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ABSTRACT
‘i.

Iron overlogh is a common finding in patients with refractory anemias who
require long-term transfusion therapy. _Since there is no physiological
excretory system for iron, excess iron from transfused erythrocytes accumu-
lates in the liver, the heart and endocrine glands and causes serious dysfunc-
tion of these organs and early death. The only way to remove ‘excess iron is
by the administration of chelating agents which are, however, only partially

effective. Therefore, new approaches for therapy of iron overioad are needed.

In the present study, a new system for iron removal from the plasma iron
binding protein, transferrin, was investigatea. A decreased level of plasma
iron will lead to an increase in the level of apotransferrin, iron-free trans-
errin, which should mobilize iron from stores in tissues. Therefore,
theoretically, we should be able to mobilize and “deplete” tissue fron in
patients with transfusional iron overload if we were to remove iron from
transferrin. This system should enable us to investigate the factors involved
in i;_'on mobilization from tissues by transferrin and may lead to the develop-

ment of a more effective therapy for secondary iron overload.

We have demonstrated that apolactoferrin, prepared in our laboratory, can
take up iron from transferrin (separated by a dialysis membrane) in the
presence of citrate, nitrilotriacetate or pyrophosphate, thus forming apo-
transferrin. Some exchange of iron from transferrin to apolactoferrin can be
demonstrated at pH 7.4 but the rate of iron transfer is significantly stimu-
lated when the pH of the buffer is decreased to 6.5. The rate of transfer of

iron from transferrin to apolactoferrin may be limitea by diffusion when a
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; dialyzing mesbrane is used to separate the proteins. We have also shown that
(" the transfer of iron from transferrin to apolactoferrin is such faster if

apolactaferrin is bound to activated sepharose as compared to dialysis.
\

[P

Finally, we have demonstrated that apotransferrin can be prepared by the
reqwtive release of iron from i{ron-saturated transferrin. This process
requires the use of reducing agents like thioglycolate and dithionite. The

> reduced iron (Fe2+) can then be sequestered by bathophenanthroline sulfonate
lBPﬁﬁ). The by-products, Fe2! BPS and oxidized forms of the reducing agents

are then resoved by encapsulated activated charcoal.

w
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RESUME

On constate fréquemment une .surcharge en fer chez les sujets souffrant
d'anémfe réfractaire qui nécessite une thérapie transfusionnelle & long
terme. Etant donné qu'il n'existe pas de systéme excréteur du fer dans
1'organisme, 1'excédent de fer provenant des érythrocytes transfusés s'accumu-
lent dans le foie, le coeur et les glandes endocrines,” provoquant un grave
déréglement de ces organes et souvent une mort précoce. L'unique moyen de se
débarrasser du fer excédentaire consiste & aaministrer des chélates qui ne
sont toutefois que partiellement efficaces,, C'est pourquoi i1 est nécessaire

de trouver de nouvelles méthodes de traitement de 1a surcharge en fer.

Dans la présente étude, nous avons étudié un nouveau systéme d'élfimina-
tion du fer de la transferrine, protéine du plasma sanguin qui fixe le fer.
Une réduction de la concentration de fer dans le plasma.se traduira par une

plus grande’ concentration d'apotransferrine, transferrine sans fer, qui

devrait mobiliser le fer provenant des réserves tissulaires. C'est ainsi que

théoriquement, nous devrions &tre en mesure de mobiliser et d'“épuiser” les
réserves tissulaires de fer chez les sujets atteints de surcharge en fer
transfusionnelle si nous arrivions 3 éliminer le fer de la transferrine. Ce
systéne devrait nous perwettre d'étudier les facteurs qui entrent en jeu dans
1a mobilisation du fer des tissus par la transferrine et nous permettre de

mettre au point_une’ thérapie plus efficace des surcharges en fer secondaires.

uous" avons démontré que 1°'apolactoferrine, préparée dans nos labora-

toires, est capable de fixer le fer de la transferrine (séparée par une

membrane & dialyse) en présence de citrate, de nitrilotriacétate ou de pyro-
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phosphate, formant ainsi I'apotransfcrripe. On peut prodver qn';l ya échange
de fer de la transferrine i I'Apolictofenim & pH 7.4, mais le t;mx de
tra'nsport' du fer ayg-eiuhe sensiblemsent lor\sﬁue le pH du tampon est abaissé i
6.5. Le taux de transport du fer de la transferrine i 1'apolactoferrine peut
étre limité ‘par diffusion lorsqu'on se sert d'une membrane i d‘hﬂy;e -pour

séparer les protéines.

Nous avons également démontré que le transport de fer de la transferrine
& l‘apo’lactbfe}:rim est beaucoup plus rapide si 1'apotactoferrine est 1iée 3
une sépharose activée plutdt que soumise & une dialyse.

- + ¥

.. /inﬂp. nous avons démontré que l'apotransferririe. peut se préparer pjér la
lib§ration réductive de fer de la transferrine saturée de fer. Ce procédé
nécessite 1'emploi d'agents de réducii9n comme e (:Mogl}cohte et la duithi-
onite. Le fer ( Fezf) ains{ réduit peut alors étt:e séquestré par le sul fonate
bathophenanthroline (SBP). On &limtne alors les dérivés, Fe2*-SBP ainsi que
les formes oxydées des agents réducteurs au moyen de charbon activé encapsulé.
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INTRODUCTION

A. General Introduction

Iron is an essential element in metabolism and with the possible excep-
tion of lactic acid bacteria, iron is required by all organisms. As part of
the hemoglobin molecule, 1iron is the constituent of red blood cells which
binds oxygen and transports it from the lungs to all tissues of the body.
Within living cells iron in various forms is also involved in the production
of energy from foodstuffs. Furthermore, iron in its non-6;$§ form is also

required for some specific enzymes such as ribonucleotide reductase.

At physiological pH and oxygen tension, the stable form of iron is Fe3+,
However, Fe3* is virtually insoluble and therefore cannot be transported in an
fonic form in the circulation.€ The concentration of free hydratea Fed* in
solution cannot exceed 10-17M (1). Organisms have developed specific iron
sequestering molecules to maintain iron in soluble form (2). In vertebrates,
a complex protein has been evolved to manage the internal transport of iron.
This protein, plasma transferrin, is responsible for shuttling iron between

sites of absorption, storage and utilization.

In the body under normal condgitions, iron absorption and exchange are
regulated so as to meet the general needs of the organism. The daily oblig-
atory loss'of iron is about 1 mg ana this loss is usually balanced by intes-
tinal absorption of iron. Several mechanisms have been proposed on the
regulation of iron absorption (3,4). Iron absorption can be daiviced into

phases of mucosal uptake and mucosal transfer (5). The initial mucosal uptake




JE A e J

Baffour, R. 15.

? ™

of iron appears to be a passive process and perhaps diffusion-controlled (6).
After the initial uptake, iron is believed to be transported by a transferrin-
like protein to the antiluminal membrane of the enterocyte (7,8). Iron is
then transferred to plasma transferrin. It has been suggested that iron
absorption is determinea by changes in the amount of transport protein present
in the brush-border of the intestinal mucosa (3,9). However, it has been
demonstrated that these proteins are not the regulators of intestinal iron
absorption (7,9,10). It is also suggested that iron absorption is regulated
by a "mucosal block". According to this theory, the accumulation of excess

iron in the mucosal epithelia cells blocks iron absorption (130,131).

The uptake of iron from transferrin by cells, such as reticulocytes and
hepatocytes depends on specific surface receptors (11-14). It has been shbwn
that the uptake of iron by reticulocytes and hepatocytes may be controllea at
least in part by the number of transferrin receptors on the plasma membrane
(15). The mechanism of iron release from transferrin to cells is still con-
troversial. Two hypotheses have been suggested. One holds that after binding
to its specific receptor, transferrin is internalized by endocytosis before
its iron is made available to cells (16,17). Several techniques have been
used to demonstrate endocytosis of transferrin and these methods include
electron aicro:r.cope autoradiography, horseradish peroxidase and fluorescein
isothiocynate as tracers for transferrin (17-19). Tracers conjugated to
transferrin have been shown to enter reticulocytes and nucleated erythroid
cells. On the other hand, unconjugated tracers could not enter these cells.
Endocytosis of transferrin is also supported by the observation that inhibit-
ors of microtubule function block transferrin and iron uptake by reticulocytes

(20). The other hypothesis of iron release from transferrin to cells suggest

L1
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that iron is released from transferrin at or near the cell membrane and is
transported within the cell to an intracellular labile or transit pool. From
this pool iron is made available for heme synthesis or iron containing enzymes

or when in excess for ferritin synthesis (11).

The major site for iron utilization in the body is the bone marrow where
iron is required for the biosynthesis of hemoglobin (21). The liver is also
important in iron metabolism. In the liver, iron is stored as well as
utilized for the synthesis of iron containing enzymes. Furthermore, the liver
is the major site for plasma transferrin synthesis which {is increased in
response to iron deficit and inhibited by excess iron (22). Iron is stored as
ferritin and hemosiderin which are present in the reticuloendothelial system
and the pareﬁchymal cells of the liver, spleen and the bone marrow. Increased

cellular levels of iron stimulate ferfitin synthesis (23).

B. Iron Binding Proteins

. 1. Transferrin

a) Structure and Properties: Transferrin is a glycoprotein consis-

ting of a single polypeptide chain of molecular weight of about 80,000. Human
transferrin contains about 676 amino acids and about 6% carboherate by weight
(24). This carbohydrate is linked to the protein chain in two identical and
symmetrical branched heterosaccharide chains which are joined to the protein
by N-glycosidic linkage to asparagine residues in the C-terminal half of the
transferrin molecule (24,25). The polypeptide chain of transferrin is made up
of two compact regions each of which contains an iron binding site (26-29).
The N- and C-terwinal halves of transferrin molecule contain about 40%
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homology. Each of the two halves is believed to have or&gineted from a common
single ancestral protein as a result of gene duplication and fusion during the
course of evolution (24,26,30). One molecule of transferrin is capable of
binding two atoms of iron (Fed*) (31,34). The binding of each Fe3* also
requires the binding of an anion which under physiological conditions is
bicarbonate. The bound anion is labile and can exchange slowly with unbound
bicarbonate in solution (32,35,36). The two iron binding sites show differ-
‘ences in their phyilical chemistry. For instance, the two sites aifﬁ 1n.
their accessibility to iron present in various chemical forms and in’their
spectroscopic properties (15). Fletcher and Huehns have proposed functional
differences in the iron binding sites (37). However, the two iron binding
sites of human transferrin have been shown to have no functional aifferences
(38). Iron saturated transferrin has a different conformation from that of

+

apotransferrin being more compact (39-41).

b) !unction: " The primary role of transferrin is the transport of
iron among sites of absorptfon, storage and utilization. Transferrin is a
true carrier wolecule which is not degraded during its interaction with iron
reqﬁiring cells. Transferrin can undergo many cycles or fron transport during
its 8 day lifetime (15). The interaction of transferrin with its target
tissue is a time, temperature and energy-dependent process which requires
receptors on the plasma membrane (42-45). The receptors for transferrin are
saturable, specific and bind transferrin reversibly (46). Transferrin recep-
tors have been shown to be involved in iron transport by the cells of the
1iver, placenta, erythroid and human lymphoblastoid cells (46-51). Trans-
ferrin say also have an important role in defence against infection which can

be overcome by iron salts and by some microbial iron chelators (50).
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The biological function of the carbohydrate component of transferrin
molecule still remains unclear. It has been suggested that it may have a

recognition function faor receptors of non-erythroid cells, but there is no

evidence for this (2).

