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Summary

Whether, during iron uptake by rabbit reticulocytes, transferrin-iron mole-
cules penetrate the membrane to the cell interior before release of iron has
been investigated. Uptake of '*’I-labelled transferrin and *°Fe by the stroma
and cytoplasm fractions from reticulocyte haemolysates does not suggest that
the protein accompanies iron into the cell. The greater part (75%) of the '°I-
labelled transferrin remained on the membrane while iron concentration in the
cytoplasm fraction increased linearly with time during incubation. The 25% of
125]-1abelled transferrin in the supernatant may have been derived from conta-
minated lighter membrane fragments, since approximately the same proportion
of membrane fragments as shown by acetylcholinesterase activity was found in
the supernatant.

When *°Fe-labelled transferrin-Sepharose was incubated with reticulocytes
and cells and then lyzed, *°Fe activity in the supernatant increased with the
time and increasing reticulocyte count; yet no trace of '?*I-labelled transferrin
appeared in this fraction when reticulocytes were incubated with !?*I-labelled
transferrin-Sepharose. Due to the size of Sepharose (particle size, 40—190 um)
and its covalent binding to transferrin, it is unlikely that transferrin-Sepharose
could have penetrated deeply into the cell either by endocytosis or micro-
tubular mechanisms. Our results suggest that transferrin molecules do not need
to penetrate the membrane and reach the cell interior before releasing iron.

Introduction

The mammalian reticulocyte is well known to remove iron from transferrin
and to incorporate it into newly synthesized haemoglobin. During this process
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transferrin molecules are taken up by the cell, presumably becoming bound to
specific receptors on the cell membrane. The precise mechanism whereby trans-
ferrin-bound iron is taken up by proerythroid cells remains unresolved. Morgan
and his co-workers suggest that transferrin is first adsorbed to specific mem-
brane receptors [1] followed by a slower, temperature-sensitive stage of trans-
ferrin uptake [2]. It is in this second stage that the transferrin-iron molecules
diffuse well into or through the reticulocyte plasma membrane to mitochondria
probably via surface endocytosis [3] or microtubular mechanism [4]. This
hypothesis is supported further by chromatographic evidence that the reticulo-
cyte cytosol haemolysate exhibits a transferrin-like peak [5]. On the other
hand, others believe that iron is removed from transferrin while the latter is
attached to the specific receptor site. The protein itself does not penetrate into
the cell interior [6,7]. Iron may then combine with a membrane iron-carrier
(8] and subsequently become mobilized from the stroma by an additional
intracellular iron-binding protein [9]. The present work was undertaken to
attempt to clarify the course of events, i.e. whether combination with trans-
ferrin is a requisite for iron to enter the cell milieu.

Materials and Methods

Proteins and protein-labelling

Rabbit serum transferrin was prepared using ammonium sulfate fractionation
and column chromatography on DEAE-Sephadex (Pharmacia, Uppsala, Sweden)
and cyystallization from aqueous solution as previocusly described [10,11]. Its
purity was checked with electrophoretic studies. Apotransferrin, the iron-free
derivative of transferrin, was prepared by dialyzing the iron-saturated protein
successively against two changes of 0.02 M disodium ethylenediaminetetraacetate
(EDTA) in 0.05M sodium acetate buffer (pH 5.0) and distilied water, whereafter
transferrin was again dialyzed and equilibrated against two changes of phosphate-
buffered saline, pH 7.4. When the protein was labelled with 5°Fe, care was
taken to ensure the radioactive iron was bound only by the specific binding
sites of the transferrin. Radioactive *°Fe was first chelated to nitrilotriacetic
acid before the iron was donated to the transferrin. This was done by adding a
sufficient quantity of the 1: 2 complex of $°Fe(IIl) - nitrilotriacetate, at pH
5.0, to apoprotein at pH 4.7 to achieve 50% saturation of the iron-binding sites,
as described by Aisen and Leibman [12]. In order to assure that the protein
complex was entirely in the bicarbonate form, 50 ul of 1 M NaHCO; was added
to 2 ml of solution containing 20 mg of protein. The mixture was then incu-
bated at 37°C for 1h. After incubation, it was again dialyzed against two
changes of phosphate buffered saline. It could be demonstrated that more than
90% of the °Fe was transferrin-bound, as shown by electrophoresis on cellu-
lose acetate. The concentration of iron in the transferrin and its total iron bind-
ing capacity were determined [13]. The specific activity of the iron in the final
solution was about 0.2 Ci/g iron. The transferrin was subsequently labelled
with !?°T (Na!'?’I, carrier-free, Amersham, England) by the Chloramine-T
method [14]. Rabbit y-globulin was obtained from Sigma Chemical Co., St.
Louis, U.S.A. and labelled with !3!I as described.
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Reticulocytes

Reticulocytosis was induced in adult rabbits either by repeated bleeding
from the marginal ear vein or by phenylhydrazine injection (25 mg/kg). The
reticulocyte count obtained from the first method varied from 15 to 35%.
Phenylhydrazine-treated rabbits yielded reticulocyte counts up to 90%. The
cells were washed three times at 4°C with phosphate-buffered saline and then
suspended in Hanks and Wallace solution to yield an haematocrit of approxi-
mately 50%. No attempt was made to separate reticulocytes from mature ery-
throcytes as it has been demonstrated adequately that uptake of transferrin-
iron by erythrocytes is practically nil [6].

