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Redox Properties of Human Transferrin Bound to Its Recéptor
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ABSTRACT: Virtually all organisms require iron, and iron-dependent cells of vertebrates (and some more
ancient species) depend on thébinding protein of the circulation, transferrin, to meet their needs. In

its iron-donating cycle, transferrin is first captured by the transferrin receptor on the cell membrane, and
then internalized to a proton-pumping endosome where iron is released. Iron exits the endosome to enter
the cytoplasm via the ferrous iron transporter DMT1, a molecule that accepts anlybEethe reduction
potential of ferric iron in free transferrin at endosomal p+b(6) is below—500 mV, too low for reduction

by physiological agents such as the reduced pyridine nucleotides with reduction potenti@i84omV.

We now show that in its complex with the transferrin receptor, which persists throughout the transferrin-
to-cell cycle of iron uptake, the potential is raised by more than 200 mV. Reductive release of iron from
transferrin, which binds Pe very weakly, is therefore physiologically feasible, a further indication that
the transferrin receptor is more than a passive conveyor of transferrin and its iron.

Transferrin (Tf)! the iron transporter of circulating blood,
is a single-chain, bilobal protein with a single3Fdinding
site in each lobe. Iron is borne by Tf only as®Fewith a
reduction potential too low<—500 mV) for it to be reduced
to Fe" by physiological means, either at extracellular pH
(7.4) or at endosomal pH (near 5.6) @). The initial event
in the uptake of transferrin-borne iron by cells is the binding
of the protein to specific transferrin receptors, of which two
are known: TfR1 (or, more simply, TfR in keeping with its

pH, is long &6 min) compared to the cell-cycling time of
transferrin, which may be as little as-2 min (8). Transferrin
completes some 16200 cycles of iron uptake, transport,
and delivery to cells during its lifetime in the circulation
(9). A fundamental and still unanswered question in iron
metabolism, then, is how iron is released from Tf and reduced
to the ferrous state for passage across the endosomal
membrane to the cytoplasm in meeting the needs of iron-
requiring cells. After completing its iron-donating function,

status as the first discovered and most intensively studied)transferrin leaves the cell, depleted of iron but otherwise

and the recently discovered TfR3)( of still uncertain
function; our present concern is confined to TfR1. The

intact, for another cycle of iron transport and delivery. A
salient feature of the transferrin-to-cell endocytic cycle in

membrane segment bearing the complex of transferrin andiron metabolism is the persistence of the Tf/TfR assembly

TfR is then internalized by the iron-requiring cell to an ATP-

throughout the cycle: transferrin free of its receptor is not

driven proton-pumping endosome, where the pH is lowered known to exist within the cell. Although iron-free apoTf is

to arange of 5.46.0 (4, 5). After release from Tf, iron exits

bound weakly, if at all, to TfR at extracellular pH, the relative

the endosome via the membrane divalent metal ion trans-affinity of the receptor may be greater for iron-free than for

porter now known as DMT16), which accepts iron only as
Fet. Where in the transferrin-to-cell cycle in iron metabo-
lism reduction of iron occurs is not known. Although iron
released from Tf to most physiological iron binders is easily
reducible {), the time required for release from transferrin
of iron as Fé" to physiological chelators, even at endosomal
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iron-bearing Tf at endosomal pHL@). Thus, TfR may
provide a thermodynamic drive to the reduction of Fim
transferrin. An attractive hypothesis, supported by consid-
eration of the thermodynamics and kinetics of iron chelation,
is that F&" reduction occurs while iron is still bound to
transferrin. Reduction to Pé diminishes the affinity of
transferrin for iron by at least a factor of #Q11) and taking
water ligand exchange rates for Fe(®Js** and Fe(HO)s?"

as an indicator, will enhance first coordination shell turnover
kinetics by several orders of magnitud&é2( 13). The
possibility that binding of transferrin to its receptor modulates
the reduction potential of transferrin-bound iron, as it does
the release of Pé from transferrin {4), was therefore
investigated.

MATERIALS AND METHODS

Experimental DesignThe reduction potentials of iron in
the C-terminal lobe of transferrin complexed to receptor, at
extracellular pH (7.4) and at endosomal pH (5.8), were
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measured by a spectroelectrochemical method as previously

described Z). Because of uncertain results with full-length
diferric transferrin (see below), we also chose to study
isolated C-lobe to avoid confounding effects of migration,
release, and reduction of iron carried by the N-lobe of
transferrin, where it is bound much more weakly at endo-
somal pH than in the C-lobe. Furthermore, most of the
binding energy in the complex of transferrin with its receptor
is derived from the C-lobel§), so that effects of receptor
might be more clearly displayed in iron bound to that lobe.
Proteins and Complexesluman serum transferrin satu-
rated with F&" was obtained from Boehringer-Mannheim
(Indianapolis, IN). Recombinant C-lobe in verified native
configuration was prepared by previously described methods
(15, 16). The soluble exocytic portion of TfR was expressed
and purified as described by Lawrence et &F){or provided
by Dr. Peter Snow of the California Institute of Technology
(18). Complexes of iron-bearing Tf or C-lobe and receptor
were prepared by incubating a 2-fold molar excess of either
protein with receptor. After £2 h incubation at 37C and
overnight at 4°C in 0.05 M HEPES/0.1 M NacCl, pH 7.4,
size exclusion chromatography on a Superdex 200 16/60
column (Pharmacia, Piscataway, NJ) separated assemblie
from unbound proteins. Preparations were maintained at 4
°C before exchange to working buffers, 0.05 M MOPS/0.5
M KCI, pH 7.0 or 0.05 M MES/0.5 M KCI, pH 5.8, each
with 0.2-0.4 mM methyl viologen as electrochemical

