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In order to better understand the cellular delivery of
iron from serum transferrin (Tf), we compared iron
release from receptor-bound and free Tf. While free Tf
did not release all iron until helow pH 4.6, receptor-
bound Tf released significantly more iron at mildly
acidic pH, with essentially all iron released between
pH 5.6 and 6.0. Since Tf is acidified to a minimum pH
of 5.4 in K562 cells, this result accounts for the nearly
complete extraction of iron from Tf by these cells.
Comparison of fluorescence from Tf conjugated with
lissamine rhodamine sulfonyl chloride (LRSC-Tf) free
in solution and bound to receptor provides further
evidence that the Tf receptor modulates low pH-me-
diated conformational changes in Tf. As pH was de-
creased from neutrality, the fluorescence of free
LRSC-Tf began to increase below pH 6.2; the fluores-
cence of LRSC-Tf bound to human receptors did not
increase until below pH 5.6. Binding to the Tf receptor,
while facilitating iron release from Tf, appears to par-
tially inhibit a conformational change that causes the
increase in LRSC-Tf fluorescence at low pH. The flu-
orescence of human LRSC-Tf bound to murine recep-
tors increases at a higher pH, 6.0, indicating that there
are differences in conformational stabilization of Tf by
receptors of different species. The results suggest that
the Tf receptor, in addition to providing a means by
which cells may internalize Tf, functions to increase
the release of iron from Tf in the endosome.

The serum iron-binding protein, transferrin (Tf),! has been
shown to play a central role in vertebrate iron transport
(recently reviewed in Refs. t and 2). Diferric Tf interacts with
cells by binding to specific cell-surface receptors, undergoes
receptor-mediated endocytosis, and is delivered to an acidic
(3-6), nonlysosomal compartment (3) termed the endosome,
which is believed to be the site of iron extraction. Since
exposure of Tf to low pH greatly increases the rate of Fe*
dissociation from free Tf (7, 8), endosomal acidification of Tf
has been suggested as the primary mechanism for iron delivery
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to the cell. A critical difference between Tf and many other
ligands is its high affinity for receptor at low pH. Following
acidification, iron-depleted Tf remains bound to its receptor
and recycles back to the cell surface, where it disscciates at
neutral pH to undergo another round of iron loading (9, 10).

There are two mechanisms proposed to be involved in
cellular iron extraction from internalized Tf. Considerable
evidence supports a reductive mechanism, particularly in he-
patocytes (11-13). Reduction is suggested by the much lower
affinity of Fe** for the Tf molecule (14}, and the facilitation
of iron exchange from Tf to chelators by strong reducing
agents in vitro (15, 16). In addition, hepatocyte iron uptake
from Tf appears to be insensitive to ionophores and weak
bases and is correlated with the activity of a plasma membrane
NADH:ferricyanide reductase (12). Two indirect lines of evi-
dence indicate the importance of a second mechanism, low
endosomal pH, in iron release from Tf: 1) Chinese hamster
ovary (CHO) cell lines defective in endosomal acidification
are also defective in their ability to extract iron from Tf (17,
18), and 2) weak bases which raise the pH within acidic
intracellular compartments profoundly inhibit uptake of iron
from Tf but have little effect on the endocytosis of the Tf
molecule itself (19-23). Correlation of elevated “vesicular pH”
with decreased iron uptake (24) and the increased iron satu-
ration of released Tf due to the effects of weak bases (23)
provide the strongest support for the role of acidification in
iron release. The presence of certain inorganic anions, which
have been suggested to facilitate iron removal from Tf by
destabilizing the Tf-carbonate-Fe complex {25), may play a
role in either or both mechanisms.

A potentially serious problem with the proposed role of
endosomal pH in iron release is that while primarily apoTf is
released from erythroid cells (22, 26, 27), including the eryth-
roleukemia cell line, K562 (23, 28), the minimum pH in K562
cells is 5.4 (3, 29, 30). Based on measurements of iron release
from free Tf (7, 8), this pH should only be adequate to remove
iron from the N-terminal iron-binding site (7). Since previous
studies of the pH dependence of iron release from Tf have
been conducted on Tf free in solution, the role of the Tf
receptor in this process has been unknown, Our results rec-
oncile the release of apoTf from K562 cells with their meas-
ured endosomal pH. Binding to cell-surface receptors altered
the pH dependence of iron release from T, providing an
explanation for the release of apoTf from K562 cells that is
not accounted for by measurements on Tf in solution. A
preliminary report of this work has been presented (28).

