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Calcium chelators induce association with the detergent-insoluble 
cytoskeleton and functional inactivation of the transferrin receptor 

in reticulocytes 
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Incubation of reticulocytes with EDTA, EGTA (ethylene glycol bis(/]-aminoethyl ether)-N,N,N ',N '-tetraacetic acid) 
and BAPTA (l,2.bis(2.aminophenoxy)ethane.N,N,N ',N '-tetraacetic acid), but not with desferrioxamine B, at temper- 
atures above 20 o C resulted in the loss of their ability to take up iron in a temperature-, time- and concentration-depen- 
dent manner. No inhibition of transferrin or iron uptake occurred if the incubations were performed at 20 °C or below. 
At higher temperatures, the inhibition was attributable to loss of functional transferrin receptors, not to altered affinity 
or endocytosis of the remaining receptors. The changes could not be reversed by washing the cells and reincubation in 
the presence of Ca 2+, Mg 2+ or Zn 2+. However, they could be completely prevented by performing the initial incubation 
with chelators in the presence of diferrie transferrin and partly prevented by the use of apotransferrin. Incubation with 
the chelators resulted in much less reduction in the ability of the cells to bind anti-transferrin receptor immunoglobulin 
than transferrin. The fate of the receptor was studied by polyacrylamide gel electrophoresis of reticulocyte membrane 
proteins before and after extraction with Triton X-100, and by immunological staining of Western blots for the 
transferrin receptor. Treatment of the cells with EDTA led to a loss of the ability of Triton X-100 to solubilize the 
receptor and its retention in the Triton-insoluble cytoskeletal matrix of the cells. It is concluded that incubation of 
reticulocytes with the chelators at temperatures above 2 0 ° C  causes an altered interaction of the transferrin receptor 
with the cytoskeleton. This change, which is probably due to chelation of Ca 2 + in the cell membrane, is accompanied by 
an irreversible loss of the receptor's ability to bind transferrin. 

Introduction 

Immature erythroid cells acquire the iron required 
for cell division, growth and haemoglobin synthesis 
from plasma transferrin by receptor-mediated endo- 
cytosis [1-4]. In recent years, the structure of the trans- 
ferrin receptor has been determined in considerable 
detail [5,6], but the mechanism by which it participates 
in the endocytotic process is poorly understood. In 
earlier investigations of iron uptake by reticulocytes, it 
was shown that incubation of the cells with the chelat- 

ing agents EDTA. EGTA and DTPA caused a loss of 
their ability to bind transferrin and take up iron [7,8]. 
These observations led to the conclusion that removal 
of calcium from the cell membrane resulted in the loss 
or inactivation of the transferrin receptors [7]. The aim 
of the present investigation was to study this problem in 
more detail in order to determine its mechanism and, in 
so doing, to provide additional information on the 
structure and function of the transferrin receptor. 

Materials and Methods 

Abbreviations: EGTA, ethylene glycol bis(p-aminoethyl ether)- 
N,N,N',N'.tetraacetie acid; DTPA, diethylenetriaminepeataacetic 
acid; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tctraacetic 
acid. 

Correspondence: E.H. Morgan, Department of Physiology, Uifiversity 
of Western Australia, Nedlands, Western Australia, Perth 6009, 
Australia. 

Materials 
EDTA, EGTA and DTPA were obtained from Sigma 

Chemical (St. Louis, MO, U.S.A.), BAPTA from Fluka 
(Buchs, Switzerland) and desferrioxamine B from Ciba 
(Basle, Switzerland). They were dissolved in water and 
the pH of the solution adjusted to 7.4 using 1 M NaOH 
and the osmolality made up to 290 mosmol/kg with 
NaCI. The radioisotopes, ~gFe and 1251, were purchased 
from Amersham International, U.K. 
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Isolation and labelling of proteins 
Rabbit and rat transferrins were isolated from plasma 

and labelled with 59Fe and 1251 as in earlier work [9,10]. 
The radiolabelled proteins were used in their diferric 
form. Nonradioactive apotransfemn was prepared by 
dialysing diferric transferrin for 8 h at 4 ° C  with 0.05 M 
EDTA/sodium acetate buffer (pH 5.0), followed by 
dialysis with five changes of 0.15 M NaCi. 

