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Iron oyerload fs a c:a.on finClfng 1n patients w1th refrac:tory anett1as wha , 

require long-te .... transfusion therapy. . S1nee there 15 no physiologie.l 

excretory systee for iron, excess iron fra. traftSfuseCi erythracytes ace...,­

lates in the liver, the heart and endocrine glandS and causes ser10us dysfunc· 

t10n of these organs and early death. The only way ta r..,.,e 'exeess 1ron 15 

by the adalinhtratfan of chelat'klg agents which are. howyer. only I)4rt1a11y 

effective. Therefore, new .approaches for therapy of t ron overioad are needecl. 

ln the present stUdy. a new syst .. far 1ron r.-ova1 froll the plaSlll 1ron 

btncltng protein. transferr1n, was 1nvest1gatea. A deCreaseô leve1 of pl as. 

iron win 1ead ta an 1ncrease in the 1evel of apotransferr1n. 1ron-free trans-

rerr1n, wh1ch shoules .,btl1ze iron frOll stores in tissues. Therefore, 

theoret1cally, we shou1d be able to MOb11fze and -deplete- tissue 1ron in 
\ 

patients with transfusional iron aver10ld if we were ta retlOve 'Iron fra. 

transferrin. This syst.. should enable us to investig.te the flctors 1nvolveCi 

in iron .,b111ut1on fr_ tissues by transferr1n and IIAY lead to the develop­

lient of a IIOre effective therlpy for seconCllry iron overlold. 

We have deIIonstrated that apolactoferrfn. prepared in our laborator.y. can 

tate up 1ron fre. transferrin (separateCI by a dia,ysis __ rane) in the 

presence of ci trate. ni utl otr1 ACetate ar pyrophosphate. thus fOnl1 ng apo­

transferr1n. SOIIe exchange of 1ron fl"011 transferrtll'll to apolac:taferrin can be 

dMOnstrated at pH 7.4 but the rate of 1ron transfer 15 signif1cantly st1au­

lateG when the pH of the butter 15 decreased to 6.S. The rate of transfer of 

iron fra. transferr1n to apolactoferr1n 8I,Y be 11.1tea by diffusion wheft a 

, 
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d1.1ni ....... alll 1$ uled to separlte the protefns. We have Ibo shhn tbat 

the transfer of iron '"* transf.rrfn tG lpolatoferrfn 15 -.eh faster if 
~ 

.polactoferrin 15 bOund tg iCthlted sephlrose 15 cœpereeJ to d1l11S15. 

Ffntlly, we have __ nstrated thlt apotransferrfn ea" be prepared by the 

reductfve release of 1ron frOli fron-saturlteca trlnsferrfn. This process 

requires the USI of reducfng agènts lfte thf091ycolite and d1thion1te. The 

f"edUCed 1ron (Fe2+~ can thtft be sequestered by bathophenanthrolfne sulfonate 

(8pl). The by-prOdUCts. Fe2t BPS and ox1dfzed fo,.s of the reduc1ng .ge",ts 

are then raoved by eneapsu1 ated acti ,atecl cblrcoal. 

., 
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On constate fréqueallent une -surcharge en fer chez les sujets souffrant 

d'a.ie réfractaire qui nécessite' une thérapie tra~sfusionnelle i long 

te,... Etant dOnné qu'il n'existe pas de systètDe excréteur du fer dan$ 

l'organisme, l'excédent de fer provenant des érythrocytes transfusés s'accUlu­

lent ~ns l~ foie, le coeur et les glandes endocrines, provoquant un g'rave 

dirègl ement de ces organes et souvent une IDOrt précoce. L'uni que lIIOyen de se 
, 

débarrasser du fer excédentaire consiste à aoministrer des chélates qui/ne 

sont toutefois que partiellement efficaces~ C'est pourquoi 11 est nécessaire 

de trouver de nouvelles ~thodes de traite.ent de la surcharge en fer. 

Dans la présente étude. nous avons étudié un nouveau systèale d'él i.ina­

tion du fer de la transferrine, protré1ne du plas .. sanguin qui fixe le fer. 

Une réductio" de la concentration de fer dans le plasma. se traduira par une 

plus grande' concentration G'apotransferrine, transferrine sans fer, qui 

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

théorique.ent. nous devrions ëtre en lleslire de .,bf1iser et c:t:-êpuiser- les 

réserves tissulaires de fer chez les sujets atteints de surcharge en fer 

tr.nsfusionnelle si nous irriv10ns i é11.iner le fer de la transferri.ne. Ce 

systèle devrait nous per.ettre d'étudier les facteurs qui entrent en jeu dans 

1 a .,.,l1i sati on du fer des tissus par la transferrine et nous permettre de 

llettre au poinL~ thérapie pl us efficace d~S surcharges en fer secondaires. 

Nous avons déIontré que l'apolactoferr1ne. préparée dans nos labora­

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

"'rane i dialyse) en présence de citrate. de nitrl1otr1acétate 'OU de pyro-

l 
~ • 1 ________________________________________ ~ __________________________ tl 
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pIIosphate, fOl"lllftt afns,1 l l apotr."sferrtne. On peut prouver qu'il 1 a échange 

de fer de la transferr1 .. i l'apolactoferrine i pH 7.4, uts le taux de 

transport du fer a,uglllente senstblaent lo~ue le pH du taapon est' abatssé i 

6.5. le taux de' tran~rt du fer de 1 a transferrt ne i l'.pol actoferrtne peut 

être 11.1 té )par diffusion lorsqu'ou se sert dlune "'rane i dialyse -pour 

séparer ,Jes protéines. 

Nous avons égale.ent cléentré qUe le transport cie fer de la transferrine 

i l'apo\actOferrtne est beaucoup plus rapide si "apolactoferrtne est 111e 1 
.J CI .. 

une sépharose acttvfe pl,utôt que $o .. tse i une "dialyse • 
.. 

. '/nft~. nous avons daontré que l'apotransferrfne peut se préparer ~r 1. 

lfbératfon réductive de fer cie la transferrfne' saturée CIe fer. Ce procédé 
- ' " 

nécesstte ,I_p'ot, d'agents de réduction COMe le thfoglycolate et la dfthf-
~ 

oA1te. Le fer (Fe2+) afnst réduit peut al 'ors être séquestré par le sul fonate 

.. bathophenanthrol1ne',(S8P). On fU.tne alors les dérhés, Fe2+-SBP ainsi qœ 

'es fo,..,5 ôxydMS des agents réducteurs ail _y-.a de chfrbon .cthé encapsulé. 
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INTRODUCTION 

A. General IntrOduction 

Iron 1s an essential element in metabol1sm and with the possible excep­

tion of 1actic acid bacteria, iron 15 required by a11 organfsms. As part of 

the helllOg10bin IIIOleeu1e. iron 1s the constituent of red b100d cells which 

bi nds oxygen and transports it from the 1 ungs to a 11 ti ssues of the body. 

Within living cells iron in various forms 1s also invo1ved in the prOduction 

of energy from fOodstuffs. Furthermore, iron in its non-~ form is a1so 

required for some specifie en~mes such as ribonucleotide reductase. 

At physl010gica1 pH and oxygen tension. the stable farm of iran is Fe3+. 

However. Fe3+ is virtua11y insoluble and therefore cannot be transported in an 

ionic fOnll in the Circulation., The concentration of free hydratea Fe3+ in 

solution cannot exceed 10-17M (1). Organisms have deve10ped specifie iron 

sequestering mo1ecu1es to maintain iron in soluble form (2). In vertebrates. 

a comp1ex protein has been evolved to manage the interna1 transport of irone 

This protein. plasma transferrin. 15 responsib1e for shuttling 1ron between 

sites of absorption, storage and utilizat10n. 

In the body under normal conaitions, iron absorption ana exchange are 

regu1ated so as to meet the genera1 needs of the organisme The da11y ob11g­

atory 10ss of iron is about 1 mg ana this loss 15 usually balanced Dy intes-

tina1 absorption of 1ron. Severa1 mechanisms have been proposed on the 

regulation of iron absorpt10n (3.4). Iron absorptio~ can be aivioed into 

phases of mucosa1 uptake and mucosa1 transfer (5). The initial mucosal uptake 

" 
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of iron appears to be a passive process and perhaps diffus10n-controlled (6). 

After the initial uptake. iron is be11eved 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 suggesteo that iron 

absorption is determlnea 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 15 a1so suggested that iron absorption 15 regulated 

by a "mucosal block". AccorcHng to th1s theory, the accumulation of excess 

1ron in the mucosa) epfthelia cells blocks iron absorption (130,131). 

The uptake of iron from transferrin by cells, such as reticulocytes and 

hepatocytes depends on specifie surface receptors (11-14). It has been shawn 

that the uptake of iron by reticulocytes and hepatocytes may be controlleo 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 i ts spec i fi c receptor, trans ferri n 15 interna li zea by enoocytos 15 before 

its iron 15 ude an il ab 1 e to ce 11 s (16,17). Several techniques have been 

used to oeâaon strate enoocytos 15 of transferrin ano these _thods inel ude 

electron .icroscope autoradiograp~. horseradi sh perox1dase and fl uorescei n 

i sothtocynate as tracers for tran5ferrin (17-19). Tracers conj ugated ta 

transferrin have been shown to enter ret1culocytes and nucleateo erythr01d 

cells. On the other hano, unconJugated tracers coula not enter these cells. 

• Enoocytosis of transferrin 15 also supported by the observation that inhlblt­

ors of .icrotubule function block tran5ferrin and iron uptake by reticulocytes 

( 20 ) • The other hypothe s 15 of i raft rel ease fra. trans ferri ft ta tells sugges t 

, f 
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" that 1ron 15 re1eased trOll trans,ferrfn at or neat the eell membrane and 15 

trinsported wfthfn the eell ta an 1ntraeellular labile or trans1t pool. Froœ 

th1s pool 1ron 15 made ava11able for heme synthes1s or 1ron eonta1n1ng en~s 

or when in excess for ferrit1n synthesis (11). 

The major site for iron util1zation in the body is the bone marrow where 

Iron 15 ~equ1red for the biosynthesis of hemoglob1n (21). The l1ver 15 a1so 

important in iron metabol15m. In the lher, ira" 15 stored as we11 as 

utilized for the synthesis of Iron conta1n1ng en~s. Furthermore. the l1ver 

15 the major s,ite for plasma transferrin synthesis wh1ch 15 increased in 

response to iron deficit and 1nh1b1ted by e~cess 1ron (22). Iron 15 stored as 

ferr1ti n and hemos1der1n which are present in the reticuloendothel hl system 

and the parenc~al cells of the l1ver. spleen and the bone marrow. Increased 

cellular levels of 1ron st1mulate ferritin synthesi~ (23). 

B. Iron 81nd1ng Proteins 

. 1. Transferr1 n 

a) Structure and Properties:' Transtirr1n 1s a glyeoprote1n eonsfs­

tfng of a single polypeptide chain of .,leeular weight of about 80.000. HUllIn 

transferrin conta1ns about 676 aœino -Cids and about " carbo~drlte by weight 
• 

(24). This carbohydrlte is l1nked to the protein chain in two ident1eal and 

sYMttrieal branched heterosaeehlride ehains wh1eh Ire Jotned to the protein 
, 

by N-glyeos1die linkage to asparagine residues tn the C-te ... ina1 half of the 

transferrfn IOlecule (24.25). The polypeptide chatn of transferr1n ts .. de up 

of two eCNIpiet reg10ns each of whtch contatns an iron b1ndtng stte (26.29). 