11. Lactoferrin

a) Structure and Properties: Lactoferrin is found in colostrum,

milk and other body secretions such a°s pancreatic juice and small intestinal
fluids of several species including man and also in neutrophils (51-57). It
is a glycoprotein of molecular weight of about 80,000 and it contains a single
pblypeptide chain (58-59)‘2. Lactoferrin also contains two carbohydrate groups
(60). Like transferrin, there is some evidence of internal homology in the
structure of lactoferrin (61,62). However, lactoferrin, at least in humans,
differs from serum transferrin in its immunological properties, heterosacchar-
ide chain sequences, conformation and 1localization of 1iron binqing sites
(63-65). Lactoferrin binds two Fe3* and like transferrin, requires the
concomitant binding of an anion which is probably bicarbonate under physio-
logical conditions. The iron of lactoferrin iron complex dissociates only at
pH below 4 (63). On the other hand, transferrin fron complex starts to
dissociate its bound iron at pH 6. Finally, like transferrin iron complex,
iron saturated lactoferrin has a maximum absorbance between 460 and 465 mu.

b) Function: Iron free lactoferrin in milk and other body secre-
tions ha.i been demonstrated to be bacteriostatic. Lactoferrin binds iron,
thus making iron unavailable to microorganisms. This antimicrobial action of
lactoferrin is easily reversed by the addition of excess iron (66,67). The
lactoferrin contained in neutrophils is ‘also thought to be bacteriostatic.
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Neutrophil derived lactoferrin which is normally iron-free may be associated
with the hypoferraemia of inflammation (68-72). Lactoferrin in neutrophils
has also been suggested fo be the granulocyte derived inhibitor of the produc-
tion of colony-stimulating factor (55-57), because it seems to block produc-

tion or release of colony-stimulating activity by monocytes.

C. Iron Overload

The body lacks an effective means of excreting iron. Virtually all of
the iron taken in by absorption or by transfusion of red blood cells is
retained in the body and stored as ferritin or hemosiderin in the reticulo-
endothelial cells or eventually in the parenchymal cells of tissues. Excess
iron accumulates 1in hepatocytes, cardiac muscle , pancreas and endocrine
glands. The accumulation of iron leads to cirrhosis of the liver, congestive
heart failure, diabetes mellitus and darking of the skin (71,72). Thus excess
iron in the body can lead to severe pathological changes and eventually
death. The normal ir:\on content of an adult is about 4 g. However, with iron

overioad, the total iron in the body can be as high as 90 g.

I. Toxicity of Excess Iron, Mechanisms Involved

a) Free radical intermediates and lipid peroxidation of membranes:

Iron has been shown to generate hydroxyl radicals, .OH, which may be produced
by the reaction between superoxide and hydrogen peroxide, a reaction which is
catalyzed by iron. Hydroxyl radicals, which are strong oxidants, then attack
virtually any organic molecule in their search for free electrons-. In iron
overload, membranes of target cells, particularly mitochondrial and lysosomal
mesbranes have been shown to be damaged (73-75). The sequence of reactions
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leading to such membrane damage ts known as 1ipid peroxidation. Two possible
mechanisms have been suggested as the cause of lipid peroxidation. First,
hydroxyl radicals may induce lipid peroxidation (76,77). Secondly, peroxida-
tion may also be caused by the involvement of membrane phospholipid bilayer in
iron-catalyzed oxidative processes (78.80). It is believed that free cellular
iron can initiate 1ipid peroxidation by the formation of perferryl ion (Fe02*)
or the formation of a ternary free radical complex between arachidonic acid,

ferrous iron and oxygen, leading to peroxidation 'of the hydrocarbon chain

(80).

b) Formation of secondary lysosomes: It is well established that in

fron overload, some ferritin and hemosiderin accumulate within membrane bound
vesicles or bodies (81). These bodies can be separated by ultracentrifugation

and a number of lysosomal enzymes can be identified in this fraction (82,83).

c) Excessive deposition of collagen: Collagen has been shown to

accumulate in the liver of very young infants with iron overload but without
any; evidence of cellular damage (81). It has been suggested that this
deposition of collagen is caused by iron directly (84). Iron is believed to
cause collagen accumulation by two mechanisms. First, the enzyse proto-
collagen proline hydrolase requires iron. This enzyme which is involved in
hydroxylation of proline to hydroxyproline, is required for the conversion of
soluble precursor collagen, to mature and insoluble collaggn (85). Surplus
iron in the body is believed to enhance this conversion procéss. Secondly, it
has been suggested that pericellular collagen {s broken down by collagenase
released by cells and that a reduction of collagenase would lead to the
accumulation of collagen (86). It is believed that the accumulation of iron

\
in 1ysosomes may somehow prevent the release of collagenase (85).

4
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11. Clinical Foras Of Iron Overload

a) Idiopathic hemochromatosis: Idiopathic hesochromatosis has been
LY
shown to be HLA related. Patients with idiopathic hemochromatosis tend to

have a significantly higher frequency of HLA-A3, HLA-B7 and HLA-B14 antigen
than control population (87). Idiopathic hemochromatosis is believed to be
the result of excess absorption of iron by the intestine. Several hypotheses
have been put forward to explain the mechanisms involved. It has been
sug?ested that increased affinity of the liver cells for iron may be the cause
of idiopathic hemochromatosis (88). Secondly, it i\s al_so suggested that
abnormal function of transferrin or excessive ferritin biosynthesis may be
the cause of idiopathic hemochromatosis. All these hypotheses have been shown
to be incorrect (89,90). However, the hypothesis about defective intestinal
mucosa appears to have gained recent support. It h‘f been shown that the
intestinal mucosa 6f patients with idiopathic hemochromatosis tend to have
high affinity for iron at low concentration (91). ' In idiopathic tiemochromato-
sis, the iron distribution in the affected organs is predominantly paren-
chymal. It is generally believed that the accumulation of iron in parenchymsal

&ells may produce tissue damage and the clinfcal manifestation of hemochro- ‘

matosis.

-

~
b) Secondary hemochromatosis: Secondary hemochromatosis is found

mostly in patients with aplasﬂc anemia, beta-thalassaemia major and sickle
cell disease. These patients have anemia, 1ineffective erythropoiesis,
increased plassa iron turnover, increased intestinal absorption of iron and
excessive iron accumulation Furthermore, some of these patients need

multiple blood transfusions and the iron from transfused red blood cells
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cannot be excreted. For every half litre of blood infused, a patient gets
about 250 mg of iron. Therefore, a patient with 100 to 200 transfusions will
receive 25 to 50 g of iron (92). Repeated transfusions result in the accumu-

lation of dron deposits 1in reticuloendothelial cells and eventually in

parenchymal cells as well.

II11. Treatment of Iron Overload

a) Phlebotomy: Repeated phlebotomies can lead to the removal of

nd subsequent clinical improvement in patients with idiopathic

hemochromatosis (93). The usual procedure is the removal of 500 ml of blood

per week. This will 1 to depletion of iron in the body. The weekly
phlebotomies are stopped when the hemoglobin 'concentration of the patient
falls below 119/100m1. The iron stores are then monitored by serum ferritin,
serum :iron concentration and transferrin saturation. ‘Serum ferritin concen-
tration below 10 ug/ml indicates that the patient s approaching iron
deficiency. It should be mentioned that the laboratory diagnosis of idio-
pathic hemochromatosis is indicated by elevated serum iron, increased trans-
ferrin saturation, increased serum ferritin and increased parenchymal iron in

liver biopsies. In order to prevent reaccumulation of iron in the body,

phiebotomies are usually‘carried out. at about 3-month intervals.

b) Desferrioxamine: Phlebotomy cannot be used in patients with

secondary hemochromatosis, since these patients need continuous infusion of
blood. The only way to treat secdnda?& iron overload is to use iron chelating
agents such as desferz'ioxaaine (94-97). Des‘ferrioxauine. introduced in 1960,
is a hydroxamic acid cmpound produced by Streptomyces pilosus (98,99). It
has a high affinity for iron (a stability constant of 1031M-1) and binds iron

a
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to form ferrioxamine wﬁ?&h is excreted in urine and feces. However, there are
problems with the use of desferrioxamine. First, the drug has to be given by
continuous subcutaneous infusion (94). If the drug is given by mouth it is
not absorbed by the intestine and with intravenous infusion, the drug is very
quickly excreted. Furthermore, desferrioxamine can Iead‘ to increased
incidence of cataract (100). Another drawback with the use of desferri-
oxamine is that the drug is very expensive costing about $8,000 per year.
Finpl]y, desferrioxamine is usually orily partially effective %or the trgatment

of secondary iron overload (101,105).

c) Other chelating agents:

Rhodotorulic acid.

TQis drug has been Shown to be potentially useful (106). Like desferri-
oxamine, rhodotorulic acid is a naturally occuring hydrﬂzfrzc acid derivative
which must be administered parenterally to be effective.  Rhodotorulic acid
has been shown to be twice as potent as desferrioxamine on weight basis
(107). Furthermore, although the toxicity of rhodotorulic acid appears to be
minimal, human subjects have been shown to experience painful local reaction

to rhodotorulic acid (108).

Two-three dihydroxybenzoic acid (2,3-DHB).

2,3-DHB which can be given oral]y has been shown to be effective in
removing excess iron from the body (109). However, the drug is known to be

toxic and it is not as effective as desferrioxamine (110).
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D. Purpose of The Present Study

Neither desferrioxamine nor any other chelating agent is completely
satjsfactory and therefore there is a need for the development of other
methods for the treatment of secondary iron overlbad. As discussed earlier,
phlebotomy is the best treatment for 1diopathic hemochromatosis. Loss of
blood leads to 1ncreased erythropoiesis. Thus, high numbers of immature
erythroid cells with transferrin receptors are produced. Iron saturated
transferrin then binds to these receptors resulting in the removal of iron
from transferrin. This leads to the formation of apotransferrin which 1n turn
picks up more iron from storage sites and transports it to the bone marrow for
the formation of hemoglobin 1n a highly expanded erythron. This results 1n
the depletion of storage iron. Thus with subsequent phlebotomy more and more

iron 1s removed from the body.

