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Abstract

Objective—We investigated mechanisms involved in iron (Fe) transport by DMT1 (endosomal Fe
(1) exporter, encoded by the Nramp2 gene) using wild-type Chinese hamster ovary (CHO) cells and
Nramp2-transfected CHO cells, as well as reticulocytes from normal and mk/mk mice that have a
defect in DMTL.

Materials and Methods—CHO cells and reticulocytes were incubated with 5°Fe bound to various
ligands. The radioiron was present in its Fe(l1) or Fe(l11) forms or bound to transferrin (Tf), and the
internalized 99Fe measured under varying experimental conditions. Additionally, 122I-Tf interaction
with reticulocytes was investigated and 59Fe incorporation into their heme was determined.

Results—Hyperexpression of DMT1 in CHO cells greatly increases their capacity to acquire
ferrous iron. Although CHO-Nramp2 cells showed an increase in Fe(l11) uptake as compared to CHO
cells, they transported Fe(111) with much lower efficacy than Fe(ll). In addition to their defect in Fe
uptake, mk/mk reticulocytes also showed a decrease in Tf receptor levels.

Conclusions—Given that CHO cells acquire iron from Fe(ll)-ascorbate with much higher rates
than from Fe(l11)-Tf, Tf-receptor levels represent the rate-limiting step in their iron uptake. As Fe
(11) transport by CHO-Nramp2 cells can be inhibited by the impermeable oxidant KsFe(CN)g, a
membrane ferric reductase is probably needed for reduction of Fe(l1) to Fe(ll), which is then
transported by DMT1. DMT1 is not a limiting factor in Fe acquisition by normal reticulocytes and
their heme synthesis.

Virtually all organisms possess an absolute requirement for iron because of its unsurpassed
catalytic versatility. However, the chemical properties of iron that allow for its usefulness are
also responsible for its potential toxicity and, hence, iron metabolism is tightly controlled at
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both the organismal and cellular levels [1-4]. In vertebrates, iron is transported within the body
between sites of absorption, storage, and utilization by the plasma glycoprotein transferrin
[1] which binds ferric iron very tightly, but reversibly. Delivery of iron to most cells occurs
following the binding of transferrin (Tf) to Tf receptors [5] on the cell membrane. Extracellular

Feg*-Tf is bound by the membrane-bound Tf receptors and internalized via receptor-mediated
endocytosis into an endosome. Iron is released from Tf following a decrease in endosomal pH
(reviewed in [1]) and is then transported across the endosomal membrane by DMT1 [6,7].
DMT1 (also known as Nramp2, DCT1 {divalent cation transporter [8]} or Slc11a2), is encoded
by a gene that belongs to the ““natural resistance macrophage-associated protein” (Nramp)-
family of genes identified by Gros and coworkers [9]. Mutations of Nramp2 cause decreased
iron uptake by erythroid cells (and possibly other cells) in mice with microcytic anemia (mk/
mk) [6] and in anemic Belgrade (b/b) rats [7]. Additionally, several recent reports have
demonstrated that DMT1 mutations cause hypochromic microcytic anemias in human patients
[10-14]. Because the substrate for DMT1 is ferrous iron [8], reduction of Tf-borne Fe(I11) must
occur in endosomes. Importantly, Ohgami et al. [15] have recently identified a gene, Steap3
(six transmembrane, epithelial antigen of the prostate 3), whose product is a compelling
candidate for endosomal ferric reductase. The protein coded by this gene is highly expressed
in hematopoietic tissues, is present in endosomes and colocalizes with Tf, Tf receptors, and
DMTL.

Immature erythroid cells are the most avid consumers of iron, most of which is used for
hemoglobin synthesis. Although normally all of this iron is delivered via the Tf receptor
pathway [16], in vitro experiments revealed that immature erythroid cells can also acquire non-
Tf-bound iron in its ferrous form [17,18]. It is likely that the transmembrane Fe2* transport
system in developing erythroid cells reflects the activity of DMTL. Physiologically, all iron in
the circulation is Tf-bound and, hence, DMT1 expressed at the plasma membrane of erythroid
and other cells has no substrate. Hence, in normal individuals DMT1 can assume its function
of Fe2*-transporter only following its recruitment into endosomes where it colocalizes with Tf
[19,20].