The N- and C-te .... 1nal halves of transferrin .,lecule contatn about 40i 

J 

JO 
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hOlOlogy. E4Ch of the two halves 1s be11eved to have originated from a common ., 
single ancestral prote1n as a result of gene duplication and fusion dur1ng the 

course of evolut1on (24.26.30). One mo1ecule of transferr1n 15 capable of 

binding two atems of iron (Fe3+) (31,34). The binding of each Fe3+ 4150 

requires the binding of an anion which under physiological conditions 15 

bicarbonate. The bound anion 15 labile and can exchange slow1y with unbound 

bicarbonate in solution (32.35,36). The two iron b1ncHng sites show differ-
I!. 

ences fn thefr physfcal chetlfstry. For fnstance. the two sftes dfft fn 

the1r aceess1b11 ity to 1ron present in various chemical forlRs and in thelr 

spectroscopie propert1es (15). Fl eteher and Huehns have proposed funct10nal 

differences 1n the 1ron binding sites (37). Howver, the two 1ron b1nding 

s ftes of human transferr1n have been shawn ta have no funetional di fferenees 

(38). Iron saturated transferrfn has a different conformation from that of 

apotransferrin being more compact (39-41). 

b) 6nction:' The ~ri.ary role of transferrin 15 the transport of 

tron .,ng sites of absorption. storage and utl1 hat1on. Transferrtn ts a 

true carrter .,lecule whtch 15 not degraded dur1ng its interacUon w1th iron 

requ1r1ng cells. Transferrin can undergo Many cycles or 1ron transport during 

1ts 8 d-.y l1fet1. US). The interaction of transferr1n Wilth its target 

tissue 15 a ti_, tellperature and energy-dependent process wh1ch requfres 

receptors on the plas.a ..-brane (42-45). The receptors for transferrin are 

saturable. specifie and bind transferrin rever51bly (46). Transferrfn recep­

tors have been shown to be 1nvolved in 1ron transport by the cells of the 

li ver , placenta. erythro1d and hUMn lyrllphoblastofd eells (46-51). Trans­

ferrin .., a1so have an i.portant role in defence agafnst infection wh1ch can 

be overca.e by 1ron salts and by sa.e .fcrobfal iron chelators (50). 

L 
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The biological functlon of the carbohydrate cOlDponent of transferrln 

.lecule still remai ns unclear. It has been suggested that it may have a 

recogni tlon function tQr receptors of non-erythrold cells, but there 15 no 

evidence for thls (2). 

II. Lactoterri n 

a) Structure and Propertles: Lactoterrln 15 found ln colostrum, 
• 

lIi1k and other body secretions sueh as pancreatic Juice and smal1 intestinal 

flulds of several speeies including man and a1so in neutrophl15 (51-57). It 

is a glycoproteln of 1I01eeular weight of about 80,000 and ft contalns a s1ng1e 
'< 

pblypeptlde chain (58-59). laetoferrln also eontafns two earbohydrate groups 

(60). L1ke transferrfn, there 15 SOIIIe evfdence of internal homo1ogy in the 

structure of lactoferrfn (61,62). However, lactoferrin, at 1east in humans, 

d1ffers from serum transferrin in Its immuno10g1eal properties. heterosacehar­

Ide chain sequences. conformation and localization of Iron blnding sites 

(63-65) • lactoferrin binds two Fe3+ and like transferrln, requi res the 

concCMIitant bfnding of an anion whlch 15 probably bicarbonate under physio-

10g1ea1 conditions. The Iron of lactoferrin Iron ca.pJex dissoc1ates only at 

pH below 4 (63). On the other hand. transferr1n Iron cœplex starts to 

dhsociate Its bound Iron at pH 6. Finally. like transferrln Iron cOllplex. 

Iron saturated 'aetoferrln has a .axi.u. absorbance between 460 and 465 MU. 

b) functfon: Iron free lactoferrln ln .11k and other body secre­

tions has been delllOnstrated to be bacterlostatfc. Lactoferrfn blnds Iron. 
'"'-

thus .. kin~ Iron unava11able to .lcroorganls.s. This antl.ieroblal action of 

lactoferrln fs easi1y reversed by the addition of excess iron (66.671. The' 

lactoferrtn contatned in neutrophfls 15 'a1so thought to be bacterlostatic. 
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Neutrophfl derived lactoferr1n which 15 no,..ally fron-free ~ be associated 

w1th the hypoferraellia of inflaomat1on (68-72). lactoferrin in neutrophl1s 

has .150 been sugge5ted to be the granulocyte derfved inh1bitor of the produc­

tion of colony-st1l11ulating factor (55-57). because it seellls to black produc­

tion or release of colony-st1mulat1ng act1vi~ by monocytes. 

c. Iron Overload 

The body 1acks an effective means of excret1ng irone Virtually a11 of 

the 1 ron taken 1 n by absorption or by trans fus 1 on of red b 1 ood ce 11 s 15 

retained ln the body and stored as territ1n or hemos1derln 1n the ret1cu10-

endothe1ial cells or eventually in the parenchymal cells of tfssues. Excess 

iron accumulates ln hepatocytes, cardiac muscle. pancreas and endocrlne 

glands. The accumulation of iron leads to cirrhosfs of the 1fver, congestive 

heart failure. d1abetes mel1itus and dark1ng of the skin (71,72). Thus excess 

iran 1n the body can lead to severe pathological changes and eventually 

death. The nor..l 1ron content of an adult is about 4 g. However, wlth 1ron 
~ 

overload, the total 1ron in the body can be as high as 90 g. 

1. Toxicity of [xcess Iron, Mechanis.s Involved 

a) Fr" radical lntenlediates and lipld peroxtdatlon of lletlbranes: 

Iron has been shown ta generate hydroxyl radicals, .OH, whtch ~ be produced 

by the reactlon between superoxtde and hydrogen peroxlde •• reactlon whtch 15 

catalyzed by irone Hydroxyl radicals, which are strong oxldants, then attack 

virtually any organic .,'ecule ln thetr search for free electrons. In iron 

overload • .elbranes of target cells, plrticularly .itochondrial and lysos~l 

llellbranes have been shawn ta be d.aged (73-75). The sequence of reactions 
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leadfng to such ~rane da-age 1s known as lfp1d perox1datton. Two poss1ble 

lllechanisms have been suggested as the cause of l1p1d perox1dation. F1rst, 

~droxyl ra~1cals ~ 1n~uce lip1~ perox1datlon (16.17). Secondly. perox1da­

t10n m~ also be caused by the 1nvolve.ent of membrane phosphol1p1d b11~er ln 

1ron-catalyze~ oxi~ative processes (78,80). It 15 be11eved that free cellular 

1ron can ln1tl.te 11pfd perox1dat10n by the formation of perferryl 10n (Fe02+) 

or the formation of a ternary free radical complex between arach1don1c acid, 

ferrous iron and oxygen. lead1ng to perox1dat10n of the hydrocarbon cha1n 

(80) • 

b) For.at10n of secondary lysoso.es: It 15 weIl establtshed that 1n 
. 

1ron overload. some ferritin and hemosiderin accumulate w1th1n lllelllbrane bound 

vesicles or bod1es (81). These bodies can be separated by ultracentrifugation 

and a number of lysosomal en~mes can be ldentifled in this fractfon (82,83). 

c) Excessive deposft10n of collagen: Collagen has been shown to 

accWlUlate ln the l1ver of very young 1nfants w1th iron overload but w1thout 

any evidence of cell ular damage (8U. It has been suggested that thi s 

depos1tion of col1agen is caused by iron dlrectly (84). Iron 15 believed to 

cause collagen accUllulation by two IleChaniSils. Ftrst. the en%,ylle proto­

collagen proline ~drolase requires 1ron. This en.zylle wh1ch ts 1nvolved 1n 

~droxylat10n of proline to ~droxypro11ne, ls requ1red for the convers10n of 

soluble precursor collage~ to IRlture and insoluble colla~n (8S). Surplus 

iron 1n the body is bel1eved to enhance thts conversion procèss. Second1y, 1t 

has been suggested that perice11ular collagen 15 broken down by collagenase 

re 1 eaSed by ce 11 5 and that a reducti on of coll agenase wou1 d 1 ead to U. 

accu.ulat1on of collagen (86). It fs belfeved that the accu.ulatfon of 1ro" , 
t n 1 ysosOlies IllY SOIIehow prevent the rel else of co llagenase (85). 

___ ------.t 
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Il. Clinicat FOnls Of Iroft,OverlOld 
.. 

.) Idiopathie tte.ochroutos1s: Idiopathie he.achrOliatosh has been .. 
$ho .... ta be HU related. Patients with idiopathie heIIochrOllato51s tend to 

have a signifieantly h1gher frequeni:y of HU-Al, HLA-B7 and HlA-B14 antigen 

then control population (87). Idiopathic heAlOChrOliatosis i5 bel1eved to be 

the resul t of exeess absorption of iron by the intestine. Seve,ral hypothe·ses 

have been put forward to explain the llechanfs.s Involved. It has been 

sugpested that 1ncreased aff1n1ty of the liver cells for iron .~ be the cause 

of idiopathie heIIOChrOllëltosis (88). Seeondly, 1t 15 al$o suggested that 

abnoraal funct10n of transferr1n or excessive ferr1tin b1osynthes1s .~ be 

the cause of idiopathie hea>ehrOtNtosfs. AH these hypotheses have been shown 

to be incorrect (89,90). Ho Ille ver , the hypothesis about defective intestinal 

.ucosa appears to have ga1ned rec~nt support. 1 t has been shawn that the 
J,. 

intestinal .ucosa of patients wlth idiopathie hellOChrOltatosts tend to have 

h1gh afftnity for Iron at 10w concentration (91). \ In idiopathie ne.ochrOllëlto­

sis, the Iron d1stribution fn the affected organs 15 predœinantly paren­

c~al. It is generally bel1eved that the aeeu.ulatlon of 1ron in parenc~l 

tells .ay produce tissue d ... ge and the elinteal IIIntfestation of hHochro­

Illtos15. 

"-
b) Secondar, heMchrOUto,5ts: SeeOndl1")' he.oeh~tos1s 1s fOund 

IÎostly in patients wtth aplastie aneata, beta-thalassaetata 1H,j0r and s1ekte 

eell disease. These patients have anMia, 1 neffeet1ve erythropo1esis, 

tncreased plaSlil 1ron turnover, 1ncreased intestinal absorption of iron and 

excessive Iron ace_ulation\ Further80re, SOIIe of these patients need 

.ultfple bl00ca transfusions and the Iron fre. transfused red bl00d eells 

~--------------------------------------------------------------------------------- -
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For every hal f litre of blood infused. a patient gets 

Therefore. a patient with 100 to 200 transfusions will 

recei ve 25 to 50 9 of i ron (92). Repeated trans fus ions resul tin the accUlllu­

lation of iron deposits in ret~culoendothelial cells and eventually in 

parenchysal cells as we". 

III. Treatlent of Iron OVerload 

a) Phlebotolly: Repeated phlebotollies can lead to the reAIOval of 

excess iron subsequent clinieal improvement in patients w1th idiopathie 

he.ochrOliatosis The usual procedure is the removal of 500 ml of blood 

per ~k. This to depletion of iron in the bOdy. The weekly 

phlebotOliies are stopped when the hemoglobin concentration of the patient 

fal1s below 11g/100.1. The iron stores are then monitored by serum ferritin, . 
seru. iron concentration and transferrin saturation. SerUM ferritin concen-

tration below 10 ug/., indicates that the patient 1s approach1ng 1ron 

deficiency. It should be llentioned that 'the laboratory diagnosis of idio­

pathie haochrœatosfs 15 indicated by elevated seru. 1ron, increased trans­

ferrin saturation, tncreased serUII ferritin and increased parenchYlllal iron in 

liver biopsies.. In order to prevent reace~ul ation of iron in the body. 

phlebotollies are usually carried out. ,at about 3-80nth intervals. 

b) Desferriox.tne: Phlebotolly eannot be used in patients with 

secondary hMochrOlMtosis. since these patients need eontinuous infusion of 

bl00d. The only wQ to treat secondaw1)c 1ron overload is to use iron chelating 

agents such as desferr10xa.tne (94-97). Desferrioxa.ine, introduced in 1960, 
~ . 

1$ a h,ydrox_ic acid COllpOund produced by StreptOll,yces pil'osus (98,99) • It 

has a high aff1nt~ for iron (a stabili~ constant of 1031M-l) and btnds iron 

i 

. . 

è+r, 
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to form ferrioxamine whièh is excreteà 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 1S 

not absQrbed by the intestine and with intravenous infusion, the drug 1s very 

quickly excreted. Furthermore, desferrioxamine can lead to increased 

incidence of cataract (100). Another drawback with the use of desferri-

oxamine is that the drug is very exl>ensive costing about $8,000 per year. 

Finally, desferrioxarnine is usually orny partially effective for the treatment 

of secondary iron overload (101,105). 

c) Other chelating agents: 

Rhodotorulic acià. 