This study was undertaken to develop an analogue of phlebotomy as
schematically shown in Figure 1. The plan was to develop a system in which
iron was removed from plasma transferrin and subsequently from the circula-
tion, leading ~to an increase in the level of apotransferrin which shoulg

mobilize iron from tissues.

At present there are no data available which would enable us to predict
whether or not the system described above could remove iron from transferrin
in blood at a rate comparable to normal iron turnover. However, simple
calculations indicate that such a rate of iron exchange could be achieved. We
propose to use a Gambro‘Lundia Plate dialyzer (priming volume 20 ml) inserted

between the carotid artery and jugular vein 1n the rabbit. Mean blood flow in

-
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the rabbit carotid is about 10 ml/min. One total blood exchange through the
dialyzer would be accomplished within 20 min for a total blood volume in
rabbit of about 200 ml. This amount of blood contains about 130 ug of iron
bound to plasma transferrin. I[f all the plasma iron is exchanged to apolacto-
ferrin during 20 min, 390 ug or 9.4 mg of iron would be removed from plasma
per 1 or 24 hr respectively. This is a maximum estimate which cannot occur
in vivo but it represents a 6.2 fold higher rate of 1ron removal from plasma
than is the normal plasma iron turnover (1.5 mg Fe/day/rabbit, calculated on
the basis of known plasma iron turnover 1n humans). Therefore, even 1f the
removal of iron proceeds with 16% efficiency of the maximum estimate, the

rate of iron exchange would be comparable to the normal plasma 1ron turnover.

MATERIALS AND METHODS

All chemicals used were reagent grade and were purchasea from commercial
suppliers. 5%e (2 m(/mg Fe) as ferric chloride in 0.1 N HC] was obtained
from New England Nuclear and was measured in a Nuclear Chicago automatic gamma
couﬁter. Iron-free human transferrin was purchased from Boehringer.

Colostrum was obtained from McGill Macdonala College Farw.

A. Isolation of Lactoferrin From Bovine Colostrum

Lactoferrin was 1solated from colostrum by a modification of the method
described by Parry and Brown (111). Colostrum was centrifuged for 30 min at
2800 rpm (1EC-Centra 7R). Fat which collected at the top of the supernatant
was then removed. Centrifugation and removal of fat were repeated two more

times. Casein was precipitated by heating the fat-free colostrum to 45° -
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50°C with the pH adjusted to 4.5 - 4.6 with glacial acetic acid. After
heating, the liquid was filtered through cheesecloth and this was followed by
2 centrifugations for 30 min at 2800 rpm. The precipited casein pellet was
discarded. Lactoferrin in the supernatant was saturated with Fe using 5 mM
Fe-citrate (10 ®1/990 ml of the supernatant). The 5 mM Fe-citrate stock
solution contained 20 fold excess citrate over iron. Bicarbonate was added
slowly to the liquid to a final concentration of 0.1 M and pH 6.6 - 7.0. The
solution was then dialyzed extensively against 0.2 M Tris-HCl buffer, pH 8.0.
The lactoferrin was purified using a CM-50 Sephadex column equilibrated with
0.2. Tris-HCL, pH 8.0. Lactoferrin (reddish-brown) was adsorbed to the
column which was then washed with 0.2 M Tris-HCl, 0.2 ™M sodium chloride, pH
8.0 until 0D2gg of the effluent was zero. The adsorbed lactoferrin was then
eluted with 0.2 M Tris-HC1, 0.5 M sodium chloride, pH 8.0. The lactoferrin

was dialyzed extensively against distilled water and freeze-dried.

B. Preparation of Apolactoferrin

The iron contained in a 1% lactoferrin solution was removed by dia]ysi{

against 0.1 M citric acid as described by Masson and Heremans (112).

C. Preparation of 5%e-1abelled Transferrin

Sodium bicarbonate was added to apotransferrin in 10 mM Tris-HC1 buffer,
pH 7.4 to a final concentration of 0.6 M. 5% e-citrate which contained 20
fold excess of citrate was slowly mixed with the apotransferrin solution. The
final pH was always between 7 and 8. As shown by Bates et al, transferrin-

iron complexes form very rapidly in 1:20 iron:citrate solution with excess
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bicarbonate (113). After 3 hr standing, unpound 59Fe was removea by overnight
dialysis against 3 changes of 10 mM Tris-HC1 buffer, pH 7.0. The 5IFe-satur-'

ated transferrin was stored at 4°C.

D. Removal of 3%e From 5%e-transferrin By Dialysis

It is well established that for the transfer of iron from transferrin to
another iron binding protein, such as lactoferrin, a ligand 1s required
(114). A ligand in this context 1is a low molecular weight 1ron binding
compound with relatively low affinity for iron. Afer a search of the l11iter-
ature, the ligands citrate, nitrilotriacetate ana pyrophosphate (synergistic
anion) were selected because these have been shown to accelerate 1ron transfer

from transferrin to 1ron acceptor proteins (115-117).

a) Transfer af 59Fe in 10 mM Tris-HC1 buffer: The experimenta)

design was as shown diagrammatically in Figure 2. Two chambers were separated
by a aialysis membrane (Cellulose; Sargent Welch S25275-00 K.A.). One chamber
contained 5% e-transferrin (12.5 nM transferrin) while the other chamber
contained apolactoferrin (12.5 nM) or Just buffer. The proteins were
dissolved 1n 10 mM Tris-HC1 buffer at different pH's. Both chambers contained
a ligand (citrate or nitrilotriacetate or pyrophosphate) and the final volume
of the reaction mixture in each chamber was 1 ml. The iron exchange from
S9Fe-transferrin to apolactoferrin (test) or to a solution without apolacto-
ferrin (control) was performed at room temperature. Samples were taken for
gamma counts at d\'f'ferent time intervals and then returned to the respective

chambers. The experiment was repeated using different ‘concentrations ana

ratios of transferrin and apolactoferrin.
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b) Transfer of 59e in whole blood: Iron was transferred from

59re-transferrin in whole blood to apolactoferrin (dissolved in 0.9% sodium
chloride) by using a Gambro pediatric plate dialyzer (Figure 3) having a large
surface area (1.25 m2). The dialyzer required the use of two pumps. A
Sigmamotor pump (flow rate, 10 ml/min) was used on the blood compartment side
which contained 5%e-transferrin (12.5 nmoles transferrin, 5% e- 300 cpm/ml)
in whole blood in a final volume of 100 ml. On the dialysate side, a
Varistaltic pump (flow rate, 100 ml/min) was used. The dialysate compartment
contained 1250 nmoles of apolactoferrin, 10 mM Tris-HC! ana 1 mM pyrophosphate
all in 0.9% sodium chloride, pH 6.0. The total volume of the dialysate was
500 mi. The containers of the respective reaction mixtures were kept at 37°C
in a water bath. The pH of the blood mixture was lowered by allowing the
btood to arip through a chamber filled with carbon dioxide which was main-
tained at a constant pressure of 200 mm Hg. The blood pH was monitored by an
in-1ine pH eleéirode. At indicated time intervals, samples were taken from
the blood compartment for radioactivity determination. After counting, these

samples were returned to the blood container.

E. Investigation of The Rate Limiting Factor In The Transfer of Iron From

Transferrin To Apolactoferrin By Dialysis
4

\
Prel\ninary studies indicated that the rate of iron transfer by dialysis
from iron-saturated transferrin to apolactoferrin was very slow. Therefore,
experiments were performed to investigate if diffusion was a limiting factor
in the transfer of iron from iron-saturated transferrin to apolactoferrin by
dialysis. In these experiments, iron was transferred from iron-saturated

transferrin to apolactoferrin by direct contact in solution. This was
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achieve mixing together the two proteins, 59 e-transferrin (62.& nmoles
/lan/sf::::. 625 nmoles apolactoferrin and | mm pyrophosphate all in 10 mM
Tris-HC1 buffer, pH 6.0. The total volume of the reaction mixture was 10 ml.
The 5% e exchange was performed at room temperaure. At different time inter-
vals, samples (1 mi) were taken and mixed with 1 ml of 10 mM Tris-HC1 buffer,
pH 11.5. The final pH of each new mixture (1 ml of the initial reaction
mixture plus 1 ml of the 10 mM Tris-HCl buffer, pH 11.5) was 9.0. This final
pH of 9 should have stopped all the transfer of 59%e from 59Fe-transferrin to
apolactoferrin.

\

After stopping the exghange of 59 e between 59 e-transferrin and apolac-

toferrin, the proteins were parated by cellulose acetate electrophoresis

(118). The electrophoresis tank wds filled with barbital buffer, pH 8.6 (103
g sodium aiethylbarbiturate, 1v.4 g diethylbarbituric acid, 6.2 g calcium
lactate and 10 g sodium azide). The cellulose acetate strips (Sartorius,
#11200, 57X145 BBG) were soaked in 100 ml barpital buffer for 15 min, blotted
gently between sheets of filter paper and placed parallel to one another on
the electrophoresis tank wicks across the bridges. The glass rod tensioners
of the electrophoresis tank were then placed against the outside edges of the
bridges to ensure contact between the strips and to hold and strips level
taut. Twenty ul samples were applied to the mid-point of each cellulose
acetate strip. The tank lia was immediately placed over the t;nk and the
electrical leads of the tank were connected to a power supply. The current on
the power supply was adjusted to give 1.5 mA/2 cm width of the cellulose
acetate strip. After 90 min of electrophoresis the strips were removed from

the tank ana placed in 0.2 g Panceau S dye/l100 mi of the barbital buffer.