In this study, we investigated the mechanisms involved in iron transport by DMT1, exploiting
Chinese hamster ovary (CHO) cells transfected with mouse Nramp2 gene as well as
reticulocytes from wild-type and mk/mk mice. We found that hyperexpression of DMT1 in
CHO cells dramatically increases their capacity to acquire ferrous iron. Although Nramp2-
transfected CHO cells also display an increase in Fe(l11) uptake, it is highly likely that the iron
can be transported only following its reduction to Fe(ll). Both wild-type Nramp2-transfected
CHO cells and normal reticulocytes acquire Fe(l1) at rates much higher than that at which iron
is taken up physiologically from Tf. These observations suggest that Tf-receptor levels
represent a limiting factor in iron uptake by all three cell types examined in this study.
Reticulocytes from mk/mk mice show not only a defect in Fe(ll) uptake, but also a decrease in
iron uptake from Tf and a dramatic inhibition of iron incorporation into heme.

Materials and methods

Cells

CHO cells were transfected with mouse Nramp2 gene as described by Gruenheid et al. [19].
Immunological staining using anti-DMT1 antibody demonstrated that transfected cells
(referred to as CHO-Nramp2 cells) exhibited a stable and high expression of DMT1 at the
plasma membrane [19]. CHO cells were cultured in minimum essential medium containing
10% fetal calf serum at 37°C in a CO,-incubator; medium for the growth of CHO-Nramp2
cells was supplemented with 1 mg/mL G418.
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Reticulocytosis was induced by injecting CD1 mice with neutralized phenylhydrazine
(intraperitoneally) at a dose of 50 mg/kg/day for 3 continuous days. On the 39 or 4" day
following the last injection, blood was taken from the heart under ether anesthesia using heparin
as anticoagulant, and red blood cells (—45% reticulocytes) were washed three times with ice-
cold phosphatebuffered saline (PBS) at 4°C. Mature erythrocytes (containing virtually no
reticulocytes) were obtained from untreated CD1 mice, by collecting the bottom quarter of
packed red blood cells during the washing procedure.

In some experiments, untreated homozygous mk/mk mice (kindly provided by Dr. Mark
Fleming, Harvard University) were used as a source of reticulocytes; control reticulocytes were
collected from their heterozygous or wild-type (+/?) counterparts treated with phenylhydrazine
as described here. In experiments comparing iron or Tf uptake by reticulocytes from mk/mk
and +/? animals, a special effort was made to adjust concentration of reticulocytes in both
samples to the same level. This was confirmed by measurement of RNA content [21] in
reticulocyte samples from mk/mk and +/? animals.

59Fe uptake by CHO cells

59Fe(Il) uptake—Reduction of 9Fe(l11) to 9Fe(II) was accomplished using ascorbate as
described by Egyed [17] using some modifications. Briefly, ®6FeSO, (10-fold excess) was
added to 5%FeCls in 0.1 M HCI (Amersham, UK), after which the ascorbate solution,
deoxygenated by nitrogen gas, was added to make a final iron-to-ascorbate ratio of 1:44. After
additional dilution with an appropriate incubation buffer, the S9Fe(l1)-ascorbate mixture was
used (within 20 minutes) for uptake experiments. Using 1,10-phenanthroline and ferozine, that
specifically bind Fe(11) to form spectrophotometrically detectable complexes, we demonstrated
that iron remained reduced in the incubation buffer for at least 2 hours.

Preparation of CHO and CHO-Nramp2 cells for 59Fe(ll) uptake studies

Cellswere collected following treatment with 0.25% trypsin, 1 mM ethylenediamine tetraacetic
acid (GIBCO, Toronto, Ontario, Canada), and approximately 8 x 10° cells/well were seeded
into six-well plates (Nunclon; VWR Canlab, Mississauga, Ontario, Canada). After about 16
hours preincubation in the medium described here, cells were washed twice with warm PBS,
followed by addition of 2 mL deoxygenated warm incubation buffer (25 mM Tris, 25 mM Mes,
140 mM NaCl, 5.4 mM KCI, 5 mM glucose, 1.8 mM CaCl,, pH 5.0 — 7.4) that was prepared
as described by Fleming et al. [7], except that MgSO,4 was omitted; MgSO,4 was found to
slightly inhibit Fe(11) uptake by CHO-Nramp2 cells. After adding >°Fe(l1)-ascorbate at the
indicated concentrations, the uptake was initiated by immediately transferring the plates to the
CO, incubator (37°C), with gentle shaking for 10 minutes. The %Fe uptake was terminated by
three washes with ice-cold PBS. Cells were detached and the membrane-associated >Fe was
removed using 30-minute incubation (4°C) in 2 mL PBS containing 1 mg/mL pronase plus 5
mM ethylenediamine tetraacetic acid [22]. After an additional two washes with PBS, the %9Fe
radioactivities in both cell pellets and supernatants were counted using 1282 Compugamma
gamma counter (LKB Instruments, Pleasant Hill, CA, USA). The former represented
intracellular 5°Fe, while the latter accounted for the membrane-bound ®°Fe. As no significant
difference in either cell number or protein contents was observed between CHO and CHO-
Nramp2 cells after 16 hours of preincubation, calculations for Fe uptake were based on the cell
numbers at the time of seeding, and expressed as pmole Fe/108 cels. All %9Fe uptake
measurements were performed in duplicates; initial control experiments revealed that the %9Fe
uptake at 4°C was negligible.
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Non-Tf 59Fe(lll) uptake