This drug has,been Shown to be potenthlly useful (106). Like desferri­

oxamine, rhoaotorulic aeid is a naturally occuring hYdroc;e acid derivative 

whieh must be aclministered parenteral1y to be effective. Rhodotorulic acid 

has been shown to be twice as potent as desferrioxamine on weight basis 

(107). Furthermore, although the toxieity of rhodotorulie aeid appears to be 

minimal, human subjects have been shown ta experienee pa,inful local reaetion 

'0 rhodotorulic aeid (108). 

Two-three dihydroxy~enzoic acid (2,3-DH,H). 

2,3-DHH which can be given orally has been shawn to be effective in 

.removi ng excess i ron fro~ the body (109). However. the drug ; s known to be 

toxie and it 1s not as effective as desferrioxam1ne (110). 

" 

------------------~;--~ .. ,~.~~~~--------------------------------------------~'" \ cl 
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D. Purpose of The Present Study 

Neither desferrioxarn1ne nor any other chelating agent is completely 

satisfactory and therefore there 1s a need for the development of other 

methods for the treatment of secondary 1ron overlbad. As discussed ear11er, 

phlebotomy 1s the best treatment for ldiopathic hemochromatosis. Loss of 

blood leads to lncreased erythropoiesis. Thus, high numbers of illl1lature 

erythrold cells wlth transferrin receptors are produced. 1 ron saturated 

transferrln then binds to these receptors resulting in the removal of iron 

from transferrin. ThlS leads to the formatlon of apotrdnsferrin WhlCh ln turn 

picks up more iron from storage sites and transports it to the bone marrow for 

the formation of hemoglobin ln a hlghly expandea erythron. This results ln 

the depletion of storage irone Thus with subsequent phlebotomy more and more 

iron lS re~ved from the bady. 

This study was undertaken to develop an analogue of phlebotomy as 

schematically shown in Figure 1. The plan was to develop a system in wh1ch 

i ron was removed from pl asma transferrln and subseQuently from the ci rcul a-

tion, leading to an 1ncrease in the level of apotransferrin which shoula 

mobilize iron from tissues. 

At present there are no data avallable which would enable us to predict 

whether or not the system described above coul d remove i ron from transferrin 

in blood at a rate comparable to normal iron turnover. .However, simple 

calculatians ind1cate that such a 'rate of iron exchange could be achieved. We 

propose to use a Gambro Lunclia Plate dialyzer (priming volume 20 ml) inserted 

between the caratid artery and jugular vein ln the rabb1t. 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 2UO ml. This amount of blood contains about 130 ug of iron 

bound to plasma transferrin. If aIl the plasma iren is exchanged to apolacto-

ferrin aunng 20 min, 390 ug or 9.4 mg of iron would be removed from plasma 

per 1 or 24 hr respect1vely. This is a maximum estimate which cannat occur 

in V1VO but it represents a 6.2 folo hlgher rate of lron removal from plasma 

than is the normal plasma iron turnover 0.5 mg Fe/day/rabblt, calculated on 

the basis af known plasma iran turnover ln humans). Therefore, even lf the 

removal of iran proceeds with 16'}, efficiency of the maximum estlmate, the 

rate of 1ran exchange wauld be comparable to the normal plasma lron turnover. 

MATERIAlS AND METHOOS 

\ 

AlI chemlca 1 s used were reagent grade and were purchasea from cOlJl1lerc la 1 

suppliers. 59Fe (2 mC/mg Fe) as ferric chloride in 0.1 N HCI was obtained 

from New England Nuclear and was rneasured in a Nuclear Chicago automatic gamma 

counter. Iron-free human transferrin was purchased tram Boehringer. 

Colostrum was obtained from McGill MaCdonald College Farm. 

A. Isolation of Lactoferrin From Bovine Colostrllll 

Lactoferrin was 1 sol ated from colostrum by a modiflcat i on of the method 

described by Parry and Brown (111). Colostrum was centrifugea for 30 min at 

2800 rpm (IEC-Centra 7R). Fat which collected at the top of the supernatant 

was then removed. Centrifugation and rernoval of fat were repeated two more 

" times. Caseln was precipitated by heating the fat-free colostrum to 45° -

---f"-- -
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5O·C w;th the pH adjusted to 4.5 - 4.6 w1th glac1al acetic acid. After 

heating. the 11quid was fl1tered through cheesecloth and th1s was followed by 

2 centrifugations for 30 .1n at 2800 rpll. The precipited casein pellet was 
. 

discarded. Lactoferrin 1n the supernatant was saturated with Fe us1ng 5 .-

Fe-ci trate (10 .1/990 111 of the supernatant). The 5 lIfo1 Fe-citrate stock 

solut1on conta1ned 20 fold excess citrate over irone Bicarbonate was adde<l 

slowly to the liquid to a final concentration of 0.1 M and pH 6.6 - 7.0. The 

solution was then dialyzed extens1vely against 0.2 M Tris-HCl butter. pH 8.0. 

The lactoferrin was purified uSing a CM-!>Q Sephaaex colum equilibrated with 

0.2. Tris-HCL. pH 8.0. Lactoferrin (reddish-brown) was adsorbed to the 

column which was then washed with 0.2 fil Tris-HC1. 0.2 fil sodlUIII chlorlde. pH 

8.0 unti 1 00280 of the effl uent was zero. The aclsorbed 1 actoferrin was then 

eluteCi with 0.2 M Tns-HC1. 0.5 fit sodium chlonde. pH 8.0. The lactoferrin 

was dialyzed extens1vely aga1nst distilled water and freeze-dried. 

B. Preparation of Apolactoferr1n 

The iron contai ned 1n a 1" 1 actoferri n sol ut ion was removed by d1alyS~ 

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

C. Preparation of 59re-labelled Transferr1n 

Sodium bicarbonate was added to apotransferrin in 10 lIfo1 Tris-HCl buffer. 

pH 7.4 to a final concentration of 0.6 M. 59Fe-citrate whlch contained 20 

fold excess of citrate was slow1y mixed with the apotransferrin solution. The 

final pH was al ways between 7 and 8. As shown by Bates et al. transferrin­

iron complexes form very rapidly in 1:20 iron:citrate solution w1th excess 

- --- -
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bicarbonate (lU). After 3 hr standing, unoound 59Fe was rellloveo by overnlght 

d1alysis against 3 changes of 10 mM Tris-Hel b~,fer, pH 7.0. The 59Fe-satur-' 

ated transferr1n was stored at 4e L. 

D. Remo v al of 59Fe From 59Fe-transferrin 8y Dialysis 

It is well establlshed that for the transfer of iron from transferrin to 

another i ron b i ndi ng protel n, such as 1 actoferrl n, a 1 i ganO l S requi red 

( 114) • A ligand in this context is a low molecular weight lron binalng 

cOOlpounO wlth relatively low affinity for irone Afer a search of the llter-

ature, the llgan<lS citrate, nltnlotrlacetate ana pyrophosphate (synergistlc 

aOlon) were selecteCl because these have been shown to accelerate 1ron transfer 

from trans ferrl n to l ron acceptor protel ns (115-117). 

a) Transfer at 59Fe in 10 mM Tris-Hel buffer: The experimental 

design was as shown dugranmatlcally in Figure 2. Two chambers were separated 

by a dialysis membrane (Cellulose; Sargent Welch 525275-00 K.,A.). One chamber 

contained 59Fe-transfernn 02.5 nM transferrin) while the other chamber 

contained apolactoferrin (12.5 nMI or Just buffer. The protei ns were 

dissolved ln lU mM Tr1s-HCl buffer at different pH'S. Both chambers contained 

a ligand (citrate or nitrilotriacetate or pyrophosphate) and the final volume 

of the react 1 on mixture in each chamber was 1 ml. The ; ron exchange from 

59Fe-transferrin to apolactoferrin (test) or to a solution wahout apolacto-

ferrin (control) was performed at room temperature. Samples were taken for 

gamna counts at different time interval s anO then returned to the respective 

chambers. The experiment was repeated us l ng oi fferent concentrations ana 

ratios of transferrin and apol actoferrin. 

l 
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b) Transfer of 59Fe 1 n whol e bloo<l: Iron lIIIas transferreCl frOll 

59Fe-transferr1n in who1e b100d to apo1 actoferr1 n (dissolved 1 n 0.91 sodfu. 

ehlorfae) by us1ng a Gambro ped1atrle plate dialyzer (Figure 3) havlng a Large 

surface area (1.25..-2). The dia1yzer requlred the use of two ptaltps. A 

Slgmamotorpump (flolIII rate. 10 .'/1I1n) was use<l on the b100d compartllent sfde 

whfch contafned 59Fe-transferrin (12.5 nmoles transferrfn, 59Fe- 300 cpm/.l) 

1n whole blood in a ffnal volume of 100 ml. On the d1alysate s1ae. a 

Varista1t1c pump (f10w rate. 100 Ill/min) was- used. The d1alysate compartlAent 

contained 1250 nmoles of apolactoferrin, 10 IIIM Tr1s-HCl anCl 1 mM pyrophosphate 

all in 0.9" sodium chlori<le. pH 6.0. The total volume of the dialysate was 

500 .1. The contal ners of the respective react ion mhtur.es were kept at 37·C 

1n a lIIIater bath. The pH of the blood mixture lIIIas lowered by l11ow1ng the 

bloOd to ar;p through 1 chamber filled with carbon dioX1Cle wh1ch was ma1n­

ta1ned at 1 constant pressure of 200 mn Hg. The b100d pH was IDOnHorea by an 

1n-1 ine pH eleetrode. At indicated t1me interval s. samples were taken frOil 

the blooCl compartlllent for radfoacthlty detenlfnaUon. After count1ng. these 

samples were returned to the blooCi container. 

E. Investigat10n of The Rate U.it1ng Factor In The Transfer of Iron FrOil 

Transferr1n To Apo1aetoferr1n 8, 01a11$1s 

( 
\ 

prel\.fnarl stud1es Indfeated that the rate of 1rsm transfer by d1l1ys15 

frOll iron-saturated transferrin to apolactoferrin was very slow. Therefore. 

exper1l11ents were perfOnDed to fnvestigate if diffusion was a 11111tfng factor 

1n the transfer of iron frOll lron-saturated transferr;n to apo1 actoferr1n by 

dialysis. In these exper;ments. iron lIIIas transferred frOll 1ron-saturated 

transferr;n to apolactoferrin by airect contact 1n solution. This was 
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\ 
1 

~~ m1xing together the two prote1ns. 59Fe-transferrin (62.~ nmoles 

apo 1 actoferri n and 1 .. pyrophosphate a 11 t n . 10 !lM 

Tris-Hel buffer. pH 6.0. The total V01UE of the reaction mixture was lU ml. 

The 59Fe exchange was performeo at room temperaure. At different t1me inter­

vals. samples (1 ml) were taken and lIlixeo wlth 1 ml of 10 mM Tris-Hel butter. 

pH 11.5. The final pH of eaeh new mixture (1 ml of the initial reaetion 

mixture plus 1 ml of the 10 mM Tris-Hel buffer. pH 11.5) was 9.0. This final 

pH of 9 should have stopped al1 the transfer of 59Fe from 59Fe-transferrin to 

apol aetoferrin. 

fI 

After stoppi ng the e hange of 59re between 59fe-transferri n and apolac-

toferri n 1 the prote; ns parated by cellulose acetate eleetrophoresis 

(118). The eleetrophoresis tank s filled with barbital buffer, pH 8.6 (103 

9 SOdium aiethylbarbiturate. Ib.'4 9 diethylbarblturic aeld, b.2 9 calcium 

lactate and 10 9 sooium azide). The cellulose acetate strips (Sartorius. 

'11200, 57X14~ B~G) were soakea in 100 ml barbital but fer tor 15 min, blottea 

gently between sheets of fl1ter paper and placea parallel to one another on 

the electrophoresis tank wicks across the brioges. The glass rod tensioners 

of the electrophoresis tank were then placed agii'nst the outside edges of the 

bridges to ensure contact between the strips and ta hold ana strips level 

taut. Twenty ul samples were appl1ed to the mid-point of each cellulose 

acetate strip. The tank 110 was immediately placed over the tank and the 

electrical leads of the tank were connected to a power suppl.v. The current on 

the power suppl y was adjusted to give 1.5 mA/2 cm wiath of the cellulose 

acetate strip. After 90 min of electrophoresis the strips were removea from 

the tank ana placea ln 0.2 9 Panceau S dyellOO ml of the barbital buffer. 