Excess dye was removed by gentle blotting of the cellulose acetate strips
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between filter papers. As a control, standard 59Fe-transferrin or 59Fe-lacto-
ferrin was applied to two separate cellulose acetate strips and the electro-
phoresis was carried qut as described above. Thus the positions of 59Fe-
transferrin and 99Fe-lactoferrin of the reaction mixture (test) could be
located on the strips by comparison with the control strips. The two bands on
the test cellulose acetate strips were then cut separately and the respective
radioactivity on the bands were determined. This was followed by the calcula-

AS

tion of the percentage of 59 e transferred from 59 e-transferrin to apolacto-
ferrin. &

F. Immobilization of Apolactoferrin

a) Binding of lactoferrin to activated sepharose: The binding of

lactoferrin to activated sepharose was achieved by a modification of the
method described by the manufacturer of the activated sepharose (Pharmacia
Fine Chemic'als. Uppasala, Swe:ien) (Figure 4). One gram of activated sepharose
(4B) was washea 4 times with 50 m] portions on 10-3 M HC1. After each wash,
the beads were allowed to settle and the scuperna‘tant was removed. The washing
with 10-3M HC1 was followed by 2 washes with 50 ml pc.;rtions of coupling buffer
(0.1 M sodium bicarbonate, 1 M sodium chloride, pH 8.0). The final super-
natant was removed after centrifugation for 2 min at 200 rpm. This was

followed by the addition of 10 mg lactoferrin (in 2 ml of the above coupling

" buffer) to 2 ml of the swollen activated sepharose beads which was shaken

overnight, at 4°C.
W

N

After the overnight coupling, the sepharose was centrifuged at 200 rpm
for 2 min. The volume of the supernatant was measured and the supernatant was

set aside for subsequent 0D280 measurement. The )actoferrin-sepharose beads
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were then washed with 4 ml of 0.1 M Tris-HC1 buffer, bH 8 at room temperature
for 2 hours. This was followed by centrifugation at 200 rpm for 2 min and the
supernatant was set aside for subsequent ODzg( measurement. The lactoferrin-
sepharose beads were then washed with additional 0.1 M Tris-HCl buffer, pH 8
(4 ml). The wasnhing was repeated using 4 ml of the following respective
solutions, one at a time: solution #1 (0.1 M sodium acetate, 1 M sodium
chloride, pH 8.0), solution #2 (0.1 M sodium acetate, 1 M sodium chloride, pH
4.0), solution #3 (10 mM sodium citrate, pH 4.0), solution #4 (0.1 M sodium
bicarbonate, 1 M sodium chloride, pH 8.0), solution #5 (0.1 M Sodium acetate,
pH 8.0) and solution #6 (phosphate buffered saline). Again, the respective
supernatant solutions were removed after centrifugation at 200 rpm for 2 min
and the solutions were measured at 0D2gp. The washing of lactoferrin-sephar-
ose beads with 10 mM sodium citrate, pH 4.0 leads to the removal of bound
iron. Thus, apolactoferrin-sepharose beads were formed. The apolactoferrin-

sepharose beads were stored in phosphate buffered saline, pH 7.4 at 4°C.

The amount of bound apolactoferrin per ml of the activated sepharose was

determined by calculating the di ffe/e;ence between the initial 0Dpgy units given
»

by the protein added to the activy,ed sepharose and the total 0Dpgg units of

unbound lactoferrin in all the various supernatant solutions.

b) Investigation of iron binding capacity of apolactoferrin-sephar-

ose: It is well established that iron can bind to apolactoferrin or apotrans-
ferrin in solution (Figure 4). The stoichiometry of the binding of iron to
apolactoferrin or apotransferrin is 2(’atoms of _ 'irop per 1 mo\lecule of
protein. It was important to demonstrate that apol acto‘ferrin bound to sephar-
ose could bind iron with the same stoichiometry as free apolactoferrin in

solution.

,_r;%.,,m,, P T At g 4
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This was measured by adding aifferent quantities of 99 e citrate (1.7,
7.2, 16.8, 25.6, 34.0 nmoles 59%e) to 0.5 ml aliquots of apolactoferrin-
sepharose beads (different samples). The amount of apolactoferrin bound to
the activated sepharose per sample was 8.5 mnmoles. Sodium bicarbonate was
added to each test-tube to a final concentration of 0.6 M and the buffer used
was 10 aM Tris-HC1, pH 7.4. The final volume of the reaction mixture per
test-tube was brought to 2 ml with the above buffer. The samples were then
incubated at 37°C for 3 hours on a shaker and centrifuged at 200 rpm_ for 2
min. The supernatants were removed and the 5%e bound to apolactoferrin-
sepharose beads was determined by counting 59Fe radfoactivity before and after
washing the beads twice with the above buffer containing 10 aM sodium
citrate. As a control, non-activated sepharose samples were treated in the

same way as described above.

c) Transfer of 5%e from 5% e-transferrin to apolactoferrin-sephar-

ose beads: 'Equal portions (2 ml) of apolactoferrin-sepharose beads (48 rmoles
apolactoferrin) in 10 mM Tris-HC1 buffer, pH 6.0 were centrifuged for 2 min at
200 rpm and the supernatant was discarded. Then to the apolactoferrin-
sepharose beads in each test-tube were added S e-transferrin (0.24 nmoles
transferrin in a volume of 19.2 ul) and 1 mM pyrophosphate all in 10 aM
Tris-HC1 buffer, pH 6.0. The final volume of each reaction mixture per tube
was 1 ml and the ratio of apolactoferrin to transferrin was 200:1. The tubes
were incubated at 37°C for 1 or 3 hours after which 5%e transferred from
transferrin to apolactoferrin was wmeasured. The 59%e radioactivity was
determined before and after washing the apolactoferrin-sepharose beads with
the above buffer. As a control experiment, samples of non-activated sepharose

with no bound apolactoferrin were treated as described.
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G. The Reductive Release of Iron From Fe3* Transferrin-C02-

a) Examination of the effect of different combinations of reducing

agents (thioglycolate, dithionite) and pyrophosphate: Iron was reductively

removed from Fe-transferrin in serum by a modification of the method described
by Kojima and Bates (121). Various concentrations of thioglycolate, dithio-
nite and pyrophosphate (as specified in the Results Section) were examined to
investigate their affect on the release of Fe2* in the presence of 1 mM batho-
phenanthroline sulfonate which was used to sequester FeZ*. The concentration
of the bathophenanthrol ine sulfonate always exceeded that of iron by a factor
of 3 or greater, since bathophenanthroline sulfonate forms 3:1 bathophenan-
throline sulfonate:iron complex (121). The Fe2* pathophenanthroline sul fonate‘\_’
formed was measured at ODg3g at different time intervals. The amount of Fel*
removed by reduction at any given time was calculated from a standard curve of

0Ds3g against known fron concentration (ugFe/ml).

b) Removal of 59Fe2*-pathophenanthroline sulfonate by dialysis:

During the reductive release of iron from Fe-transferrin, the by-products
Fez"-bathophenanthroline sul fonate and oxidized forms of thioglycolate and

dithionite are formed and must be removed for our planned in vivo experiments.

To remove these by-products, dialysis was tried with a Gambro plate
dialyzer (cellulose membrane). One compartment of the dialyzing unit con-
tained 5% e-transferrin (200 uM transferrin), 1 mM bathophenanthroline sul fon-
ate and 10 wM dithionite all in 10 mM Tris-HC! buffer, pH 7.4 in a total
volume (compartment A) of 100 »1 and the pump on this side of the dialyzing
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unit was Sigmamotor (flow rate 10 ml/min). The dialyzate compartment (B)
contained 10 sM Tris-HC1 buffer (500 ml) and the pump on this side of the
dialyzing unit was a Varistaltic pump (flow rate 100 ml/min). At different
time intervals, samples were taken from compartment A. These samples were
returned to the compartment after each radioactivity determination. The
removal of 5% e2*-bathophenanthroline sulfonate by dialysis was carried out

for 3 hours. However, the dialysate was changed every 1 hour.

c) Removal of 59FeZ*-bathophenanthroline sul fonate by encapsulated

activated charcoal: The removal of 59Fe2*-bathophenanthroline sul fonate by

encapsulated charcoal was performed by adding 10 ml of 59 e2*-bathophenanthro-
line sulfonate solution (200 uM Fe) to either 5 or 10 g of encapsulated
charcoal. The mixtures were rotated gently on a shaker and at different time
intervals the shaker was turned off and the microcapsules were allowed to
settle. Aliguots (1 ml) of the supernatant were taken for radioactivity
determination. After the 5%Fe radioactivity determination, the aliquots were
returned to the mixtures. The total radioactivity of 59 e2*-bathophenanthro-

line sulfonate in the supernatant at time zero was taken as 100%.

H. Iron Transfer From Transferrin To Various Iron Chelating Agents

The reaction mixture containd 45 uM transferrin saturated with iron, 4.5
@M of an iron chelating agent and 1 M or 10 mM pyrophosphate. The final
volume of each mixture was 0.2 ml. The buffer used was 0.1 M HEPES, pH 7.4.
The mixtures were incubated at 37°C and at varfous time intervals, samples
were taken out and quickly cooled to 4°C. To the cooled samples were added 1

al bovine serum albumin and 1.5 ml of ice cold 95% ethanol. The samples were

\




Baffour, R. 3.

mixed well and left on fce for 15 min and then centrifuged at 300 rpm for 15
min. The distribution of 5%e between supernatant and precipitate was
measured by gamma count. The iron chelating agents examined were desferri-
oxamine, tropolone, catechol and ethylenediamine di-(O-hydroxypheny! acetic
acia).
e

We also had to demonstrate that 59 e complexed to the above chelating
agents did not coprecipitate with transferrin and bovine serum albumin by 95%
ethanol. Therefore, a separate experiment was performed to investigate the
solubility of iron-chelating agent complex in ice cold 95% ethanol. The
reaction mixture contained iron-citrate (50 uM Fe), 4.5 mM of a chelating
agent and 1 M or 10 mM pyrophosphate all in 0.1 M HEPES buffer, pH 7.4. The
respective maximum absorbances of the various iron-chelating agent complexes
were then determined on a spectrophotometer. This was followed by comparing
the OD units (at maximum “wavelength) of the various iron-chelating agent
solutions, this time, diluted 1 in 2 with either 0.1 M HEPES buffer or ice
cold 95% ethanol. The results demonstrated that ice cold 95% ethanol did not

precipitate the various iron-chelating agent complexes.

59Fe Exchange To Ethylenediamine di-(0-hydroxyphenyl acetic acid) Using-:

59Fe-transferrin In Whole Blood or 0.1 M HEPES.

Transfer of 99Fe in whole blood

700 ul of S%Fe-transferrin (200 uM Fe. 150 uM transferrin, i.e. iron
concentration was 10 times higher than normal plasmsa iron concentration) was
added to 15.05 ml of blood (defibrinated, which was taken from normal non-
aneaic rabbit). The mixture was mixed well and kept on an ice bath. 450 ul
of the above mixture was used in the reaction mixture for the thansfer of 5%e

to ethylenediamine di-(0-hydroxyphenyl acetic acid).
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Transfer of 59Fe in 0.1 M HEPES buffer, pH 7.4 .

200 ul of 59Fe-transferrin solution (as described above) was added to 4.3
m! of 0.1 M HEPES buffer. The mixture was mixed well and kept on an ice
bath. 450 ul of this 5%Fe-transferrin and HEPES buffer mixture was used in
the reaction mixture for the transfer of 5%e to ethylenediamine

di-(0-hydroxyphenyl acetic acid).