S9Fe(111)-citrate (ratio of 1:100) was prepared as described previously [22] and >°Fe(111) uptake
experiments were conducted as described for 59Fe(l1) uptake studies.

59Fe uptake from >9Fe-Tf

59Fe,-Tf was prepared as described by Martinez-Medellin and Schulman [23]. 3°Fe uptake
was performed (CO,-incubator, 37°C) in minimum essential medium supplemented with 25
mM HEPES (pH 7.4), 10 mM NaHCO3, and 1% bovine serum albumin, either in the presence
of different concentrations of 9Fe,-Tf for 1 hour or in the presence of 2.5 uM 3%Fe,-Tf for
different time intervals. The 5%Fe uptake was terminated by washing cells (three times) with
ice-cold PBS. Membrane-associated 29Fe-Tf was removed by pronase (1 mg/mL) treatment
(30 minutes/4°C) after which the cells were collected and washed twice with icecold PBS. The
racéioactivity in cell pellets was counted and the rates of iron uptake expressed as pmoles per
10° cells.

In some experiments intracellular >°Fe distribution in CHO cells, following their incubation
with either 29Fe(I1)-ascorbate or >°Fe,-Tf, was examined. Lysates of CHO cells were
metabolically labeled with >9Fe, separated on 3% to 20% polyacrylamide gradient gels in the
presence of Triton X-100 and ®%Fe was detected by autoradiography as previously described
[24,25]. Briefly, the cell pellet was resuspended in 80 pL lysing solution containing 0.14 M
NacCl, 0.1 M HEPES, 1.5% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride (pH 7.4)
at 4°C. After vigorous vortexing, the lysates were centrifuged using a microcentrifuge for 15
minutes (4°C). The supernatants (Triton X-100 soluble) were carefully transferred into clean
tubes. The %Fe radioactivities in both the supernatant and pellet (Triton X-100 insoluble)
fractions were counted for 2°Fe radioactivity. The total supernatants were subjected to gradient
gel electrophoresis, after which the gel was dried and autoradiographed, the 2°Fe-containing
bands cut, and their >2Fe radioactivities measured using a gamma counter. Human 29Fe,-Tf
and murine->9Fe ferritin were used as markers and included in the gel in separate lanes.
Following the autoradiography, three >Fe-containing bands could be distinguished; two of
them comigrated with >Fe-Tf and >9Fe-ferritin markers, respectively. Moreover, the identities
of 99Fe-Tf and 9Fe-ferritin were confirmed by supershifts of their respective bands using anti-
Tf or anti-ferritin antibodies. In addition, ®®Fe-radioactivity was also found in a diffuse rapidly
migrating band, corresponding to Y-band identified previously in reticulocytes treated with
heme synthesis inhibitors [24]; when desferrioxamine was added to the samples before
electrophoresis, most of the >°Fe radioactivity found in the rapidly migrating band Y
disappeared.

59Fe uptake by reticulocytes and erythrocytes

125.Tf cycle

59Fe(I1) uptake was measured using >9Fe(ll)-ascorbate (see above) added to a suspension of
erythrocytes or reticulocytes (hematocrit —20%) in buffer containing 270 mM sucrose, 4 mM
Pipes (pH 4.5 - 7.4) [26].

