
The Transfer of Iron to Reticulocytes by Synthetic Chelating
Agents

Joseph V. Princiotto, … , George C. Shashaty, Edward J. Zapolski

J Clin Invest. 1964;43(5):825-833. https://doi.org/10.1172/JCI104968.

Research Article

Find the latest version:

https://jci.me/104968/pdf

http://www.jci.org
http://www.jci.org/43/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI104968
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/104968/pdf
https://jci.me/104968/pdf?utm_content=qrcode


Journal of Clinical Investigation
Vol. 43, No. 5, 1964

The Transfer of Iron to Reticulocytes by Synthetic Chelating
Agents *

JOSEPH V. PRINCIOTTO, MARTIN RUBIN, GEORGEC. SHASHATY, AND
EDWARDJ. ZAPOLSKI

(From the Departments of Physiology and of Biophysics and Biochemistry, Georgetown
University Schools of Medicine and Dentistry, Washington, D. C.)

Iron, once absorbed from the gastrointestinal
tract, is distributed throughout the body by the
specific iron-binding protein (IBP, transferrin,
siderophilin) (1). Iron binding by IBP is pre-
sumed to be of a chelate type in which the hexaco-
ordination capacity of the ferric ion is satisfied
by linkage with three phenolic oxygens, one
carboxyl group, and a bicarbonate ion on the
remaining coordination position (2-4). Since
IBP has been shown to have a highly selective
ability to deliver iron to the immature red cell
(5), we have utilized various synthetic iron
chelates in an attempt to delineate the character-
istics for iron binding essential to carry out this
function of the protein.

Methods

Preparation of the reticulocyte-rich blood. Reticulo-
cytosis was produced in adult albino rabbits (3 to 5 kg)
by removing approximately 5 to 10%v of the total blood
volume (30 to 40 ml) daily for 3 or 4 days by repeated
cardiac puncture. Two days thereafter, a final cardiac
puncture delivered all available blood, which was im-
mediately placed into iron-free, heparinized glass con-
tainers. Reticulocyte count using the new methylene
blue stain technique (6) indicated 10 to 25%, immature
cells.

The red cells were separated from the plasma and
leukocytes by centrifugation at 1,000 X g for 15 min-
utes at 40 C. The harvested cells were washed and cen-
trifuged three times with 5 vol of iron-free, phosphate
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buffered (pH 7.4) Ringer's solution and then made up to
a 50%o suspension by dilution with the buffer.

Control red cells low in reticulocytes were prepared
from previously unbled animals.

Preparation of the incubating media. Iron-binding
protein1 was made up in 30 /AM solution in Ringer's
solution. Ferric chloride solution, 1.0 mM, tracer amounts
of Fe'Cl3, and Ringer's solution were added to yield ap-
proximately 100,000 cpm per 5 ml in a well-type scintil-
lation counter 2 at a final iron concentration of 15 ,eM
and IBP concentration of 15 gM. Sodium bicarbonate
(10-2 M) was added to insure complete iron binding by
IBP, and the pH was adjusted to 7.4 with phosphate
buffer. The IBP was 50%o saturated when prepared
as described.

The various iron chelate solutions (Figure 1, Table
I, and Figure 2, Table II) were prepared by metathesis
from ferric chloride and the free ligand 3 in buffered
Ringer's solution, with final iron concentrations of 15
1LM and ligand concentrations of 30, 75, and 150 /AM,
which therefore resulted in 2: 1, 5: 1, and 10: 1 ligand:
iron molar ratios. Fe'9Cl3 was added as described above.
All the solutions were prepared immediately before use.

Evidence that the iron was in the chelate form was
provided by hydrolytic and spectrophotometric properties.
Freshly prepared solutions of ferric chloride at the same
concentration, 15 ,uM, were water clear. After standing
overnight they became turbid and deposited a flocculent
precipitate of basic ferric hydroxides. The chelate solu-
tions were stable to hydrolysis. Most of these com-
pounds were intensely colored, and those compounds in
Table II with the exception of U, V, and Wwere col-
ored even after final dilution to 15 uM iron concentra-
tions. Resistance to hydrolysis and typical color develop-
ment are prime characteristics of chelate compounds
(7).