With the experiments involving whole blood, the reaction mixture per
sample contained 5% e-transferrin in blood, different concentrations of
ethylenediamine di-(0-hydroxyphenyl acetic acid) and pyrophosphate all in 0.9%
sodium chloride solutian (as specified in the Results Section). The samples
were incubated for 10, 30 and 60 min at 37°C. The tubes were taken out at the
various time intervals and were quickly put on ice bath and 1 g of activated
encapsulated charcoal was added to the tubes. The supernatant was removed
after centrifugation for 2 min at 200 rpm. The encapsulated activated
charcoal was washed twice wit‘{rm% sodium chloride solution and the radio-
activity in both supernatant and charcoal was determined. The whole procedure
was repeated using 59Fe-transferrin in 0.1 M HEPES buff?r, pH 7.4, instead of
59Fe-transferrin in blood. However, the same concentration of ethylenediamine
di-(0-hydroxyphenyl acetic acid) (500 uM) was used and the encapsulated
activated charcoal after centrifugation was washed with 0.1 M HEPES buffer. A

prior study had indicated that activated encapsulated charcoal could bind and

remove 59Fe-ethylenediamine di-(0-hydroxyphenyl acetic acid) from solution.
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RESULTS AND DISCUSSION

A. Removal of 59Fe From 59Fe-transferrin By Dialysis

These experiments were performed to investigate the optimal conditions
for the exchange of iron between transferrin and apolactoferrin by dialysis.
The conditions investigated were pH, the presence of low molecular weight
ligands (citrate, nitrilotriacetate, pyrophosphate) and different ratios of

transferrin to apelactoferrin,

The experiments were performed as described under Materials and Methoas
(Section D (a) page 27). As shown in Table 1, some exchange of' iron from
iron-saturated transferrin can be demonstrated at pH 7.5. But the rate of
transfer of iron was stimulated when the pH of the buffer was decreased to
6.0. The finding that apolactoferrin can take up iron from iron-saturated
transferrin was in agreement with a study by Vvan Snick and colleagues who
demonstrated that at pH 7.3 about 50% of the iron bound to transferrin is
taken up by apolactoferrin within one hour (69). Furthermore, the finding
that the transfer of 1ron from iron-saturated trans‘ferrin was stimulated at pH
6.0 was in agreement with a study by Laurell who showed that transferrin iron
dissociates from trar)sferrin-iron complex at pH 4-6 (123). It should be
mentioned that the binding of each iron atom by transferrin leads to the
displacement of three hydrogen ions from the transferrin molecule and at the
same time one bicarbonate anion binds. Thus at low pH, iron dissociates

readily from iron-transferrin complex (124,125).

A
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OQur results also 1indicated the importance of a low molecular weight
ligand in the transfer of iron from iron-transferrin to apolactoferrin. In
the absence of a ligand, considerably less 1ron was transferred to apolacto-
ferrin. Of the various ligands examined in this study, pyrophosphate gave the
highest amount of iron transfer to apolactoferrin (Figure 5). The transfer of
iron from iron-transferrin to an acceptor 1is believed to be impeded by a
kinetic barrier which can be removed by a low molecular weight ligand (114).
It has been suggested that the low molecular weight ligand overcome the
kinetic barrier to iron transfer by substituting for bicarbonate i1n the iron-
transferrin-bicarbonate complex. The iron-11gand complex 1s then separated
from the transfgrrln and the 1ron 1s carried to the iron acceptor protein or
compound by the ligand (114,126,127). Thus the iron-l11gand complex acts as an

intermediate 1n the transfer of iron, as shown 1n Reaction I.

Reaction |
The substitution and mediation of a low molecular weight ligand in the

transfer of 1ron, a modified scheme (114).

1. Fed*Tf - CO%‘ + Ligand ==> Fed* Tf - Ligand  + CO%’
2. Fed*Tf - Ligand <=> ApoTf + Fe-L1igand
3. Fe-Ligand + Apolf == Fed* Lf + Ligand

Our finding that pyrophosphate gave the highest amount of iron trans-
ferred from iron-transferrin to apolactoferrin confirmed published results in
which iron was transferred from iron-saturated transferrin to desferrioxamine
in direct contact in 0.1 M HEPES buffer, pH 7.4 and with or without various

1igands. The transfer of iron was monitored at 37°C. Twenty-nine various low
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molecular weight 1ligands 11ncluding pyrophosphate were examined and p;rophos—
phate was shown to give the highest percentage of i1ron transfer, 94% of the
in1t1al 1ron was transferred to o¥sferrioxamine 1n 30 min. On the other hand,
1n the absence of pyrophosphate, only 5% of the inmiti1al 1ron was transferred

to desferrioxamine in 30 min (l16).

Our results also 1ndicated that the transfer of 1ron from i1ron-saturated
transferrin to apolactoferrin depends on the ratio of transferrin to apolacto-
ferran. There was 1ncreased 1ron transfer with i1ncreased concentration of

apolactoferrin (Table 1). This may be a simple mass law effect.

Finally, the results 1ndicated that 1t was possible to transfer iron from
iron-saturated transferrin to apolactoferrin by dialysis and thus form apo-
transferrin 1n the process. However, the rate of 1ron transfer was tooc slow
to be of any practical use. The transfer of i1ron by dialysis took 24 hours to
reach equilibrium (Figure 5). The rate of 1ron transfer observed 1n this
experiment was too slow 1n comparison with other studies 1n which the transfer
of i1ron from transferrin to an 1ron acceptor was performed 1n direct contact
in solution. In such a study, 1i1ron transfer has been shown to reach equil-
ibraum in 30 min (116). Our finding that the rate of 1ron transfer from
iron-transferrin to apolactoferrin by dialys1s was slow suggested that diffu-
sion may be a 1ymiting factor in the exchange of iron. However, 1t should be
mentioned that the presence of apotransferrin might have slowed down the rate
of 1ron transfer, assuming gquilibrium across the dialysis membrane. There 1s
also a possibility that some of the transferrin might have been denatured
during prolonged 1ncubation which may be expected to slow down the removal of

iron.

t



Baffour, R. 40.

Transfer of 9%e from 59 e-transferrin 1n whole blood to apolactoferrin

separated by dralysis.

Previous results (see Table 1) indicated that 1t was possible to transfer
iron from 1ron-saturated transferrin to apolactoferrin n 10 mm Tris-HCI

buffer by aralysis.

The experiments under this section were performed to 11nvestigate the
feasibility of transferring ron from 1ron-saturatea transferrin 1n whole
blood to apolactoferrin {(i1n 0.9% sodium chloride) by agralysis. With 1iron-
saturated transferrin 1n whole Dlood, 1t was telt that non-transferrin plasma
proteins may somehow 1nterfere with the transfer of i1ron to apolactoferrin by
agralysis. [(Tne experiments were performed as agescribed unger Materlals and

Methoas, Section D(b) page 28].

The results 1ndicated that 1t was also possible to transfer iron from
1ron-saturated transferrin 1n whole blood to apolactoferrin by diralysis (Table
2). However, 1n addition to the fact that the rate of 1ron transfer was slow,
the percentage of 1ron transferred (22% of the 1nitial 29e 1n 3 hours) was
consiaerably lower than the percentage (43% of the imitial 59e 1n 3 nours)
transferred when 1ron-saturated transferrin was yn 10 mm Tris-HCl buffer
(Tables 1 ana 2). The slower rate of 1ron transfer when 1ron-saturated trans-
ferrin was in whole blood suggested that some substances or compounds of whole
blooa may somehow DInd some 1ron after 1ts release from 1ron-saturated trans-
ferrin. Hence, considerably far less 1ron was available for transport across
the a1alys)s membrane to the apolactoterrin. For example, rabbit reticulo-

Cytes, which may represent up to 1% erythrocytes, are known to take up 1iron
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from transferrin and may decrease the amount of 1ron available for transport

across the aialysis membrane.

O T

B. Transfer of 95%e From >JFe-transferrin To Apolactoferrin By Direct

Contact In Solution

To fina out 1f arffusion was a 1wmiting factor 1n the exchange of 1ron to
apolactoferrin by dralysis, the transfer of 1ron was performed under
conditions 1n which ron-saturateg transferrin ana apolactoferrin were 1In
direct contact 1n solution. (These experiments were performed as described
under Materials ang Methods Section E page 28). After the 1ron exchange, the
two proteins were separated by cellulose acetate electrophoresis and the
distribution of 59 e between transferrin ana lactoferrin was determined. A
separate control electrophoresis run with a mixture of 59Fe-transferrin and
59 e-lactoferrin applied to cellulose acetate strips indicated thal there was

no exchange of 9Fe between the two proteins during the electrophoresis.

The results suggestea that by the direct costact of 99Fe-transferrin ang
apolactoferrin in solution, there was an 1mmediate transfer of 59e to apo-
lactoferrin in solution. Ninety-two percent of the 1nmitial 59Fe bound to
transferrin was transferred to apolactoferrin n 30 min (Table 3) suggesting
that the transfer of 1ron from 1ron-saturated transferrin to apolactoferrin Dy
dralysis may be 1imited by diffusion. A comment should be made on our obser-
vation that the transfer of iron from 5%e-transferrin to apolactoferrin was
not progressive with time. This may be due to the fact that at low pH (6.0),
S9%e-transferrin (80% saturation) released most of its bound 1ron instantane-
ously when a more powerful 1ron-binding protein, apolactoferrin, was available

as a sink for the released iron.
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C. Investigation Of The Iron-binaing CLapacity Uf Apolactoferrin Bound To

Activated Sepharose

We have previously shown that 1i1ron can be transferred instantaneously
from iron-saturated transferrin to apolactoferrin 1f the two proteins were 1n
airect contact n solution (see Table 3). Apolactoferrin was DbDound to
activated sepharose as described under Materials and Methods [Section F (a)
page 30]). The reason for having apolactoferrin bound to activated sepharose
was to pass 99Fe-transferrin through a chamber containing apolactoferrin-
sepharose and thus separate the formea 59Fe-lactoferrin-sepharose from 1ron-

free transferrin.

To demonstrate that apolactoferrin bound to activated sepharose can bind
iron with the same stoichiometry as free apolactoferrin, tge 1ron-binding
capacity of apolactoferrin bouna to activated sepharose was measured.
Briefly, i1ron 1n the form of 59 e-citrate (in different concentrations) was
incubated with apolactoferrin-sepharose (equal amounts pbut aifferent samples)
1n the presence of 0.6 M sodium bicarbonate. After 3 hours of 1i1ncubation at
37°C, ragioactivity of 5%e was determinec before and after washing the lacto-
ferrin-sepharose beads with 10 mM Tris-HC1 containing 10 mM sodium citrate.
The results (Figure 6) showea that at low concentration of 1ron, few 1ron
binding sites of apolactoferrin-sepharose were occupied and that with
increasing concentration of iron, there was a rise in the iron bound to apo-

lactoferrin-sepharose until saturation was reached. After saturation,
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increased concentration of iron dia not increase the amount of iron bound to
apolactoferrin-sepharose, thus a hyperbolic curve was obtained (Figure 6,
curve #3). However, the expectea level of iron binding to
apolactoferrin-sepharose was not achieved (Figure 6, curve #l1). Some of the
bound apolactoferrin may have been 1inactivated during the binding of
lactoferrin to the activated sepharose. Furthermore, some iron binding sites
of apolactoferrin bound to sepharose may have been hidden within the sepharose
beads. The results also suggested that there was specific binding of iron to
apolactoferrin-sepharose. Even after washing the lactoferrin-sepharose beads
with 10 mM Tris-HCl buffer containing sodium citrate, 99 e remained bound
(Figure 6, curves #2, #3). On the other hand, after the washing of the
non-activated sepharose beads with the above buffer, almost all the 5%e on

these beads came off (Figure 6, curves #4, #5).

