

with 50 ~M oxidized cytochrome C. 0.25 mM NaCN. 32 mM nicotinamide. 40

mM potassium phosphate, pH 7.4, in a final volume of 1 ml [3131. The reaction

was initiated by the addition of 50 ~I of 2 mM NADPI-I and the absorbance at

550 nm was followed. Cytochrome C (reduced) has an E=29.5 mM-lcm- l .

2.7 Immunoprecipitation of the TfR

Preparation of n;Qnoclonal 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 Nae:. 0.1

M glycine, pH 3.0, into tubes containing 500 mM PBS, pH 7.5, then dialyzed

agaiüst water and lyophilized. The IgG was disso!ved in PBS containing 10 mM
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NaN3. Non-immune IgG was purified from the ascites f1uid 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 J.IM PMSF (lysis

buffer). After 10 min on ice, membranes were collected by centrifugation at

30,OOOg 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-lOO, 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 centrifug~d at 27,OOOg 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 Ilg anti-TfR MAb,

then 100 III 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 fOi

30-60 sec and washed four times in PBS prior to treatment with glycosidases or

SDS sampIe buffer.

Exosomes: 1'0 retrieve the exosome-associated TfR released to the medium (or

to the plasma), the cell-free medium was centrifuged at l00,OOOg (culture

medium) or 130,000g (plasma) for 90-120 min to pellet any insoluble

(membrane-associated) TfR. The pellet was solubilized with Triton X-l00 and

immunoprecipitated as outlined for the plasma membranes. Soluble TfR in the

supematant (PES) was also immunoprecipitated.

HL60 cells and medium: HL60 cells (-107 cells/ml) were solubilized with 1%

Triton X-lOO containing 0.1 mM PMSF and 0.2 Ulm! aprotinin and the Iysate

was immunoprecipitated as for red cells (see ab0ve). The cell-free culture

medium (with 0.1 mM PMSF added) was fractionated intlJ an insoluble fraction

(IOO,OOOg pellet) and soluble fraction (PES) by centrifugation. The PES was
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concentrated 8-IOX in an Amicon ultrafiltration cell (YM 100 membrane) before

immunoprecipitation.

2.8 Treatrnent of Immunoprecipitates with TFMS and Enzymes

Trifluoromethanesulfonic acid: After immunoprecipitation, the TfR (-10 Ilg)

and IgG were eluted from the protein A-Sepharose beads by heating for 5 min at

IOO'C in 100 iiI of 1% SDS in PBS. The eluted proteins were treated with 1%

Triton X-IDa (800 Ill) containing 0.2 U/ml aprotinin and 100 III of 100% (w/v)

'l'CA. The precipitate was washed with acetone (-20'C) and dried in a SPCCOVdC.

Treatment with TFMS was then carried out according to Edge et al. 13151. '1'0

the dried pellet, 5 III of anisole was added. The TFMS vial was placed on dry ice

and opened while thawing. Forty-five III of the newly thawed TFMS was mixed

with the pellet, N2 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

III of pyridine (-70·C). After 10 min at -70'C, the tube was centrifuged,

uncapped, for 15 min at 4·C. The supernatant 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 'l'CA and washed with acetone (-20''''),

End!) H: TfR bound to protein .\-Sepharose was heated at 100'C for 3 min in

100 iiI of 50 mM sodiûm citrate, pH 5.5, containing 0.02% SDS. Endo H (4

mIU) was added to the TfR-protein A-Sepharose suspension and the mixture was

inverted at 37"C for 20-24 h. Fifty III 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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EndQi,llycQsjdase FlN-lllycQsidase F: TfK, bQund tQ prQtein A-Sepharose, was

incubated with 0.2 units of enzyme in 20 mM sodium phosphate, pH 7.0,

cQnt2ining 20 mM EOTA for 18 h at 37'C. After the incubation, the beads were

centrifuged and suspended in sample buffer.

2.9 Electrophoresis and Autoradiography

ElectrQphoresis: Sample buffer (2% SOS, 10% [3-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

electrophQresis, one-half volume: of 3X concentrated sample buffer was added.

Ali samples were heated for 10 min at 100'C for 5-10 min. For nonreducing

gels (where noted), [3-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

Schiffreagent 1317,318] 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 SOS.

The gel was soaked in 0.5% periodic acid (2 h), 0.5% sodium arsemte in 5%

acetic acid (30-60 min), 0.1 % sodium arsenite in 5% acetie 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 H20, then 5 g sodium metabisulfite and 50

ml of 1 N HCI were added. The solution was slirred for several hours and

decolourized with activated charcoal.
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Peptide mapping: Cleveland mapping [319J was performed as follows.

Following electrophoresis and staining, the 94 or 88 kDa (deglycosylated) TIR

band was cut from the gel, washed 2 x 2 min in Buffer A, placed on a 12%

polyacryhliüide gel, and overlaid with 10 Ilg a-chymotrypsin (51 unils/mg). The

gel was run at 20 mA until the sample reached the botlom of the stacking gel, at

which point the CUITent was stopped for 30 min. The remainder of the gel was

run at30 mA.

Autoradiography and quantitation: Gels were dried under vacuum and exposed

to Kodak X-Omal AR film at -80'C. 1'0 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. 1'0 quantitate the radioactivity of 1251_

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 ISO III of water. The cellophane and papcr

backing were removed, and 400 III of Protosol '.vas added to cover the gel pieces.

The vials were put in a 37'C ineubator for 24 h. T.:n ml of Aquasol were added

and the digests were incubated for a further 24 h. The vials were equilibrated at

room temperature before counting. 1'0 quantit:Jte stained gels and autorads, an

LKB 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 Iinear response of the densitometer.

Ali data presented as a gel or autorad are represental.ive of at least three

experiments unless noted otherwise.

Immunoblotting: After electrophoresis, the proteins were electroblotled 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 Jlg/ml anti-human band 3 or anti-glycophorin A antibody ovemight 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

G1ycopeptides were prepared and separated as described by Romero et

a1.13211. 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/melhanol/wiit~r (10/10/3). The protein residue was

digested for 40 h at 50'C with 2 mg/ml Pronase in 10 mM Tris-HeI, pH 7.4,

containing 1 mM sodium azide. More promise wa~ added every 12-15 h. The

resulting glycopeptides were chromatographed on a column 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 4Q'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 Beckmal' Ready

Caps (Beckman Instrumentais) 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 (109)

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 isotonie NI-4Cl buffer (0.12 M

NI-4CI, 1 mM NI-4HC03)'

QP4FfReticuiocyte Fusion: GP4F cells (2-5 x \05) were plated on 20x 100 mm

dishes 2-3 days before the experimenl. Cells were washed twice in 5 ml of

serum-free DMEM or PBS, then incubated with 5 ml of 5 llg/ml trypsin and 0.1

mg/ml neuraminidase in DMEM for 15 min at room temperature to activate the

hemagglutinin precursor, HAO [3231. 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

704, 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, \0 ml of 10 mM

MES, 10 mM Hepes, 20 mM NaH2P04, 0.i54 mM NaCI, pH 4.5 at 3TC (fusion

buffer) were added. Control cells were treated with PBS, PH 7.3, instead of

fusion buffer. After 5 min at 3TC, 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 NH4CI in 10 mM Tris, pH 7.4, mixed 10:1 [vivi with 10 mM

NH4HC03 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 Iysed with 10% TCA and the precipitated proteins were collected on

Whatrnan GF/B fil'ers. The precipitate was washed with 10% TCA, then with

ethanol and counted in Iiquid scintillation fluid.

2.12 Entrapment of Liver Extracts into Reticulocytes
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Preparation of Go!gi-containing extracts: Mouse liver (6.5 g) was homogenized

in 0.25 M sucrose, 10 mM NaHepes, pH 7.4, and centrifuged at 12,OOOg for 10

min. The supematant (7.0 ml) was passed through 4 layers of cheesecloth and

centrifuged at 27,Ooog for 15 min. The resulting supematant contained 4.7-7.0

nmol/h/ml galactosyltransferase activity.

Eotrapment by dialysis Iysis 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)

contai!ling a 30-50% hematocrit of reticu!ocytes and 0.5 ml liver extract were

put ioto a 50-ml tube containing 20 mM glucose, 10 mM NaHC03, 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 Iysed cells were removed from th~ dialysis bag and

placed in a tube. One-tenth of the Iysate volume of IOX 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 III cells were centrifuged through 50 III

dibutylphthalate/9oo III PBS and the supernatant was removed. The ceUs w~re

lysed with 110 III of water and extracted with 80 III of 10% TCA. Mtt:r

centrifugation for 2 min, 150 III of the TCA supernatant was mixed with Al'f

buffer (3 ml final volume). The ATP buffer contained J9 parts buffer A (0.1 M

Na2HAs04.7H20, adjusted to pH 7.6 with H2S04) and 1 part solution B (0.4 M

MgS04.7H20) 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 aIso prepared.

Lactate dehydrogenase: Lactate dehydrogenase was measured by the method of

Nielands [326]. Twenty III 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 (NAO)

and 12.5 mM lactate. The change in absorbance at 340 nm was monilOred at

room ten.perature (10=6.22 mM-!cm-!).