Incubation

Washed reticulocytes were incubated with the labelled proteins for selected
period of time. The methods are described elsewhere [11,15]. The cells were
then washed three times with ice-cold phosphate buffered saline. They were
lyzed for 10 min with 2 m! of 5 mM Tris - HCI buffer, pH 7.5 containing 1 mM
trisodium citrate. The membrane was then separated from the cytoplasm by
centrifugation (20 000 X g for 20 min), as described by Borova et al. [16]. The
radioactivity in the aliquots of the two fractions, i.e. stroma and supernatant,
were assayed for radioactivity in a well-type gamma detector.

Coupling of transferrin to sepharose

20 mg of rabbit transferrin which had been labelled with *°Fe, as described
before, were coupled to 2 g freeze-dried CN Br-activated Sepharose 4B [17].
Small Sepharose particules of less than 10 um diameter were removed by filter-
ing the suspension of Sepharose through a Pharmacia nylon net (pore size 10
um). To aliquots of 400 ul of washed cells, were added 200 ul of the ice-cold
S%Fe-labelled transferrin-sepharose (about 2 mg protein/ml). They were allo-
cated for incubation at 37°C for 0, 30 and 60 min in each series of measure-
ments. For the 0 min preparation, cells and transferrin-Sepharose were mixed
and filtered quickly through a Pharmacia nylon net (pore size 10 um) to
remove transferrin-Sepharose particles. The other aliquots were incubated with
shaking at 37°C for either 30 min or 60 min. At the end of each incubation
period, reticulocytes were freed from larger transferrin-Sepharose molecules by
seiving, as described, and washed three times with cold phosphate-buffered
saline. They were then haemolyzed with 2 ml of 5 mM Tris - HC] buffer, pH
7.5 containing 1 mM trisodium citrate. The membrane (stroma) fraction was
separated from the cytoplasm fraction (supernatant) by centrifuging the hae-
molysate at 20000 X g for 20 min. Radioactivities in the individual superna-
tants were assayed.

In another series of experiments, '*I-labelled rabbit transferrin was coupled
to Sepharose particles, as described. The '**I-labelled transferrin-Sepharose
suspension was then incubated with rabbit reticulocytes. Incubation and hae-
molysis procedures were repeated as well as radioactivity measurements of
125] in the supernatants of the haemolysates.

Membrane enzyme identification
The extent of contamination of membrane fragments in the supernatant was
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related percentagewise to the acetylcholinesterase activity in the supernatant
based on its relationship with total acetylcholinesterase activity. Acetylcholin-
esterase, a well known membrane marker [18], was assayed according to the
method described by Ellman et al. [19].

Results

As previously shown in incubation studies of rabbit reticulocytes [11,13],
iron uptake increases at an approximately constant rate for at least the first
half hour of incubation (Fig. 1). During this interval two phases of transferrin
uptake are seen, viz., an initial absorption followed by a slower and progressive
uptake which reaches a plateau (Fig. 2). Fig. 1 also shows that °Fe concentra-
tion in the cytoplasm parallels uptake by whole cells. However, **Fe activity in
stroma remained relatively constant throughout incubation and contributed
little iron to total uptake, especially in the prolonged periods of incubation.
Conversely, about 75% of !'?’I-labelled transferrin appeared in the stroma and
about 25% in the cytoplasm (Fig, 2). When an assay of acetylcholinesterase
activity was made for the two compartments, fairly constant concentration
(17—24%) of the enzyme was detected in the cytoplasm fraction. This experi-
mental information does not preclude the assumption that the ['*I]transferrin
remaining in the cytoplasm may have remained attached to the membrane
debris which was initially an integral part of the membrane.

When !3'I-]abelled y-globulin was incubated in a medium with reticulocytes,
the greater part of the radio-iodine sequestered in the stroma. As with trans-
ferrin, only about 20% activity appeared in the supernatant. The absolute

( UG/ML CELLS )

IRON UPTAKE
PROTEIN UPTAKE ( UG/ML CELLS )

INCUBATION TIME ( MIN.) INCUBATION TIME ( MIN.}
Fig. 1. Iron uptake by rabbit reticulocytes (X X) and its haemolysate fractions, stroma (0« - - - - - o)
and supernatant (a— - — -a), Each point represents mean + S.E. with n = 12.