Our finding that iron can bind apolactoferrin-sepharose complex stoichi-
ometrically was in agreement with the well established observation that free
apolactoferrin binds iron in solution stoichiometrically. Evidence for this
stoichiometric binding of iron to free apolactoferrin in solution was given by
a study by Masson and Heremens (112). In their study, different concentra-
tions of 1ron in the form of ferrous ammonium sulfate (stabilized by ascorbic
acid) were incubated with free apolactoferrin in 5 mM phosphate buffer, pH
7.6. The binaing of iron to free apolactoferrin was then monitored by
absorbance at 450 mu. The results showed that there was initial rise of the
saturation curve followed by a nearly horizontal segment. This curve was
similar to the hyperbolic curve obtained in our study. Our overall results

(Figure 6) indicated that there was specific stoichiometric binding of iron to

tr— — Dt e o et— N — e Jv.
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apolactoferrin-sepharose complex andg that iron can bina the complex with the

same stoichiometry as iron bindas free apolactoferrin in solution.

Transfer of 59Fe from 59Fe-transferrin to apolactoferrin-sepharose

The transfer of 5% e from transferrin to apolactoferrin-sepharose was
measurea as described [Section F(c) page 32]. Basically, 5% e-saturated
transferrin was incubated at 37°C with apolactoferrin-sepharose in the
presence of pyrophosphate for 1 or 3 hours. After the incubation, the 59Fe
transferred to apolactoferrin-sepharose was determined before and after
washing the lactoferrin-sepharose with 10 mM Tris-HC1 buffer. The results
indicated that 93% of the initial 5%e was transferred from 59Fe-transferrin
to apolactoferrin-sepharose 1n 1 or 3 hours (lable 4). OUn the other hand, in
the control experiment in which non-activated sepharose beads (sepharose
without any bound apolactoferrin) was used, only 2% of the initial 5%e was
transferred from 99Fe-transferrin to the non-activated sepharose in 1 or 3

hours (Table 4).
These results suggested that it was possible to achieve a significant and
rapid transfer of iron from iron-saturated transferrin to apolactoferrin pound

to activated sepharose.

D. Reductive Release of iron From Fed: Transferrin - GO.%:

There is no specific binding of ferrous iron to apotransferrin
(119,12v). Thus with the reduction of Fe-transferrin, ferrous iron is
released and iron-free transferrin is formed. The reaction route that appears
to be operative in the reauctive release of iron from transferrin is shown in

reaction II.
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. Reaction 11

Reductive release of iron from Fe3* transferrin - CO%':

1. Fed* Tf - c02- + Rdg== Fe2* Tf - (02" + 0X
2. Fed* Tf - C02- + =2 rFelt + ApoTf-C02~
3. Fel* + nBPS == FeZ% (BPS), measured at ODg3g
Where Rd = Reducing agent
0X = Conjugate oxidizea form of the reducing agent
BPS = Bathophenanthroline sulfonate (This is a chromogenic Fel* acceptor)

The following set of experiments was undertaken to investigate the
reductive release of iron from iron-saturated transferrin by various reducing
agents (aithionite, thioglycolate) and pyrophosphate which were used alone or
in different combinations to examine their possible synergistic effects.
Briefly, iron was reductively released from Fe-transferrin and the released
iron was sequestered by excess bathophenanthroline sul fonate. The trapped
iron in the form of Fel* bathophenanthroline sulfonate was then determined
spectrophotometrically. The total serum iron was measured by a standard
colorimetric method described by Boehringer Mannheim Diagnostica. Portions of
standard iron-citrate (0.5 w1, concentration range; 0.2 to 10 ugFe/ml) were
added to 1.5 ml portions of reagent mixture (20 ml of detergent solution
containing 600 mg sodium dithionite). The samples were then mixed well and
their absorbances at ODg3g before ana after adding 20 ul of 17 mmol/1 batho-
phenanthroline sulfonate were measured. As a reagent blank, 0.5 ml of
redistilled water was used in place of a standard iron-citrate solution. The

absorbance at 0D53g was given by the following equation:

e
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(A2 sample - A} sample) - (A, RB - A} RB) = Change in 0Dg3y
Where A) sample = O0Dg3g value of a given sample before the addition of

bathophenanthroline sul fonate

Ay sample = O0Dg3g vé]ue of A} sample after the aadition of bathophen-
anthroline sulfonate

Ay RB = 0Dg3g value of the reagent blank before the addition of
bathophenanthroline sul fonate '

A RB = 0Dg3g value of A} RB after the addition of bathophenan-

throline sulfonate

A graph of change absorbance at 0Dg3g values against their respective 1ron

concentration (ugfFe/ml) was then plotted.

The results indicatea that 36% of the initial iron bound to transferrin
was reductively released by 10 mM thioglycolate in 60 min. However, using a
combination of 10 mM thioglycolate and 26 mM dithionite, 53% of the initial
iron was reductively released in 60 min (Table 5A). With 26 mM dithionite as
the reducing agent, 40% of the initial iron was reductively released from
iron-saturated transferrin in 60 min. On the other handa, with a combination
of 26 mM dithionite and 10 wmM pyrophosphate, 763 of the initial iron was
released from iron-saturated transferrin in 60 min (Table 5B). These results
indicated that a combination of a reducing agent and pyrophosphate enhanced
the rate of iron release from iron-saturated transferrin. This finaing of the
synergistic effect of the above agents was in agreement with a previous study

by Kojima and Bates (121).

These results therefore suggested that the reductios of iron-saturated

transferrin can be used to form apotransferrin in serum at physiological pH.
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Removal of 59Fe2t bathophenanthroline sulfonate by dialysis after the

reductive release of iron from 9%Fe3* transferrin

For the reductive release of iron from 1iron-saturated transterrin, a
reducing agent (dithionite or thioglycolate), pyrophosphate ana excess batho-
phenanthroline sulfonate are required. The reaction s€quence of the reductive
release of iron leads to the formation of iron-free transferrin and the
by-products, FeZ* _pathophenanthroline sulfonate and oxidized forms of the

reducing agents which must be separated from iron-free transferrin,

The removal of one of these compounds, 99 el* bathophenanthroline
sul fonate by dialysis using Gambro plate dialyzer was investigated. The
experiment was performea as described uncer Materials ana Methods [Section
G(b) page 33]. The removal of 59FeZ* bathophenanthroline sulfonate from one
compartment of the Gambro dialyzer to a dialysate was monitored by measuring
the radioactivity in samples from the 59re2+ bathophenanthroline sulfonate
containing compartment. Table 6 shows that only 26.8% of the initial 59Fel?
bathophenanthroline sulfonate was transferred to the dialysate in 3 hours.
Therefore, other means of removing 59 el* bathophenanthroline sulfonate from

the solution were investigated.

Removal of S59FeZ*_ pathophenanthroline sulfonate by encapsulateg activatea

charcoal

The possib1lity of removing 59 e2*_ bathophenanthroline sulfonate by
encapsulated activated charcoal was examined. The encapsulated activatea
charcoal technology was developed at McGill University by Dr. Chang. Encapsu-’

lated activated charcoal are microcapsules of activated charcoal surrounded by
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cellulose acetate membrane (122). A small volume of” these microcapsules has a
large surface area. The microcapsules allow low molecular weight compounds to
cross its thin membrane and these small compounds are then trapped by the
activated charcoal. On the other hand, large molecular weight compounds

cannot cross the membrane of the microcapsules.

Initially, the 59Fe2+_ bathophenanthroline sulfate binding capacity of
encapsulated activated charcoal was investigated. O0ifferent concentrations of
59re2* bathophenanthroline sulfonate (range 200 - 3000 nmoles $9e) were added
to encapsulated activated charcoal (0.5 g different samples). The various
samples were then rotated gently on a shaker for 30 min at room temperature.
After shaking, the encapsulated activated charcoal was allowed to settle and
the amount of 359Fel* bathophenanthroline sulfonate trapped by the charcoal
were determined before and after washing the charcoal with 10 mm Tris-HC]
buffer, pH 6.0. The results indicated that with increasing amounts of S92t
bathophenanthroline sulfonate, there was corresponding increasing amounts of
59re2+ bathophenanthroline sulfonate trapped by the encapsulated charcoal
unt1l a saturation level was reached (Figure 7). Figure 7 also shows that the
washing of the encapsulated charcoal with the above buffer did not remove the
trapped S9Fe2t bathophenanthroline sulfonate. The iron binding capacity was
found to be 520 nmoles 99Fe/0.5 g of encapsulated activated charcoal (Figure
7). The rate of removal of 59 e2* bathophenanthroline sulfonate by encapsu-
lated activated charcoal was determined as described under Materials and
Methods. We demonstrated that 99% of the initial 59FeZ* bathophenanthroline
sul fonate can be removed in 10 min by 5 g or 10 g of encapsulated activated
charcoal (Table 7). Therefore, encapsulated activated charcoal proved to be

effective in the removal of 59 e2% pathophenanthroline sulfoprdie complex.
£
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E. The Transfer of Iron From Fe-transferrin To Various Chelating Agents

4
This study was undertaken to 1investigate the transfer of 59%e from

Fe-transferrin to 1ron chelating agents in the presence of pyrophosphate. It
was believed that if such a transfer of iron was feasible, then the technique
may be used to remove 1ron from transferrin in serum or whole blood and thus
form iron-free transferrin. Encapsulated activated charcoal could then be
used to remove pyrophosphate and 1ron bound to chelators from the blood. The
iron chelating agents investigated were desferrioxamine, tropolone, catechol
and ethylenediamine di-(0-hydroxyphenyl acetic acid) which all have high
affinities for iron. Their respective stability constants for iron are:
1031m-1 (desferrioxamine), 103ZM-1 (ethylenediamine di-(0-hydroxyphynel acetic
acid), 1016M-1 (tropolone) and 1012M-1 (catechol). Although catechol does not
have very high affinity for iron, it was selected because 1t is also a

reducing agent.

At different time intervals, we determined the transfer of 5%e from
59 e-transferrin to the above chelating agents. At the end of the various
59 e exchanges, bovine serum albumin and ice cold ethanol were added to all
the samples. Bovine serum albumin was used as a carrier and ethanol to
precipitate the proteins. In a control experiment, we demonstrated that 5%e
removed from transferrin, before the precipitation of transferrin, remained in

the supernatant boung to a chelating agent.