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 (aqueous

layer) was dried in a speedvac, dissolved in sample buffer, and subjected to SOS­

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% SOS 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,DOOg for 21 h 1329J. The peliet was dissolved

in 0.3 M sodium acetate, pH 5.0, and precipitated with ethanol [3291. The

0026010D280 ratios were read (~2.0) 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/XbaI) fragment of the TfR cONA clone, pCOTR-1 1257J. The 32p_

labelled probe was prepared using the Pharmacia oligolabelling kit.
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When :-cticulocytes are incubated in vitro, they mature into erythrocytcs

(as they do in vivo) by losing the characteristics associatcd with rctlculocytcs

[12,68-82]. The TfR, which makes up 1-2% of the plasma membran:: protcins, is

a {;har?cteristic of the reticulocyte but not the erythrocyte [61. As a result, the

number of TfRs in reticulocytes will largely depend on the maturity of the cclls

and be subject to factors which influence the maturation process. Both in vitro

and in vivo, a population of extracellular vesicles can be found that contain TfR

as weil as other activities of pl..sma membrane origin dcrived from reticulocytcs

[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 rcticulocyte

maturation. New protein synthesis is not required for reticulocyte maturation

[Adam and Johnstone, unpublished resultsJ, 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 Jevels reduce the loss of

cellular TfR and the formation of TfR-bearing vesicles [91,981. Thesc

observations suggested to us that components, other than protcins still synthcsized

by the reticulocyte, might play a role in the maturation process.

Heme is known to play an important role in many aspects of rcticulocyte

metabolism and its synthesis persists in peripheral reticulocytes [2361. Herne has

been shown to stimulate globin synthesis as weil as to inhibit ubiquitin-depcndent

proteolysis [285,286,296,297]. Heme itself, as weil as iron, has been implicated

in decreasing the expl~ssion of the TfR in cultured cell lines [196-199,3301.
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Herne is also an important negative regulator of its own formation by control\ing

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

malUring reticulocy'.cs. In this chapter, we show that heme, not iron, increa~es

the loss of preexisting TfR. However, heme also stimulates de novo synthesis of

TfR, but the newly formed TfR is segregate<i from the pool of preexisting TfR,

and its turnover responds preferentially to nonheme Ïi0'1.

3.1 Hernin and ~eticulocyte maturation

Hernin stimulate~ externalization of TfRs during reticulocyte matur~,tion

Figure 10 and Table 2 show that the addition of hemin to the cu1ture

medium increases the rate at which the TfR is lost from the cells. TfR content in

the cells was measure:l in three ways: 1) i251_Tf binding to reticulocyte Iysates,

2) immunoprecipitation of the TfR from t25I-surface labelled cells, and 3)

scanning of Coomassie blue-stained gels of immunoprecipitates of total TfR. Ail

three methods have previously been used to quantify 1 fR content in sheep

reticulocytes [331,312J. 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 -,s a percentage of their initial control

values, and the averages are presented. It is evident that the same trends are seen

with ail three independent assays.

During maturation of reticulocytes, vesicles are formed that contain the

TfR, and there is a reciprocal relationship between cellular and vesicular TfR

content [3311. Therefore, the presence of hemin in the medium should increase

vesicle-associated TfR. The resu1ts in Fig. 10 and Table 3 show that this

prediction is correct. Both 1251-Tf binding and the immunoprecipitates from
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Fig. 10. Hemin stimuJates externalization of 1251_Tm.

Reticulocytes were iodinated as described in Materials and Methods and

suspended in culture medium containing 20 /lM hemin (+) or an equivalent

volume of PBS (-). After 0, 3, 17 h of culture, cells were centrifuged, washed

and Iysed. TfRs were immunoprecipitated from the cell membranes after

solubilization. The vesicles were collected by concentrating the cell-free culture

medium (after 17 h) in an Amicon ultrafiltration ccII (YM 100 membrane), and

the vesicle Tm.s were solubilized and immunoprecipitaled.



Tab:': 2. Effect of hernin on the loss of transferrin receptors during reticulocyte maturation

A. 1251-transferrin B. Immunoprecipitation C. Coomassie blue-
binding of 1251-protein stained gel

(% original binding) (% original activity) (% original intensity)

Cul ture time - Hernin + Hernin - Hernin + Hernin - Hernin + Hernin

5hort-term

(1-5 h)
76±9(4) 50 ± 10 (4) 74 ± 16 (3) 39 (1)

Long-term
59 ± 9 (2) 33 ± 7 (2) 41 ±6 (3) 27 ± 9 (3) 56 ± 20 (2) 27 ± 5 (2)

(8-17 h)

Reticulocytes were cultured without or with 20 llM hemin. At the indicated times, an aliquot of cells was used for
1251_Tf binding (A) or immunoprecipitation (B,e) as described in Materials and Methods. To quantitate the loss of

TER protein in B, cells were iodinated before culturing. The immunoprecipitaled 1251-protein was separated by

electTophoresis, and the excised bands were counted in a gamma counter. In C, the gel of nonlabelled

immunoprecipitates was scanned with a densilOmeter. The values represent percent of initial TER remaining after

culture ± 5D, wherr. the number of determinations (n) = 3 or 4, or ±range, where n=2. 1251-Tf binding has been

corrected for nonspecific bindir;g «10% cf total'!.

....:J

....:J



Table 3. Erfect of hemin on the fonnation of vesicles containing the l'IR

Method

A. 125I-transfelrin bindip.g to vesic1es

(cpm/vesic1es from 109 cells)

B. 125j·labelled receptor derived from

I25I-surface labelled cells

(cpm/vesic1es from 109 cells)

C. Coomassiè blue stains of TfR

;mmunoprecipitates from vesicles

(relative density)

. Hernin

43,600

90

0.70

+ Hernin

131,500

280

0.73

The cell-free m..:dium after 18-24 h culture without or with 20 ~M hemin was

centrifuged at 100,OOOg or filtered under pressure. The TfR 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.

125I-surface labelled cells are elevated in vesicles from cells cultured with hemin.

Hernin has no direct effect on Tf or antibody binding (not shown). Replacement

of hemin by FePIH or FeSiH [358,276], compounds which are known sources of

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

Hernin stimulates e)"temalization of nuc1eoside transporters

A number of other membrane-bound cellular activities, inc1uding the

nueleoside 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 nuc1eoside transporter, we examined the effect of hemin on
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Iron has no effeet on extemalization of preexisting TfRs

Arter incubation of reticulocytes for 18 h, with the additions below, plasma
membranes (Ianes 1-4) and exosomes (lanes 5-9) were harvested,

immunopredpitated, subjeeted to SOS-PAGE, and stained with Coomassie blue.

Both dime; (1l>6 kOa) and monomer (94 kOa) of the TfR are shown. The other

two bands are characteristic of IgG. (1,6) 20 JlM hemin; (2,7) 100 JlM SIH;

(3,8) 100 JlM FeSIH; (4,9) 100 JlM FeSIH + 1 mM OOH (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 hcmin

supplemented cultures and that cellular loss of bindillg 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 reticulocytcs

cultured without and with 20 IJ.M hemin

Membranes Vesicle~;

Culture time (cprn/107cells) (cprn/107 cells)

(h) - Hernin + Hernin - Hernin + Hemin

0 450 ± 70 (3) 405 ± 30 (2)

17-22 362 ± 7 (3) 260 ± 20 (3) 30 ± 6 (3) 68±15(3)

43 275 ± 9 (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 IJ.g

protein) or vesicles (-50 IJ.g protein) were incubated with 5 nM 13111NBMPR

(specifie activity 50 dpm/fmol) for 30 min at room temperature in Tris-citrate

buffer, pH 7.1, containing 1 mM EDTA. Nonspecific binding (:s;15% of total

binding) was measured in the presence of 10 IJ.M unlabelled NBMPR. The values

have becn 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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Il is unlikely that the eff':cts of hemin on the protein content of the vesicle

pellet are due 10 hemin's hemolytic effect on red cells [301]. If some Iysis had

occurred and contaminating plasma membranes accounted Îor the increased TfR

in the 100,ooog 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

membrane [77J. Furthermore, control experiments have shown that most

(-80%) of the plasma membranes released by cell Iysis would have been

retrieved by centrifugation at 7700g and thus could not account for the increased

loss in cellular TfR seen with hemin. Direct measurements of cell Iysis (loss of

hemoglobin and lactate dehydrogenase) after culture with or without hemin also

showed that overall Iysis is under 10% and insufficient to account for the

increased losses of Tf and NBMPR binding during incubation. Unlike other

reports 1301,3321, hemin did not cause celllysis in our culture system probably

because sheep reticulocytes are less susceptible to hemolysis compared to

erythrocyte~ a;;J our culture medium contained cysteine and other compounds

which are known to prevent cell Iysis 1301,302]. When reticulocytes were

incubated with hemin in PBS (the buffer used by others [301,332)), we also

observed significant cell Iysis.