59Fe uptake from 59Fe-Tf was measured by incubating cells (hematocrit —20%) in minimum
essential medium containing 25 mM HEPES (pH 7.4), 10 mM NaHCO3 and 1% bovine serum
albumin. At indicated time intervals, cells were thoroughly washed in ice-cold PBS and total
cell 3°Fe-radioactivity counted. 59Fe incorporated into heme was measured following heme
extraction from 5°Fe-labeled cells using acid methyl ethyl ketone [27].

in reticulocytes

Iron-saturated 1251-Tf was prepared using lodo-Bead (Pierce, Rockford, IL, USA) according
to manufacturer’s procedure. Iron-saturated Tf and Nal2°| were obtained from Sigma (St Louis,
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MO, USA) and ICN Biomedical (Irving, CA, USA), respectively. The rates of cell surface-
associated 12°|-Tf internalization were measured by incubation of reticulocytes in presence of
2 uM 1251-Tf at 37°C in the same buffer used for >%Fe uptake studies. Samples were taken at
different time intervals and immediately transferred into ice-cold PBS to terminate the uptake.
After three washes, cell pellets (50 pL) were resuspended in 400 pL 0.25% pronase and
incubated at 4°C for 30 minutes to remove the membrane-associated 12°1-Tf. 125|-Tf
radioactivity in the washed cells represented internalized fraction.

To measure intracellular}2°1-Tf release, reticulocytes were first incubated in the presence of 2
UM of 125|-Tf at 37°C for 30 minutes. Following three washes with ice-cold PBS at 4°C to
eliminate non—cell-associated 12°1-Tf, cell pellets were resuspended in the buffer supplemented
with 2 pM 6Fe-Tf. The intracellular 12°1-Tf release was initiated by warming up the samples
at 37°C. Samples were taken at different time intervals and immediately transferred into ice-
cold PBS to terminate the release. After centrifugation, the 12°1-Tf radioactivities were
measured in both cell pellets and supernatant that contained released 12°1-Tf.

Scatchard analysis of 122I-Tf binding to TfR was performed as described previously [28].
Briefly, reticulocytes were incubated in the presence of increasing concentrations of 125]-Tf
for 2 hours, followed by three washed with ice-cold PBS to remove the unbound 1251-Tf. The
radioactivity in cell pellet represented the fraction of cell surface Tf receptor-associated 12°]-
Tf. The nonspecific binding was obtained in the presence of 50-fold excess of 6Fe,-Tf.

Data analysis

Results

For all data herein, the average of duplicate samples is presented; differences in duplicate
samples were <5%. Each experiment was repeated at least three times and representative results
are presented. “Day-to-day” variability and logistical constraints generally precluded
sophisticated statistical analysis; however, the deviation in relative changes between replicate
experiments was typically <3%.

Fe(ll) uptake by CHO cells

As Fe(Il) transport via DMT1 is coupled with proton transport [8], we examined the effect of
pH on 9Fe(11) uptake by CHO-Nramp2 cells and CHO cells. Figure 1A shows that in the pH
ranging from 5.0 to 7.4, CHO-Nrampz2 cells, as compared to wild-type CHO cells, exhibit
considerably higher uptake of °Fe(l1). The rate of Fe(Il) uptake by CHO-Nramp2 cells is
highest at pH 5.5, and at this pH the cells take up about 15-fold more Fe(ll) than their
untransfected counterparts (Fig. 1A). In both cell types the uptake of Fe(l1) is saturable at about
10 pM iron, at which concentration the CHO-Nramp2 cells take up 12.5-fold more Fe(ll) than
the CHO cells (Fig. 1B). At both saturating and lower concentrations of Fe(ll), its uptake by
both CHO and CHO-Nramp2 cells is linear for at least 60 minutes (Table 1).

Fe(I1) uptake by both CHO and CHO-Nramp?2 cells is temperature-dependent since incubation
at 4°C inhibited the uptake by >97%. Incubation of cells in the presence of rotenone (10 uM)
inhibited Fe(1l) uptake by CHO-Nramp2 cells by >70%, indicating that Fe(ll) transport via
DMT1 is an adenosine triphosphate-dependent process (not shown).

As DMT1 expressed in oocytes seems to transport not only Fe2*, but also numerous other