EXPERIMENTAL PROCEDURES

Materials—T1 (98% pure) was purchased from ICN Biomedicals,
Inec. (Lisle, 1L). The ability of this Tf to donate iron to K562 cells
was demonstrated by measuring both **Fe uptake and conversion of
"T.Tf to the apo form. Na'®I was purchased from ICN Radiochem-
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icals {Irvine, CA). Fluorescein isothiocyanate (FITC) and lissamine
rhodamine sulfonyl chloride (LRSC) were obtained from Molecular
Probes (Eugene, OR). FeCl, was from Fisher Scientific Co. All other
chemicals were purchased from Sigma.

Labeling of Tf—Diferric Tf was radiolabeled using the methed of
Markwell (31). The resulting specific activity was 0.6-1.1 uCi/ug.
Labeling of Tf with '*I had no effect on the pH dependence of iron
release when compared with unlabeled Tf (not shownl), helping to
rule out possible effects of iodination of tyrosines in the Tf iron-
binding sites. Binding specificity (measured by incubation in the
presence or absence of 1 mg/ml unlabeled diferric Tf) was greater
than 95%. The “’I-Tf was greater than 65% diferric; attempts to
further saturate the Tf with iron (prior to labeling) by established
procedures (32) were unsuccessful. It should be noted that the major-
ity of Tf bound to cells is expected to be diferric, due to the higher
affinity of this species compared to mono- and apoTf (33).

Tt was labeled with either FITC or LRSC as described (5). Molar
fluorochrome-to-protein ratios were 4.3:6.2 for FITC-Tf and 3.9:5.2
for LRSC-Tt. For fluorescently labeled Tfs, binding specificity was
always greater than 90%.

Cell Culture—K562 cells {obtained from American Type Culture
Collection) were passaged at a density between 10° and 10° cells/ml
in RPMI 1640 medium supplemented with 10% {v/v) heat-inactivated
calf serum, 100 units/ml penicillin, 100 ug/ml streptomycin, and 2
mM L-glutamine (GIBCO). Friend erythraleukemia cells, subclone
Sc9 (34) derived from subline DS19 of line 7454, were obtained from
Dr. Paul A. Marks. Sc9 cells were passaged at a density between 10*
and 10° cells/ml in Dulbecca’s modified Eagle’s medium supplemented
with 10% (v/v) fetal calf serum, 100 units/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine. A549 cells (35) were obtained
from Dr. James Williams, and were cultured as described (36).

Anelysis of Tf Iron Occupancy by Electrophoresis—Occupancy of
the two different iron-binding sites of Tf was determined using the 6
M urea gel system of Makey and Seal (37), as modified by Bomford
et al. {23) (urea-PAGE). All solutions were treated with chelating
resin (Sigma) prior to use. The possibility of iron contamination by
the gel system was ruled out using apo-'*I-Tf, made by treating ®I-
Tf-labeled cells at 0°C with pH 4.0 buffer (0.1 M acetate, 0.15 M
NaCl) in the presence of excess unlabeled apoT¥, and raising the pH
back to neutrality. The apo-'*I-Tf remained iron free throughout
electraphoresis. Unlabeled apoTf (present in some samples) also did
not acquire iron during electrophoresis (not shown). Samples (25-40
ul) were mixed with 25 xl of 6.3 M urea, and subjected to urea-PAGE
at 100-110 V for 18-24 h. The gels were stained with Coomassie
Brilliant Blue, destained, dried, and subjected to autoradiography
(using Du Pont Chronex intensifying screens) for 3-14 days at
—70°C. Autoradiograms were then quantitated by densitometry,
using a soft laser densitometer (Zeineh) interfaced with an IBM XT
personal computer. A one-dimensional Videophoresis IT data analysis
program (Biomed Instruments, Fullerton, CA) was used for all inte-
grations. Markers dividing the four different Tf species were set at
the nodal planes between adjacent peaks. Values for the four Tf
species were then normalized by dividing by the total Tf present (as
estimated by the total area of the scanned peaks from the autoradi-
ogram). Results are expressed as the percentage of the total Tf present
{free Tf) or total dissociable from the cell surface (receptor-bound
Tf).