Differenlial JQSS of heme and globin synthetic capacities

Since reticulocytes undergo maturation in th~ absence of exogenous

hemin, the eclls 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 culturcd with

and without hemin

T

Reticulocytes (0.3 ml packed cells) were cultured with (+) or without (-) 20 JlM

hemin at 37'C. After 18 h, the cultures were centrifuged twice at 77001:. The

ceH-free medium was then centrifuged at loo,Ooog, and the resulting vesicle

pellet was dissolved in SOS 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 12- 14C]glycine into heme was measured in celIs after different

times of incubation. After 2 h, the amount of lierne synthesized is 65% of the

initial level of synthesis while globin synthe~is has falIen to -20% (Table 5).

Therefore, heme synthesis falIs off less rapidly than globin synthesis, and the

heme in excess of that bound to globin would exist as free heme and could

influence th~ rate of maturation.

Table 5. Differentiai loss of heme and protein synthesizing capacity during

reticulocyte maturation.

37·C Incubation 14C - Herne 14C - Protein

(h) cpm/107 celIs % Original cpm/107 celIs % Original

0 15,000 100 62,300 100

0.5 16,700 III 41,300 66

1 12,600 84 19,800 32

2 9,800 65 9,400 15

4 5,900 39 6,900 11

Reticulocyles were cultured for the indicated times before labelling with [2­

14Ciglycine for 1 hour. Herne 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-associatl"d loss of membrane functior.s

Since hr:;,tn has been implicated in the fomlation of oxygen free radicals

and the oxidation of proteins [298.2951. w,; asked whcthrr the mechanism for the

extemalization of membrane proteins during reticulocyte maturation involves an

oxidativc modification catalyzed by hemin. If oxidation is required. depleting

the culture medium of oxygen should inhibit the maturation process. Fig. 13

shows that ceIIs cultured under 5% C02l95% N2 do not rclcase their TIRs in

exosomes. When cells illcubated 'lnaerobically overnight are rcturncd to an 02

atmosphere. they release their TfRs. showing that the effcct of 02 deprivation is

reversible (data not shown). Externalization of NBMPR binding sites is also

inhibited by oxygen-depletion (Table 6).

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

Original membranes

Membranes after culture

100

60±4 94 ± 12

T

Reticulocytes were cultured under 5% C02l95% 02 or 5% C07195% N2 for 18

h. CeIIs were colleeted and membranes were prepared. Vesicles were harvested

by centrifugation. NBMPR binding was measured as in Table 4. Results arc

expressed as % of original activity ± SO. where n=3.
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Fig. 13, Oxygen is required for TfR extemalization

Reticulocytes were cultured for 18 h with (+) or without (-) Oz and in the

presence of 2 mM 2-deoxyglucose (DOG) or 1 mM ascorbate where indicated,

For anaerobic cultures. the medium was gassed with 5% CO:z/95% Nz before and

aftcr adding the reticulocytes, After culture. an aliquot of ceUs was extracted

with TCA for ATP dl:t::rmination, The ATP values are given below each culture

condition, The remainder of the ceUs were solubilized in Triton X-lOO and used

to immunoprecipitate TfRs, The cell-free culture medium was centrifuged at

100.000g and TfRs were imm'Jnoprecipitated from the exosomes, The gei was

sta;ned with Coomassie blue, Also shown are molecular weight markers (far

left) and TfRs from reticulocytes before culture (original ceUs), The results

with anaerobic cultures represent four experiments; the results with 2­

deoxyglucose and ascorbate are representative of two experiments,
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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

ceUs was measured after culture. There is no difference in the ATP level in ceUs

cultured with or without 02 (Fig. 13). Reticulocytes, like erythrocytes which

lack mitochondria, can therefore maintain intracellular ATP through glycolys;s.

TfRs were externalized even when the ceUular ATP concentration was lowcred

to less than 50% of the control with 2-deoxyglucose. This is in agreement with

Pan and Johnstone [911. 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 [1481.

A variety of antioxidants and free radical scavengers (vitamin E,

ascorbate, y-hydroxybutyrate) were tested for their ability tC' inhibit TfP.

externalization. Only ascorbaie seems to have an effeet similar to 02 deprivation

(Fig. 13).

3.3 Hernin stimulates TfR synthesis

In view of the effeets of hemin on the loss of speeific membrane proteins,

particularly the TfR. we examined whether hemin influences de novo synthesis

of the TfR in sheep ceUs. Reticulocytes from only one species (rabbit) have, to

date, been shown to retain the capacity to synthesize the TfR 13341.

In sheep ceUs, the addition of hemin has a pronounced stimulatory effcct

on 35S incorporation into the TfR parallel to its effeet on total protein formation.

The increase in 35S incorporation into the TfR is due to hemin and not to a

change of cellular iron (Fig. 14). Whereas FePIH does increase de novo

receptor formation (Fig. 14, 12ne 3), ils effeet is less than that of hemin (Fig. 14,
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Fig. 14. Regulation of TfR synthesis by heme

Reticulocytes (2x 109 cells) were incubated in 2.0 ml methionine-free media

containing (1) no additions (.~ontrol), (2) 1 mM PIH, (3) 1 mM FePIH, (4) 20

/lM hemin, (5) 1 mM PUI plus 20 /lM hemin, (6) 0.5 mM DOH, (7) 0.5 mM

DOH plus 1 mM FePII\. or (8) 0.5 mM DOH plus 20 /lM hemin. After 30 min,

20 /lCi [35Slmethionine (1000 Ci/miMI) 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

electrophoresis of the immunoprecipitates. Synthesis is expressed as percent of

control (1). The data are averages (±SD) of three separate determinations,

except columns 5 and 8, which are single determinations.
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lane 4) and can he blocked if heme fonnation is inhibited by 4,6-dioxoheptanoale

mOH; Fig. 14, lane 7). DOH alone also inhibits TfR synthesis (Fig. 14, lane 6),

but the inhibition is overcome by hemin (Fig. 14, lane 8). Similar results were

obtained when FePlH was replaced by sheep Tf (not shown). These results

suggest that sheep reticulocytcs do not synthesize enough heme to mainlain

maximal protein synthesis. ln 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

effeet of DOH [334].

Duiing 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 35S incorporation is seen at any time if hemin is present (Fig. 15). The

rate of deeay of total protein synthesis as weil as TfR synthesis in sheep cells is

similar to that described by others for rabbit reticulocytes 1285,51,3341 if their

data are expressed as in Fig. 15. lt appears that incubated reticulocytes Jose

components of their protein synthetic machinery and this loss cannot be

prevented by the addition 'Jf hemin. ln 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 J 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

Retil:ulocytes were preincubated for 30 min at 37"C without (0) or with (e) 10

)lM hemin. At the indicated times, 2x 109 cel1s were label1ed with

[35Slmethionine for 90 min at 37'C. also in the absence (0) 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 he duc to a

depletion of TfR mRNA. To follow the rate of loss of TfR mRNA. Northcrn

blot analysis was performed on total RNA isolated l'rom reticulocytes bcforc and

al'ter increasing periods of culture. A transcript of 5 kb was detected in frcsh

sheep reticulocytes using a human TfR cDNA probe 12571. but Ihe amount of

message in the cell varied considerably al'ter the reticulocytes were incubatcd 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 al'ter increasing times of incubation agreed with previous A260

measurements of reticulocyte extracts [3311, decreasing with a t1/2 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 35S-labelled TfR l'rom

the cells is predominantly increased by iron. The data in Fig. 16 show that

FePIH, even in the presence of DüH, is more effective than hemin in stimulating

loss of 35S_TfR during longterm incubation. Furthermore, the 35S_TfR is not

externalized (Fig. 17). It is evident l'rom Fig. 17 that, al'ter 18 h of incubation,

more than 50% of the initial 35S-TfR is still cell-associated. In contrast, earlier

studies as weB as the data in Table 2 and Fig. 17 indicate that the precxisting TfR

is lost l'rom 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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A 10% suspension of -80% reticulocytes was labelIed for 2 h with

[35S]methionine (Iane 1), then chased for 24 h in media cO'ltaining 2 mM

unlabel1ed methionine and nJ further additions (lane 2), 05 mM PIH (lane 3),
0.5 mM FePIH (lane 4), 0.5 mM FePIH plus 1 mM DOH (iane 5), or 20 pM

hemin (Iane 6). Fol1owing immunoprecipitation and autoradiography, the gel

bands corresponding to the TfR were excised, digested in Prot.osol, and counted.
The resulting cpm are printed below the autoradiogram.
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Fig. 17. Differentialloss of newly synthesized and preexisting TfRs

Reticulocytes were labelled with [35S)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 (8). Total TfRs are

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 (8) and are not

detected in the exosomes (8). The half-times were estimated by rlotting the

decrease in radioactivity versus culture time from > 4 experiments.
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Symmar:y

Hernin, but not iron, in the culture medium stimulates the maturation-

associated loss of TiRs from sheep reticulocytes (t1/2 for loss - 6 h) and their

appearance in a population of extemalized 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 extemalized vesicles. Sheep

reticulocytes have retained the ability to synthesize TfRs, but 35S-labelled TiRs

are not detected in the released vesicles. Loss of 35S_TiRs is slower (t1/2 - 24 h)

and is stimulated by iron rather than hemin. This difference in response of the

nativl' and 35S-labelled TiR to hemin and iron supplements appears to be related

to differences in the two TfRs.