Procedure for study of iron transfer to cells. Two
ml of the 50% cell suspension was incubated for 2 hours

1 Generously supplied by Dr. McClean, Cutter Labora-
tories, Berkeley, Calif. The 81 metal combining globu-
lin (Fraction IV-7) was obtained from normal human
plasma by conventional cold ethanol fractionation and
assayed 85%o 8-globulin by electrophoresis.

2 Baird-Atomic, Cambridge, Mass.
3 Generously supplied by Dr. M. Weiner, Geigy Chem-

ical Corp., Ardsley, N. Y.
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FIG. 1. STRUCTURESOF LIGANDS OF TABLE I. The letters preceding the chemical names refer to the compounds listed
in Table I.
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at 370 C with 5 ml of each of the prepared solutions in
iron-free Lusteroid counting tubes. The mixtures were

agitated frequently. The amount of iron (4.2 /Ag per 5
ml) with which the cells were incubated was constant
in these experiments. A count was made to determine
the total activity in each sample. The tubes were then
centrifuged at 40 C at 2,500 rpm for 10 minutes, the su-

pernatant liquid was removed, and the cells were washed
three times with 5-ml vol of cold Ringer's solution and re-

centrifuged. Further washings caused no increase in

the radioactivity of the supernatant fluid over the back-
ground count. The cells were then hemolyzed at 40 C
for 10 to 15 minutes with 6 ml of distilled water. The
pH of the hemolysate was 7.5. A second determination
of the radioactivity now measured the total uptake of
iron by the cells. The hemolysate and stroma were sepa-

rated by centrifugation at 40 C at 2,500 rpm for 20 min-
utes. The stroma was then washed and centrifuged
three times with cold distilled water, resuspended in
6 ml of water, and the radioactivity measured to ca!-

culate the uptake by the cell stroma. The difference be-
tween the total uptake and the stromal uptake provided
the value for the hemolysate iron content. The iron
concentration was calculated as micrograms of iron per
milliliter of reticulocytes. The data presented are the
results of at least two experiments each in duplicate for
the runs in which there was no transfer of iron to
reticulocytes. Other experiments, in duplicate,, were

replicated between three and fifteen times with a vari-
ability within 25%o of the average values reported. Re-
producibility of iron transfer from chelated iron to
reticulocytes was superior to that from iron transferrin.

Qualitative identification of radioiron incorporation
into hemoglobin. To measure Fe' incorporation into he-
moglobin in the incubated cells, the hemoglobin was iso-
lated by fractional phosphate precipitation according to
Kruh and Borsook (8). Alternatively, hemoglobin was