Buffers—Iron-depleted incubation buffer (cPBSg) was made by
stirring 8 mM NaH,PO,, 2.7 mM KCl, 140 mM NaCl, and 1.5 mM
KH;PO,, pH 7.4, overnight with 2 g/liter chelating resin to remave
exogenous iron, removing the resin, and then adding 0.9 mm CaCl,,
0.5 mM MgCl,, and 2 mg/ml glucose. pH standard buffers contained
0.1 M MES and 0.15 M NaCl, and were accurate to within 0.03 pH
units.

Iron Release from Free Tf—1-ul samples of diferric Tf in cPBSg (6
ug) (with or without tracer '*I-Tf) were diluted into 25 ul of standard
buffers of various pH values and incubated for 6 min at room
temperature. The samples were then mixed with 25 gl of 6.3 M urea
and separated by urea-PAGE; the gels were either subjected to auto-
radiography (***I-Tf) and densitometry, or quantitated by densitom-
etry directly {unlabeled Tf), as described above. Slight differences in
incubation time (+1-4 min) had a negligible effect on iron dissocia-
tion. Analysis of the pH dependence of iron release from LRSC-T{
yielded similar results (not shown).

pH Dependence of Iron Release from Receptor-bound Tf—K562
cells were labeled with 2 ug/ml "I-Tf in ¢cPBSg for 20-40 min at
0 °C, washed three times, and resuspended at 2 X 107 celis/ml at 0 °C.
Cell viability (determined by trypan blue exclusion) was always
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greater than 97%. 50-u] cells were added to 400 gl of pH standard
buffers of various pH values containing 300 pg/ml apoTf (necessary
to prevent iron contamination), incubated for 6 min at 0 °C, then
pelleted and resuspended in 180 pul of cPBSg with 300 xg/ml apoTf
and 100 pg/ml diferric Tf (to allow dissociation of the labeled Tf).
After repelleting the cells, the supernatants were mixed with 6.3 M
urea and were subjected to urea-PAGE as described above. To deter-
mine the extent of dissoriation of total cell-associated radioactivity,
the cell pellets were washed two times with cPBSg, and radioactivicy
was counted in a liquid scintillation counter (Beckman model L8
1701).

pH Dependence of Labeled Tf Fluorescence—FITC- and LRSC-Tf
were diluted in standard buffers to obtain an A or Ass less than
0.03 in order to avoid inner filter effects. Sample fluorescence was
then guantitated using a Gilford Fluoro IV spectrofluerometer, using
excitation/emission wavelengths of 488/520 nm (FITC) and 568/590
nm (LRSC). Calibration curves of fluorescence versus pH were ob-
tained on different days and with different lots of labeled Tf. Each
individual calibration curve was multiplied by a constant chesen to
minimize the difference between curves (the constant was the average
of the ratios of the fluorescence values at each pH), and the resulting
normalized curves were then averaged. This method was used to avoid
biasing the averages due to the choice of a single pH normalization
point. The averaged curves were then normalized to 1 at pH 7.0.

PpH Dependence of Labeled Tj Fluorescence When Bound to Cells—
K562 and Sc9 cells were labeled with a mixture of FITC-Tf and
LRSC-Tf and analyzed by flow cytometry as described (5). Briefly,
cells were cooled to 0 °C in phosphate-buffered saline (140 mm NaCl,
3 mM KCl, 8 mm NaH:PO,, 1.5 mM KH;PO,, 0.9 ram CaCl,, 0.5 mM
MgCls, and 2 mg/ml glucese) for 5 min. Cells were then labeled for
20-30 min at 0 °C in this buffer containing 10-15 and 5 pg/ml of
FITC-Tf and LRSC-TH, respectively. (This mixture produced approx-
imately equal fluoresence signal-to-noise ratios for each Tf conju-
gate.) Cells were washed two times, then resuspended in 1 ml of 0 °C
standard buffers at appropriate pH. The values were averaged and
normalized as described above.