divalent metal ions [8], we next investigated the effects of other metals on 3°Fe(11) uptake by
CHO-Nramp2 cells. Table 2 shows that a variety of divalent metals interfere with ferrous iron
uptake by CHO-Nramp2 cells and the order of their inhibitory effects is as follows: Cu > Cd
> Co > Mn > Ni. These results confirm that DMT1 displays a broad substrate selectivity [8].
However, we did not observe any significant inhibitory effect of Zn2* and Pb2* on ferrous iron
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uptake by CHO-Nramp2. This finding is in conflict with the observation of Gunshin et al.
[8], who reported that DCT1/ DMT1 mediates cellular uptake of Zn2* and Pb2*. Although
some divalent metals (Cd%*, Co2*, Mn2*) inhibited ferrous iron uptake by nontransfected CHO
cells, Cu2*, Ni2*, Mg?*, and Zn?* did not inhibit this process (Table 2); however, Cu2*, at 5
MM and higher concentrations, inhibited ferrous iron uptake by CHO-Nramp?2 cells. Even more
surprisingly, Cu2* and Pb2* stimulated Fe(l1) uptake by nontransfected CHO cells (Table 2).
It is possible that CHO cells, similarly as immature erythroid cells [26], have two ferrous iron
transport systems one of which is represented by DMT1. The second Fe(ll) transport system
in erythroid cells becomes prominent at higher iron concentrations and is stimulated by KCI,
PbClI, LiCl, and CsCl [26]. Experiments are being planned to investigate whether DMT1-
independent transport system can account for Pb2*-induced stimulation of Fe(I1) uptake by
CHO cells.

Fe(lll) uptake by CHO cells

In the next set of experiments, we investigated whether a high expression of DMT1 in CHO
cells affects the rate of Fe(l11) uptake. Figure 2 demonstrates that Fe(I11) uptake, as compared
to Fe(Il) uptake, exhibits some similarities but also several remarkable differences. Fe(l11)
uptake by CHO-Nramp2 is higher than that by CHO cells and shows pH dependency, although
the maximum uptake occurs at pH as low as 4.5 (Fig. 2A). Fe(l11) uptake by both cell lines is
saturable at about 10 pM iron concentration (Fig. 2B). However, the quantitative difference
between Fe(l11) uptake in Nramp2-transfected vs wild-type CHO cells is less prominent than
is the case for Fe(lIl) uptake. Even more importantly, the ratio of Fe(l1):Fe(l11) uptake by CHO-
Nramp2 cells is 57 and 40 at pH 5.5 and 7.4, respectively (compare Fig. 1A and Fig. 2A),
indicating that Fe(l11) is transported with much lower efficacy.

Fe(l1) uptake is temperature-dependent (not shown) as well as adenosine triphosphate-
dependent because it can be inhibited by rotenone (Table 3). Importantly, potassium
ferricyanide (KsFe(CN)g), in concentrations as low as 1 M, causes 70% inhibition of Fe(ll1)
uptake by CHO-Nramp2 cells (Table 3), decreasing the uptake almost to the level seen in wild-
type CHO cells. In a control experiment, KCN (1 mM) had virtually no effect on Fe(ll1) uptake
(not shown). Potassium ferricyanide serves as an extracellular “electron sink” and is known to
inhibit a membrane ferric-reductase [29,30]. We conclude that DMT1 can transport Fe(l11)
only following its reduction to Fe(ll), a process likely to be mediated by the plasma membrane
ferric reductase inhibitable by K3Fe(CN)g. Cu?* significantly inhibited, and ascorbate
dramatically stimulated, Fe(l11) uptake by both cell lines (Table 3), providing further support
for the idea that reduction of iron is necessary and that DMT1 is involved in the transport.

Tf-derived Fe uptake by CHO cells

As expected, both CHO and CHO-Nramp2 cells were capable of acquiring 2°Fe from 9Fe,-
Tf by a temperature- and energy-dependent process, and the uptake of >°Fe was linear for at
least 3 hours (not shown). CHO and CHO-Nramp?2 cells took up Tf-borne iron with identical
rates, leading to the accumulation of approximately 13 pmoles Fe/108 cells during a 1-hour
incubation at pH 7.4 (Table 4).

Figure 3 shows that about 80% of >°Fe taken up by wildtype CHO cells, following 1-hour
incubation with 9Fe-Tf, can be found in a Triton X-100-soluble fraction, 10% of which
appears in ferritin. On the other hand, after 1-hour incubation of CHO-Nramp2 cells

with 59Fe(l1)-ascorbate, only 45% of >°Fe is in Triton X-100-soluble fraction, and 2% of
this 99Fe appears in ferritin; the vast majority of 9Fe is found in an as yet unidentified fraction
with fast mobility upon native electrophoresis [24,25]; %9Fe in this fraction can be readily
chelated by desferrioxamine.
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Fe uptake by mouse reticulocytes and erythrocytes

As expected (Table 5), mature erythrocytes are unable to take up iron from Tf, but they have
some, though very limited, capacity to incorporate 59Fe from %9Fe(I1)-ascorbate. As compared
to erythrocytes, reticulocytes take up ferrous iron (likely via DMT1) with about a 14-fold higher
efficiency. Reticulocytes acquire iron from ferrous-ascorbate much more efficiently (eightfold)
than from Fe,-Tf. Most (86%) of Tf-borne iron is used for heme synthesis, whereas only 8%
of the iron derived from Fe(ll)-ascorbate appears in heme (Table 5). Even more importantly,
absolute amount of iron used for heme synthesis is about 30% lower when the cells are offered
non-Tf, Fe(ll), as a substrate (Table 5).