Transferrin receptor was isolated from placentas ob- 
tained from rats on the 19th day of pregnancy and was 
used to immunize a rabbit as described previously [11]. 
After removal of contaminating anti-transferrin anti- 
bodies by passage through a column of rat transferrin 
immobilized in Sepharose 4B (Pharmacia, Uppsala, 
Sweden), the immunoglobulin fraction of the ~ rum was 
isolated by ammonium sulphate precipitation followed 
by ion-exchange chromatography on DEAE cellulose 
(DE 52, Whatman Chemical Separation, Maidstone, 
U.K.). A sample of this fraction was labelled with 1251 
by the iodine monochloride method [12]. 

Reticulocytes were obtained from rabbits and rats 
with phenylhydrazine-induced anaemia [9] 4 -6  days 
after the last dose of phenylhydrazine. The cells were 
washed four times with 0.15 M NaCI at 4 o c  prior to 
use in the experiments. 

b~cubation procedures 
The majority of the experiments were performed with 

rabbit reticulocytes and rabbit transferrin. However, rat 
reticulocytes and transferrin were used when it was 
desired to identify the transferrin receptor immunologi- 
tally after electrophoretic separation of cell membrane 
proteins or to study the binding of radiolabelled recep- 
tor antibodies. 

The methods used to measure total transferrin and 
iron uptake, transferrin endocytosis and exocytosis and 
the numbers and affinity of membrane receptors for 
transferrin were as described earlier [13,14]. In most of 
the experiments, the reticulocytes were first incubated 
with a chelator, washed with 0.15 M NaCI and then 
incubated with radiolabelled transferrin. The reticulo- 
cytes were incubated with the chelators in NaCI solu- 
tions of osmolality 290 mosmol/kg and containing 10 
mM glucose. Control samples of reticulocytes were in- 
cubated with the NaCl/glucose solution without the 
addition of the chelator. After these first incubations, 
the cells were washed three times with ice-cold 0.15 M 
NaCI and suspended in 0.15 M NaCI/10 mM glucose. 
They were then reincubated with ~2Sl,S9Fe-transferrin or 
with t25 l-immunoglobulin. 

Analytical methods 
Reticuloeytes were determined by staining with new 

Methylene blue and were packed cell volume by the 
microhaematocrit method. Radioactivity was counted in 
a 2-channel V-scintillation counter. Polyacrylamide gel 

electrophoresis and immunological staining of Western 
blots for the transferrin receptor were performed as 
described previously [11]. For this purpose reticnlocyte 
membranes were prepared by haemolysing the cells in 
50 vols 10 mM sodium phosphate buffer (pH 7.4), 
followed by centrifugation at 40000 × g for 30 rain at 
4 ° C. The membranes were washed three times with this 
buffer using the same centrifugation conditions. For 
some analyses, the washed ghosts were extracted by 
mixing with 1% Triton X-100 for 20 rain at 40C and 
then centrifuged at 40000 x g for 60 rain at 40C. 

For electron microscopy, reticulocytes were fixed in 
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) 
postfixed in OsO4, then were embedded in Araldite, 
stained, sectioned and examined in a Philips 300 elec- 
tron microscope as in previous investigations [15]. 

Results 

Chelator-induced loss of transferrin and iron uptake 
Several factors which influence the ability of EDTA 

and related chelators to cause the loss of transferrin and 
iron uptake were investigated using rabbit reticulocytes. 
The effects of temperature were studied by incubating 
the reticulocytes for 1 h with 5 mM EDTA or EGTA at 
temperatures varying from 4 to 37°C, followed by 
washing three times in ice-cold 0.15 M NaCi and rein- 
cubation with radiolabelled transferrin. Preincubation 
with the chelators at temperatures from 4 to 20 o C did 
not reduce transferrin or iron uptake but, with higher 
temperatures, there was an increasing degree of inhibi- 
tion. The initial (zero-time) uptake of transferrin also 
diminished with preincubation temperatures above 
20oC (Figs. 1A and B). The degrees of inhibition of 
initial and total transferrin uptake and rate of iron 
uptake were similar at each preincubation temperature 
(Fig. 1C). 