Fig. 2. The uptake of [!25I]transferrin by rabbit reticulocytes (X X ) and its haemolysate fractions,
stroma (0— . — .0) and supernatant (» 4). Each point represents mean + S.E. with n = 12. The
uptake of !3!1-labelled y-globulin by the reticulocyte stroma (w— - — -w) and supernatant (a- -+« - - A) was
included.
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Fig. 3. Radioactivity of 59Fe found in the supernatant of the reticulocyte haemolysate after the whole
cells had incubated with 59Fe-labelled transferrin-Sepharose for various intervals. Reticulocyte count:
A A, 94%; X—+« — X, 48%; 0u e v - - - 0, 1.2%.

7v-globulin uptake was 20% of the transferrin uptake by reticulocytes.

Fig. 3 shows results of experiments in which reticulocytes were incubated in
a suspension with *°Fe-labelled transferrin-Sepharose for selected time intervals
and then lyzed. **Fe appeared in the supernatant of the haemolysate, (i.e. the
cytoplasm fraction) and continued to rise with time. As expected, °Fe uptake
in cells increased with increasing reticulocyte concentration. Conversely, only
a minute amount (0.1%) of '**I-labelled transferrin appeared in the supernatant
fluid obtained from the haemolysate after reticulocytes were incubated at
selected time intervals in '**I-labelled transferrin-Sepharose solution (Table I).

Discussion

During uptake of iron by the reticulocyte, the binding affinity between iron
and transferrin is yet to be clarified. According to Morgan and co-workers, the
transferrin penetrates deeply into the reticulocyte cell interior possibly by

TABLE 1

1251 ACTIVITY IN SUPERNATANT OF THE HAEMOLYSATE AFTER RETICULOCYTES WERE
INCUBATED WITH ! 25[-LABELLED TRANSFERRIN-SEPHAROSE

Incubation 12571 activity in 1257 activity % of 1251
(min) incubating medium in supernatant in supernatant
(cpm) (cpm)
0 13060 4 0.03
30 13060 12 0.09

60 13060 14 0.10
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endocytosis [3] or one of several microtubular mechanisms [4]. Others believe
that the iron is removed from transferrin while the protein is attached to a
membrane or surface receptor {6,7]. Results obtained in the present study sup-
port the latter hypothesis since the experimental data indicate that movement
of transferrin and iron into the cell are not coordinated. Cytoplasmic *°Fe
radioactivity closely followed the iron uptake curve by whole cells and ad-
vanced with incubation time. The remaining 25% of the transferrin found in
the supernatant, may have been associated with the lighter membrane fragment
debris not spun down. The similar relative quantity of acetylcholinesterase
remaining in the supernatant supports this contention. Furthermore, similarity
of the patterns of distribution of vy-globulin and transferrin in the stroma and
cytoplasm fractions suggests contamination of the supernatant by fragments of
the cell membrane, since y-globulin is not normally taken up by reticulocytes
[2].

As shown in Fig. 3, rabbit reticulocytes were able to take up a significant
amount of iron from the iron-transferrin which had previously been coupled
to Sepharose. Sepharose size ranged from 40 to 190 um in diameter. The mag-
nitude of iron transport from Sepharose-coupled transferrin in the first half
hour amounted to approximately 8 ug per 100 ml cells which is only 3% of the
normal iron uptake value. Nonetheless, the results were not all together unex-
pected in view of the configuration of the Sepharose-coupled transferrin mole-
cules which must have obstructed the receptor affinity for transferrin by the
cells.

Due to micellar size, it seems unlikely that transferrin-Sepharose molecules
could have penetrated deeply into the cell by endocytosis or microtubular
mechanisms. The possibility that the transferrin could have become uncoupled
from Sepharose during incubation is remote since the sepharose is known to be
covalently bound to protein [20]. The interpretation of data shown in Table I
do not support the thesis that '**I-labelled transferrin entered the cell. More-
over, the amount of *°Fe uptake by the cells in the incubating medium of 5°Fe-
labelled transferrin-Sepharose increased with the incubation time and the con-
centration of reticulocytes suggests that one of the iron uptake mechanism can
take place without the entry of transferrin into the cell interior. However, it is
not certain how significant this mechanism is in the normal iron uptake process
by reticulocytes. In conclusion, our results suggest that transferrin molecules
do not necessarily penetrate deeply into the cell before iron is released. Iron
seems to be bound to transferrin only during part of its transition into the cell.
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