Fe(Il) uptake by normal reticulocytes follows a pattern of pH-dependency, with a
maximumuptake at pH 7 (Fig. 4) that is different from that described for CHO-Nramp2 cells
(Fig. 1A). However, it should be noted that CHO-Nramp2 cells were incubated in a buffer
containing only salt that caused hemolysis of reticulocytes below pH 7. Therefore, for ferrous
uptake studies, reticulocytes were incubated in a buffer containing a high concentration of
sucrose [26] that did not cause hemolysis. Figure 4 shows that reticulocytes derived from mk/
mk mice exhibited a significant decrease in their capacity to acquire ferrous iron, and the uptake
decreased progressively with decreasing pH.

Reticulocytes from mk/mk mice, as compared to those from +/? animals, show about a 70%
lower rate of iron uptake from Tf and use iron for heme synthesis less efficiently; after a 1-
hour incubation wild-type reticulocytes used about 90% 59Fe for heme synthesis while
reticulocytes from mk/mk mice used only about 65% (Fig. 5). Experiments were next designed
to investigate whether the decrease in iron uptake from Tf by mk/mk reticulocytes could be
accounted for only by defective DMT1 [6] or whether the reticulocytes from mk/mk animals
had additional defects. We examined the rate of 1251-Tf internalization, 1251-Tf release and the
affinity of Tf to Tf receptors and found no difference in these parameters in reticulocytes from
mk/mk mice as compared to those from +/? animals (not shown). However, we unexpectedly
found that the amount of 1251-Tf bound to surface receptors in reticulocytes from mk/mk mice
was significantly reduced (Fig. 6), suggesting either an overall decrease in Tf receptor levels
or a decrease in the presence of receptors at the cell surface.

Discussion

DMT1 has recently been identified as the first transmembrane iron transporter [3,4,6-8]. It
plays a dual role in transporting inorganic iron across the apical membrane of enterocytes as
well as in translocating Tf-derived iron through endosomal membrane. In the first part of this
study we investigated the uptake of iron from various sources by wild-type CHO cells and
those expressing high levels of DMT1 in order to further characterize this transporter’s function
and evaluate its involvement in overall cellular iron metabolism.

We have demonstrated that DMT1 efficiently transports ferrous iron into the cells that express
high levels of this protein. The transport is temperature-, energy-, and pH-dependent. The
highest iron-transporting activity occurs at pH 5.5, which is the pH needed for iron release
from Tf in endosomes. These results corroborate previous findings of Gunshin et al. [8]. We
also confirmed that several divalent metals (Cu, Cd, Co, Mn, Ni) are likely to be transported
by DMT1 because they inhibit its Fe(ll)-transporting activity. However, in contrast with the
earlier report [8], we did not find inhibition of Fe(ll) uptake by CHO-Nramp2 cells in the
presence of Zn?* and Pb2*. This discrepancy suggests that cell-specific factors (oocytes, ref.
[8] or CHO cells, this study) may modulate the transport function of DMTL.

We also compared CHO cells and CHO-Nramp2 cells for their capacity to take up Fe(l1l) from
ferric citrate. Somewhat surprisingly, we demonstrated that CHO-Nramp2 cells, as compared

Exp Hematol. Author manuscript; available in PMC 2009 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 8

to their untransfected counterparts, have about fivefold higher uptake of iron offered in its ferric
form. However, it is highly unlikely that DMT1 transports Fe(l11) directly, and this conclusion
is based on the following observations: Ferric iron transport by CHO-Nramp2 cells can be
inhibited by the impermeable oxidant potassium ferricyanide, that inhibits the plasma
membrane ferric reductase [29,30]. This result strongly suggests that Fe(l11) has to be first
reduced to Fe(I1), which can then be transported by DMT1. Additionally, Cu2*, which inhibits
Fe(1l) transport by DMT1, significantly inhibits iron uptake (offered as ferric-citrate) by CHO-
Nramp2 cells. It is possible that at least some ferric iron, taken up by CHO-Nramp?2 cells, is
reduced by Steap3; although most of this protein is localized intracellularly, a small fraction
of Steap3 appears on the plasma membranes (Dr. Mark Fleming, personal communication).
However, it is unknown whether this reductase is inhibitable by ferricyanide. In any case, these
results are relevant to the mechanism of tissue iron uptake of non—transferrin-bound iron that
is present in plasma of patients with severe iron overload [31-33].