The degree of inhibition of transferrin and iron up- 
take increased as the time of preincubation at tempera- 
tures above 20 °C was raised, but there was no inhibi- 
tion when the preincubation was performed for varying 
times up to 60 min at 20 °C (Fig. 2A). The rate of onset 
of inhibition suggested the possibility that intern aliTed 
transferrin receptors need to be transported to the outer 
cell membrane by exocytosis before they can be in- 
activated by the action of the chelators. Hence, a direct 
comparison was made between the rate of exocytosis of 
transferrin and the ra:e of appearance of the inhibitory 
effects of the chelators. Transferrin exocytosis was de- 
termined using reticulocytes which had been labelled by 
incubation with 3 #M ~:~si-transferrin, washed and re- 
incubated in the presence of 5 mM EDTA or EGTA at 
37, 30 or 20 o C. At 37 and 30 o C, the rates of transfer- 
rin exocytosis (Fig. 2B) were similar to the rates of 
inactivation of iron uptake (Fig. 2A). However, at 20 o C, 
transferrin exocytosis still proceeded, even though in- 
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Fig. 1. Effect of temperature of preincubation with EDTA on the subsequent uptake of transferrin .and iron by rabbit reticulocytes. The cells were 
incubated with 5 mM EDTA for 30 rain, washed three times with ice-cold 0.15 M NaCI and then reincubated with 12"Sl,SgFe-labelled difemc 
transferrin (4 FM) at 37°C  in onler to measure transferrin and iron uptake. A and B show transferrin and iron uptake, respectively, after 
preincubation with EDTA at 4 (w), ] 6 (o) ,  20 (•) ,  25 (1::]), 29 (11), 32 (A) and 37 ° C (.~). The results are expressed as nmol/ml reticulocytes. C shows 
the effect of temperature of preincubation with EDTA on the rate of iron uptake (e), the initial (zero-time) uptake of transferrin (A) and the uptake 

otJL.,,~.d the temperature of preincubation with after 30 min incubation at 3 7 ° C  (o).  The results are expressed a~ p~.,~mages of  ,,,,~'~ . . . . . . . . . .  ~-.,u,.~ t....:_~ wl.en 
EDTA was 20 o C. Very similar results to those shown in the figure were also obtained when EDTA was replaced by EGTA. 

cubation of the cells with the chelators at this tempera- 
ture produced no loss of transferrin or iron uptake. In 
subsequent experiments, a more detailed study was made 
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Fig. 2. (A) Effect of time of preincubation with 5 mM EDTA at 37 
(e), 30 (11) or 2 0 ° C  (*) on the rate of iron uptake by rabbit 
reticulocytes during subsequent incubation with ]25 !,59 Fe-transferrin. 
The results are expressed as percentages of the rate of  iron uptake 
obtained with cells which were not preincubated with EDTA. (B) 
Effect of incubation temperature (• ,  37 o C; I~ 30 o C; a ,  20 o C) on 
]251-transferrin release from reticulocytes during incubation in the 
presence of 5 mM EDTA. The cells were preincubated with 
i2sI,SgFe-transferrin prior to washing and reincubation at the indi- 
cated temperatures. The results are expressed as the percentage of 
initial cellular 12~I-transferrin which remained with the cells at the 
indicated times. (C) Effect of time of preincubation with 5 mM 
EDTA at 37 o C on the subsequent rate of iron uptake (ra) and amount 
of transferrin uptake (A) when reincubated with ]2Sl,SgFe-transferrin 
at 37°C.  Results are expressed as in (A). Also shown in z251-transfer- 
rin released during reincubation at 37 ° C  under conditions similar to 

(B) (o ) .  

of the effects of the first 10 rain incubation with EDTA 
at 37°C.  A distinct difference was observed between 
the exocytosis of transferrin and the development of 
inhibition of transferrin and iron uptake, the latter 
occurring considerably more slowly than exocytosis (Fig. 
2C). 