separated by
buffer) in a

stained with

paper electrophoresis at pH 8.6 (barbital
Spinco-Durrum apparatus. One strip was

bromphenol blue to locate hemoglobin,

TABLE I

Chelate iron uptake*

Ligand: iron Total
Chelate Log KMA ratios uptake Hemolysate Stroma

A. Ethylenediaminetetraace- 25.1 2:1 0.1 0.1 0.0
tic acid 5:1 0.0 0.0 0.0
(EDTA) 10:1 0.0 0.0 0.0

B. 1,2-Diaminocyclohexane- 2:1 0.1 0.05 0.05
N,N'-tetraacetic acid 5: 1 0.0 0.0 0.0
(CDTA) 10:1 0.0 0.0 0.0

C. Diethylenetriaminepenta- 28.6 2:1 0.9 0.3 0.6
acetic acid 5:1 0.2 0.05 0.15
(DTPA) 10:1 0.2 0.05 0.15

D. ,B-Aminoethylcyclohexane- 2:1 0.1 0.05 0.05
N,N'-diaminepenta- 5:1 0.1 0.05 0.05
acetic acid 10:1 0.0 0.0 0.0

E. N-, Hydroxvethylethylene- 19.6 2:1 0.8 0.3 0.5
diaminetriacetic acid 5:1 0.1 0.05 0.05
(HEDTA) 10:1 0.0 0.0 0.0

F. 1,2,3-Triaminopropane- 2:1 0.8 0.5 0.3
N,N',N"-hexaacetic 5:1 0.2 0.1 0.1
acid 10:1 0.1 0.05 0.05

G. 0,j3',8"Triaminotriethyl- 2:1 0.1 0.0 0.1
aminehexaacetic acid 5:1 0.1 0.0 0.1

10:1 0.0 0.0 0.0
H. Ethylenediamine-2-cyclo- 2:1 0.1 0.0 0.1

hexanol triacetic acid 5:1 0.0 0.0 0.0
10:1 0.0 0.0 0.0

I. Ethylenediamine-2-cyclo- 2:1 15.8 1.4 14.4
hexanol triacetic acid 5:1 3.8 0.4 3.4
lactone 10:1 0.4 0.1 0.3

J. 1,2-Propylenediamine- 2:1 5.2 0.8 4.4
N,N'-tetraacetic acid 5:1 0.4 0.1 0.3

10:1 0.1 0.05 0.05
K. 1,2-Bis-[(2-dicarboxy- 2:1 14.1 3.2 10.9

methyl) aminoethoxy] 5:1 11.3 1.5 9.8
ethane 10:1 3.4 1.0 2.4

* Calculated as micrograms of iron per milliliter of rabbit reticulocytes.
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FIG. 2. STRUCTURESOF LIGANDS OF TABLE II. The letters preceding the chemical names refer to the compounds listed
in Table II.
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TABLE II

Chelate iron uptake*

Ligand: iron Total
Chelate Log KMA ratios uptake Hemolysate Stroma

L. N,N'-Ethylenebis(a imino- 2:1 1.7 1.4 0.3
2-hydroxy-5-methyl- 5:1 1.6 1.4 0.2
phenylacetic acid) 10:1 1.5 1.2 0.3

M. N,N'-Ethylenebis (a imino- 2:1 5.6 3.3 2.3
2-hydroxy-5-chloro- 5:1 4.5 3.1 1.4
phenylacetic acid) 10:1 3.9 3.3 0.6

N. N,N'-Ethylenebis [2- Greater 2:1 0.7 0.35 0.35
(o-hydroxyphenyl) than 5:1 0.7 0.4 0.3
glycine] [EDDHA) 30 10:1 0.6 0.3 0.3

0. N,N'-Ethylenebis (a imino- 2:1 0.5 0.4 0.1
2-hydroxy-5-carboxy- 5:1 0.4 0.3 0.1
phenylacetic acid) 10:1 0.4 0.3 0.1

P. N,N'-Ethylenebis (a imino- 2:1 3.2 2.2 1.0
2-hydroxy-5-sulfophenyl- 5:1 1.2 0.9 0.3
acetic acid) 10:1 0.3 0.2 0.1

Q. Ethylenediamine-N,N'bis 2:1 7.2 5.0 2.2
(2-hydroxy-1-naphtho- 5:1 5.3 4.2 1.1
benzyl)-diacetic acid 10:1 5.6 4.4 1.2

R. Ethylenediamine-N,N' bis- 2:1 2.1 1.7 0.4
(2-hydroxy-3,5-dimethyl 5:1 2.1 1 .7 0.4
benzyl)-diacetic acid 10:1 2.3 1.9 0.4

S. Ethylenediamine-N,N' bis 2:1 9.7 6.4 3.3
(2-hydroxy-5-sulfobenzyl)- 5:1 2.2 .5 0. 7
diacetic acid 10:1 0.4 0.3 0.1

T. 2,2'Bis[di(carboxymethyl) 2:1 0.2 0.1 0.1
amino] diethyl ether 5:1 0.4 0.3 0.1

10:1 0.4 0.3 0.1
U. 2-Hydroxyethyliminodi- 2:1 5.3 3.2 2.1

acetic acid 5:1 5.0 3.3 1.7
10:1 5.2 3.2 2.0

V. Nitrilotriacetic acid 24.3 2:1 9.6 5.9 3.7
5:1 7.3 5.4 1.9

10:1 6.4 4.9 1.5
W. Aminobarbituric acid-N,N'- 2:1 2.6 1.0 1.6

diacetic acid 5:1 1.1 0.5 0.6
10:1 0.6 0.3 0.3

* Calculated as micrograms of iron per milliliter of rabbit reticulocytes.
Log KMAvalues fdr Fe(III) chelates in Tables I and II obtained from (7).

and a second strip was cut into small segments and the
radioactivity determined in the well counter. An esti-
mate of the minimal radioiron incorporation into hemo-
globin was established by division of the net counts for
the hemoglobin fraction divided by the net counts for
the hemolysate fraction.