RESULTS

pH Dependence of Iron Release from Free Tf—Iron release
from Tf occurs over a relatively wide pH range, with each
iron-binding site releasing iron at a different pH value (7, 8.
In order to address questions regarding the role of receptor
binding, we first characterized the pH dependence of iron
release from free Tf using a single buffer system (Figs. 1 and
2). As the pH of diferric T is decreased from neutrality, the
acid-labile N-terminal iron-binding site releases iron first,
yielding C-terminal monoferric Tf (Figs. 1 and 2C). Iron is
approximately 50% dissociated from C-terminal monoferric
Tf at pH 5.0, yielding apoTf. Approximately 30% of the
starting Tf is in the N-terminal monoferric form; the midpoint
for loss of iren from this form occurs at approximately pH 6.0
(this transition produces the small increase in apoTf seen at
mildly acidiec pH (Fig. 2B)). The stability of interaction with
the C-terminal iron-binding site was reflected by the relative
percentage of C-terminal monoferric Tf, which increased and
then decreased as the pH was lowered ({Fig. 2C); less than
60% of the Tf was in the apoTf form at pH 5.0 (Fig. 2B).
Maximal conversion to apoTf does not occur until approxi-
mately pH 4.4. The data confirm previous results (7), although
there are some slight differences in the 50% dissociation
points. Similar results were obtained with LRSC-Tf (data not
shown).

Receptor Binding and the pH Dependence of Iron Release
from Tf—In order to determine the extent of iron dissociation
from receptor-bound Tf, cells were labeled with **[-Tf, incu-
bated in buffers containing an excess of unlabeled apoTf at
various pH values, pelleted, then resuspended in pH 7.4 buffer
(containing both unlabeled apoTf and diferric Tf) to allow
dissociation of Tf. The molecular species of Tf released were
determined using the urea-PAGE system described under
“Experimental Procedures.” Fig. 1 shows typical results for
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Fic. 1. Effect of receptor binding on pH-induced iron re-
lease from Tf. Lanes 1-10: K562 cells were incubated with '*I-Tf
at 0 °C, washed, then exposed for 6 min to MES/NaCl baffers of
varicus pH values containing 300 ug/ml apoT{. The cells were then
pelleted and resuspended in ¢PBSg containing the same concentra-
tion of apoTf and 100 pg/ml diferric Tf. The distribution of Tf species
released was then determined by urea-PAGE. Note that receptor-
bound diferric Tf is released as apoTf with a very sharp pH depend-
ence. Lanes 11-20: 6 pg of free Tf (with tracer '*I-Tf) was suspended
in buffers of known pH for § min just prior to urea-PAGE. There
were two transitions in Tf species with decreasing pH, reflecting the
known differences in stability of the two iron-binding sites at low pH
(7, 8.

the pH dependence of iron dissociation from Tf bound to
K562 cells at 0 °C compared with iron dissociation from free
‘Tf. In sharp contrast to the result for free Tf, iron release
from receptor-bound Tf has a very steep pH dependence, with
a dramatic increase in the amount of T released at pH values
below 6.0; the released T was almost entirely apoTf. Since
neither monoferric species was released {even in the presence
of competing diferric Tf, which has a higher affinity (33)), the
iron appeared to be removed from Tf in an essentially pairwise
manner. The C-terminal iron-binding site showed the greatest
change due to receptor binding, shifting the 50% dissociation
point by approximately 1 pH unit for receptor-bound Tf,
relative to free Tf. There was a small amount of Tf (<8%)
that could not be released from the cells by treatment at low
pH.
Fig. 24 shows the total amount of cell-surface Tf as a
function of the minimum pH in a simulated endocytic cycle.
50% of the *I-Tf dissociated at pH 5.8-5.9, a half-dissocia-
tion point identical to that measured for FITC-Tf bound to
BALB/c 3T3 cells (5). The human epidermoid carcinoma cell
line A549 gave essentially identical results, indicating that
the effect was not due to differences in cell type. This released
Tf was greater than 80% apoTf at pH values below 5.6 (Figs.
1 and 2B).