The effects of chelator concentration were studied 
using EDTA, EGTA and BAPTA. They gave very simi- 
lar results (Fig. 3). 50% inhibition occurred at 1-2 #M 
concentrations of the chelators. 

One possiS;e cause of the inactivation of the transfer- 
nn receptors ,vhich was considered was that EDTA and 
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Fig. 3. Effect of chelator concentration during preincubation at 37 ° C 
for 30 rain on iron uptake (0, i ,  A) and transferrin uptake (o ,  EL &) 
by rabbit reticuloeytes dunng subsequent incubation with 4 /iM 
labelled transferrir, for 20 rain at 37 o C. The chelators were EDTA (0, 

o),  EGTA, ( i  13) and BAPTA (A, 4). 
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Fig. 4. Transferrin and iron uptake by rabbit reticulocytes at 37°C after preincubation with 0 (O, o), 5/~M (A "9 and 20/ ,M ( l  O) EDTA for 30 
rain at 37°C. The results for transfemn uptake (A) show endocytosed (O, ,~, I )  and surface-bound (o, A, n) transferrin, while those for iron uptake 

(B) only show intracellular iron. 

E G T A  were s t imula t ing lipid peroxidat ion  of the cell 
membranes ,  leading to damage  to the receptors,  possi- 
bly as a result of  chelat ing Fe derived f rom the cells or  
the medium. If so, incubat ion  of ret iculocytes with the 
F e - E D T A  complex should produce a greater  degree of  
inhibi t ion than with E D T A  alone. This  was not  ob- 

served. Ins tead,  p re incuba t ion  at  3 7 ° C  for 10 -60  rain 
wi th  F e - E D T A  (1 m M  Fe, 5 m M  E D T A )  caused ap-  
prox. 10% less inh ib i t ion  of t ransfer r in  and  i ron up take  
wi th  each p re incuba t ion  t ime than occurred with  E D T A  
alone  (results  not  shown),  These  results  conf i rm earl ier  
observat ions  aga ins t  involvement  of  free radicals  in 
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Fig. 5. (A) Effect of transferrin concentration on transferrin binding at 4 o C by rabbit reticulocytes after preincubation for 15 rain at 27 o C with 0 
(o), 5 (o), 25 (A) and 100/~M (4) EDTA. (B) Scatchard plots of the results in (A) after correction for nonsl~cific binding by subtracting the 

nonspecific component of uptake as determined by the slopes of the linear parts of the uptake curves. 



receptor inactivation, in which a variety of free-radical 
scavengers were found to have no effect on DTPA-in- 
duced receptor inactivation [8]. 

In another experiment, reticulocytes were prein- 
cubated at 37°C for 30 rr.in with 5 mM solutions of 
EDTA and EGTA to which had been added equimolar 
amounts of CaCI 2. No loss of transferrin uptake re- 
sulted from this treatment. 

Transferrin endocytosis and receptor affinity 
The above experiments suggested that incubation of 

reticulocytes with the chelators causes a loss of transfer- 
rin receptors from the cells. However, the results could 
also be explained by inhibition of the endocytotic pro- 
cess or by a change in the affinity of the receptors. 
These possibilities were investigated by incubating rab- 
bit reticulocytes with different concentrations of EDTA 
to produce varying degrees of inhibition of transferrin 
and iron uptake, followed by washing the cells and 
measuring transferrin endocytosis, iron uptake and re- 
ceptor aff ini ty/or  transterrin. This produced decreases 
in the rate of transferrin endocytosis and the steady-state 
levels of surface-bound and intraceUular transferrin (Fig. 
4A. The rates of iron uptake (Fig. 4B) were reduced to 
almost the same degree as those for transferrin endo- 
cytosis (indicated by the slopes of the curves during the 
initial phase of transferrin endocytosis in Fig. 4A). 