From all the chelating agents tested, ethylenediamine di-(0-hydroxypheny!

acetic acid) showed the highest rate of 59Fe removal from transferrin (Table

A}
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8). After 60 min, 82% of the 1nitial 59%e was found to be bound to
ethylenediamine di-(0-hydroxyphenyl acetic acid). The percentage of the
initial 59%e transferred to tropolone, desferrioxamine and catechol were 23%,
13% and 2% respectively (Tablie 8). The results confirmed the reported high
affinity of ethylenediamine d)-(0O-hydroxyphenyl acetic acid) for iron (128).
However, the percentage of 59Fe transferred to desferrioxamine was very low
compared to reports in the literature and we do not have any explanation for
this discrepancy. Based on these results, ethylenediamine di-{0-hydroxyphenyl
acetic acid) was selected for further studies.

/
Iron exchange from transferrin to ethylenediamine di-{(0-hydroxyphenyl acetic

acid) 1n whole blood:

The experiments were performed as described under Materials and Methods
(Section H page 35). The results showed that the highest e exchange (73%
1n 60 min) was achieved with 100 uM ethylenediamine di-(0-hydroxyphenyl acetic
acid) and 10 mM pyrophosphate in the reaction mixture (Table 9). However, the
rate of iron exchange was considerably lower than that of the situation 1n
which iron-saturated transferrin, ethylenediamine di-{0-hydroxyphenyl acetic
acid) and pyrophosphate were all i1n 0.1 m HEPES buffer (the rate was 97.3% n
60 min). The reason as to why less iron was transferred to ethylenediamine
di-(O-hydroxypﬁenyl acetic acid) in whole blood may be due to the fact that
other cations from the whole blood may become bound to ethylenediamine d1-(0-
hydroxyphenyl acetic acid) and thus decrease its potential to bina iron.
Furthermore, the pngma proteins may somehow interfere with the transfer of

iron,to ethylenediamine di-(0-hydroxyphenyl acetic acid) 1n an unknown way.

{
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These results suggested that it was possible to transfer iron from
iron-saturated transferrin to ethylenediamine di-(0O-hydroxyphenyl acetic acid)
in whole blood even though the rate of iron exchange was lower than that

obtained with the reaction mixture 1n 0.1 M HEPES buffer, pH 7.4.
CONCLUSION AND PLAN FOR FURTHER STUDIES

The findings in the present study suggest three possible ways of removing

iron from transferrin to form iron-free transferrin.

First, 1n the presence of a low molecular weight 1igand and low pH, iron
can be transferred from transferrin to apolactoferrin separated by a dialysing
membrane. However, the transfer of 1ron is much faster if apolactoferrin is
immobilized on activated sepharose and the 1ron exchange is performed in the
presence of pyrophosphate at pH 6.0 - 7.4. Further study is required to
1nvestigate the feasibility of removing iron from transferrin in whole blood
using the apolactoferrin-sepharose complex. Hemoperfusion with small diametre
sepharose beads is known to cause extensive hemolysis. On the other hand,
hemoperfusion with large d1ameﬁ;§ (1000 - 10,000 microns) sepharose beads has
been shown to be feasible (129). The diametre of the sepharose beads used in
our study was 60 - 140 microns. ¢Enlarged sepharose beads have been shown to
be hemocompatible. Furthermore, platelet 1oss is less and hemolysis is also

only slight in hemoperfusion with large diametre sepharose (129).

The second finding in the present study indicates that apotransferrin can
also be formed by reductive removal of iron from transferrin. This finding

confirms reports in the literature (121). The removal of 1ron by reduction

[P, e e T maena e L e
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requires the use of reducing agents (aithionite, thioglycolate), pyrophosphate
and an 1ron sequestering compound (bathophenaL}hrol1ne sulfonate). The by-
products of the reductive release of 1ron, Fel* bathophenanthrol 1ne sul fonate,
oxidized forms of the reducing agents and pyrophosphate (after acting as a
synergistic anion 1n the 1ron exchange) are all easily removed by encapsulated

activated charcoal.

Finally, apotransferrin can also be formed by transferring 1ron from
transferrin to various chelating agents. Of the chelating agents examined,
ethylenediamine d1-(0-hyaroxyphenyl acetic acia) was shown to be the agent

which gave the highest rate of 1ron exchange from transferrin.

In the present study, we have 1nvestigated the optimal conditions for the
formation of apotransferrin 1n vitro. The plan for the future 1s to adapt
these conditions 1n arder to perform 1n vivo studies of the mobilization of
iron from storage sites by apotransferrin. We hope that learning more about
the physiological factors 1nvolved 1n iron mobilization from storage sites by
apotransferrin may lead to the development of a more effective therapy for

secondary 1ron overload.
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Figure 1

How exchange system might serve as an analogue of phlebotomy
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Figure 2
A Design of Dialysis Experiments.
Transfer of 59Fe from nge-transferr1n to apolactoferrin in 10 mM Tris-HC1 Buffer.

/

Control 59 2 Test

i N — Fe-transferrin-C03 T Apolactoferrin
Ligand ! Ligand : Ligand

; Citrate or NTA ! Citrate or NTA f Citrate or NTA
or pyrophosphate —P ] - or pyrophosphate ——{s n or pyrophosphate
in 10 mM Tris-HQY | in 10 mM Tris-HC) | in 10 mM Tris-HCl
buffer. i buffer, . buffer.

| 1 T

Dialysis membrane Dialysts membrane

‘Y ‘4noyjeg

%S



Fiqure 3

A Design of Dialysis Experiment

Transfer of 59Fe from 59Fe-transferr1n in whole blood to apolactoferrin using Gambro plate dfalyser.
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Figure 4
Binding of Lactoferrin to Sepharose
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Fig. bA
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The maximum transfer of 59Fe by dialysis.
Control samples contained no apolactoferrin in the dialysis chamber.
Test samples contained apolactoferrin in the dialysis chamber.
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Buffer, 10 mM Tris-HC1, pH 6.0
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Fig. 58
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The maximum transfer of 59Fe by dialysis.
Control samples contained no apolactoferrin in the dialysis chamber.
Test samples contained apolactoferrin in the dialysis chamber.
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Buffer, 10 mM Tris-HC1, pH 6.0
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Fig. 5C
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Fig. 6

BIND@&%)F **Fe TO APOLF-SEPHAROSE COMPLEX (3 hour incubation at 37C°) '}
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Fig. 7

BINDING OF ®*Fe**-(BPS) BY ENCAPSULATED CHARCOAL
600

Charceal befors washing
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500 —

400

300
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| ! L 1 i 1 T 1
200 600 1000 1400 1800 2200 2600 3000 (nmoles)

TOTAL "*fe’* {**Fe’*in the form of **Fe’* -(BPS)) ADOED TO 0 5¢ CHARCOAL

Iron-binding capacity of encapsulated activated charcoal.
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TABLE 1

/

Removal of 59Fe from 59Fe3* Tf by aialysis. =

[(Tgand Ratio of Percentage of Tnitial J9Fe transterred from 9FeST 1T to apolactoferrin

Buffer conc. apolactoferrin U Hr 1 Hr 5 Hr 24 Hr

pH (mM) to transferrin T 1 T T T T

1.5 0 1:1 - 0.2 - 0.2 - 1.4 - 20.2
7.5 1.0 1:1 - 0 - 0.3 - 5.4 - 25.2
7.5 10.0 1:1 - 0.1 - 1.3 - 12.7 - 40.8
7.5 50.0 1:1 - 0 - 1.9 - 16.4 - 46.4
7.0 0 1:1 - 1] - 0.5 - 8.4 - 29.3
7.0 1.0 1:1 - 0.1 - 0.7 - 13.5 - 49.9
7.0 10.0 1:1 - 0.1 - 2.0 - 21.0 - 46.5
7.0 50.0 1:1 - 0 - 2.6 - 23.0 - 47.4
6.5 0 1:1 0 0 0.9 0.7 9.4 9.4 29.3 31.0
6.5 1.0 1:1 - 0 - 2.6 - 15.9 - 42.4
6.5 10.0 1:1 - 0 - 3.8 - 24.9 - 49.5
6.5 50.0 1:1 - 0 - 4.8 - 25.9 - 49.5
6.0 0 1:1 0.1 0 1.8 1.7 10.3 11.8 32.5 38.7
6.0 1.0 1:1 - V] - 3.6 - 16.7 - 45.6
6.0 10.0 1:1 - 0 - 6.4 - 26.8 - 48.7
6.0 50.0 1:1 - ) - 5.2 - 25.3 - 48.7
6.0 0 100.1 0.1 0.1 5.2 6.9 22.4 28.9 34.0 42.8
6.0 1.0 100.1 0.1 0 10.0 9.1 37.0 37.2 49.2 53.6
6.0 10.0 100.1 0.1 0.1 11.4 12.3 44.4 45.6 49.4 57.3
6.0 50.0 100.1 0.1 0.1 16.6 14.3 46.4 44.7 50.0 50.3

)

Ligand; Citrate, duffer; 10 mM Tris-HCl.
Control samples contained no apolactoferrin in dialysis chamber as described under Materials and Methoas.
C = Control, T = Test

'y ‘4noyjeg
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TABLE 1 (continued)

Removal of 99Fe from 59Fed* Tf by dialysis.

Tigand Ratio of Percentage of Tnitial 39 e transferred from J9FeST TT to apolactoferrin
Buffer conc. apolactoferrin 0 Hr 1 Hr 5 Hr 24 Hr
pH (mM) to transferrin T T T T T T
6.0 0 1:1 0 0 3.3 3.0 14.9 14.4 38.8 39.8
6.0 1.0 1:1 0 0 4.1 4.2 21.6 23.0 4.7 47.7
6.0 10.0 1:1 0 0 6.5 6.4 29.4 28.9 48.3 47.5
6.0 50.0 1:1 0 0] 8.3 7.8 30.3 30.8 47.6 48.2
6.0 0 10:1 0 0 - - 15.1 15.2 38.3 41.6
6.0 0.1 10:1 0 U - - 20.6 20.6 44.3 46.6
6.0 0.5 10:1 0 0 - - 21.5 22.3 45.9 47.6
6.0 1.0 10:1 0 0 - - 22.9 22.9 147.0 47.0
10.0 10:1 0 0 - - 28.6 27.3 48.4 47.8
6.0 0 100:1 0.1 0.1 4.2 4.4 25.9 27.1 * 43.1  59.6
6.0 1.0 100:1 0.1 0.1 7.4 7.1 33.9 34.2 0.5 58.1
6.0 10.0 100:1 0.1 0.2 12.6 11.8 42.9 42.3 49.6 51.3
6.0 50.0 100:1 0.1 0.1 13.2 14.8 43.8 44 .8 48.9 50.8

Ligand, NTA; Buffer, 10 mM Tris-HC1.
Control samples contained no apolactoferrin in dialysis chamber as described under Materials and Methods.

C = Control, T = Test
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TABLE 1 (continued)

Removal of 59Fe from 59Fed* Tf by dialysis.