Excess dye was removed by gentle blotting of the cell ulose acetate strlps 
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between filter papers. As a control, stanoaro 59Fe-transferrin or 59fe-Iaeto­

terrin WlS appl1eCl to two separate cell ulose Acetate strips anCi the electro­

phoresis was earried ~ut as oescrlbeo above. Thus the positions of 59Fe­

transferrin and 59fe-laetoferrin of the reaetion mixture (test)' could be 

10eateO on the strips by eomparison with the control strips. The two bands on 

the test cell ulose Acetate strips were then eut separately anCi the respective 

raoloactivity on the banCis were determined. This was followeCi by the caleula-
'-

tion of the percentqe of S9re trtrrea fr .. S9Fe-transferrfn to apolacto-

ferrin. 

(_ F. Innobl1izatfon of Apolactoferrin 

a) BinCllng of lactoferrin to acthateCi sepharose: The binding of 

lactoferrin to aetivated sepharose was achfeved by a moCiification of the 

method describe<l by the manufacturer of the acthateCi sepharose (Phannaci a 

Fine Chernie,als, Uppasala, SweClen) (Figure 4). One gram of activated sepharose 

(48) was washeo 4 times with 50 ml portions on 10-3 M Hel. After each wash. 

the beads were al10weCi to settle anCi the superna'tant was removeCi. The washfng 

wlth 10-3M Hel was followeCi oy 2 washes w1th 50 ml portions of eoup11ng buffer 

(0.1 M sodium bicarbonate, 1 M SOdium chloriCie. pH 8.0). The final super­

natant was removeO after centrifugation for 2 min at 200 rpm. This was 

followed by the addl tion of la mg laetoferrfn (1n 2 ml of the Aboye couplfng 
~ 

butfer) to 2 ml of the swol1en activateo sepharose beaOs which was shaken 

overnlght, at 4·C. 

A fter the overn 1 ght coup 11 ng , the sepharose was centri fugeo at 200 rpm 

for 2 min. The vo1u.e of the supernatant was measured and the supernatant was 

set asiCie for subsequent 00280 .easure.ent. The 3actoferrin-sepharose beaas 

____ L 
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were then washed with 4 ml of 0.1 M Tris-HCl buffer. pH 8 at rOOll tetlperature 

for 2 hours. This wu followed by centrifugation at 200 rpnt for 2 .in and the 

supernatant was set aside for subsequent 00280 measurement. The lactoferrin­

sepharose beads were then washed with additional 0.1 M Tri s-HCl buffer. pH 8 

(4 ml). The wasn1ng was repeateo using 4 ml of the following respective 

solutions. one at a time: solution Il (0.1 M sodium acetate, 1 M Sodium 

chloride. pH 8.0), solution 12 (0.1 JIll sodium acetate, 1 M SOdium chlorioe, pH 

4.0), solution'3 (10 mM soaium citrate. pH 4.0), solution 14 (0.1 M sodium 

bicarbonate. 1 M SOdium chlor1de. pH 8.0), solution '5 (0.1 M'Sodium dcetate, 

pH 8.0) ana solution 16 (phosphate buffered sal1ne). Again. the respective 

supernatant solutions were removea after centrifugation at 200 rpm for 2 lIin 

and the solutions were measured at 00280' The wash1ng of lactoferrin-sephar­

ose beaos with 10 nfot sodium citrate, pH 4.0 leaas to the removal of bour:ld 

irone Thus, apolactoferrin-sepharose beaas were fonned. The apolactoferrin­

sepharose beaos were stored 1n phosphate buffereo saline, pH 7.4 at 4·C. 

The amount of bound apolactoferrin per ml of the act'ivated sepharose was 

determined by calculat1ng the 01ff~ between the 'initial 0028U units given 

" by the protein added to the act1v~d sepharose and the total 00280 units of 

unbound lactoferr1n 1n all the var10us supernatant solutions. 

b) Investigation of 1ron b1noing capac1ty of apolactoferr1n-sephar­

ose: It is well establ1 shed that 1ron can b1nd to apolactoferrin or apotrans-

ferrin in solution (Figure 4). The stoich1ometry of the bind1ng of 1ron to 

apolactoferrin or .potransferr1n is 2 atoms of.iro)' per 1 molecule of . 
protein. It was important to demonstrate that apolactoferrin bound to sephar­

ose could bind 1ron w1th the Sille stoichiometry as free apolactoferrin in 

sol utfon. 
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This was .asured by add1n9 dHferent quantit1es of 59fe citrate (1.7. 

7.2. j"6.8. 25.6. 34.0 ,.,1 es' 59Fe) to 0.5 .1 aliquots of apolactoferr1n­

sepharose beads (d1fferent s.ples). The iIIIIOunt of apol actoferr1 n bound to 

the acthateCl sepharose per s.ple was 8.5 nIIO)es. Sod1u. bicarbonate was 

added to each test-tube to a final concentration of 0.6 M and the butfer used 

was 10 .. Tris-HC1. pH 7.4. The final vol Ulle of the reaction mixture per 

test-tube was brought to 2 111 with the above buffer. The samples were then 

1ncubated at 37·C for 3 hours on a shaker and centrifuged at 200 rpm. for 2 

111n. The supernatants llllere retllOved and the 59Fe bound to apolactoferrin­

sepharose beaCls was determ1ned by count1ng 59Fe raClioact1v1ty before and after 

washing the beads twice with the above butfer contain1ng 10 mM sodium 

citrate. As a control, non-activated sepharose sanples were treated in the 

sa.e w~ as described above. 

c) Transfer of 59fe trOll 59fe-transferrin ta apolactoferr1n-sephar­

ose beads: Equa1 port10ns (2 .1) of apolactoferrin-sepharose beads (48 rwK>les 

apolactoferr1n) in 10 .. Tris-Hel buffer, pH 6.0 llllere centr1fuged tor 2 min at 

200 "pli and the supernatant was d1scarded. Then to the apolactoferr1n­

sepharose beads in each test-tube were added 59Fe-transferr1n (0.24 1III01es 

transferrin 1n a voluE of 19.2 u1) and 1 IIIM pyrophosphate all 1n 10 ... 

Tris-HCl buffer. pH 6.0. The final vol ~ of each reaction .. ixture per tube 

was 1 111 and the rat10 of apolactoferrtn to transferr1n was 200: L The tubes 

were 1ncubated at 37'C for 1 or 3 hours a'ter wh1ch 59Fe transferred trom 

transferr1n to apolactoferr1n was .easured. The 59Fe rad10act1v1ty was 

detenlined before and after washing the apol actoferr1n-sepharose beads w1th 

the above butfer. As a control exper1~nt. sa.ples of non-act1vated sepharose 

w1th no bound apol actoferr1n were treated as descrlbed. 
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G. The Reductive Release of Iron Froa fe3+ Trlnsferr1n-COZ-

a) Ex_inltion of the effect of different cOlllbinations of reduc1ng 

agents (thioglycollte, dithionite) and Plrophosphate: Iron was reduct1vely 

retlOved froll Fe-transferr1n in serua by a IIOd1fication of the llethod descr1bed 

by KOJima and Bates (121). Varlous concentrations of thioglycolate, eJithlo­

nlte and pyrophosphate (as spec1fied in the Results Section) were examined to 

invest1gate their affect on the release of FeZ+ in the presence of l "'" batho­

phenanthroltne sulfonate which was used te> sequester Fe2+. The concentration 

of the bathophenanthrol i ne sul fonate al ways exceeeJed that of iron by a factor 

of 3 or greater, s1 nce bathophenanthro 1 f ne sulfonate forms 3: 1 bathophenan-
"­

throline sulfonate: iron complex (121). The Fel + bathophenanthrol ine sultonate; 

fonmed was measured at 00538 at different t1me intervals. The amount of Fe2+ 

removed by reduction at any given time was calculated from a standard curve of 

00538 against known 1ron concentration (ugFe/ml). 

b) ReIIOval of 59FeZ+-bathophenanthroline sultonate by dialysis: 

Our1ng the reducthe release of iron fra. Fe-transferrin, the by-products 

Fe2+-bathophenanthrol1ne sultonate and oxldized fOnls of thioglycolate and 

d1th10n1te are fo,..d and Must be realOved for our planneel in vivo experillents. 

To retllOve these by-products, d1alys1s was trieel w1th a Galllbro pl ate 

d1alyzer (cellulose llleërane). One cœpartllent of the Cl1alyz1ng un1t con­

tained 59Fe-transferr;n (ZOO uM transferr1n), 1 MM bathophenanthrolfne sulfon­

ate and 10 _ d1thfon1te 111 1n 10 IIM Tris-Hel buffer. pH 7.4 1n a total 

volume (cOlipartlDent A) of 100 .1 and the pu.p on this siCle of the Clialyz1ng 
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unit was Siglla.otor (flow rate 10 _1/.in). The d1alyzate eOlipartilent (B) 

contatnecl 10 lM Tris-Hel bufter (500 .1) and the ~p on thts side of the 

dialyzing unit was a Varlst.ltie pUllip (flow rate 100 .l/~in). At different 

tille interva1 s. s.ples "'f!re taken frOli cOilpartlient A. These s.ples were 

returned to the cOlipartAlent after each radioactivi ty deterll1nation. The 

rellOval of 59Fe2+-bathophenanthrol1ne sulfonate by di alysis was carried out 

for 3 hours. However. the dia 1 ysate was changed every 1 hour. 

c) Removal of 59fe2+-bathophenanthroline sultonate byencapsulated 

activated charcoa1: The removal of 59Fe2+ -bathophenanthroli ne sul fonate by 

encapsulated charcoa1 was perfonaed by adding 10 111 of 59Fe2+-bathophenanthro­

line sultonate solution (200 uM Fe) to either 5 or 10 9 of encapsulated 

charcoa1. The mixtures were rotated gent1y on a shaker and at different time 

intervals the shaker was turned off and the microcapsules were allowed to 

sett1e. Al1quots (1 ml) of the supernatant were taken for radioactivity 

detena1nation. After the 59Fe radioactivity deter.ination, the aHquots were 

returned to the lIixtures. The total rad10activity of 59Fe2+-bathophenanthro­

line sulfonate 1n the supernatant at time zero was taken as 100s. 

H. Iron Transfer Fra. Transferrin To Various Iron Chelating Agents 

The reactfon .1xture conta1nd 45 W. transfèrrin saturated w1th iron, 4.5 

!lM of an iron chel ating agent and 1 IIIM or 10 ... pyrophosphate. The final 

volulle of eaeh mixture was 0.2 .1. The bufter used was 0.1 M HEPES. pH 7.4. 

The .ixtures were incubatecl at 3rC and at various tille interva1 s. samples 

were taken out and quick1y coo1ed to 4·C. To the cooled sclllples were added 1 

.. 1 bovine serum albu.1n and 1.5 .1 of 1ee co1d 95' ethanol. 

1 

= 
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• 1xed ..ell and left on 1ee for 15 .in and then centrifuged at ~ rp. for 15 

.1n. The distr1but10n of 59Fe between supernatant and prec1pltate was 

.easured by ga.a eount. The 1 ron che lat 1 ng agents ex_i ned were des ferrl­

ox.'ne. tropolone. catechol and ethylenedla111ne d1-(O-hydroxyphenyl aeeUe 

ae1d) • 

Ne al so had ta detlOnstrate that 59Fe eCllpl exed to the above ehelating 

agents dld not eopreelpltate wlth transferr1n and bovine seru. albullin by 95\ 

ethanol • Therefore. a separate exper1lDent was perfo~ to i nvestl gate the 

solubi11ty of lron-ehelat1ng agent complex ln ice co1d 95S ethanol. The 

react10n Mixture eontalned iron-citrate (50 uM Fe), 4.5 IIIM of a chelating 

agent and 1 MM or 10 mM pyrophosphate a11 in 0.1 " HEPES buffer, pH 7.4. The 

respective lRaxll1U11t absorbances of the various 1ron-che1atlng agent complexes 

were then detenlli ned on a spectrophotometer. Th 15 was fo 11 owed by eOlllparl ng 

the 00 units (at maximum Q> wavelength) of the various iron-ehelating agent 

solutlons, this tll1e, dlluted 1 in 2 wlth either 0.1 M HEPES buffer or lce 

co1d 95\ ethanol. The resu1ts d~nstrated that fee cold 95\ ethanol c:aid not 

precipitate the various lron-che1ating agent co.plexes. 

59Fe Exchange To Ethylened1_1ne dl-(O-hydroxyphenyl acetic «ld) Using, 

59Fe-transferrin In Whole 8100d or 0.1 M HEPES. 