Surface-receptor numbers and affinity for transferrin 
were deternfined by incubation at 4 ° C  with varying 
concentrations of radiolabelled transferrin, using cells 
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which had been pre~,ncubated with 5, 25 and 100 #M 
EDTA for 15 min at 37°C. This resulted in a marked 
reduction in transferrin binding (Fig. 5A) due to a 
reduction in the number of receptors without a change 
in affinity for transferrin (Fig. 5B). As determined by 
Scatchard analysis, the number of receptors in terms of 
the amount of bound transferrin was reduced from 1.23 
nmol/ml reticulocytes in the control cells to 0.73, 0.16 
and 0.12 nmol/ml  after treatment with 5, 25 and 100 
/~M EDTA, respectively. The association constant for 
the interaction between the receptors and transferrin, 
K a, varied only between 9.2- 10: M - t  

Irreversibility of receptor inactivation 
Rabbit reticulocytes were incubated with 5 mM 

EDTA or EGTA for 30 min at 37°C, washed and 
reincubated with Hanks and Wallace balanced salt solu- 
tion [16], or CaCI 2, MgCi 2, ZnC! 2, CaCI 2 plus MgCI 2 
in NaCl/glucose solution at concentrations from 0.2 to 
5 mM, for periods up to 1 h before rewashing and 
incubating with radiolabelled transferrin in either 
NaCl/glucose o~ Hanks and Wallace solution. No re- 
covery of transferrin and iron uptake ability was ob- 
served. 

J'rotection by diferric transfer.,in 
In all of the experiment,; described above, the in- 

cubation with chelators was laerformed in the absence 
of added transferrin, ltov,¢-Jr, when this incubation 
was performed in the presence of diferric transferrin, 
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Fig. 6. Effect of the presence of diferric transferrin or apotransferrin (12.5 pM) during preincubation with 5 mM EDTA for 30 min at 37°C on the 
subsequent uptake of radiolahelled transferrin and iron by rabbit reticulocytes. The preincubation conditions were: no EDTA (o), EDTA alone (IlL 

EDTA plus diferric transferrin (o), EDTA plus apotransferrin (-), EDTA plus apotransferrin and desferrioxamine (5 raM) (A). 
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Fig. 7. Uptake of ]251-1abelled anti-rat transferrin receptor and 1251-labelled diferric rat transferrin by rat reticulocytes after preincubalion for 30 
min at 37 °C with 5 mM EDTA. The figures show endocytosed (¢, A) and surface-bound (o. 4) labelled proteins in control cells (e, o) and those 
preincubated with EDTA (A. z~). As in all other experiments, the cells were washed three times in ice-cold 0.15 M NaCI after the preincubation in 

the presence or absence of EDTA and before they were incubated with the labelled proteins. 

the inhibitory effect produced by EDTA was prevented 
(Fig. 6). Apotransferrin provided a smaller degree of 
protection of the cells' capacity to take up transferrin 
and iron. This effect of apotransferrin persisted even 
when desferrioxamine was present during the prein- 
cubation with apotransferrin (Fig. 6). 

Uptake of transferrin receptor antibodies 
The apparent loss of transferrin receptors, as indi- 

cated by inhibit ion of transferrin uptake, which was 
produced by incubation of reticulocytes with the chela- 
tors, was investigated further using the IgG fraction of 
anti-rat transferrin receptor antiserum labelled with ]23 I. 
These labelled antibodies were found to b ind  to rat 
reticulocytes, but not to mature rat erythrocytes, and 
the binding was inhibited by unlabelled anti-receptor 
IgG. As assessed by the ability of pronase at 4 ° C  to 
release the labelled antibodies from the cells, endocyto- 
sis of the ant ibody by control rat reticulocytes during 
incubation at 3 7 ° C  (Fig. 7) was comparable  to that of 
transferrin (Fig. 3A). However, following incubation of  
reticulocytes with 5 m M  EDTA for 30 rain at 37°C ,  
there was much less reduction in the endocytosis of 
ant ibody than of transferrin and the amount  of mem- 
brane-bound ant ibody increased, rather than decreased, 
with ~.he EDTA-treated cells when compared with the 
controls (Fig. 7). In six experiments of the type il- 
lustrated in Fig. 7, EDTA treatment produced 39 + 7.2~ 
(mean + S.E.) reduction in total ant ibody uptake com- 
pared with 93 + 1.9% reduction in transferrin uptake. 