Importantly, CHO and CHO-Nramp?2 cells take up iron from Tf with identical rates (Table 4)
that are much lower than the rates with which these cells take up ferrous iron (Fig. 1). These
results strongly indicate that iron-transporting capacity of DMT1, even in wild-type CHO cells,
greatly exceeds the iron-transporting capacity of the Tf-receptor pathway. In other words, Tf-
receptor levels represent the rate-limiting step in iron uptake via the physiological Tf-dependent
pathway. Moreover, intracellular >°Fe distribution is grossly disturbed when 9Fe is offered in
the form of ®9Fe(ll)-ascorbate, in particular in CHO-Nramp2 cells (Fig. 3). About 85%

of 59Fe taken up (60 minutes) from >9Fe,-Tf by wild-type CHO cells can be recovered in the
Triton X-100-soluble fraction. However, CHO-Nramp2 cells following their incubation (60
minutes) with 59Fe(I1)-ascorbate contain only 45% of their ®°Fe in a Triton X100-soluble
fraction, most of which (95%) can be found in the ill-defined fraction Y [24,25] with a high
mobility following polyacrylamide gel electrophoresis (Fig. 3). In CHO-Nramp2 cells,
provided with ®2Fe(11), radioiron probably accumulates in this fraction, since the uptake of iron
greatly exceeded the iron-storing capacity of ferritin; as compared with CHO cells, CHO-
Nramp?2 cells supplied with >°Fe(l1) show a 6.5-fold increase of *°Fe-radioactivity in the
fraction Y, but only a twofold increase in ferritin (Fig. 3).

In the second part of this study we examined uptake of iron, using either Fe,-Tf or Fe(l1)-
ascorbate as sources, by reticulocytes obtained from wild-type or mk/mk mice. Reticulocytes,
as compared to mature erythrocytes, take up ferrous iron with about 15-fold higher efficacy,
suggesting that DMT1 either disappears or becomes inactive with reticulocyte maturation (Fig.
4). Although reticulocytes can incorporate some >°Fe into heme when incubated with 9Fe(11)-
ascorbate, the efficiency with which they utilize for heme synthesis >°Fe derived from 5%Fe,-
Tf, is significantly higher. This indicates that the Tf-receptor pathway plays an important role
in the efficient targeting of iron towards mitochondria. As is the case with CHO cells, levels
of Tf receptors in reticulocytes seem to represent the rate-limiting step in iron acquisition from
Tf because the maximum iron uptake from Fe(ll)-ascorbate is about eightfold higher than that
from Fe,-Tf.

As expected [6,34] reticulocytes from mk/mk mice, as compared to those from normal mice,
exhibit a defect in Fe(ll) uptake that is most prominent at pH 6. The decrease is so dramatic
that it could produce a limiting step for iron uptake via the Tf-receptor pathway. In fact, iron
uptake from Tf is also dramatically decreased in reticulocytes from mk/mk mice (Fig. 5), but
the decreased DMT1 activity is probably not the only factor responsible for this defect. Our
finding of lower cell surface binding of 1251-Tf (Fig. 6), suggests that there may be a decrease
in total Tf receptors levels in these mice. This would be consistent with our previous finding
that inhibitors of heme synthesis decrease Tf receptor expression in induced murine
erythroleukemia cells [35]. However, Garrick et al. have previously shown an increase in Tf
receptor levelsin reticulocytes from Belgrade rats [28]. Further evidence is needed to determine
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whether the total levels of Tf receptors are indeed decreased in mk/mk reticulocytes or if there

is
su

another cause for our observation of decreased surface Tf binding, such as retention of a
bpopulation of noncycling Tf receptors within the cells.
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Ferrous iron uptake by Chinese hamster ovary (CHO) and CHO-Nramp2 cells. (A) pH-
dependent uptake of Fe(ll). (B) Concentration-dependent uptake of Fe(ll).
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Figure 2.
Ferric iron uptake by Chinese hamster ovary (CHO) and CHO-Nramp2 cells. (A) pH-
dependent uptake of Fe(l11). (B) Concentration-dependent uptake of Fe(ll1).
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Figure 3.