Results

Iron-binding protein, iron transfer to reticulo-
cytes. The range of total iron uptake per milliliter
of reticulocytes in these experiments was 1.1 to 5.2
/g with a mean value of 2.8 ug. The amount
present in the hemolysate fraction averaged 61%o
of the total uptake. The fraction was independent

of the total quantity
reticulocyte.

of iron taken up by the

Iron transfer to mature erythrocytes. Like
Jandl, Inman, and Simmons (9), we were unable
to demonstrate iron uptake when the red cell
suspension contained less than 0.5%o reticulocytes.

A study of the transfer of iron from the com-
pounds listed in Tables I and II to erythrocytes
in a cell suspension of mature cells gave no evi-
dence of measureable movement of iron to either
cell stroma or hemolysate at equimolar or higher
ligand/iron ratio. Compound P (Table II) was
an apparent exception in this group. This sul-
fonic acid derivative yielded 2.0 ,ug per ml of cells
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of iron to the mature cells (1.2 ug on stroma, 0.8
Ig in hemolysate) at a ligand/iron ratio of 2/1
but did not provide any iron at higher ligand/iron
ratios.

As a control study, we examined the uptake of
iron chloride in a saline suspension of cells. Re-
sults of many such experiments were in full ac-
cord with published information in that at a total
iron level of 4.2 ug per ml of cells no less than
70% of the total iron uptake was deposited on
the stroma (5, 9), from mature or immature cell
suspensions.

Iron chelates, iron transfer to reticulocytes.
Table I presents the data for the transfer of iron
from a group of hydrophilic, aliphatic, and related
chelates to a reticulocyte-rich red cell suspension.
The values reported have been calculated per mil-
liliter of reticulocytes on the basis of the reticulo-
cyte population of the preparation studied. Iron
is not transferred to reticulocytes in appreciable
quantity from most of the compounds in this group
at any ratio of ligand to metal. For some com-
pounds (C, E, F, I, J, and K) at low ligand/
metal ratios, some iron transfer to the reticulocyte
does occur. Unlike IBP, most of the iron in these
cases is adherent to the stroma of the cell. With
all these compounds an increase in ligand ratio
results in a decrease in total iron uptake by the
cells, especially the stromal fraction.

The transfer of iron to reticulocytes by the
compounds listed in Table II is similar in pattern
to that of IBP. Inspection of the uptake values
at 10: 1 ratio, where the chelated iron species is
most pronounced, shows that the distribution of
the reticulocyte iron is usually predominantly in
the hemolysate. Compounds L through P repre-
sent a series in which the iron-binding portion of
the molecule is constant, but systematic substi-
tution on the aryl ring provides variability in the
polar nature of the iron chelate. The unsubsti-
tuted compound, N, is intermediate in its iron
delivery capability between the more lipotropic
methyl and chlorine substituted congeners L and
Mand the more hydrophilic carboxyl and sulfonic
acid derivatives 0 and P.

A second structural sequence (compounds Q,
R, and S) shows an analogous pattern of relation
between molecular structure and iron delivery.
Again, the more hydrophobic compounds, Q and

R, at the 10: 1 molar ratio, bearing the bulky
hydrocarbon naphthyl and the dimethylbenzylhy-
droxy structures, provide optimal iron transfer to
the reticulocyte with a high proportion of meta-
bolically useful iron in a cell hemolysate. The
amount of iron transported by the more hydro-
philic sulfonic acid derivative, compound S, is
lower but again with good distribution between
stromal and hemolysate iron fractions.

The series of compounds T through V may be
considered as derivatives of iminodiacetic acid in
which the remaining hydrogen of the amino group
has been substituted by a variably complex group-
ing such as the beta ethyl ether, compound T, the
beta hydroxyethyl substituent of compound U,
the more polar acetic acid, compound V, and the
bulky barbituric acid group of compound W. All
the compounds in this series provide iron to the
reticulocyte with a hemolysate/stromal ratio simi-
lar to that of iron-binding protein.