Transfer of 59Fe 1n whole b100d 

700 ul of 59Fe-transferr1n (200 Il't Fe. ISO lit transferrin, Le. iron 

concentratfon was 10 t1n1es h1gher than no ..... 1 pl as .. 1ron concentration) was 

added to 15.05 .1 of blood (def1brinated. which was taken frOll no".a1 non­

aneaie rabbit). The .ixture was .1xed well and te pt on an tce bath. 450 u1 

of the above .ixture was used in the reaction .ixture for the dlansfer of 59fe 

to et~lenedi_lne d1-(O-hydroxyphe~1 acet1c ac1d). 

--------------------------------------------------------------------.----- -
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Transfer of 59Fe 1n 0.1 M HEPES buffer, pH 7.4 

200 u1 of 59Fe-transferrin solution (as described above) was added to 4.3 

.. 1 of 0.1 M HEPES bufter. The mixture was mi xed welland kept on an ice 

bath. 450 ul of this 59Fe-transferrin and HEPES buffer mixture was used in 

the reaction mixture for the transfer of 59Fe to ethylenediamine 
'\.-

di-(O-hydroxyphenyl acet1c acid). 

With the experiments invo1ving wt;;;')e bl00d, the reaction mixture per 

sample containea 59Fe-transterrin in blood, different concentrations of 

ethylenediamille di-(O-hydroxyphenyl aeet;e aeiCl) and pyrophosphate all in 0.9" 

sodiuRl chloride solution (as specified in the Results Section). The samples 

were incubated for 10. 30 and 60 mi n at 37°C. The tubes were taken out at the 

various tille intervals and were quick1y put on ice bath and 1 9 of aethated 

encapsul ated charcoal was added to the tubes. The supernatant was removed 

after centrHugation for 2 rin at 200 rpm. The encapsul ated aet hated 

charcoal was washed twice with--fr.9'.f. sodium ehloride sol ution and the radl0-

act1vity in both supernatant and eharcoal was detennined. The whole procedure 

was repeated using 59re-transferrin in 0.1 M HEPES buffer, pH 7.4, instead of 

59fe-transferrln in blood. However, the same concentration of ethylenedlamine 

di-(0-hydroxypheny1 acetfc acid) (500 uM) was used and t~e encapsulated 

activated eharcoa1 after centrifugation was washed with 0.1 M HEPES buffer. A 

prior study had indieated that aetiv~ted encapsulated eharcoal could bind and 

remove 59Fe-ethy1enediamine di-(0-hydroxyphe~1 teetie acid) from solution. 

r -
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RESULTS AND DISCUSSION 

.,,,~ii/II' 

A. Removal of ~9Fe From 59Fe-transferrin By Dial)sis 0 

These expenments were performed to investi gate the optimal conditions 

for the exchange of iron between transferrin and apolactofernn by dlalysis. 

The conditions investigated were pH, the presence of low molecular weight 

ligands (citrate, nltrilotriacetate, pyrophosphate) and different ratlos of 

transferdn to apolactoferrin. 

The experiments were performed as descri bed under Materi al sand Methoas 

(Section D (a) page 27). As shown in Table l, some exchange of iron from 

iron-saturated transferrln can be clemonstrated at pH 7.5. But the rate of 

transfer of iron was stimul ated when the pH of the buffer was ClecreaseCl to 

6.0. The finding that apolactofernn can take up iron from iron-saturated . 
transferrin was in agreement with a study by Van Snick ana colleagues who 

demons trated that at pH 7.3 about 50" of the i ron bouM to trans ferrl n i s 

taken up by apolactoferrin within one hour (69). Furthermore~ the fiMing 

that the transfer of lron from iron-saturated transferrin was stimulated at pH 

6.0 was in agreement with a study by Laurell who showed that transferrin iron 

dissociates from transferrin-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 transferrln molecule and at the 

same time one bicarbonate anion binds. Thus at low pH. iron dissociates 

readily from iron-transferrin complex (124.125). 

\, 

-------------------- -------- - --- .. _---_ .. ~------
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Our results also indicatec1 the importance of a low molecular weight 

1 igand in the transfer of iron from 1ron-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 is believed to be impeded by a 

kinetlc barrier which can be removed by a low IIIOlecular weight ligand (114). 

It has been suggested that the low molecular weight ligand overcome the 

kinetlC barrier to iron transfer by substitutlng for blcarbonate ln the iron-

transferrin-bicarbonate complex. The iron-llgand complex is then separated 

from the transf~rnn and the 1ron lS carnee! to the iron acceptor prote;n or 

compound by the ligand (114,126,127). Thus the lron-llgand complex acts as an 

lntermedlate ln the transfer of iront as shown ln Reactlon 1. 

Reactlon 1 

The substitution and mediation of a low molecular welght 11gand in the 

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

1- Fe3~Tf - C02- + Llgand -- ... Fe3~ Tf - Llgand + C02-... --
3 3 

2. Fe3_+Tf - L 19and --~ ApoTf + Fe-Li gand ... --

3. Fe-Ligand + ApoL f --~ Fe:tt- L f + Ligand ,--

Our fi ndi ng that pyrophosphate gave the hi ghest amount of 1 ron trans­

ferred from iron-transferrin to apolactoferrin confirmed published results in 

which iron was transferred from iron-saturated transferrin to desferrioxamine 

in dlrect contact in 0.1 M HEPES buffer, pH 7.4 and with or without various 

1 igands. The transfer of iron was monitored at 37·C. Twenty-nine various low 



molecu1ar welght lIgands lnc1udlng pyrophosphate were examlned and pyrophos-

phate was shown ta glve the hlghest percentage of lron transfer, 94~ of the 

lnlt1d1 Iron was transferred ta ~sfernoxamlne ln JO mln. On the other hand, 

ln the absence of pyrophosphate, only 5'1, of the lnltla1 lron was transferred 

to desfernoxamlne ln JO mln (116). 

Our results a1so lndlcated that the transfer of lron from lron-saturated 

transferrln ta apo1actoferrln depends on the ratlo of transferrln to apolacto-

ferrln. There was lncreased lron transfer wlth lncreased concentratlOn of 

apolactofernn (Table 1l. ThlS may be a slmp1e mass law effect. 

Flna11y, the results lndlcated that 1t was possIble ta transfer lron from 

lron-saturated transternn to apolactoferrln by d1alys1s and thus fOrlll apa-

trans ferrl n 1 n the process. However, the rate of 1 ron trans fer was too slow 

to be of any practlca1 use. The transfer of 1ron by d1dlys1s took 24 hours to 

reach equl11bnum (Flgure 5). The rate of 1 ron transfer observed ln thl S 

experlment was too slow ln companson wlth other stuClles ln WhlCh the transfer 

of Hon trom transferrln to an lron acceptor was performea ln alrect contact 

ln Solutl0n. ln such a stuay, lron transfer has been shown ta reach equll-

1 b rl um 1 n JO ml n (116 ) • Our flMing that the rate of lron transfer fram 

lron-transferrln ta apolactofernn by dlalysls was slow suggesteCl that alffu-

S10n may be a llmltlng factor in the exchange of lron. However,1t should be 

mentlonea that the presence of apotransferrln mlght have slowed aown the rate 

of 1ron transfer, assuming j?qulllbrlum across the Clulys1s membrane. There lS 

al 50 a posslbllay that sorne of the transferrln mlght have been clenaturecl 

aurlng prolongea lncubation which may be expected to slow Clown the removal of 

iron. 

, 
-
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Transfer of 59Fe from 59Fe-transferrln ln whole blooo ta apolactoferrln 

separated by dlalysls. 

PreVl0us results (see Table 1) lnOlcateO that lt was posslble to transfer 

lron from lron-saturated transferrln to apolactoferrln ln lU /111'1 TrlS-Hel 

buffer by olalys1s. 

The experlments unoer thls sectIon were performeo to lnvestlgate the 

feaslblllty of transfernng lron trom 1ron-saturateo trdnsfernn ln whole 

blooa to apolactoferrln 1 ln U.9~ sodlum chlorHle) by olalysls. ~1 th 1 ron-

saturateo transferrln ln whole Dlooo, lt was telt that non-transferrln plasma 

protews may somehow Interfere wlth the transfer of Iron to apolactoferrln by 

aldlysls. lTne experlments were performea as oescnbea unoer Materlals an(] 

Methoas, Sect10n DIb) page 28]. 

The results lnalcatea that lt was also possIble to transfer Iron from 

lron-saturatea transferrln ln whole blooa to apolactoferrln by alalysls (Table 

2). However, ln aaoltion to the fact that the rate of lron transfer wàS slow. 

the percentage of Iron transferreo (22~ of t~ lnltlal S9Fe ln 3 hours) was 

conslaerably lower than the percentage (43~ of the lnltlal 59Fe ln 3 nours) 

transferrea when 1ron-saturated transferrln was ln 10 mM TrlS-Hel buffer 

(Tables 1 ana 2). The slower rate of 1ron transfer when lron-saturatea trans­

ferrln was ln whole blooo suggesteo that sorne substances or compounds of whole 

blooo may somenow blnd sorne lron after lts release from lron-saturdted trans­

terrln. Hence. consloerably tar Jess lron was avallable for transport across 

the 01dlyS1S membrane to the apolactoferrln. For example, rabblt retlCulo­

cytes. whl ch may represent up to l'.t erythrocytes. are known to take up 1 ron 
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from transferrl n ana may oecrease the amount of 1 ron avallao1 e for transport 

across the oialysls membrane. 

1 
\ 

B. Transfer of ,9Fe From ~9Fe-transferr1n To Apo1actoferrl n 6y (JI rect 

Contact ln Sol ution 

To flno out If olffusl0n was a 11mltlng factor ln the exchdnge of Iron to 

apolactoferrln by olalysis, the transfer of Iron was performed unoer 

conOltlOns ln whlCh lron-saturateo transterrln ana apolactofernn were ln 

dIrect contact ln solutIon. (These ell.penments were performed as Clescribeo 

unOer Materlals ana Methoos SectIon [ page 2B). After the Iron exchange, the 

two protelns were separateo by cellulose acetate electrophoresls anO the 

01strlbutlOn of 59Fe between transferrln ano lactofernn was determlnea. A 

separate control electrophoresls run wlth a mIxture of ~9Fe-transferrln ana 

5'JFe-lactofernn appllea to cellulose acetate strips lnc11cateo that tnere was 

no exchange of 59Fe between the two protelns ourlng the electrophoreSls. 

The results suggestea that by the alrect cootact of 59Fe-transferrln aM 

apolactoferrln in solution, there was an lntneOiate transfer of 59Fe to apo-

lactofernn ln solutIon. Nlnety-two percent of the lnltul 59Fe bouno to 

transferrln was transferred to apolactoferrln ln 30 mIn (Table 3) suggestlng 

that the transfer of Iron from lron-saturateo transferrln to apolactoferrln by 

dlalysls may be llmltea by dIffusion. A comment shoulo be maoe on our OQser­

vatlon that the transfer of iron from 59Fe-transferrin to apoldctoferrln was 

not progressIVe wlth tlme. ThIS may be due to the fact that at low pH (b.Ol, 

59Fe-transferrln (&!1, saturatIon) releasea mest of its DouM Iron instantane-

ously when a more powerful lron-blnding protein, apolactoferrin, was available 

as a Slnk for the releaseo iron. 

-
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C. Invest19atl0n Uf The Iron-blnoing (.apacity Uf Apolactoferrln Bound To 

Act ivated Sepharose 

\rie have prevlously shown that lron can be transferreo instantaneously 

from iron-saturated transferrln to apolactofernn 1f the two proteins were ln 

01rect contact ln solutl0n (see Table 3), Apolactofernn was bouM to 

actlvated sepharose as described under Materials and Methods [Section F (a) 

page 3U]. The reason for having apolactofernn bouna ta act1vatea sepharose 

was ta pass 59Fe-trans ferri n through a chamber contal n1 ng apolactofern n­

sepharose ana thus separate the formeo 59F e-l actofern n- sepharose from 1 ron­

free transferr1n. 

To del1lOnstrate that apolactofernn bound to actlvated sepharose can bind 

1ron with the Saille stoichiometry as free apolactoferr1n, the lron-blnd1ng 

capacity of apolactofernn bouna to actlvatea sepharose was measured. 