Polyacrylamide gel electrophoresis of reticulocyte mem- 
brane proteins 

The results of the experiments  with ]25I-transferrin 
and ]251-antibody to the transferrin receptor have indi- 
cated that incubat ion  with the chelators leads to an 
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Fig. 8. (A) Polyacrylamide gel electrophoresis of rat reticulocyte 
membrane proteins and (B) Western blots of duplicates of the same 
membrane extracts after immunological staining for the transferrin 
receptors, Lanes 1-3 show the total membrane with Triton X-100- 
soluble extract and Triton X-100-insoluble residues, respectively, of 
control reticulocytes. Lanes 4-6 are the corresponding preparations 
from reticulocytes which had been preincubated for 30 rain at 37°C 
with 5 mM EDTA before haemolysis and preparation of the mem- 
branes. The positions of the transferrin receptor (TR) and transferrin 

(Tf) are indicated. See the text for details. 



almost complete loss of transferrin-binding ability but 
much less loss of the antigen which binds the antibody. 
That is, the loss of transferrin binding and iron uptake 
is due to the inactivation but not to the loss of the 
receptors from the cells. This possibility was investi- 
gated with rat reticulocytes and polyacrylamide gel elec- 
trophoresis of membrane proteins followed by Western 
blot transfer to nitrocellulose membranes and im- 
munochemical staining .~or the receptor. Using 
12~l,59Fe-labelled rat transferrin, it was shown that 
treatment of rat reticulocytes with EDTA at 37°C  
resulted in an inactivation of transferrin and iron up- 
take similar to that observed with rabbit reticulocytes. 
When the reticulocyte membranes were examined by 
the electrophoretic technique, the retention of the recep- 
tor in the EDTA-treated cells was confirmed (Fig. 8). 
However, a marked difference in the solubility of the 
receptors in the nonionic detergent, Triton X-100, was 
noted between control and EDTA-treated reticulocytes. 
In the control cells, the receptor was almost completely 
solubilized by treatment with 1% Triton X-100, but, 
after EDTA treatment, it was no longer soluble in the 
detergent and was retained in the Triton-insoluble frac- 
tion of the cell membranes (Fig. 8). Similar results were 
obtained with rabbit reticulocyte membranes as judged 
by the presence or absence of the 92 kDa protein 
corresponding to the transferrin receptor, but no anti- 
body was available to confirm this observation by im- 
munological means. It was also observed with both rat 
and rabbit reticulocytes that the control cell membranes 
had a prominent band corresponding to the molecular 
weight of transferrin (80000), but this was absent from 
the EDTA-treated cells. The identity of this band as 
transferrin was established immunologicaUy with rat 
reticulocytes. 

The change in solubility of the transferrin receptor in 
Triton X-100, wb;ch was induced by treatment with 
EDTA, was confirmed using rat reticulocytes which had 
been incubated with t25I-transferrin or 1251-antibody to 
the transferrin receptor with or without prior treatment 
with EDTA. After EDTA treatment, only 4% of the 
1251-antibody in the cells was solubilized by 1% Triton 
X-100, compared with 80% in control cells. With the 
125I-transferrin, however, there was little change in solu- 
bility but, in this case, the tot',d amount of labelled 
protein present in the treated cells was only about 10% 
of that in the controls (Table I). 