Chapter 4 Incomplete Synthesis of Transferrin Receptors and

Intracellular Localization
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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 reticu\ocyte and its effeet on

the biosynthesis of the TfR.

4.1 Newly synthesized TfR is incompletely glycosylated

Newly synthesized and native TfRs comigrate after deglycosyla\ion

The data in Fig. 18 show that the newly synthesized TfR does not

comigrate with the native TfR on SOS gels but migrates as a polypeptide of 1-2

kOa less than the mature TfR. To highlight the difference in size bctween the

preexisting TfR and the 35S-TfR, the mobility of [3H]palmitate-labelled,

preexisting TfR was compared to the 35S-labclled 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 35S-labclled TfR of

mature size.

To assess whether the difference in size bctween labelled and preexisting

TfR is due to glycC'sylation, the TfR was treated with TFMS, which leaves only

one N-Iinked sugar attached to the polypeptide backbone 1315]. After

deg\ycosy\ation, the 35S-\abclled TfR comigrated with the Coomassie blue-stained

deglycosy\ated, preexisting TfR (Fig. 19). Thus it appears that the peptide

component of the new\y synthesized TfR has the same mobility as the mature



Fig. 18.

95

abc
kD

116-

95-._
66-

45-

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 IlCi [35S]methionine (1 Ci/mmol), (b) 70
IlCi [3Hlpalmitic acid plus 181lCi [35S]methionine (100 mCi/mmo\), or (c) 70
IlCi [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 TIR with endoglycosidase H and TFMS

li.

Reticulocytes were labelled with 135S]methionine for 1 h, then processed

immediately (Ianes 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/lOO III endoglycosidase H (Ianes 2,4) for 21 h at 37"C. For

samples to be deglycosylated with TFMS. TIR was first eluted from the

Sepharose beads with SDS, then treated with TFMS (lane 5) or untreated (Jane 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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TIR but that processing is incomplete.

To substantiate this conclusion we undertook Cleveland mapping of the

TIR from I::~S ]methionine labelled reticulocytes. It is evident in Fig. 20 that the

peptide map generated by 35S-TIR (1ane 2) is different from that of the native

TIR (1ane 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 weil as the mobility differences of the

peptides were due to differences in the oligosaccharides attached to the

polypeptide backbone. Il is thus evident that the post-translational processing is

deficient in these reticulocytes.

Newly synthesized TIRs contain high-mannose oligosaccharides

Human TfR contains both complex and high-mannose oligosaccharide

chains 1253,254]. 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 TIR contains both complex and high-mannose oligosaccharides,

I~rger 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-labelled

TfR, cleavage with both endo H and TFMS yielded a product of the same size,

-88 kDa (Fig. 198). Such a result is consistent with the conclusion that the

newly synthesized TfR, unlike the native TIR, contains only high-mannose type

oligosaccharides.
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TfR was isolated from reticulocytes that had been labelled with 135SImethioninc

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 Ilg 11.­

chymotrypsin. Lane S, molecular weight markers (94, 67, 43, 3D, 20, 14 kDa);

lane l, 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 35S_TfR are

processed by the reticulocyte with ùme, Ille labclled cells were chased for 19 h

bcfore subjccting the TfR to endo H. After 19 h of chase, most of the 35S-TfR

was still more sensitive to endo H than the mature TfR (Fig. 19), indicaùng that

high-mannose oligosaccharides on nascent TfRs are not efficiently processcd by

the maturing reticulocvte.

Ncwly synlhesized TIR binds more tighlly 10 Con A

To oblain additional experimental support for the absence of complex

oligosaccharides in 35S-TfR, studies with concanavalin A (Con A) were carricd

ou!. High-mannose oligosaccharides bind to Con A-Sepharose wherea~

bianlennary comlllex oligosaccharides bind with a lower affinily and tri- and

lclra-anlcnnary complex oligos::ccharides do not bind [338]. If 35S-TfR has a

higher numbcr of high-mannoJe oligosaccharides than the native TfR, 35S-TfR

should be relained 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 substanlial fraction of the nalive TfR (30-50%) was eluted from the

affinity column wilh 0.2 M (l-methylmannoside. A much smaller fraction (~3%)

of the 35S-TfR was remov::d under the same conditions (Fig. 21). Based on the

amounl of 35S incorporaled into TfR, the 35S_TfR accounts for less than 0.1 % of

lhe lolal receptor. The relatively higher retention of 35S_TfR by Con A, despite

a much smaller absolule amount of 35S-TfR suggests a tighter binding of 35S-TfR

due to lhe presence of a higher density of high-mannose chains in 35S_TfR than

in malure TfR. Il is noteworthy that the small fraction of 35S-TfR eluted with (l­

methylmannoside (Fig. 21, lane 3 of autorad) comigrates with the Coomassie

blue stained native TfR. This is in contrast with the bulk of the 35S-TfR which

migrales at a lower molccular weight when comparcd to the naùve TfR.
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Retic~locytes were labelled with [35Slmethionine for 1 h, then chased for 0 h

(ianes 1-5) or 23 h (Ianes 6-10). Triton X-100 extracts were mixed with

concanavalin A-Sepharose and incubated ovemight 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 a-methylmannoside; lanes 4,9: TfR eluted with 0.5 M <1.­

methylmannoside (after 0.2 M wash); lanes 5,10: protein eluted with SDS-ME
sample buffer (following the a-methylmannoside washes). Ali 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 completed, we

er.amined whether the 35S-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 from 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 ail 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

13 H Imannose, 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 (Kav = 0.46). The eluate was

treated with endo H and re-chromatographed on the same column. fhe 3H-label

eluted in a single peak, having an increased relative elution coefficient (Kav =

0.6). This result shows that the vast majority (~90%) of the 3H incorporated is

in high-mannose oligosaccharides. If a substantial portion of the [3H]mannose

had been associated with glycopeptides containing complex oligosaccharides, then

sorne fraction of the original 3H-labelled glycopeptide should have been endo H

resistant and eluted at Kav = 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-labellcd

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 (Kav) = Vc-Vo
Vi-Vo

•

where Vc =elution volume of oligosaccharide, Vi =elution volume of mannose,
V0 = 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. Kav was caIculated

as in the legend to Fig. 22.
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glycopeptides from avian reticulocytes were passed through the Bio-Gel P6

column, sorne 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)mannose residues incorporated into the TfR are only in high­

mannose oligosacchroides. 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 ir.hibited by cycloheximide, suggesting a requirement for de nove peptide

synthesis. However, compared to the TfR, the 30-40 kDa peptides incorporated

relatively little [35S]methionine. The decrease 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 sy:-tthesize<l TfR

Absence from the œil surface

Proteolysis of the cell surface with trypsin at O'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 [3H]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 labelleJ with [35S]methionine as above, except

that the chase medium contained 2 mM methionine.
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Fig. 25. Trypsin treatment of reticuloeytes at O'C

.y
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A 10% suspension of eells (-90% retieuloeytes) was labeUed with

[35S1methionine (25 !lCi/ml) for 2 h at 37'C, then either trypsinized immediately
at O'C (lanes 1-3) or ehased with unlabelled methionine (2 mM) for 28 h (Ianes
4-6) before trypsin treatment. After digestion and addition of ~oybean trypsin

inhibitor, the released fragments in the supernatant were immunopreeipitated
with anti-TfR MAb, and the immunoprecipitates were subjeeted to gel
eleetrophoresis. The eells were washed and Iysed. and membranes were
prepared. TfR was immunoprecipitated and subjected to gel electrophoresis. A:
Coomassie blue-stained gel. Note the two eharaeteristic IgG bands in addition to
the TfR (94 kDa). B: Autoradiogram of A. Lanes 1,4: TfR from untreated
eeUs; lanes 2,5: TfR from eeUs treated with trypsin; lanes 3,6: tryptie 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 35S 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 35S 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.

Newly synlhesized TfR does nol recycle

To assess whelher newly formed TfR is undergoing recycling, Ihe cells

were trealed with trypsin at 37"C. At O'C, only surface TfR is accessible to

trypsin. At 37'C, trypsin should proleolyze the recycling TfR as il appears at the

surface. Assuming that 15% of Ihe tOlal 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 TfR indicated a loss of this orde;' VI magnitude (Fig. 26A). In contrast,

an insignificant amount of 35S-labelled TfR is lost (Fig. 26B) Il 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 [35S]methionine

and treated with trypsin in an identical manner, both 35S-1abelled and preexisting

TfRs 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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Fig. 26. The 35S-TfR does not recycle
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Cells were incubated with [35S)methionine for 15 h, then treated with 0.1 %

trypsin at O'C for 30 min or at 37'C for 10 min. The cells were washed, and

immunoprecipitates were prepared and electrophoresed. A Coomassie blue­
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-TIRs usin~ density ~radient centrifu~ation

ln the reticulocyte, TIRs are localized on the plasma membrane, in

endosomes, and in multivesicular bodies. The surface TIR and the recycling TIR

can be digested by treatment with trypsin at 37'C. The multivesicular body is

the precursor from which exosomes are externalized. The presence of 35S_TfR

in multivesicular bodies may, therefore, be assessed by the appearance of 35S­

TIR in exosomes while the sensitivity to trypsin treatment at 37'C reflects the

amount of TIR 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

TIR is neither externalized in exosomes (Fig. 17) nor trypsin-sensitive at 37'C

(Fig. 26). Since the 35S_TIR lacks complex oligosaccharides, it is Iikely that the

35S-TfR is retained in the ER or cis-Golgi membranes.