Brlefly, lron ln the forro of 59Fe-citrate (in alfferent concentratl0ns) was 

lncubated wlth apolactoferrln-sepharose (equal amounts but Cllfferent samplesl 

ln the presence df 0.6 M sodium blcarbonate. After 3 hours of lncubat10n at 

37·C, raoloactlvlty of 59Fe was deterœlnea before and after washlng the lacto­

ferrin-sepharose beads with 10 ~ Tris-HCI containing 10 d4 sodium citrate. 

The resul ts (Flgure b) showeo that at 10w concentration of 1ron, tew lron 

bi Ming S 1 tes of apolactoferri n-sepharose were occupied and that w1 th 

increasing concentrat1on of iron, there was a rlSe ln the iron Douna to apo­

lactoferrln-sepharose until saturatlon was reachea. After saturation, 
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increased concentration of iron dia not lncrease the amount of iron bound to 

apolactoferrin-sepharose. thus a hyperbolic curve was obtained (Figure 6, 

curve #3), However. the expecteo level of iron binding to 

apolactoferrin-sepharose was not achieveo (Figure 6. curve #1). Some of the 

bound apolactoferrin may have been inactlvateo during the blndlng of 

lactofernn to the activated sepharose. Furthermore. some iron binding sites 

of apolactoferrln bouno to sepharose may have been hloden within the sepharose 

beads. The results also suggestea that there was specifie binding of iron to 

apolactoferrln-sepharose. Even after washing the lactoferrln-sepharose beads 

with 10 ~ Tris-Hel buffer contalnlng sodium citrate, 59Fe remained bound 

(Figure b, curves 12, #3). On the other hand, after the washlng of the 

non-activated sepharose beads wlth the above buffer. almost ail the 59Fe on 

the se beads came off (Flgure b, curves #4, #5). 

Our finding that iron can bind apolactoferrin-sepharose complex stoichi­

ometrically was in agreement wlth the well established observation that free 

apolactoferrin binds iron in solution stoich1ometrically. Evidence for this 

stoichiometric binding of iron to free apolactoferrln in solution was given by 

a stu<1y by Masson and Heremens (112). ln their study, different concentra­

tions of 1ron in the fOrai of ferrous anIIIOnlum sulfate (stabilized by ascorDic 

acid) were incubated with free apolactoferrin in 5 mM phosphate buffer. pH 

7.6. The blnaing 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 fol1owed by a nearly hor;zontal segment. This curve was 

si.ilar to the hyperbol1c curve obtained in our study. Our overall results 

(Figure b) indicated that there wiS specific stoichioœetric b;nding of iron to 
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apolactoferrin-sepharose complex anG that iron can binG the complex w1th the 

same stoichiometry as iron binas free apolactoferrin in solution. 

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

The transfer of 59fe from transferrin to apolactoferrin-sepharose was 

measureG as oescribeo [Section F( c) page 32]. Bas leally. 59Fe-saturateo 

transferrin was ineubated at 37·( 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 "'" Tris-Hel buffer. The results 

i nOlcatea that 93\ of the initial 59Fe was transferred from 59Fe-transferri n 

to apolactofernn-sepharose ln 1 or 3 hours llable 4). On the other hana, in 

the control experiment in which non-activated sepharose beaGs (sepharose 

without any bound apolactohrnn) was usea, only 21 of the lnHial 59Fe was 

transferred from 59Fe-trlnsferrin ta the non-aetivated sepharose in l or 3 

hours (Table 4). 

These results suggested that it was possible to aehieve a s1gnifieant and 

rapid transfer of iron fra. iron-saturated transferrin to apolactoferrin DOund 

to le t iv 1 ted sepharose. 

D. ReOUetlve Release of Iron Fra. Fe~! Transferr;n - C~ 

There is no specifie binding of ferrous iron to apotransferrin 

(119 ,12U). Thus .1th the reouetion of Fe-transferr;n" ferrous - iron 15 

released and iron-free transferrin 1s for.ed. The reaetion route that appears 

to be operative in the reauct1ve release of iron fra. transferrin is shawn in 

reaction Il. 

--------------
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. Reaction Il 

Reductive release of 1ron from Fe l + transferrin - co~-: 

1- Fel + Tf - COZ- + Rd ::= FeZ+ Tf - COZ- + OX 

2. FeZ+ Tf C02- + - Fe2+ + ApoTf-COZ--
3. FeZ+ + n~PS ~ Fe2~ (bPS)n measured at 0°538 

Where Rd = Reduc1ng agent 

OX : Conjugate oxidizeo form of the reaucing agent 

BPS = Bathophenanthroline sulfonate (This i5 a chromogenic Fe Z+ acceptor) 

The fol10wing set of exper,ments was undertaken to investigate the 

reductive release of iron trom iron-saturated transferrin by various reoucing 

agents (aithionite, thioglycolate) and pyrophosphate WhlCh were used alone or 

ln different combinations to examine their possible synergistic effects. 

Briefly. iron was reducthely releaseCl from Fe-transferrin and the releaseCl 

iron was sequestered by excess bathophenanthroline sulfonate. The trappeCl 

iron 1n the form of FeZ+ bathoph,nanthrol1ne sul fonate was then determined 

spectrophotometrically. The total serum i ron was measured by a standard 

colorimetrie method described by Boehringer Mannheim Diagnostica. Portions of 

standard iron-citrate (0.5 .1, concentration range; 0.2 ta 10 ugFe/lll) were 

added to 1. 5 ml port 10ns of reagent mi xture (20 ml of detergent salut 1 on 

containing 600 mg sod1uII dithion1te). The sc1lllples were then mixed well and 

their absorbances at 00538 before and after add1ng 20 ul of 17 dID01/l batho-

phenanthroline sulfonate were lleasured. As a reagent blank, 0.51111 of 

redistilled water was used 1n phce of a standard iron-citrate solution. The 

absorbance at 00538 was g1ven by the following equation: 

-
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(A2 sample - Al sample) - (A2 RB - Al RB) = Change in OD53~ 

Where Al sample = 00538 value of a given sample before the addition of 

bathophenanthroline sulfonate 

A2 sample ; 00538 value of Al sample after the addition of bathophen­

anthrol1ne sulfonate 

AZ RB 

: 00538 value of the reagent blank before the addition of 

bathophenanthroline sulfonate 

= 00538 value of Al RB after the addition of bathophenan­

throline sulfonate 

A graph of change absorbance at 00538 values against their respective 1ron 

concentrat10n (ugFe/ml) was then plotted. 

The results indicateo that 361. of the initial iron bound to transferrin , 
was reductively releasea by 10" thioglycolate in 60 min. However, using a 

combination of 10 ~ thioglycolate and 26 .... dithionae, 53t. of the initial 

iron was reductively released in 60 min (Table SAlo Wlth 26 nft dithionite as 

the reducing agent, 4~ of the initial iron was reducthely re1eased from 

iron-saturated transferrfn in 60 min. On the other hano, with a combination 

of 26 .. dithionite and 10 d4 pyrophosphate, 76'1. of the initial iron was 

released from iron-saturated transferrin in 60 min (Table 58l. These results 

i ndicated that a combi nation of a reduci n9 agent and pyrophosphate enhanced 

the rate of iron release from iron-saturated transferrin. This finGing of the 

synergistic effect of the above agents was ln agreement with a previous study 

by KOJiœa and Bates (121). 

These resul ts therefore suggested that the reductioft, of iron-saturÎted 

transferrin can be useG to fon. apotransferrln ln serum at physiologieal pH. 

-------- l 
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Remo v a 1 of 59Fe2~ bathophenanthrol1ne sulfonate by 01al1s1s after the 
-

reductive release of iron from 59Fe3~ transferrin 

For the reductive release of iron from lron-saturated transterrin, a 

reducing agent (dithionite or thioglycolate). pyrophosphate ana excess batho­

phenanthrol1ne sulfonate are required. The reaction séquence of the reductlve 

release of iron leads to the formation of iron-free transferrin and the 

by-products. Fe2+ _bathophenanthrol1ne sulfonate and oxicllzed forms of the 

reducing agents which must be separated from fron-free transferr1n. 

The removal of one of these compOUndS, 59Fe2+_ bathophenanthroline 

sul fonate by di al ys 15 us i ng Gambro plate di al yzer was i nves t i gated. The 

experiment was performea as CleSCrl beCl unoer Mater1als ana Methods [Sect lon 

G(b) page 33]. The removal of 59Fe2+_ bathophenanthroline sulfonate from one 

compartment of the bambro dialyzer ta cl dialysate was mon1tored by measuring 

the raaioactivi ty in s4Mlples fracn the 59Fe2~ bathophenanthrol ine sulfonate 

conta1nlng cOlllpartment. Table b shows that only 26.ij" of the lnitial 59Fe2~ 

bathophenanthroline sulfonate was transferred to the d1alysate in 3 hours. 

Therefore, other means of removi ng 59Fel ! bathophenanthrol i ne sulfonate from 

the solution were investigated. 

Removal of 59Fe2+_ bathophenanthroline sulfonate by encapsulateo activateo 

charcoal 

The POSSlbllity of removing 59fe2+_ bathophenanthroline sulfonate by 

encapsulated acthated charcoal was exatl1ne<l. The encapsulated activateo 

charcoal technology was Ge1eloped at McGil1 University by Or. Chang. Encapsu­

lated activated charcoal are .~rocapsules of .ctivated charcoal surrounded by 

--------- -- 1 
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cellulose acetate membrane (122). A small volume of~these microcapsules has a 

large surface area. The microcapsules allow low molecular welght compounas to 

cross its thin membrane and these small COlllpOUn<1S are then trappea by the 

activatea charcoal. On the other hana, large molecular weight compounds 

cannot cross the membrane of the mlcrocapsules. 

Init1ally, the 59Fe2+_ bathophenanthroline sulfate binoing capacity of 

encapsulated activated charcoal was investigated. Different concentratlons of 

59Fe2~ bathophenanthroline sulfonate (range 200 - 3000 nmoles 59Fe) were aooed 

to encapsulatea activateo charcoal (0.5 9 dlfferent samples). The various 

samples were then rotated gently on a shaker for 30 min at room temperature. 

After shaking, the encapsulatea actlvatea charcoal was allowed to settle and 

the amount of 59fe2~ bathophenanthrol i ne sul fonate trappeo by the charcoal 

were aetermlned before ana after washing the charcoal wlth 10 m Tris-Hel 

buffer, pH 6.0. The results inoicateo that wltn increasing amounts of 59fe2~ 

bathophenanthroline sulfonate, there was corresponolng increasing amounts of 

59Fe2~ bathophenanthroline sulfonate trappeo by the encapsulateo charcoal 

untl1 a saturation level was reacheo (Figure 7). Figure 7 also shows that the 

washing of the encapsulated charcoal with the above buffer oio not remove the 

trapped 59F e2t. bathophenanthro li ne sulfona te. The 1 ron bl !loi n9 capae i ty was 

found to be 520 nmoles 59fe/0.5 9 of encapsulated activated eharcoal (Figure 

7). The rate of retIIOval of 59Fe2~ bathophenanthrol i ne sul fonate by encapsu­

lated activated charcoal was deter'llined as described under Materials and 

Methods. We deIIIonstrated that 99\ of the initial 59Fe2+_ bathoJ?henanthrol ine 

sulfonate can be removed in 10 .in by 5 9 or 10 9 of eneapsulated activated 

eharcoal (Table 7). Therefore, encapsulateCl aetl vated charcoal proved to be 

effective in the retIOval of 59fe2!: bathophenanthrollne sUlfo,,rate complex. 
Jo 

------
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E. The Transfer of Iron From Fe-transferrin To Various Chelating Agents 

11 

This study was undertaken to lnvestigate the transfer of b9Fe from 

Fe-transferrln to lron chelatlng agents ln the presence of pyrophosphate. It 

was belleved that if such a transfer of iron was feasible. then the technique 

may be used to remove lron from transferrln in serum or whole blood and thus 

fOnD iron-free transferrin. Encapsulated activated charcoal could then be 

used to remove pyrophosphate and lron bouM to chelators from the blooa. The 

iron chelating agents investigated were desferrioxamine. tropolone. catechol 

and ethylenediamine di-(O-hydroxyphenyl acet;c acid) which all have high 

affinities for irone Their respective stabll ity constants for i ron are: 

l031M-l (desferrioxamine). l032M-l Cethylenediamine di-(O-hydroxyphynel acetlc 

acid). lOl~-l (tropolonel and l012M-l (catechol). Although catechol does not 

have very high affinl ty for i ron, it was sel ected because , t i s al so a 

reducing agent. 