Electron microscopy 
Thin sections of rabbit reticulocytes which had been 

incubated for 30 min at 37 °C with or without 5 mM 
EDTA were examined by electron microscopy to see 
whether the biochemical changes noted above were 
accompanied by any morphological changes. Particular 
attention was paid to the number and size of coated pits 
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TABLE ! 

Solubility of rettculocyte-bound t:~l.transferrm and ~:~l-anti-tranfferrm 
receptor in 1% Triton X-100 

Samples of rat reticulocytes were incubated for 30 rain at 37°C 
without (control} or with 5 mM EDTA in 0.15 M NaCi /10  mM 
glucose, washed three times and then reincubated for 15 rain at 37°C  
with ~251-transferrin (Tf) or ~Sl-anti.reticulocyte receptor immuno- 
globulin (A/TR) .  After again was,qing three times in 0.15 M NaCI at 
4°C ,  they were treated with 1% Triton X-100 in 0.15 M NaCl at 4 ° C  
for 15 rain then centrifuged at 4 0 0 0 0 x g  for 60 min at 4 ° C  to 
separate supernatant and pellet fractions of the cells. Results are 
expressed as the cpm of 12Sl in the cells before solubilization (total) 
and in the two fractions, and as percentages of the total radioactivity 
in each fraction. 

Control cells EDTA-treated cells 

1251.Tf 1251.A/TR t251.Tf 1251_A/TR 

Total 

Supernatant 

Pellet 

cpm 17047 18255 1 7!0 16470 
% 100 100 100 100 

cpm 14490 14753 1350 1641 
85 80 79 4 

cpm 2558 3761 347 15813 
% 15 20 21 96 

and intracellular vesicles. No differences between con- 
trol and EDTA-treated cells were detected. 

Discussion 

These investigations confirrr: earlier observations that 
incubation of reticulocytes with EDTA, EGTA or DTPA 
in the absence of transferrin leads to a loss of their 
ability to take up transferrin and iron [7,8] and provide 
evidence that this is due to an alteration in the func- 
tional activity of the transferrin receptor. It is likely that 
this is due to chelation of Ca 2.. The concentration-de- 
pendence of the inhibition of transferfin and iron up- 
take was similar for the three chelators, EDTA, EGTA 
and BAPTA (Fig. 3). They have similar affinities for 
Ca 2+. EDTA also has approximately the same affinity 
for Mg 2 +. However, with the other two chelators, the 
calcium affinity is approx, five orders of magnitude 
higher than that for Mg 2. [17]. The chelators can also 
bind many other ions, including Fe 3 +, but none of them 
are believed to play a role in cell membrane structure 
and function, and an effect due to chelation of Fe 3 ÷ can 
be ruled out by the failure of desferrioxamine to mimic 
the action of the other chelators. DTPA, like desfer- 
rioxamine, binds Fe a+ strongly, but, unlike des- 
ferrioxamine, it chelates calcium with an affinity com- 
parable to that of the other chelators which inactivate 
the transferrin receptor [18]. Desferrioxamine has a low 
affinity for Ca 2÷ [19]. Hence, the most likely explana- 
tion for the observed effects is the chelation of Ca :'+ 
and its removal from the cell membrane at a site on or 
in close proximity to the transferrin receptor. This ira- 
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plies a role for Ca 2 ~- in the maintenance of the integrity 
of the receptor. It is unlih:ly that the chelator-induced 
inactivation of the recepto" is due to an involvement of 
Ca 2~ in the transferrin-receptor binding reaction be- 
cause the chelators were removed by washing the ce!ls 
before transferrin uptake was measured, the replace- 
ment of Ca ~+ had no effect, and because the addition of 
EDTA at the time of measuring transferrin and iron 
uptake had little effect on the processes [20], 