In allempting to separate internai 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 ,han that containing

unlabelled TIR (Fig. 27). Galactosyltransferase, il Golgi enzyme, also peaked in

the higher density membrane fractions and comigrated with 35S-TfR, supporting

the conclusion thatthe 35S-TIR may be Golgi-associated or in membranes which

comigrate with the Golgi. We could not asse~s whether the ER comigrates with

the Golgi since very low levels of the ER markers (cytochrome c 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 il 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 reticulocytes labelled 2 h with [35S Imethionine was applied to 20

ml of 20% (v/v) isoosmotic Percoll and ccntrifuged 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 laser densitometer
and the relative amounts of stained TfR (c1osed 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 1166,264,268]. In K562 cells treated with deoxymannojirimycin (an

inhibitor of Golgi mannosidase 1), 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 ail glycosylation is prevented, sorne cell Iines still export the

TfR to the surface, albeit at a slower rate [253,267].

The 35S_TfR, unlike native TfR, is not t?.rgeted 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 il is slowly degraded by an iron-stimulated

mechanism (Chapter 3).

4.4 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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CeUs were labelled with [35S]methionine for 2 h at 37"C, and then the isolatcd

membranes were solubilized in 1% Triton X-lOO. The TX-lOO extract was

centrifuged at 30,OOOg to remove insoluble material, and the supernatant was

diluted with PBS to reduce the TX-l00 concentration to 0.2% and mixed with 1

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-\OO.

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-lOO, 50 Ilg/ml desferrioxamine

(arrow B) to dissociate the iron from apotransferrin. Only the first three

fractions of the extensive wash with desferrioxamine are shown (Janes L',-6). TfR

was then eluted with 50 mM sodium phosphate, pH 7.0,1 M NaCl, 0.2% TX-lOO

(arrow C, lanes 7-9). Ali 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 ;3 a prerequisite for transport to the

Golgi and the 35S_TfR has not acquired these modifications.

Many cytoplasmic enzymes are diminished or lost during red cell

maturation 1501. The cytoplasmic protein(s) required for vesic\e fusion from the

ER to the Golgi, between Golgi cistemae 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

TfR still takes place during this time. Using an antibody to NSF [123], we found

that NSF is present in reticulocytes, as weil as in mature red cells of the sheep

(Fig. 29). AItematively, intact Golgi and/or transport vesic\es may he 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 he analogous to the effect of brefeldin A, which blocks protein

secretion in hepatocytes and intracellular transport of glycophorins in MEL cells

[340,3411. Brefeldin A disperses the Golgi complex and induces a rapid

redistribution of cis/mediai-Goigi 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 he

retention of newly formed glycoproteins in an intracellular compartment.
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Fig. 29. Anti-NSF antibody reacts with a 76 kDa protein in sheep

reticulocytes and erythrocytes

Reticulocytes (R) or erythrocytes (E) were Iysed in !, volumes of swelling buffer

(20 mM Hepes-KOH, pH 7.4,10 mM MgCh, 5 mM ATP, 5 mM DIT, 0.1 mM

PMSF, 10 Ilg/mlleupeptin, and 1 IlM pepstatin) and centrifuged at 12000g for

15 min. KCI was added to the supematant to a final concentration of 0.1 M. 25

J.l.1 of magnetic beads (Dynabeads M-450) were coated with 0.75 Ilg anti-NSF (+)

or mouse IgM (-) and incubated 4 h at 4"C with 50 III cytosol. The beads were

washed with 1% Nonidet P-40, 0.5 M NaCI, 50 mM Tris, pH 8.0. The proteins

were eluted in sampIe 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 [35S]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 synthesi.led at the reticulocyte stage. Most noticeably absent in the

35S-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-loo extracts of the plasma membrane with anti-band

3 antibody. Arter 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 (I}ighly 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, 35S 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
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(a) Detection of glycophorins in reticulocytes labelled with [35S Jmethionine.

I..ane 1, total membranes from 40 III of cells were loaded directly onlo the gel;

lane 2, membranes, equivalent to 200 III of cells, were extracled wilh

chloroforrn/methanol (2/1, v/v) and the glycoproleins in the aqueous layer were

applitai to the gel. The gel was either staiiled with Coomassie brilliant blue (Cn)

(Ie:t) or Schiff reagent (PAS)(right). The 35S-labelled proleins were detecled by

autoradiography (middle). (b) Detection of band 3 in TfR-free exlracls from

reticulocytes labelled with [35S]methionine. Electrophoresis was performed
under nonreducing conditions by omitting l3-mercaptoethanol from the sample

buffer. Triton X-lOO extracts were pretreated with nonimmune mouse IgG (Jane

1) or anti-TfR antibody (Jane 2). Lane 3 shows the TfR immunoprecipitale.

Left, autoradiogram; right, Western blot probed with antibody to band 3.
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detectable by PAS staining, If glycophorins are synthesized, thf'Y !\!'e unlikely to

reach the Golgi apparatus which is the probable site of O-glycosylation for

glycophorins [341,345], and therefore we would he unable to detect any 35S_

labelled polypeptides in the chloroform/methanol extracts.

A difference between human and sheep glycophorins should he mentioned.

A peptide of 80 kDa reacting weakly with anti-human glycophorin A is detected

in sheep reticulocytes; however, unlike human glycophorin A, the sheep protein

is not extracted with chloroform/methanol indicating that il 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 [35S]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-!abelled peptides, making il 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 specifie 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 [t4C]glucosamine into plasma

membrane proteins of reticulocytes from phenylhydrazine-treated rabbits is

sensitive to proteolytk digestion of the cell surface [348J. COX et al [3341 also

noted that 35S-labelled TfRs and 125I-labelled TfRs of reticulocytes from

phlebotomized 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

Il appears that incompletely glycosylated proteins are heId 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 membrane

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. Il 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 Iiver

cell extracts into reticulocytes by dialysis Iysis and isotonie resealing [324J.

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 internai 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 Iymphoma cells using

polyethylene glycol (PEG). Unfused red cells were removed with isotonic

ammonium chloride which selectively lyses red cells but not nucleated cells

[30S). 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.

GP4F 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 hernagglutinin precursor

HAü to active HA and prepares the cell for pH-dependent fusion with

erythrocytes. Microscopically it was seen that sheep reticulocytes bound to

GP4F cells. There was pH-dependent incorporation of 35S-labelled proteins into

GP4F cells (Table 7), with a reticulocyte/GP4F cell ratio varying from 111 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 S), decreasing to 50% after 1 h of incubation, suggesting a half-Iife of

about 1 h. The half-Iife of 35S-labelled sheep hemoglobin in the intact
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Incorporation Protein Incorporation of
Active HA IiI of 35S-proteins recovered 35S-proteins

(eprn/ 2xl()6 after fusion (cprn/mg GP4F
GP4F eells) (mg) protein)

+ 4.3 2660 0.14 19,000

+ 4.5 1930 0.10 20,300

+ 4.8 2910 0.26 Il,200

+ 7.3 1480 0.30 4,900

4.3 940 0.17 5,:>00

4.5 1100 0.22 5,000

4.8 1230 0041 3,000

7.3 1420 0043 3,300

Retieuloeytes were labeUed with [35S)methionine (50,000 cpm incorporated/107

retieuloeytes) and fused to 3T3 fibroblasts expressing hemagglutinin (HA) (GP4F

eeUs) as deseribed under Materials and Methods. The GP4F cells were either

untreated (-) or treated with 5 ~g/ml trypsin to activate HA (+). Only eells with

active HA should fuse with reticuloeytes when the pH is lowered and incorporate

35S-proteins. Since the number of cells recovered after the fusion procedure was

variable., the results are expressed per mg of total protein recovered as weil as

per original number of GP4F eeUs. This experiment was repeated once and

similar results were obtained.
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- Table 8. Labclled reticulocyte proteins arc not stable after ccli fusion

IiI "Post-fusion" incubation Incorporation of 35S-

(min) proteins
(cpm/2xl()6 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 ceUs as in Table 7. FoUowing

exposure 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 radiolabeUed protein incorporated was then determined. This

expcriment was repcated once with similar results.

r

reticulocyte is -50 h. Hendil [349] reported that the degradation of

radioactively labclled rabbit hemoglobin was increased 20-fold when introduced

into hamster fibroblasts by virr .-liated 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 spccies.