At different tille intervals. we aetenninea the transfer of 59Fe from 

59fe-transferrin to the above chelating agents. At the end of the various 

59f e exc hanges • boy 1 ne serum a l bUll; n and ke col Cl ethano 1 were addeCl to a 11 

the silllples. Bovine serum albullin was us.ed as a carrier and ethanol to 

precipitate the protelns. ln a control experiment. we deIIIonstrated that 59Fe 

reaoved from transferrin. before the precipitation of transferrin, re.ained in 

the supernatant bouno to a chelating agent. 

Fro. all the chelating agents testeo. ethylenedia.ine di-CO-hydroxyphenyl 

acetic acid) showed the highest rate of 59Fe reIIIOval from transferrin (Table 
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8), After 60 mln, 82'}', of the lnHial 59Fe was found to be bound to 

ethylenediamine di-(O-hydroxyphenyl acetic acid). The percentage of the 

inltial 59Fe transferred to tropolone, desferrloxamlne and catechol were 23'1" 

13'}', and 2'}', respectlvely (Table 8). The results conflrmeCl the reported hlgh 

affinity of ethyleneaiamlne dl-(O-hyaroxyphenyl acetlc aCld) for iron (l2B). 

However, the percentage of 59Fe transferred to aesferrioxamine was very low 

compared to reports in the 11 terature and we dO not have any exp 1 anat i on for 

this diserepaney. BaseCl on these results, ethylenediamlne dl-(O-hydroxyphenyl 

aeetlc acid) was selected for further stud1es. 

) 
/ 

Iron exchange from transfernn ta ethylenediamine di-(O-hydroxyphenyl acetlc 

dCld) ln whole blood: 

The experlments were performed as descrl bed unaer Maten aIs and Methods 

(Sectlon H page 35). The results showed that the highest 59Fe exchange (73'.1', 

ln 60 mln) was achieved with 100 uM ethylenediamine di-(O-hydroxyphenyl acetic 

acid) anCl 10 mM pyrophosphate ln the reaction mixture (Table 9). However, the 

rate of iron exchange was considerably lower than that of the Sltuation ln 

which iron-saturated transferrin, ethylenedlamlne dl-(O-hydroxyphenyl acetic 

deid) ana pyrophosphate were aIl ln 0.1 m HEPES buffer (the rate was 97.3'.t ln 

60 min). The reason as to why less iron was transferred to ethylenedlamlne 
i 

di-(O-hydroxyphenyl acetie aeid) in whole blood may be due ta the faet that 

other cations fram the whole bloOd may beeome bouna to ethylenedlamine dl-(O-

hydroxyphenyl aeetie aeid) and thus decrease its potential to binCl irone 

Furthermore, the plasma proteins may somehow interfere wi th the transfer of 
QJ 

iron,to ethylenediamine di-(O-hydroxyphenyl acetic aeid) ln an unknown way . 

• 

--_.----- -
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These results suggested that it was possIble to transfer iron from 

iron-saturated transferrin to ethylenediamine di-(0-hydroxypheny1 aeetie aeid) 

in who1e blood even though the rate of iron exchange was lower than that 

obtalned wlth the reaction mIxture ln 0.1 M HEPES buffer, pH 7.4. 

CONCLUSION AND PLAN FOR FURTHER STUDIES 

The findlngs in the present study suggest three possIble ways of removing 

iron from transferrin to form iron-free transferrin. 

First, ln the presence of a low molecular welght lIgand and low pH, iron 

can be transferred from transferrln to apo1actoferrin separated by a dialyslng 

membrane. How@ver, the transfer of Iron is much faster if apolactoferrin is 

il1l1lobil ized on aetivated sepharose and the Iron exchange is performed in the 

presence of pyrophosphate at pH b.a - 7.4. Further stuay is required to 

lnvestlgate the feaslbility of removing iron from transferrin in who1e b100d 

uSlng the apolactoferrin-sepharose comp1ex. Hemoperfuslon with small diametre 

sep.harose beads is known to cause extensive hemo1ysis. On the other hand, 

hemoperfusion wlth large dlametre (1000 - 10,UOO microns) sepharose beads has • been shown ta be feasib1e (129). The diametre of the sepharose beads used in 

our study was 60 - 140 microns. E.nl arged sepharose beads have been shown to 

be hemocompatible. Furthermore, platelet loss is 1ess and hemo1ysis is a1so 

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

The second finding in the present study indicates that apotransferrin can 

also be formed by reduetive remova1 of iron from transferrin. This finding 

confirms reports in the 1iterature (121). The remova1 of Iron by reduction 

----------- ---
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requires the use of reduc1ng agents (Cl1thlOnite, thlOglycolate), pyrophosphate 

and an 1ron sequesterlng cOmpound (bathoPhena~hrollne sulfonate). The by­

products of the reduct1ve release of Hon, Fe 2+ bathophenanthrol1ne sulfonate, 

oXld1Zed forms of the reduc1ng agents and pyrophosphate (after actlng as a 

synerg1st1c an10n ln the lron exchange) are all eas1ly removed by encapsulated 

actlvated charcoal. 

F1nally, apotransfernn can also be formed by transfernng lron from 

transfernn to varlOUS chelat1ng agents. Of the chelatlng agents examined, 

ethylenedldm1ne dl-(ü-hyoroxyphenyl acet1c aC1o) was shown to be the agent 

WhlCh gave the h1ghest rate of lran exchange from transferrln. 

In the present study, we have 1nvestlgated the opt1mal cond1t1ons for the 

format10n of apotransfernn ln vltro. The plan for the future lS ta adapt 

these condltlOns ln arder to perform ln '11'10 stud1es of the mobillZation of 

iron from storage sltes by apotransfernn. \rie hope that learnlng more about 

the phYSlolog1cal factors 1nvolved ln iron mobilizatlOn fram storage sltes by 

apotransfernn may lead ta the development of a more effective therapy for 

secondary 1ron overloaa. 
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Fi gure 1 

How exchange system might serve as an analogue of phlebotomy 
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Figure 2 

A Design of 01a1ysis Experiments. 
Transfer of 59Fe from 59Fe-transferr1n to apolactoferrin in 10 mM Tris-HCl Buffer. 
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Figure 3 
A Design of Dialysis Exper1ment 

Transfer of 59 Fe from 59Fe-transferrin in whole blood to apolactoferrin using Gambro plate dialyser. 
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Figure 4 

8inding of lactoferrin to Sepharose 

>C=NH 
Activated sepharose bead 

• (Lactoferrin saturated with iron to 
protect iron binding sites) 

0- C - NH - Lf 

OH d 

Sepharose-Lactoferrin cOlllPlex 

~ 
1 



( 

Baffour, R. 

10 
Fig.5A 

9 

8 

7 

6 

c,:) 

CONTROL (.) z 5 
z 
;( TEST (A) 
~ 
w 
a: 4 
CP 
u-
en 
III 
....J 
<{ 

~ 
3 z 

u-
a 
w 
c,:) 

< 
~ 
Z 
w 
u 
a: 2 w 
Q.. 

4 8 12 16 20 24 
riME (hours) 

The maximum transfer of 59Fe by dia1ys1s. 
Control samples contained no apo1actoferrin in the dialysis chamber. 
Test samp1es contained apolactoferr1n in the dia1ysis charnber. 
ligand, 1.0 mM Citrate 
Buffer. 10 mM Tris-Hel. pH 6.0 

57. 



10 

9 

8 

7 

6 

f.:) 

~ 5 
Z 
ëi 
:lE .., 
CI: 4 
~ 
Cft 
ln 
~ 

cc 
E 3 ~ 
"'-
0 .., 
f.:) 
cr: 
~ z .., 
C,.) 
CI: 

2 .., 
~ 

l 

Baffour, R. 58. 

Fig. SB 
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Fig. SC 
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Fig. 6 

BINDJ'N~F 5sFe TO APOlF·SEPHAROSE COMPLEX (3 hour incubation at 37CO) 
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Fig. 7 

BINOtNG OF leFe3+-(BPS) BY ENCAPSULATED CHARCOAL 
800 

500 

, Charual ~.f.r ...... lftl 

~ IChere'" .hlr ..... ... 
.. dl 10 ... TN HCI ~"". 

-.. 400 

1 
+ ... 

300 ar 
: 
Q z = 200 Ct 
aD 

100 

200 800 1000 1400 1800 2200 2800 3000 Inmolls) 
TOTAL ·'F,'· {"Fe3+ an th, torm of "FeJ+ -(8P8)) AODED TO 050 CHARCOAl 

~ 
~ 

~ ... c::: .., 
;:ID . 

Iron-b1nd1ng capac1ty of @ncapsulated activated charcoal. .. 
0\ 

,-



..-

TABlE 1 

ReIIIOval of 59Fe from 59Fe3~ Tf by aialysis. /' 

ligand Ratio of Percentage of initial ''Fe transferred from ''fe~· Tf tô apolactoferrin 
Buffer cane. apo 1 ac toferr1 n U Hr 1 Hr 5 Hr 24 Hr 

pH ( .. ) to transferrin C C C C 

7.5 U 1: 1 0.2 0.2 1.4 20.2 
7.5 LU 1: 1 U 0.3 5.4 l5.2 
7.5 10.0 1: 1 0.1 1.3 12.7 40.8 
7.~ 50.0 1: 1 0 1.9 1b.4 46.4 

7.0 0 1: 1 0 0.5 8.4 29.3 
7.u LU 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 a 1: 1 a u 0.9 0.7 9.4 9.4 29.3 31.0 
6.5 1.0 1: 1 a 2.6 15.9 42.4 
6.5 10.0 1: 1 0 3.8 24.9 49.5 
6.5 5O.U 1: 1 U 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 0 3.6 1b.7 45.6 
6.0 10.0 1: 1 0 6.4 26.8 48.7 
6.0 50.0 1: 1 0 5.2 25.3 48.7 

6.0 u 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 a 10.0 9.1 37.0 37. 2 49.2 53.6 CP 

0. 

6.0 10.0 100.1 0.1 0.1 11.4 12.3 44.4 45.6 49.4 57.3 ..... 
..... 

6.0 !>O.O 100.1 0.1 0.1 1b.6 14.3 46.4 44.7 50.0 50.3 0 
c ., . 

fi ;;oc 

Ligand; Citrate, ~uffer; 10 mM Tris-HC1. 
Control samples contained no apolactoferrin in dialysis chamber as descrlbed under Materlals and Methoos. 
C • Control. T • Test 0'1 

N 
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TABlE l (cont1nued) 

Remo v a 1 of 59Fe from 59Fe3~ Tf by dialysis. 

Ligand Ratio of Percentage of initial ~'Fe transferred From ~'Fe~· Tf ta apolactoferrin 
Buffer cone. apolactoferri n a Hr 1 Hr 5 Hr 24 Hr 

eH (mM) to transferrin C T C T C f C T 

6.0 0 1: 1 0 0 3.3 3.0 14.9 14.4 38.8 39.8 
6.0 LU 1: 1 0 0 4.1 4.2 21.6 23.U 4b.7 47.7 
b.O 10.0 1: 1 a 0 6.5 6.4 29.4 28.9 48.3 47.5 
6.0 50.0 1: 1 0 0 8.3 7.1:i 30.3 3U.8 47.6 48.2 

6.0 0 10: 1 0 0 15.1 15.2 38.3 41.6 
b.O U.1 10:1 a u 20.6 20.6 44.3 46.6 
6.0 0.5 la: 1 0 0 21.5 22.3 45.9 47.6 
6.U 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.~ 47.H . 
6.U a 100: 1 0.1 0.1 4.2 4.4 25.9 27.1 . 43.1 59.6 
6.0 1.0 100: 1 U.1 0.1 7.4 7.1 33.9 34.2 SO.5 58.1 
6.0 lU.O 100: 1 0.1 0.2 12.0 l1.b 42.9 42.3 49.b 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 Trls-HCI. 
Control samples contained no apolactoferrin in dialysis chamber as descrioed under Mater1als and Methods. 
C • Control, T • Test 
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TABLE 1 (continued) 

Removal of 59Fe from 59Fe3± Tf by dialysis. 