Radioiron incorporation into hemoglobin. He-
moglobin precipitation showed that a minimum of
10%o of the hemolysate fraction from ferric
chloride, 40%o of the hemolysate fraction from
IBP, and 80% of the hemolysate from compound
V was incorporated into hemoglobin. Qualitative
data for compounds L, M, and N demonstrated
radioactivity incorporation in hemoglobin. These
results were confirmed by the electrophoretic
studies, which showed the localization of radio-
activity concomitant with the hemoglobin.

Discussion

The circulating iron of the plasma is rapidly
removed, almost entirely by the marrow, in con-
ditions of high iron utilization (10-12). Most
evidence suggests that the mechanism of this
plasma iron removal involves the transfer of
transferrin iron to immature red cells (5, 9, 13,
14). The chemical mechanisms by which trans-
ferrin is able to achieve this selective result are
presently unknown.

The formation of the soluble but poorly dis-
sociated iron transferrin chelate may provide a
buffer system to maintain a continuous reservoir
for low levels of ionic iron in the plasma. Such
a function for transferrin would inhibit the char-
acteristic nonselective adsorption of inorganic
iron at metabolically inert sites on the reticulo-
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cyte stroma. In addition to such a solubility
controlling function for iron in plasma, the se-
lective structural characteristics of the iron trans-
ferrin chelate may permit delivery of the metal
to sites on the reticulocyte membrane that permit
rapid metabolic utilization of the deposited metal.
Synthetic chelating agents provide a useful and
precise tool to examine these possible functions
for the naturally occurring iron-chelating agent,
transferrin.

Choice of a suitable sequence of iron-binding
agents makes it possible to "set" the ionic con-
centration of the free metal ion species at pre-
determined levels below, equal to, or above that
characteristic of the interaction of transferrin
and ferric ion. A convenient measure of this
value is the log KMA (15). For transferrin and
ferric ion, log KMA has been variously reported
as approximately 27 (16), 27.7 for the first iron
atom of transferrin, and 29 or 30.2 for the second
iron atom of the molecule (17, 18). Were the
metabolic function of transferrin related simply
to its ability to maintain a soluble buffer system
for the iron ion at a given low concentration,
one would expect that the compounds in Tables
I and II would show a regular relation between
iron-binding ability as measured by log KMA and
the uptake of iron by the hemolysate fraction of
the reticulocyte. This is not the case. Com-
pounds V and N (log KMA24.3 and greater than
30, respectively) (19, 20), at the ends of the
iron-binding spectrum vis-A-vis transferrin, are
both able to provide the reticulocyte with meta-
bolically useful iron as determined by incorpora-
tion into the heme molecule.

The data in Tables I and II suggest, however,
that a relation does exist between the ionic iron
concentration and the degree of nonspecific ad-
sorption on the reticulocyte membrane. As the
ratio of chelating agent to ferric ion is increased
from 2: 1 to 10: 1, the degree of stromal iron
deposition decreases, for example, with com-
pounds I, J, and K, and M, P, and S. Since
the result of increase in chelating agent concen-
tration in these systems is to decrease the free
metal ion concentration (7), one may presume
that the change in ionic iron concentration, so in-
duced, is at the critical level for nonspecific iron
adsorption to the reticulocyte stroma.

Our present studies also provide some inf or-
mation on the structural aspects of iron binding
that permit delivery of the metal to the young
erythrocyte. The compounds utilized are divis-
ible into two broad groups based on their ability
to function in vitro in a manner analogous to the
specific iron-binding protein of plasma. In the
highest chelate iron molar ratios, at which the
metal may be presumed maximally in the form
of the iron chelate, the compounds in Table I in-
hibit the nonspecific adsorption of iron on the
reticulocyte membrane by depression of the ionic
iron in the medium. The iron chelate so formed,
however, is unable to deposit the metal on those
sites on the membrane from which it may be
further utilized for metabolic conversion to iron
porphyrin in the intracellular compartment. The
most characteristic structural aspect of the hydro-
philic iron chelates of the compounds in Table I
is the net negative charge of the molecule at
neutral pH. In this respect these iron chelates
are similar to the red cell. It has been suggested
that acid groups on the red cell membrane impart
a negative charge to the surface of the cell; this
negative charge may be the basis of the intercel-
lular repelling force that prevents the red cells
from touching each other (21). In our study,
the nonspecifically adsorbable positively charged
ferric ion is converted to a negatively charged
iron chelate that is also repelled from the cell
surface. The net result, as observed, is de-
creased iron adsorption, specific and nonspecific,
from iron chelates of this structural type. Simi-
lar results had been earlier reported by Jandl and
co-workers (5) for EDTA (compound A, Table
I).