More 35S-labeUed TfR was immunoprecipitated from the fused

reticulocyte-GP4F cells than from control ceUs (maintained at pH 7.4). To

determine whether the sheep TfR in the fused ceUs was transported to the ceU

surface following fusion, half of the ceUs were treated with trypsin and the other
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half (untreated ceIls) 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 ceUs would be protected from trypsin. These results showed that there was

a considerable decrease (-50%) in the total radioactivity associated with trypsin­

treated ceUs versus that of untreated ceIls, indicating that trypsin had access to

intraceUular proteins. From these experiments, it is not clear whether lhe

reticulocyte-GP4F ceUs were leaky or whelher a major por~ion 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 localizalion

of the 35S-labeUed sheep TfR.

Encapsulation of mouse liver extracts by hypotonic Iysis and resealine

While hybrid ceU fusion could teU us whelher the TfR thal is translated 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 hypotonie Iysis and

resealing would serve to enclose specific functions into the ghosts. This method

has been used to encapsulate drugs, hexokinase and olher proleins into

erythrocytes and reticulocytes [351 J. Il is not known whether membrane vesicles

and membrane proteins can be inserted into the red cell this way.

We started with a cTUde 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 cTUde extract could be fractionated with the goal of

idenlifying the factor which is missing in the reticulocyte. We chose the mouse

liver ceU 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 Iysis 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 Iiver 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 couId be recovered as resealed ghosts following

dialysis lysis and resealing. This suggests that reticulocytes do not lyse as weil as

erythrocytes which may make them poor acceptors of exogenous enzymes.

Although glycosyltransferases 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 <:xtract at 100,OOOg.

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 Iiver extract

had no effect on either the size or the protease accessibility of the 35S-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 Iiver 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 beller
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success is attainab[e by encapsulating a more concentrated (purified) extract, e.g.

microsomes.

SummaJ)'

Sheep reticu[ocytes synthesize an incomp[etely g[ycosy[ated TiR which is

not transported to the plasma membrane. The 35S-TiR is 1-2 kDa smaller than

the native TiR and fails to acquire a mature size even when chased for 24 h.

Deg[ycosy[ation obliterates the size difference. There is preferential binding of

the 35S_TiR to Con A-Sepharose, indicating the existence of a higher density of

mannose sugars on the 35S-[abelled TiR. Moreover, when total [3H]mannose­

[abelled g[ycopeptides from reticu[ocytes are separated on a column of Bio-Gel

P6, the [3H]mannose associates with endo H-sensitive high-mannose

oligosaccharides, but not with comp[ex oligosaccharides. After Percoll density

gradient centrifugation, the 35S-TiR peaks in a fraction which has separated from

the bu[k of the native TiR. These results and the observation that the 35S_TiR of

intact cells is inaccessible to exogenous trypsin at both O·C and 37'C support the

conclusion that the 35S-TiR is retained in a nonrecycling compaTlment.

Nevertheless, the 35S_TiR binds Tf and forms intersubunit disulfide bonds. The

transmembrane glycoproteins, band 3 and g[ycophorins, are not synthesized in

the sheep reticu[ocyte. It appears that the reticulocyte, at this stage of red cell

deve[opment, has [ost 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 c1eavage occurred distal to

the pair of disulfide bonds (CYS89 and CYS98 [256]) between residues ArgtOO and

LeulOl [1021.

In contrast to the human samples, the sera from anemic sheep and rats

contain vesicular TfRs of native SiZL' (-94 kDa on reducing gels) [77,97]. These

results argue for a mechanism of relea:e which does not involve cleavage of the

receptor. Since the human material cited above originated from patients in the

c1inic, 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 animais 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 t.xosomes 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 10ss 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 weil, 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 aCter 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 unex!JCCted.

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(_

TfR lost from the cells could he 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 t251 surface­

labelled sheep reticulocytes cultured in vitro, we tested for the presence of

proteolytic c1eavage 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, c1eaved 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

supematant (post-exosome supernatant [PES]).

The pattern shown in Fig. 31 A is characteristic of that obtained with

reducing gels. The stained immunoprecipitates and autoradiograms [rom the cell

membranes showed residual dimer (-190 kDa) and monomer (-94 kDa). The

majority of the label was recovered in the intact monomer. Sorne 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 appealing 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
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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 supematant (PES) as described under Materials and Methods and then
electrophoresed on reducing (A) or non-reducing (8) gels. In B. only the TfR
immunoprecipitates from the PES are shown. 1251-labelled reticulocytes were

cultured in the presence of 1 Ilg/ml rotenone plus 2 mM 2-deoxyglucose (DOO).

ID IlM 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 PESo

On those occasions we found that re-centrifugation of the medium for an

addi.ional thirty minutes at 130,OOOg clears the supernatant of ail the intact

receptor, suggesting that there may be a sm(\l, population of less dense or smaller

exosomes requiring additional force to bring them down. For this reason, in ail

subsequent experiments, only the peptide at -80 kDa (under reducing conditions)

was regarded as "soluble" released reœptor. Any 94 kDa peptide in the PES was

attributed to contaminating vesicles. In 8-10 experiments, the -80 kDa peptide

was a1ways a relatively small fraction of the total 125I-TfR released indicating

that only a small percentage of the externalized receptor is c1eaved.

In contrast to reports with c1eaved human receptor [102,353,3541, the

released soluble peptide migrated as a peptide of -160 kDa on non-reducing gels

(Fig. 3IB). Upon reduction, monomers were obtained (Fig. 31 A). 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 ail species

have disulfide bridges with an identical disposition to those of the human

receptor (e.g. the chicken receptor lacks one cysteine [2601). At present, we

cannot distinguish whether an additional bridge exists or whether the cysteine

residues of the sheep TfR are situated downstream of the protease c1eavage site.

5.2 Time of formation of cleaved TfR

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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Improved recovery of 1251-TfR from reticulocytes incubated with

a1bumin

Incubation time 3 hrs 24 hrs

Albumin 0% 0.5% 1% 2% 0% 0.5% 1% 2%

cpm cpm

i

Membrane 36,150 45,000 49,180 48,670 20,400 36,700 39,000 39,370

Exosomes 2,460 2,950 2,400 3,020 Il,500 14,900 14,900 18,800

PES 130 460 660 730 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)

Shcep reticulocytes surface labelled with 1231 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 1oo,ooog pellet

(exosomes) from the cell-free incubation medium and the post-exosome

supernatant (PES) were also collected and immunoprecipitated. Ali

immunoprecipitates were subjected to SDS-PAGE. Ali samples had control non­

immune immunoprecipitates. After radioautography, the specifie 1251 labelled

bands were eut 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. Ali values have been corrected for their

respective nonimmune controls (Iess than 5% of corrected values). Ali values

are based on recovery from 1()8 cells.
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detected in exosomes but liule was found in the PES in the truncated form. At

24 h of incubation, when over 50% of the receptor -..vas lost from the cells, both

exosome-bound and PES soluble (-SO kDa) receptor were present. The majority

of the radioactivity was associated ;vith the exosomes. The .-adioactivity in the

soluble receptor was never found to exceed the radioactivity in exosome

associated receptor (S experiments).

5.3 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 altemate substratc for

t'-~ putative protease. The presence of albumin in the incubation medium

improved recovery of 1251_TfR so that after ovemight 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

tVlo factors: (a) the amount of 1251_TfR recovered in the cell membranes after

an overni~l;t "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 ail 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 couId give rise to the

truncated TfR were not successful. When exosomes were reincubated in fresh or

conditioned medium, the exosomes disintegrated and no antibody-detectable,
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soluble TeR was found. These data should be contrasted with those of Chitambar

et aI.[355) where reincubation of rat exosomes gave rise to intact, soluble TeR.

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 üf anemic sheep should he

detectable. We were unable, however, with our procedures, to detect truncated,

circulating TeR in the 100,OOOg supernatant of plasma from phlebotomized

sheep. The exosome pellet from an equivalent volume of plasma had readily

detectable, full length TeR.

5.4 Human c1eaved TeR: HL60 cells release a truncated TeR

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-PA(;E. An intact TfR, as wcll as a lower molecular

weight peptide of -80 kDa, was obtained (not shown).

Our studies on TeR synthesis with I-ll..60 ceols showed the presence of an

-80 kDa 35S-labelled peptide in the 100,OOOg supernatant which

immunoprecipitated with anti-TfR MAb. Although I-ll..60 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, 35S_TfR w~s still present in the cells after a 38 h chase with

unlabelled methionine. These data on the release of a truncated receptor are in
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Fig. 32. HL60 ceUs release a soluble trunC'atr:.d TIR

•

CeUs were labeUed with [35Slmethionine and cultured for 21 h. The ceUs, the

lOO,OOOg peUet (exosome) and supematant (PES) were immunoprecipitated with

a non-immune mouse IgG (NI) or anti-TfR MAb (1). Shown is an
autoradiograph after a 3 day exposure. Molecular weight markers (Mr x 10-3)

are indicated.



.
'1,

135

accord with studies done by Chitambar and Zivkovic [353] who also found a

soluble -80 kDa fragment in the medium.