Fig. 2B shows a direct comparison of the percentage of
apoTf released from cells with apoTf formed from free Tf.
Only 50% of the free Tf was apoTf (50% was C-terminal
monoferric) at pH 5.0-5.2. In contrast, greater than 80% of
total receptor-bound Tf was released as apo-Tf at pH 5.6, an
essentially maximal value. Thus, binding of Tf to cells re-
sulted in a shift of the pH dependence of iron occupancy of
the C-terminal iron-binding site of approximately 1 pH unit.
Control experiments with apoTf added to free '*I-Tf yielded
identical results, indicating that this difference was not simply
due to the presence of high concentrations of apoTf in the
low pH buffer used for receptor-bound Tf.

Fluorescence of Tf Conjugates Bound to Cells—In the course
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FiG. 2. pH dependence of iron release from Tf. A, pH de-
pendence of Tf dissociation from K562 cells. The amount of "*I-Tf
remaining cell-associated after brief exposure to various pH was
determined as described under “Experimental Procedures.” The av-
erage and standard deviation for three experiments are shown (no
symbol). Results are also shown for a single experiment with A549
cells {A). Note the extensive dissociation below pH 6.0. B, effect of
receptor binding on generation of apoT{. The percentage of total Tf
in the apoTf form was compared for free (@) (average of two experi-
ments) and receptor-bound Tf (no symbol) (average of three experi-
ments). C, quantiation of free Tf species as a function of pH. The
averages from two experiments performed as in Fig. 1 are shown for
free, unlabeled Tf in standard MES buffers (similar results were
obtained in 0.1 M acetate, 0.15 M NaCl).

of our studies of transferrin acidification, pH calibration
curves were obtained in order to convert measured fluores-
cence ratios to pH values (see Ref. 38 for protocol). We noted
that FITC-Tf and LRSC-Tf showed different pH dependen-
cies of fluorescence when bound to T{Rs from cells of different
species. LRSC-Tf conjugates show a pH dependence even
though the dye itself is not pH dependent, presumably due to
changes in the local protein environment that the LRSC probe
encounters at different pH values. For free LRSC-TY, the
fluorescence increases as the pH is lowered below 6.6 (Fig.
3A). A similar increase is observed for LRSC-Tf bound to
(murine) Sc9 cells (Fig. 34) and murine BALB/c 3T3 cells
(5). In contrast, the fluorescence of LRSC-Tf bound to (hu-
man) K562 cells did not increase until the pH was lowered
below 5.8 (Fig. 34 ) (similar results were obtained with human
AB549 cells, data not shown). Differences between species in
the pH at which the LRSC-T{ fluorescence begins to increase
may reflect differences in the stability of interaction between
human Tf and receptors. The dissociation constant for human
Tf bound to murine TfRs is 6.7 X 10~° M {29); values for
human Tf bound to human (K562) TfRs are 1-2 X 10° M
(10, 40). This 4-6-fold difference may be due to differences in
the primary sequences of the Tf-binding site or alterations in
the membrane environment of the receptor.
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Fi6. 3. pH dependence of fluorescence from Tf conjugates.
Human K562 cells (@) (n = 9) or murine Sc9 cells (&) (n = 5) were
labeled with both LRSC-Tf (4} and FITC-Tf {B) at 0 °C, suspended
in buffers of known pH, and analyzed hy flow cytometry at 0 °C.
Mean fluorescence values were caleulated for 10,000-20,000 cells and
autofluorescence was subtracted before all caleulations. Free LRSC-
Tt and FITC-Tf were diluted in the above buffers at an appropriate
concentration, and their fluorescence was quantitated by spectrofluo-
rometry (#) (=5 and 3 for LRSC-Tf and FITC-Tf, respectively).
All curves were averaged and normalized using the method described
under “Experimental Procedures.”