Ligand Ratio of Percentage of initial ~'Fe transferred from ~!Fe3. Tf to apolactoferrtn 
Buffer conc. apol actoferrin o Hr 1 Hr 5 Hr 24 Hr 

~H (mM) to transferrin t: T t: T C T C T 

6.0 10.0 10: 1 0 0 8.0 13.4 36.5 49.2 49.5 56.5 
6.0 50.0 10: 1 0 u 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 7.9 45.1 36.7 49.8 6~.2 
6.u 50.u 1OU: 1 0.1 U.l 8.0 10.0 2tL8 36.2 48.7 54.9 

6.0 0 100: 1 U.l U.l 2.5 7.9 21.7 30.U 38.5 47.6 
6.0 LU 100: 1 U.1 U.l 11.9 b.8 43.9 4~.6 49.6 6~.7 
6.0 10.0 100:1 0.1 0.1 11.5 15.6 45.5 52.5 50.0 56.3 
6.U 50.0 100: 1 U .1 0.1 12.!> 11.2 39.6 40.9 49.4 52.4 

6.0 0 100: 1 0 U.l 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.U 50.0 1UU:1 0.1 0.1 16.0 14.6 42.9 43.8 5U.1 53.2 

Ligand, pyropho$phate; Butter, 10 mM Tris-Hel 
Control samples contained no apolactoferrin in ~ialysis chamber as ~escr1bed unàer Materials and Methoàs. 0:7 

C = Control, T = Test 0> 
--+0 
--+0 .. 0 
C ., 
AI 

O"l 
~ 

Il 

L 



Baffour, R. 65. 

TABU 2 

The transfer of 59Fe from 59Fe3,!. Tf (fn whole blood) ta apolactoferrin (in 
sal1ne) using Galllbro plate dialyser. 

percentâge of the 
initial 59Fe 

Percentage of the 
fnit1 al 59Fe 

Time transferred to remai ni ng 1 n 
(Hr) pH of blood apol actoferrfn whol e blo0d 

0 7.2 0.3 99.7 
~ 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; Blo0d compartment, Si gmamotor pump (fl ow rate. 10 ml Imi n) • 
Dialysate compartment. Varistaltic pump (flow rate, 100 ml/min). 
The experiments were performed as described under Materials and Methods. 

/ 

J 
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TABLE 3 

Transfer of 59Fe From 59Fe3~ Tf Ta 
Apolacteferrln 8y DHect Contact ln Solutlon. 

(N=2) 

Tlme 
(Hr) 

o 
~ 
1 
2 

percentage Of the 
1 n 1t 1 al 59F e 
transferred te 
apo 1 actofern n 

89.0 
92.1 
89.1 
91.b 

Percentage Of the 
1n1 tial 59Fe 

rema i n 1 ng bou n<I 
to transfernn 

11.0 
7.9 

10.9 
~.4 

Cond1tlOnS, 10 mM Tns-HCl buffer, pH 6.0 aM 1 lJio1 Pyrophosphat.e. 
Ratlo of a[)olactofernn to transfernn ; 10: 1 
After the ,9Fe exchange, apolactoferrln and transferrln were separated by 
cellulose acetate electrophoresls as descrlbe<l under Matenals and Methods. 

) 

, 

... 
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TABLE 4 

Transfer of '9Fe from ,9Fej~Tf to apolactoferr1n-sepharose. 

Simple 

Control 
Test 

Control 
Test 

1 ncubat 1 on 
Ti .. (Hr) 

J 
3 

Apol actoferr1n 
Irwnoles) 

48 

48 

~lt10 of apolactoferr1n to transferr1n ~ 200:1 
Huffer. 10 MM Tris-Hel. pH b. ! 
Ligand. l mM Pyrophosphate. ~ 
Control • Sepharose alone. 
Test • Apolactoferrin-sepharose complex. 

Transferrin 
Transferrin 59f e addeCl 

(nmoles) (nmoles) 

0.24 0.48 
U.24 0.48 

U.l4 0.48 
0.24 0.48 

'"f e t tan S ferrell ta 
lactoferrin-se~harose 

'Fe after 
Total 59fe washing beads 
(nmoles ) ( nmoles ) 

\ \ 
0.22 (45.8) U.01 (2.U 
0.48 (100) 0.45 (93. ) 

U.li (45.8) 0.01 (2.1) 
0.46 (95.8) 0.45 (93. ) 

~ 

~ 

c:D 
QI 
..... ..... 
o 
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TABlE ~ 

ReMO v a 1 of Irun Fro. Iron-~aturated Transferr1n ~y u1tferent Lomb1nat1ons of Reoucing Agents. 

Reaction Mixture 

Seru_ (2.3 ug/Ml) 
1 ~ elthophenlnthro11ne sulfonlte 
10 -" thioglycollte 
26 ~ D1thionite 
10 -" Pyrophosphate 

10 .in 
Ft ~veo (ug Fe/.l) 
Ffnll pH 

30 .1n 
FI r..avtd (ug Fe/_l ) 
Ftnal pH 

60 .. in 
Fe re.oved (ug Ft/.l) 
Finll pH 

.1 

.. 
.. 
+ 

'L 
O.~6 (23.7) 
7.5 

0.67 (28.4) 
7.5 

0.86 (36.4) 
7.6 

All relgents wert o1sso1veo 1n sa11ne, pH 
.. indicates the presence of • reagent. 

7.4 

- inoicltes the absence of a reagent. 
, • percentage of initial 1ron re.oved. 

/-
.?~ 

Il 

.. 
.. 
.. 
.. 

'L 
O.!>!> (23.3) 
7.5 

0.87 136.9) 
7." 

1.14 (48.3) 
7.5 

'3 14 

.. .. 

.. .. 

.. .. 

.. .. 
.. 

'1 'L 
l.U (42.4) 1.11 (47.0) 
6.8 6.8 

1.10 (46.6) 1.15 (48.7) 
6.B 6.9 

1.25 (53.0) 1.2~ (54.2) 
6.8 6.9 

,~ 

.. 

.. 

.. 

.. 
'L 

1.20 (50.8) 
6.9 

1.25 (53.0) 
6.9 

1."1 (&4.0) 
6.9 

QJ 
Go 
~ 
'11 
o 
c: ., 
,., 

0-
CD 
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Reactton Mhture Il 

Seru_ (1.64 ug Fe/_l) + 
1 -" 8athophenanthrolfne sulfonlte + 
26 .. Ofthionfte + 

13 .. 01 th10nf te 
10 -" Pyrophosphate 

10 _in " Fe r..aved (ug Fe/_l ) 0.38 (23.2) 0.34 
Ftnal pH 7. a 6.9 

25 .in 
Fe re.oveô (ug Fe/_l) 0.46 (28.0) 0.20 
Ffnal pH 6.9 6.9 

60 _in 
Fe r..aveô 0.66 (40.2) 0.47 
Final pH b.9 b.9 

~ 

, 

'2 '3 

+ + 
+ + .. 
.. 

.. 

" " (lO.7 ) 0.89 (54.3) 
7. l 

( 12.2 ) 0.96 (58.5) 
7.U 

(28.7) 1. 25 (76.2) 
7.U 

0.92 
7.0 

0.92 
7.0 

1.13 
7.0 

14 

.. 
.. 
.. .. 

, 
( 56.1) 

(56.1 ) 

(69.0) 

~ 
~ 
~ o 
c: 
~ 

:le 

0-
\D 
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TMU 6 

-.oval of S9feZi!: batnoDhenanthrol1ne !~1 fonate by dialysa after the reduc­
the re 1 ease of 59f e frai. 59f e3t Tf - CUf. 

percentige of thë f nftfal 
Ti_ 59fe2t bathophenanthrollne 
(.1n) sul tonne r'8Oved by dhlyzate 

o 0 
10 5.5 
lO 6.9 
30 9.7 
40 11. 3 
SO 13.5 
60 13.5 
70 15.4 
80 17.5 
90 18.2 

ll0 21. 8 
ISO 24.2 
180 l6.8 

The exper 1.nts lfere perfOr'1led .s descr1 bed un<ler "'teru1s and ~thods. 

---------- ----- -- ~-
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TA8lE 7 

~val of 59fe1! bathophenanthrol1ne sulfonate by encapsulated charcoal. 

o 
10 
30 
70 

120 
180 

Percentage of the initial ~'FeZ~ bathophenanthrolfne 
sulfonate ~ved by encapsulated act1vlted charcoal 

A B 
o 0 

98.9 99.1 
99.5 99.5 
99.5 99.5 
99.8 99.7 

100.0 100.0 

Quant1ty of encapsulated charcoal uSed, A • 5 9, B a 10 9. 
The exper1.ental set up .as as described under Materfals and Methods. 
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TABlE 8 

Iron transfer fra. 59Fel~ Tf to various chelat1ng agents. Ethanol prec1pation study. 

Reaction Mixture 

59f.3+_ Tf 

59fel +_ Tf 
1 ~ Pyrophosphate 

59fe3'\. Tf 
1 ~ Pyrophosphate 
4.5 -" Oesferriox .. 1ne 

59f.l~ Tf 
1 ~ Pyrophosphlte 
4.5 ... Tropolone 

59fel t. Tf 
1 ~ Pyrophosphate 
4.5 .. Cauchel 

59fel +.. Tf 
1 ... Pyrophosphlte 
4 .5 .. E th,y l ened i _ i ne 

P-ercerilige dfstrtbutfon or~e 
U lIiTn .. 10 .'n- ~. 20 .1n ._- 30 .1n 60 .1n 

S p S P 5 P S P S P 

0.8 99.2 1. 3 98.7 3.996.1 1.8 98.2 2.5 97.~ 

0.9 99.1 0.5 99.5 0.9 99.1 2.9 97.1 1.698.4 

9.1 90.9 7.7 92.3 11.2 88.8 11.8 88.2 12.6 87.4 

16.0 84.0 19.5 80.5 23.6 76.4 52.1 47.9 23.2 76.8 

1.8 9ti.2 0.4 99.6 3.2 96.8 3.1 96.9 2.0 98.0 

60.7 39.3 44.6 55.4 62.7 37.3 64.8 35.2 82.2 17.8 

S • Supernatant (conta1ned ~9fe-chellt1ng agent co.plex) 
P • Prec1p1tlte (conta1ned trlnsferrfn) 

, 

/ 

r 
~ 
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TAlLE 9 

Transfer of· 59ft fra. 59re3~ Tf in whole blood ta ethyleneà1a.1ne 
4t- (O-hydroxyphenyl acet te ac1d) (EDOHPA). 

Percentage distribution of 59re 
10 .'n JO .1n 60 .in 

Reaction "hture S P S P S P 

59re3-t:.. Tf 
in bl00d 
( 19.4 &14 59r e ) 89.0 11.0 89.5 10.5 89.1 lU.9 

59rel -t:.. Tf 
in blOOCl 
500 t.I4 EOOHPA 87.9 12.1 84.1 15.9 86.9 13.1 

59Fe3+_ Tf 
in blood 
100 &14 EDOHPA 88.3 11. 7 89.2 10.8 88.2 11.8 

59Fe3~ Tf 
in blooCl 
10 "" EOOHPA 87.9 12.1 90.1 9.9 90.5 9.5 

S9Fel +_ Tf 
in bl00d 
SOU &14 EOOHPA 
10 ~ Pyrosphast 45.6 54.4 39.8 60.2 30.3 69.7 

59fe3+_ Tf 
in blOOC1 
100 '" EOOHP A 
10 ~ Pyrophosphate 47.4 52.6 38.3 61.7 Z7 .2 12.8 

59fel t. Tf 
in bl00d 
10 II' EOOHP A 
10 ~ Pyrophosphate 13.5 26.5 69.0 31.0 67.2 32.8 

59fel +_ Tf 
in 0.1 M HEPES 
(12.9 '" 59Fe) 35.4 64.6 36.5 6l.5 31.9 08.1 

59fel+- Tf 
in 0.1 M H[PE~ 
SOO '" EDOHPA 32.3 67.7 35.2 64.8 31.1 68.9 

59fe3+_ Tf 
Mt 0.1 .. HEP ES 
500 '" EDOHPA 
10 .. PyrophospMte 11.1 88.9 5.3 94.7 2.7 97.3 

The fof"IIeCI 59fe-EDOttPA ..as re.oved by encapsul ated acthatecl charcoal 
descrtbed under "aterills anca Methods. 
S • SupernatMIt 
P • Ch.rcoal 

--- - ._~--~-
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