VIe considered the possibility that HL60 cells possess a cell surface

protease (or secrete a protease) which might cleave the extracellular domain of

the TfR from non-cellular but membrane-bound forms of the TfR. To test for

the putative protease activity, 35S-labelled TfR immunoprecipitates (bound to

Protein A-Sepharose) were incubated with either a suspension of lll.60 cells or

with the cell-free conditioned medium from an lll.60 culture. Figure 33 ,hows

that HL60 cells cleaved the 35S_TfR, releasing a peptide of -80 kDa.

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

TfR in vesicles but not cells

If TfR is cleaved from the red cell surface and/or the exosomes, the

transmembrane and cytoplasmic dvmains 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 Iike an intact TfR

[3561. Using an antibody against the cytoplasmic domain of the TfR (anti­

cdTfR), 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). Ne 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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A cellular protease cleaves 35S-TfR to produce an 80 kOa fragment

which is recognized by anti-TfR MAb

lll-60 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 supematant (containing 35S-TfR from 5 x Hf>

cells) was incubated with 20 llg anti-TfR MAb (Ianes 1-3) or non-immune mouse

IgG (Iane 4) for 2 h, then with 20 III 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 (Iane 1), medium containing 107 HL-60

cells (Iane 2) or IOX concentrated conditioned medium (Iane 3). Following the

incubation, the Sepharose was allowed to seule and the cell suspension and

medium were removed. The Sepharose was washed with PBS, and the 35S-TfR

eluted with SOS sample buffer for electrophoresis.
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Fig. 34. Detection of the cytoplasmic domain of t!le TfR by immunoblotting

Lane l, prestained mo!ecular weight markers of lOi),f)OO; SO,OOO; 49,500;

32,500; 27,500; IS,5OO; lane 2, sheep erythrocyte membranes, !:1!!'é" 3, sheep

reticulocyte membranes before culture; lane 4, sheep reticulocyte membranes

after culture; lanes 5-7, sheep exosomes after culture of 10, 20, and 50 IÙ ceUs,

respectively; lane S, 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 he 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 (Iane 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 TfR in sheep reticulocytes

Although we could not detect the cytoplasmic domain of the cleaved TfR

in fresh or incubated sheep reticulocytes, the possibility exisls that any

cytoplasmic component would he rapidly removed from the celIs, 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 ovemight 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 celIs, 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 he detected in the cell

membranes after overnight incubation. These data are consistent with the

conclusion that cleavage of the TfR from exosomes results in the formation of

truncated circulating TfRs.
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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, blolted and probed with anti-cdTfR. Lane l, prestained molecular
weight markers, as in Fig. 34; lane 2, untreated reticulocytes (20 pJ) after

culture; lane 3, trypsin-treated reticulocytes (20 p.1) after culture; lanes 4-5,
exosomes from culture of 20 p.1 or 50 p.1 untreated reticulocytes, respectively;
lanes t,-7, f"",osomes from culture of 20 p.1 or 50 p.1 trypsin-treated reticulocytes,
respectively. Arrows indicate the position of the TfR.
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Summ;uy

Elevated levels of serum TfR are clinical indicators of iron deficiency a'ld

increased erythropoiesis. In man, most of the circulating TfRs are truncated.

representing the extraceUular domain of -80 kDa. Although exosome fomlation

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 ceU surface. In this chapter,

we presented evidence to indicate that in sheep reticulocytes (ad possibly in

human reticulocytes), a minor portion of the TfR is c1eaved from exosomllS

during or after their release from the maturing reticulocyte. The 17 kDa

cytoplasmic and transmembrane domain~ foUowing cleavage remain associated

with exosomes but are absent from the ceUs making direct cleavage from the

ceUs unlikely. It therefore appears that exosome formation is the major roule

for shedding TfRs and that the circulating. extraceUular domain is a secondary

product from the circlIlating exosomes.
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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 sl'eep reticulocytes

[87J. Th:. !emperature- and ATP-dependent process could he the means by

which the reticulocyte loses specific membrane proteins, such as the TfR, during

maturation. How this process is controlled is largely unknown. 'flle question

arose as to whether the retkulocyte 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 extemalization of TfRs in the

maturing reticulocyte.

The ability of peripheral reticulocytes to synthesize proteins has beefl

known for decades [357,285,286,335]. Equally weil 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 heen 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]. Hernin must he supplied to reticulocyte Iysates

for in vitro protein synthesis since cell-free Iysates do not synthesize heme.

Unlike cell-free Iysates, 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



•

142

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

FeTt), but FeSIH had no effeet on protein synthesis [2761, suggesting that rabbit

reticulocytes are already synthesizing proteins at a maximum level. Thercfore.

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, exogenous hemin increased TfR

synthesis (as weil as total protein synthesis) above th·c level observed in media

supplemented with FeTf or FePIH. This suggests that sheep reticulocytes, unlike

rabbit reticulocytes, do not synthesize sufficient endogenous heme to maintain

maximal protein synthesis.

Reeently, it was shown that TfR synthesis in cultured ccII lines is regulated

post-transcriptionally by iron [200-203]. The intracellular iron concentration

influences the binding of a cytoplasmic protein (lRE-BP) to the TfR mRNA and

hence the stability cf the rnRNA [200,201]. Iron decreases TfR mRNA stability

and hence TfR synthesis. The regulation of TfR synthesis by this meehanisrn was

not apparent in sheep reticulocytes. Iron stimulated TfR synthesis but this was

probably rnediated through herne synthesis since DOH blocked the effeet of iron

(delivered as FeTf or FePIH). Ali the iron taken up by reticulocytes is

incorporated into heme [240] with little or no free iron accurnulating to

destabilize the TfR rnRNA. Even in the presence of DOH, which is known to

increase iron uptake by reticulocytes [240,237,2411, the nonherne iron

accurnulates in the rnitochondria ami not in the cytosol where rnRNA is

regulated. DOH inhibited TfR synrhesis by lirniting herne availability, which is

required for the translation of rnRNAs. The addition of an iron chelator, PIH,

inhibited TfR synthesis probably by rnaking iron unavailable for herne synthesis.
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Thcse rcsults 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 synthesizc very Httle heme

and must have a "defence mechanism" to prevent the accumulation of free iron.

Altematively, ll:c ';fR mRNA in reticulocytes may not respond to iron as

it does in nonerytliroid 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.

Thcrcfore, the IRE mechanism fûr regulating TfR synthesis in other ceUs may he

modificd or absent in reticulocytes. Macrophages are also adapted for mcreased

iron uptake (for iron storage) and their TfRs are positively reguJated by iron

[359J. The mechanism for this posi,ive regulation is not known. It would be

intcrcsting 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 ceUs 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 ceUs but that TfR mRNA stability

is not regulated by iron lcvels in these ceUs [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 hemil1. Schuiman (335),

howcver, showed that rabbit reticulocytes could syntL~size proteir. ;nitia! r~:c~

after a 20 h incubation pcriod if supplemented with exogenous hemin, suggesting

that the heme synthesizing capacity was lost more rapidly than the protein

synthesizing capacity in these ceUs. Herne deficiency was considered to limit

protein synthesis after longterm incubation. We measured heme synthesis in

shccp retir .s by foUowing [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 Iimits protein synthesis in the maturing sheep reticulocyte. In

our experiments, hemin was present throughout the incubation period whereas

SchuIman 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 [see below 1)

during reliculocyte maturation. If this were so, we would see a rapid decline in

protein synthesis even though eIF-2:x 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

re,iculocytes, the ability to take up iron is lost with a t1/2 of about 4 h [3121.

Assllming that the enzymes of the heme biosynthetic pathway are stable during

this lime and iron uptake is rate-Iimiting, we can also ~xpect heme synthesis to

decrease with a t1/2 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 wouId be

toxic to the cel!. This is consistent with studies showing a tight coûpling of iron

uptake and heme synthesis [240]. Since protein synthesis is lost more rapidly

(t1/2 -1 h), not ail of the newly synthes.ized heme will be bound to globin. This

may increase the intracellular pool of free heme which in turn couId 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 decr~ases with c('11 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. however.

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 SOS

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 ne".. :)' synthesized

TfR lacked complex-type oligosaccharides. 2) Whp~ reticulo'·ytes were exposed

to trypsin at O'C or 37°C, there was liule 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 ÔCII~;ty gradient

centrifugation of a reticulocyte Iysate, fractions containing the peak of 35S-TfR

also contained galactosyltransferase. a Goigi-associated enzyme. and separatf'.tl

from the peak of native TfR. The lack of complex oligosaccharides Oh :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 exosornes contained the

preexisting TfR. 4) fourther confirmation that the newly formed TfR existed in a

pool s~p::r ..,cri t.cm the majority of the cellular TfR stems from the differen"e

in resJlonse of the preexisting TfR and the 35S-TfR to iron and hemin

supplements in the culture medium. Whereas hemin, not iron, stjmulated the loss
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from the cell of unlabelled native TfR. iron (as FePIH) was more effective than

hemin in causing the 1055 of the 35S_TfR. Thus immature red cells may have Iwo

mechanisms for regulating TfR protein levels. both of which are influencerl.

directly or indirectly. by the supplYof iron.