It is important to note that the increase in fluorescence of
LRSC-Tf bound to K562 cells occurs at pH values below those
required to release iron from Tf bound to those cells (Fig.
2B); thus, conformational changes which allow the release of
iron from Tf are not tightly linked with the presumed confor-
mational changes that result in the increase in LRSC-Tf
fluorescence at low pH. One interpretation of this difference
is that the degree of conformational unfolding/titration of the
iron-binding pockets in Tf is small at pH values near 6.0
(perhaps simply the protonaton of the bicarbonate ligand in
the metal-binding site), increasing in magnitude (adequate to
change the environment of most of the LRSC probe) as the
Tf is acidified further.

As observed previously for FITC-Tf bound te murine cells
(5), the difference in fluorescence at high and low pH values
is compressed relative to free FITC. The compression ob-
served for FITC-Tf fluorescence as a function of pH corre-
sponds to that described by Baldwin et ol (41). Results for
free FITC-Tf (Fig. 3B) closely paralleled those for FITC-TT
bound to K562 cells until pH 5.4, below which the free FITC-
Tf fluorescence continued to decrease. Therefore, species-
specific differences are also observed in the effect of receptor
binding on the pH dependence of FITC-TY fluorescence.

The differences seen between receptor-bound and free Tf
in Fig. 3 indicate the importance of making endosomal pH
measurements using pH calibration curves with labeled Tfs
bound to cells of the species of interest. Calibration curves
derived from labeled Tf free in solution may lead to erroneous
pH values.

DISCUSSION

As has been suggested by Morgan and Baker (42) and Foley
and Bates (25), the measured endosomal pH value of 5.4 in
K562 (3, 29} is too high to allow complete release of iron from
free Tf yet primarily apoTf is released from these cells (23,
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28). In order to better understand the endocytic pathway of
Tf and the role of endosomal acidification in the release of
iron from Tf, we have determined the pH dependence of iron
release from receptor-bound Tf. Qur data are consistent with
the results of Dautry-Varsat ef el. (9), who demonstrated that
70% of ®Fe can be released from receptor-bound Tf by ex-
posure to pH 5.5. However, since their experiment included a
buffer change between pH 6.0 and 5.5 {and no estimate of the
error in the measurements was reported), it has not been clear
whether (and why) iron can be fully released from Tf in the
endosome by acidification. Since at the time of writing the
authors understood the endosomal pH to be less than 5
(sufficiently low to release all of the iron from free Tf), the
authors did not discuss the effect of receptor binding on iron
release from Tf.

The results presented here directly demonstrate an increase
in iron release from Tf at moderately acidic pH upon receptor
binding. Binding to cell surfaces results in a large increase in
iron release at pH values below 6.0, explaining the inconsist-
ency between measured endosomal pH values and iron ex-
traction from Tf in K562 cells discussed above. Altered sus-
ceptibility to proton-mediated iron release may be a result of
conformational changes induced in the Tf molecule (particu-
larly the C-terminal iron-binding domain) by receptor binding
alone. This change could also be due to the presence of a
chelator protein associated with the TfR in the plasma mem-
brane. There is precedence for changes in the iron-binding
characteristics of Tf by chelators. For example, we have noted
a strong destabilizing effect of citrate on Tf binding to recep-
tor (and by implication, iron binding to receptor-bound Tf
{5), in agreement with published results for free Tf (43)).
Regardless of whether conformational changes or chelator
effects are the source of the enhanced iron release from Tf
upon binding to receptor, the sharp transitions seen in Fig. 2
are indicative of positive cooperativity. It is of interest that
most chelators which can extract iron from Tf prefer the N-
terminal iron binding site; however, chelators which prefer
the thermodynamically more stable C-terminal site (such as
aerobactin) have been demonstrated (45); thus, destabiliza-
tion of the C-terminal iron-binding site is not unprecedented.