[igand Ratio of Percentage of Tnitial 9% e transferred from SFeS” T to apolactoferrin

Buffer conc. apolactoferrin 0 Hr 1 Hr 5 Hr 24 Hr

pH (mM) to transferrin C ! T T T T C !
6.0 10.0 10:1 0 0 8.0 13.4 36.5 49.2 49.5 56.5
6.0 50.0V 10:1 0 v 9.1 10.4 34.7 36.5 49.9 52.3
6.0 0 100:1 0.1 0.1 5.9 7.3 23.6 25.6 31.8 44.8
6.0 1.0 100:1 0.1 0.1 6.3 9.7 27.6 43.8 48.1 71.4
6.0 10.0 10u:1 0.1 0.1 15.2 1.9 45.1 36.7 49.8 65.2
6.0 50.v 100:1 0.1 u.1 8.0 10.0 28.8 36.2 48.7 54.9
6.0 0 100:1 0.1 0.1 2.5 7.9 21.7 30.0 38.5 47.6
6.0 1.0 100:1 v.1 0.1 11.9 6.8 43.9 45.6 49.6 65.7
6.0 10.0 100:1 0.1 0.1 11.5 15.6 45.5 52.5 50.0 56.3
6.0 50.0 100:1 0.1 0.1 12.5 11.2 39.6 40.9 49.4 52.4
6.0 0 100:1 0 g.1 6.9 8.7 37.7 35.4 49.0 48.8
6.0 1.0 100:1 0.1 0.1 12.2 12.9 43.1 49.9 50.1 62.5
6.0 10.0 100:1 0.1 0.1 16.0 16.0 47.3 51.9 49.9 60.0
6.0 50.0 100:1 0.1 0.1 16.0 14.6 42.9 43.8 50.1 53.2

Ligand, pyrophosphate; Buffer, 10 mM Tris-HC]

Control samples contained no apolactoferrin in dialysis chamber as described under Materials ana Methods.
C = Control, T = Test
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TABLE 2

The transfer of 59Fe from 59Fe3* Tf (in whole blood) to apolactoferrin (in
saline) using Gambro plate dialyser.

Percentage ot the Percentage of the

initial 59Fe initial 5%e
Time transferred to remaining in
(Hr)  pH of blood apolactoferrin whole blood
0 7.2 0.3 99.7
b 6.7 4.2 95.8
1 6.5 9.6 90.4
2 5.9 19.6 80.4
3 5.9 22.3 77.7

Pumps; Blood compartment, Sigmamotor pump (flow rate, 10 ml/min).
Dialysate compartment, Varistaltic pump (flow rate, 100 m1/min).
The experiments were performed as described under Materials and Methods.
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TABLE 3

Transfer of 59e From 9% e3* Tf To
Apolactoferrin By Direct Contact In Solution,

(N=2)
Percentage ot the Percentage of the
initial 59Fe invtial 59Fe

Time transferred to remaining bound
(Hr) apolactoferrin to transferrin

0 89.0 11.0

Y 92.1 7.9

1 89.1 10.9

2 9l.0 §.4

Conditions, 10 mM Tras-HC1 buffer, pH 6.0 and 1 mM Pyrophosphate.

Rat1o of apolactoferrin to transferrin = 10:1

After the >9Fe exchange, apolactoferrin and transferrin were separated by
cellulose acetate electrophoresis as described under Materials and Methods.

A

N
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TABLE 4

)
Transfer of 5% e from 59Fed* Tf to apolactoferrin-sepharose.
5% € transterred to
lactoferrin-sepharose
Transferrin ® afler
Incubation Apalactoferrin Transferrin 5% e added Total 59%e washing beads
Sample Time (Hr) (nmoles) (nmoles) (nmoles) (nmoles ) ( nmoles )
% %
Control 1 - 0.24 0.48 0.22 (45.8) 0.01 (2.1)
Test 1 48 0.24 0.48 0.48 (100) 0.45 (93. )
Control 3 - 0.8 0.48 U.2¢ (45.8) 0.01 (2.1)
Test 3 48 0.24 0.48 0.46 (95.8) 0.45 (93. )
Ratio of apolactoferrin to transferrin = 200:]
Buffer, 10 mM Tris-HCl, pH 6. (
Ligand, 1| mM Pyrophosphate. 3
Control = Sepharose alone.
Test = Apolactoferrin-sepharose complex,
S,

'Y ‘d4noyyeg
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TABLE 5A

Removal of [ron From Iron-saturated Transferrin Hy Litferent (ombinations of Reducing Agents.

Reaction Mixture

#2

2

5

Serum (2.3 ug/ml)

1 mM Bathophenanthroline sul fonate

10 mm thioglycolate
26 mM Dithionite
10 M Pyrophosphate

10 min
Fe removed (ug Fe/ml)
Final pH

30 min
Fe removed (ug Fe/ml)
Ffnal pH

60 min
Fe removed (ug Fe/ml)
Final pH

~ O
o @
N

-~ O
o Un

~ O
oo

[ T SN 4

(23.7)

(28.4)

(36.4)

. 1+

5 (23.3)

-~ C
[S IS o

.87 (36.9)

~ O
[T 0~ -]

1.14 (48.3)
7.5

—

—

[

L 2 R

%

U (82.4)

.8

.10 (46.6)
.8

.25 (53.0)
.8

PR

3
1.11 (47.0)
6.8

1.15 (48.7)
6.9

1.28 (54.2)
6.9

3
1.20 (50.8)
6.9

1.25 (53.0)
6.9

1.51 (64.0)
6.9

All reagents were dissolved in saline, pH 7.4

+ indicates the presence of a reagent.
- fndafcates the absence of a reagent.
1 = percentage of initial {ron removed.

‘¥ ‘4nogjeg

-89



Reaction Mixture

TABLE 58

#

Serum (1.64 ug Fe/ml)

1 mM Bathophenanthroline sulfonate

26 aM Dithionfte
13 aM Dithionite
10 mM Pyrophosphate

10 min
Fe removed (ug Fe/ml)
Final pH

25 min
Fe removed (ug Fe/ml)
Final pH

60 min
Fe removed
Final pH

[ S S

)
0.38 (23.2)
1.0 :

.46 (28.0)

oo
O

.66 (40.2)

o C
w o

o O
O

4

0.20

6.

o C
o
O

9

.47

1+ *

(20.7)

(12.2)

(28.7)

0

~d

0

~dJ

~d —
.

.89
.

.96
.0

.25

+ 1+ o+ +

%
(54.3)

(58.5)

(76.2)

.92

-~ O
C w0

.92

-~ O
o w

1.13
7.0

+ 4+ 01+ +

(56.1)

(56.1)

(69.0)
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TABLE 6

Removal of S9re2t batboph%nan roline syl fonate by aialysis after the reduc-
tive release of 5%e from d9Fe3t Tf - Coa

Percentage of the Tnitial

Time 59re2¢ pathophenanthroline
(min) sul fonate removed by dialyzate

0 0

10 5.5

20 6.9

30 9.7

40 11.3

50 13.5

60 13.5%

70 15.4

80 17.5

90 18.2
120 21.8
150 24.2
180 26.8

The experiments were performed as described under Materials and Methods.
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TABLE 7

Removal of 59reZ* pathophenanthroline sul fonate by encapsulated charcoal.

Time Percentage of the initial 3% elt bathophenanthrolne
(min) sul fonate removed by encapsulated activated charcoal
A B8
0 0 [4]
10 98.9 99.1
30 99.5 99.5
70 99.5 99.5
120 99.8 99.7
180 100.0 100.0

Quantity of encapsulated charcoal used, A = 5 g, B = 10 g.
The experimental set up was as described under Materials and Methods.

fro




TABLE 8

Iron transfer from 59re3® Tf to various chelating agents. Ethanol precipation study.

Percentage distribution of e

U min 10 &in 20 ®min XV LGE 50 @Tn
Reaction Mixture S P S P 14 P S P S P
59ed+ 1¢ 0.8 99.2 1.3 98.7 3.9 96.1 1.8 98.2 2.5 97.%
593+ 1¢
1 =M Pyrophosphate 0.9 99.1 0.5 99.5 0.9 99.1 2.9 97.1 1.6 98.4
59 edt 1¢
1 mM Pyrophosphate
4.5 mn Desferrioxamine 9.1 9.9 7.7 92.3 11.2 88.8 11.8 88.2 12.6 87.4
S9Fedt Tf
1 mM Pyrophosphate
4.5 M Tropolone 16.0 84.0 19.5 80.5 23.6 76.4 52.1 47.9 23.2 76.8
59redt T¢
1 mM Pyrophosphate
4.5 mM Catechol 1.8 98.2 0.4 99.6 J.2 96.8 3.1 96.9 2.0 98.0
593+ Tf
1 mM Pyrophosphate
4.5 M Ethylenediamine 60.7 139.3 44 .6 55.4 62.7 37.3 64.8 35.2 82.2 17.8

$ = Supernatant (contained Y3 e-chelating agent complex)
P = Precipitate (contained transferrin)

"y ‘4noyyeg
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TABLE 9

Transfer of *59Fe from 5% e3* Tf in whole blood to ethylenediamine
di- (0-hydroxyphenyl acetic acid) (EDDHPA).

Percentage distribution of 9Fe
. 10 ®in 30 @in 50 min
Reaction Mixture 3 P D |4 S ¥V

39%Fed+ 1f
fn dlood
(19.4 uM 5%¢) 89.0 11.0 89.5 10.5 89.1 10.9

S%ed+ Tf
in dlooa
500 uM EDDHPA 87.9 12.1 Ba.1 15.9 86.9 13.1

59 e+ Tf
in blood
100 uM EDOHPA 88.3 11.7 89.2 10.8 88.2 11.8

59+ 1f
in blood
10 uM EDDHPA 87.9 12.1 90.1 9.9 90.5 9.5

S9Fed T1f
in blood

500 uM EDDHPA
10 mM Pyrosphast 45.6 54.4 39.8 60.2  30.3 69.7

S9FedL 1f

in blood

100 uM EDOHPA

10 sM Pyrophosphate 47.4 52.6 38.3 61.7 27.2 72.8

59 edt 1f

in blood

10 uM EDOHPA

10 mM Pyrophosphate 73.5 26.5 69.0 31.0 67.2 32.8

593 1f
in 0.1 M HEPES
(12.9 um 5%e) 35.4 64.6 36.5 63.5 31.9 68.1

S9edt T1f
in 0.1 M HEPES
500 uM EDOHPA 32.3 67.7 35.2 64.8 31.1 68.9

S9Fed+ 1

tn 0.1 M HEPES

500 uM EDDHPA

10 aM Pyrophosphate 11.1 88.9 5.3 94.7 2.7 97.3

The formed 5% e.EDDHPA was removed by encapsulated activated charcoal as

described under Materials and Methods.
S = Supernatant
P = Charcoal
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