Since we were unable to identify any of the other newly synthesized

membrane proteins. we do not know with certainty whether ail newly made

membrane proteins are incomple~ely 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 [35S)methionine suggest that the sheep reticulocyte has lost the

machinery to fully process newly synthesized membrane proteins.

While the reticulocyte must synthesize hemoglobin and Iipoxygenase 1521.

it does not need to make functional TfRs which have no role in the mature ccII.

The majority of the proteins of the erythrocyte membrane (spectrin. band 3.

glycophorin) are synthesized before the reticulocyte stage [304. our rcsultsl.

Only a small fraction of the total TfR (Iess than 0.1 %) is synthesized at the

reti-;:ulocyte 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 ils 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

nect:ssary for the synthesis of soluble proteins. they did not dearly show whelher

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 reticulocytes. Electron micrographs have
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revealed ER and Golgi-like membranes in reticulocytes WhlCh may he the sites of

post-translational procL.;sing [2,3611, and the ER marker enzyme, NADH­

cytochrome c reductase, is present although the level is 1% of that in the Iiver

1501. 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 retieulocyte showed for the frrst time, that a

specifie protein is inserted into the microsomal membrane, acquires high­

mannose N-linked oligosaccharides, but is not trans90rted to the ceIl surface.

Therefore, the loss of Goigi-associated functions precedes the loss in capacity for

protein translation during reticulocyte maturation such that a pool of

incompletely processed polypeptides accumulate in an intraceIlular compartment.

These results also indieate that in sheep reticulocytr..s, ü,,, biosynthetic

;;.,thway has heen separated from the endocytic pathway. CeIl surface TfRs may

either recycle between the plasma membrane and endocytic vesicles or enter a

nonrecycling pooi involving multivesieular bodies (MVBs}. The MVB is the site

where TfRs and other membrane proteins are packaged into vesicles for

extemalization. When the MVB fuses with the plasma membrane, these vesicles

are rekased into the culture mediun, ,ln vitro) or pla~ma (in vivo). Newly

synth~sized TfRs, on the other hand, do not enter the pathway to the ceIl surface

ap.d are not extemalizedduringreticulocytematuration.llis of interest to add

;liü: ER and Golgi marl:er enzymes were not detectable in exosomes, as would he

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 ceIl function for many years at the level of gene

transcription, commitment to terminal differentiation and protein degradation

[49,296,297,364,3651. ln HeLa ceIls, heme has also heen implicated as a down­

regulator of TfR synthesis [3301, but other investigators have concluded that free
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iron, not heme, down-regulates the expression of the TfR at the post­

transcriptional level in a variety of cells [199-203]. ln Chapter 3, we showed

that extemalization of TfRs was stimulated by the addition of hemin. Earlier

work had shown that serum increases externalization of the TfR from sheep

reticulocytes [91 J, an effect that may have becn mediated, in part, by hemin in

serum or heme synthesis upon iron delivery. However, heme is found in the

serum bound to hemopexin and aithough heme-hemopexin enters several

different cell types by receptor-mediated endocytosis [165,3661, il is not known

whether reticulocytes have a receptor for heme-hemopexin. In vitro, hemin,

heing hydrophobic, is Iikely to enter the cell to sorne extent by diffusing. üuough

the membrane.

The effect of hemin on the extemalization of TfRs may he part of a more

general effect on membrane differenti:ltion during reticulocyte maturation.

NBMPR binding is also known to diminish during maturation of sheep

reticulocytes, and the loss of this function was shown to he increased by hemin

concomitant 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 reticulocyte

maturation. Hernin had no effect on lactate dehydrogenase, whose concentration

in the red ccII is not affected by maturation.

To dssess how heme could he involved in reticulocyte maturation, we will

first consider the known affects of hemin on red cell proteins. Hernin ca.J

disrupt skeletal protein-protein interactions in erythrocytes, especially tho:Je

hetween protein 4.1 and glycophorin A [3(0). Il 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 he an association hetween heme :md the free sulfhydryls of proteins.

Hernin may also affect proteins indirectly by catalyzing the production of

free radicals which cause oxidation. In reticulocytes, oxidatively damaged

proteins can he selectively degraded [298,373]. Thorbum and Beutler [375] have

proposed that oxidative damage may selecti':~ly 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 seem:::d 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 mechanism for the release of membrane proteins

during reticulocyte maturation. It has already been proposed that a structural

change in thp. TfR accompanies the shedding of TfRs [92]. The oxidation of an

l1mino 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 protr.in which is known to bind

unfolded proteins [95]. The alteration in the cytoplasmic domain m~y ~xplain

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, Le. induce the formation of

exosomes, during reticulocyte maturation. When the MYB fuses with the plasma

membrane, the exosomes containing TfR and intravesicular 70 kDa protein are

released into the medium. Herne is known to inhibit iron uptake [236,2371. It is

possible that the decreased iron uptake is partly due to routillg 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 endosorne 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, ail recycling membrane

proteins would be extemalized. 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 ex LCmalized at different rates, for example,

the nucleoside transporter is lost more slowly (t1/2 -24 h) than the TfR (t1/2 -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 c1ustering

of these proteins in the buds during exosome formation. The degree to wi.ich
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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 a1so associate with a number of cytoplasmic

proteins [3741. These interactions restrict the mobility of band 3 and

glycophorin in the plasma membrane as weil as protecting their cytoplasmic

domains from undergoing changes in folding which mark them for

extemalization.

To carry these speculations further, we would show that externalized

membrane proteins have undergone sorne kind of alteration in their cytoplasmic

domains and determine whether additional components are involved in targeting

and releasing these membrane proteins. lt is interesting to note that the

cytoplasmic domains of TIRs that have so far been cIoned 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 (Tyr20 -> CYS20) [376]. The

cytoplasmic domains of the human and mouse TIRs are 93% identical [257-259].

Since the TIRs of ail species are lost during reticulocyte maturation and exosome

ïormation 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

signais their removal from the recycIing pathway. The extracellular domains, in

contrast, are not as weil conserved betwf:en species [260]. This ma.y explain why

the Tf of one species lias different aftinities for receptors of other species. For

example, the sheep TIR does not bind weil to human Tf. This model agrees weil

with the result showing that the extraceilular domain of the sheep TfR can he
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removed enzymatically with no effect on the subsequent externalization of the

remaining cytoplasmic and transmembrane domains (Chapter 5). This result

demonstrates that the N-terminal domains and not the ectodomain carry the

information for selective extemalization.

The fact that plasma from several different species of anemic animais

show the presence of exosomes argues strongly that exosome formation is

associated with reticulocyte maturation. A population of multivesicular bodies

inside immature red ceUs 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 sorne proteolysis takes place during ovemight culture. When the

culture supernatant foUowing centrifugatior, of exosomes (PES) was examined, a

soluble truncated TfR of 160 kDa (SO kDa on 1\:~uCed 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 level of truncated TfR is

proportional to the degree of iron deficiency and the reticulocyte level. Tl•.:

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 ceU surface during maturation? Or is the cleaved TfR

a consequence of exosome formation followed by cleavage from tlle surface of

exosomes? Altematively, is a soluble truncated TfR synthesized and secreted?
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The last possibility can he eliminated in the sheep system since very !iule

de nova 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 10 suggest that exosomes released during

reticulocyte maturation are the major source of the soluble truncated TfRs 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 c1eaved cytoplasmic domain was absent in cultured

reticulocytes making direct c1eavage from the cell surface unlikely. The cleaved

cytoplasmic domain was stable in tb~ 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

TfR was found in the medium (after 3-4 h) hefore the appearance of truncated

TfRs (-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 c1eave

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 he

sufficiently high to c1eave any non-cell-associated TfR 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 c1eave sorne non-cell-associated TfR. The activity of this protease

in sheep reticulocytes. however, may be much lower. and therefore most of the

TfR that i~ released from sheep reticulocytes is intact and associated with

exosomes. Since no c1eaved 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 resuits suggest that the truncatec 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 Iimited

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 moleeular mechanism of targeting proteins for

externalization and the potential of such a meehanism for the loss of membranes

(proteins and Iipids) during the earlier stages of erythroid ccII differentiation and

during the terminal differentiation of nonerythroid cells (e.g. HL60 cells).

In cûnclusion, with sheep reticulocytes, we have shown two distinct effeets

of hemin on the TfR: 1) increased de novo synthesis and 2) an increase in the

loss of preexIsting TfR. Neither effeet is duplicated by iron presented to the ccli

as FeTf or FePIH when heme formation is blocke(\. :~eme may play a dual role

in maintaining the level of reticulocyte TfR. One may speculate that, during the

early stages of red ccII development when protein synthesis is high, the primary

effect of heme will be to increase the level of the TfR by a general effeet on

protein synthesis. As the cell ages and overall synthesis of protein fa Ils, the

effeet of heme on TfR loss will become the dominant effee!. Based on our data,

we are able to propose a mechanism for the seleetiv:: ~~temalinlion of plasma

membrane proteins during reticulocyte maturation. This meehanism of selective

loss by exosome formation appears to be the major route for eliminating native

TfRs and other membrane proteins from the maturing retieulocyte.
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