The observed differences in pH-induced iron release from
the two iron-binding sites of Tf (7, 8) suggested that the
degree of acidification of Tf in endosomes might control the
biological availability of iron from the two sites (5, 7). How-
ever, our results support the opposite conclusion, since both
sites appear to be equivalent after Tf is bound to receptor.
Figs. 1 and 2B indicate that the C-terminal site should behave
similarly to the N-terminal site of free Tf (Fig. 2C) at pH
values measured in K562 cells. At present it is not known
whether both the N- and C-terminal iron-binding sites are
affected by receptor binding, or the C-terminal site alone
(since the monoferric species remain cell-associated and it
was not possible to measure them without possible denatur-
ation and loss of iron). If the N-terminal iron-binding site is
affected, the difference (at least with human TfRs) relative
to free Tf appears to be minimal (Fig. 2C).

After this work was completed, Nunez et al. (46) reported
that acidification of rabbit Tf to pH 6.5 within isclated
endocytic vesicles from rabbit reticulocytes is adequate to
release greater than 50% of the iron from Tf. The authors
suggest that receptor binding alters the pH dependence of
iron release from Tf. The results presented here directly
demonstrate this receptor effect (although the properties of
the Tf-TfR complex may be different after internalization).

Once iron is released from Tf, it must traverse the vesicular
membrane to be utilized by the cell. Bakkeren et al. (47) have
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shown that acidification of isolated endosomes was not ade-
quate to induce iron transport out of transferrin-containing
endosomes. They later determined that Fe?* chelators could
facilitate the removal of small amounts of iron from isolated
heavy and light endosomes (48}. Interestingly, addition of the
NAD*/NADH redox couple did not &id iron transport from
either of the endosomal populations, suggesting that NADH
was not directly involved in reduction of Fe**. These results
have also been confirmed by Nunez et al. (46); reducing agents
other than NADH were required for transport of Fe®* out of
isolated endosomes. Several laboratories have used specific
membrane-impermeable chelators for Fe?* and Fe®* to dem-
onstrate that only Fe?* chelators affect iron uptake (46, 49—
51). This indicates that Fe** is the predominant iron species
that crosses the endosomal membrane via an unknown carrier.
Reduction of Fe™ to Fe* may occur after iron release from
'Tf, prior to traversal of the cell membrane. However, at
present it seems likely that reduction is not the primary event
required for removal of iron from Tf. In support of this idea,
Thorstensen and Aisen (52) have recently reported that bind-
ing of Tf to isolated hepatocyte plasma membranes had no
effect on iron release at pH 7.4; Figs. 1 and 24 indicate that
this was the expected result at this pH. Importantly, they
peint out that earlier work suggesting the existence of a
plasma membrane Tf reductase (11-13) may be misleading.
Thermodynamic considerations suggest that the NAD*/
NADH couple does not have a sufficient reduction potential
to reduce Tf-bound iron; also, the observed release of iron
from Tf to strong Fe* chelators may be simply due to the
enormous stability of the Fe**-chelator complex, which drives
the overall equilibrium toward formation of the chelated iron
species.

Fig. 2, B and C, indicates that all of the iron cannot be
released from free Tf until the pH is lowered to 4.4. This
contrasts with the pH required for complete release from
receptor-bound Tf, pH 5.6. The increased ability of receptor-
bound Tf to release iron at moderate pH values may he
biologically quite important, in that all of the iron available
from Tf is accessible to the cell without the necessity of
subjecting Tf (or the T{R) to excessively low pH values. This
property may be important in allowing Tf to be reutilized.
Increased ability of receptor-bound Tf to release iron at
moderately acidic pH may be an important means by which
iron in serum is available to vertebrate cells, yet unavailable
to microbial competitors.

Our results imply a substantial role for the TR in aiding
the release of iron from Tf within endocytic vesicles. Acidifi-
cation to endosomal pH values is sufficient to account for
release of apoTf from K562 cells, probably without reduction
of Fe™ (since it is unlikely that a Tf reductase would be active
at 0 °C, the temperature used in our experiments}. Differences
in conformational changes upon binding of Tf to TfRs of
different species may influence the availability of iron from
either or both of the Tf iron-binding sites and suggest exten-
sive fine tuning of the T{-TfR system during evolution.
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