Many of the synthetic iron chelates in Table II
are able to fully mimic the function of the iron-
binding protein in delivery of iron to the reticulo-
cyte for conversion to hemoglobin. The sequence
of compounds L to P is especially illuminating in
this respect. Compounds L, M, and N provide
a lipophilic iron chelate. The methyl and chloro
substituents on the aryl ring enhance this molec-
ular characteristic. As one proceeds from the
unsubstituted structure of compound N to the
negatively charged carboxylate and sulfonate
acid aryl substituents (compounds 0 and P), the
molecular envelope for the iron shifts in charac-
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ter to a definite negatively charged surface. One
may note the corresponding decrease in transfer
of the iron to the reticulocyte. Our results agree,
concerning reticulocyte uptake and hemoglobin
incorporation, with those reported for compound
N (Table II) by Cleton, Turnbull, and Finch
(22), who demonstrated that 50 to 90%o of the
radioiron uptake was incorporated into hemo-
globin. Other compounds in Table II that func-
tion satisfactorily for iron transport are also
characterized by a neutral lipotropic molecular
structure.

The mechanisms by which iron presented to
the reticulocyte in the form of a suitable small
molecular chelate gains access to the intracellular
compartment and becomes available for hemo-
globin incorporation have not been established.
To date our studies indicate that the route of
iron absorption from some of the iron chelates
differs from that for iron transferrin, since the
processes are neither competitive nor respond in
the same way to challenge by metabolic inhibitors
(23). Our work does not preclude the possi-
bility that the iron chelate moiety enters the cell
as such.

Wehave interpreted the results of these stud-
ies of the transfer of iron from synthetic chelat-
ing agents to the reticulocyte to support a dual
concept of the metabolic function of iron-binding
protein in plasma. In this view, transferrin
serves as a soluble reservoir of ferric ion in the
vascular system, which maintains the free metal
ion concentration at a level low enough to mini-
mize nonselective adsorption on the reticulocyte
membrane. Interaction of iron with other plasma
constituents is simultaneously inhibited.

A second major effect of protein iron binding
is to so change the charge and environment of
the metal ion that it may approach areas on
the reticulocyte membrane surface where active
metabolic intervention may then further the
processes of iron utilization. Whether the sub-
sequent reaction sequence involves reductive
processes as has been postulated for certain tissue
iron storage areas (24), the intervention of
metabolically controlled small molecular carriers
as has been alternatively postulated (25-27), or
other active transport mechanisms for movement
of iron transferrin to the reticulocyte (5), awaits
clarification.

Summary

The transfer of iron from synthetic iron che-
lates of varied structure to rabbit reticulocytes
has been studied. Iron-binding compounds of
suitable structure such as NN'-ethylenebis (a
imino-2-hydroxy-5-methylphenylacetic acid) and
N,N'-ethylenebis (a imino-2-hydroxy-5-chloro-
phenylacetic acid (L and M) simulate the func-
tions of transferrin in inhibiting nonselective
membrane adsorption of iron and promoting uti-
lization of the iron for incorporation into hemo-
globin. Highly polar anionic iron chelates such
as those of diethylenetriaminepentaacetic acid
and ethylenediaminetetraacetic acid inhibit both
nonselective deposition of iron on reticulocyte
membrane and utilization of the metal for hemo-
globin biosynthesis.

Our studies with synthetic model compounds
clarify the dual role of transferrin in regulating
ionic iron levels in plasma to minimize nonselec-
tive membrane adsorption and shed light on the
protein's structural characteristics that promote
selective iron delivery to the reticulocyte for
hemoglobin synthesis.
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