9Fe distribution in Chinese hamster ovary (CHO) or CHO-Nramp2 cells incubated with
various sources of iron. Cells were incubated with >2Fe,-transferrin (Tf) (5 uM), °Fe(l1)-
ascorbate (10 uM) or 59Felll)-citrate (10 uM) for 1 hour, washed, and cell pellets solubilized
as described in Materials and Methods. °Fe radioactivity was measured in Triton X- 100
insoluble and soluble fractions (A), following which soluble fractions were subjected to native
gradient gel electrophoresis and the ®°Fe radioactivity in Y-band, Tf and ferritin (B) measured
as described in Materials and Methods.
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Figure 4.

59F¢(I1) uptake by reticulocytes obtained from mk/mk and +/? reticulocytes. The cells were
incubated with 59Fe(I1)-ascorbate (20 uM and 0.88 mM, respectively) for 60 minutes at 37°
C. 99Fe-heme was extracted using acid methyl ethyl ketone [27].

Exp Hematol. Author manuscript; available in PMC 2009 March 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Zhang et al.

Page 15

7 -
O +/?-Total

6 4 ¢ +/?-Heme
B mk/mk-Total

¢ mk/mk-Heme

59Fe (pmole per 108 reculocytes/h)

0 15 30 45 60
Incubation Time (min)

Figure 5.
59Fe uptake from 59Fe-transferrin (Tf) (10 uM) by reticulocytes from mk/mk and +/?
reticulocytes. °Fe-heme was extracted using acid methyl ethyl ketone [27].
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Effects of various divalent metals on Fe(Il) uptake™
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Metals (LM) CHO cells CHO-Nramp2 cells
Cu2+

0.1) 120.5 107.9

(0.5) 153.1 106.9

(1.0 164.7 109.6

(5.0 2111 9.2

(10.0) 2305 14.2

(50.0) 505.9 25.9
Cd2+

(10.0) 68.3 42.1

(50.0) 36.6 12.1
COZ+

(10.0) 91.1 85.4

(50.0) 66.2 47.9
Mn2+

(10.0) 95.1 92.6

(50.0) 69.4 53.8

(400.0) 30.9 12.5
Ni2+

(10.0) 99.5 98.4

(50.0) 96.5 80.4
Mg2+

(10.0) 95.4 93.5

(50.0) 96.1 93.5
Zn2+

(10.0) 96.2 99.8

(50.0) 99.7 94.9
Pb2+

(10.0) 2133 95.0

(50.0) 641.0 120.0

CHO = Chinese hamster ovary.

*
Percentages of controls incubated (60 minutes) in the absence of metals.

59Fe(ll), 10 pM; ascorbate, 0.44 mM; pH 5.5
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Effects of various factors on Fe(l1) uptake

Table 3
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Reagent (UM) CHO cells CHO-Nramp2 cells
Rotenone
10.0 87.9 46.1
20.0 86.7 58.4
40.0 70.0 52.6
cu?
1.0 94.5 50.2
5.0 91.9 20.6
10.0 76.8 20.2
51.0 711 10.4
100.0 48.3 6.7
K4Fe(CN),
0.5 87.9 46.1
1.0 90.2 26.5
3.3 85.3 30.1
10.0 85.1 254
1000.0 59.9 19.9
Ascorbate
440 1138.7 2826.0

*
Percentages of controls incubated (60 minutes) in the absence of reagents.

S9Fe(111), 10 uM; citrate, 1 mM; pH 5.5.
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Table 4
59Fe uptake from %9Fe,-Tf"
Iron uptake (pmol/10° cells/h)
Experiment 1Jr Experiment 2T Average
CHO cells 149 12.1 135
CHO-Nramp2 cells 141 114 12.7

CHO = Chinese hamster ovary; Fe = iron; Tf = transferrin.

*
10 pM TF; 20 UM Fe.

7°Indicated values represent averages of duplicates
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Table 5
Iron uptake by mouse reticulocytes and erythrocytes

Source of >°Fe 59Fe incorporation (pmoles/10° cells/h)
Reticulocytes Mature erythrocytes
Total Heme Total Heme
59Fe-Tf (10 pM) 6.5 5.6 0.9 0
%Fe-ascorbate (20 pM) 52.8 4.0 3.6 0
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