The inactivation process involved a progressive irre- 
versible reduction in the number of functional recep- 
tors. The remaining unaffected receptors retained their 
normal affinity for transferrin and ability to undergo 
endocytosis. The time- and temperature-dependence of 
receptor loss suggested that the inactivation process 
occurred after their externalization by exocytosis to the 
outer cell membrane. This is probably a consequence of 
the fact that the chelators cannot penetrate the cell 
membrane. However. exocytosis is not the only factor 
involved because inactivation was not apparent until 
some minutes after externalization of transferrin and, 
presumably, of the receptors had occurred (Fig. 2). 
Also, inactivation was completely inhibited when the 
temperature was lowered to 20 ° C, but exocytosis still 
proceeded at this temperature (Fig. 2). The discontinu- 
ity in the change in the degree of inactivation with 
lowering of incubation temperature which occurred at 
about 20°C (Fig. 1) is suggestive of an effect due to 
phase transition or separation within the membrane 
lipids [21,22]. !: ;s known that changes from the liquid- 
crystal to the gel phase occur in erythrocyte membranes 
at about 20°C and these affect various membrane 
functions, such as viscosity, enzyme activities and trans- 
port kinetics [21,23]. Chelator-induced transferrin recep- 
tor inactivation is possibly another such property. This 
implies that the state of the reticulocyte membrane 
fipids, as well as calcium ions, affects the properties of 
the receptor. 

The inactivation of receptor function was also 
markedly reduced by diferric transferrin (Fig. 6), as has 
previously been observed with DTPA [8]. The presence 
of transferrin on the receptor may block the access of 
the chelator to its site of action or produce a conforma- 
tional change in the receptor which prevents the release 
of Ca 2+ from a critical site on the receptor or its close 
environment in the cell membrane. Apotransferrin pro- 
duced a smaller degree of protection than did diferric 
transferrin, possibly due to its lower affinity for the 
receptor than the iron-containing molecule [24]. It is 
unlikely that the amount of protection afforded by 
apotransferrin was due to the presence of a small amount 
of contaminating iron-transferrin because the protection 
was still observed when the incubation with EDTA was 
performed in the presence of desferrioxamine as well as 
apotransferrin. The cells would have quickly assimilated 
any iron present on the transferrin and the desfer- 

rioxamine would have prevented it acquiring iron from 
the incubation medium. 

The experiments with 1251-labelled transferrin recep- 
tor antibodies (Table I) and the electrophoretic investi- 
gations (Fig. 8) showed that the functional inactivation 
of the receptor produced by the chelators was not due 
to the loss of the receptors from the cells. Rather, it was 
associated with a loss of their solubility in 1~ Triton 
X-100 and retention in the triton-insoluble cytoskeletal 
matrix of the cells, Extraction of cells and cell mem- 
branes with Triton X-100 has been used to separate 
soluble components from the cytoske!eton in erythro- 
cytes [25,26], platelets [27-30] a_ad many other types of 
cells [31-34]. Hence, treatment of reticulocytes with 
EDTA, EGTA and other chelators with a high affinity 
for Ca 2+ appears to lead to an altered interaction of the 
transferrin receptor with the cytoskeleton and a con- 
comitant irreversible loss of its ability to bind transfer- 
t in .  

The behaviour of the transferrin receptor which was 
observed in the present experiments in some respects 
resembles that of the platelet glycoproteins IIb and I l ia  
which together form the fibrinogen receptor on the 
platelet plasma membrane and play an essential role in 
the aggregation of activated platelets. Like the transfer- 
tin receptor they are transmembrane glycoproteins [35], 
their function is affected by treatment of the cells with 
EDTA and they show a variable association with the 
platelet cytoskeleton. Platelets deprived of Ca 2+ by 
incubation with EDTA at 37 °C  but not at 20 °C  irre- 
versibly lose their ability to bind fibrinogen and to 
aggregate after activation with ADP [36,37]. Proteins 
l ib and IIIa are not associated with the Triton X-100 
cytoskeletal residue of inactivated platelets but sedi- 
ment with the cytoskeleton upon centrifugation after 
aggregation has occurred [27,29]. However, unlike the 
transferrin receptor, there is no evidence that treatment 
of platelets with EDTA changes the interaction of the 
platelet proteins with the cytoskeleton. 
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