mediator to shuttle electrons between the electrode and theg

redox-active site buried within the protein. The high con-
centration of salt as supporting electrolyte was needed to
achieve equilibrium of F&/Fe" in reasonable times as
applied potentials were varied. The concentrations of trans-
ferrin or C-lobe in their complexes with receptor were in
the range of 0.1 to 0.2 mM.

SpectroscopyVisible spectra were recorded during the
course of spectroelectrochemical studies in the OTTLE cell
previously described?j. EPR spectra were obtained with a
Bruker 200 D X-band spectrometer with ESP 300 upgrade
and VT 4111 temperature controller. Instrumental settings:
temperature, 100 K; microwave power, 10 mW; microwave
frequency, 9.514 GHz; modulation amplitude, 1 mT.

RESULTS

Characterization of Receptor Complex&gptical spectra
of receptor complexes of diferric transferrin and C-lobe

Dhungana et al.
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Ficure 1: Visible spectra of RgTfR during the course of a typical
electrochemical reduction. Conditions: buffer, 50 mM MES, 500
mM KCI, pH 5.8; [Fe/TfR ] = 0.19 mM; [MV*] = 1.4 mM. The

absorbance peak &400 nm in trace g is due to the reduced form
of the mediator which appears at low potentials.
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Ficure 2: EPR spectra of (A) RETfR recovered from redox
experiment, and (B) free C-lobe. Spectra have been scaled to
approximately equal amplitude.
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have similar if not identical Fe and F&" binding constants,
and so we tak&q for binding of F&" in the complex to be
102 M as calculated for free Tfi(1). This value is used to
correct the observed redox potentials by accounting for the
dissociation of F& that occurs, in both of these systems,
upon reduction. In all experiments exposure to air after
complete reduction has occurred resulted in reoxidation and
regeneration of the Fe(lll)-Tf system as judged by EPR and

showed the characteristic broad absorption bands centere@Ptical spectroscopies.

at 465 nm arising from ligand-to-metal charge transfer
between electronegative oxygen donors of ligand tyrosinates

Redox of Diferric Tf/TfRThe Nernst plots of Figure 3,
representing the reduction of ¥ein the Tf /TfR complex

and Fé&* at the specific binding sites of transferrin and C-lobe at pH 5.8, were calculated from the amplitudes of the 465
(Figure 1). The intensity of these bands declined as more nm peak in the optical spectra, assuming that B®und to
negative potentials were applied, but did not qualitatively transferrin is incapable of charge-transfer from tyrosinate,
change in their overall features. An EPR spectrum of the and therefore colorles). Nernst plots corresponding to
C-lobe/TfR complex at pH 5.8, recovered from the OTTLE the raw data are shown in Figure 3A for diferric Tf and
cell after completion of spectroelectrochemical studies, was diferric Tf/TfR. Three independent determinations are illus-
also unperturbed relative to C-lobe in the principal features trated for diferric Tf/TfR. Figure 3B illustrates the same data,

of the d = 4.3 line, including the characteristic splitting near
4.1 mT (Figure 2). The broad hump at the low-field side of
the line is attributed to the high salt content of the
spectroelectrochemical buffer9). We conclude that the first
coordination shell of F& in transferrin is intact and
unperturbed when C-lobe is complexed with TfR. Conse-
quently, we assume that C-lobe and C-lobe/TfR complex

corrected for the dissociation of Fefrom Tf following a
previously described metho@)( These calculations dem-
onstrate a small consistent shift in the absolute value of the
redox potential for both Tf and Tf/TfR as the assumed
binding constant for Fe(ll) is increased, while the difference
in redox potentials for the two systems show little to no
change at all. If in fact the Fe(ll)-binding constants were
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Ficure 3: (A) Uncorrected Nernst plots for diferric TEl) and
three independent determinations for diferric Tf/TfR compl@®x (
v, O). Conditions, and g andn values: ) FeTf [Fe(lll)] =
0.15(4) mM; pH= 5.8; [CI"] = 500 mM. B, = —458 mV;n =
0.9. @) Fe,TH/TIR [Fe(ll)] = 0.09 mM; pH= 5.8; [CI"] = 500
mM. Eyp = —327 mV;n = 0.5 (v) FeTf/TIR [Fe(lll)] = 0.15
mM; pH = 5.8; [CI"'] = 500 mM. B, = —266 mV;n = 0.5 ©O)
FeTf/TIR [Fe(lll)] = 0.13 mM; pH= 5.8; [CI"] = 500 mM. By,

= —233 mV;n = 0.4. (B) Nernst plots corresponding to raw data
in part A after correction for P& dissociation from Tf for diferric
Tf (O) and three independent determinations for diferric TH/TfR
complex @, v, O) Corrected E, andn values: ) FeTf Ey, =
—526 mV;n=1.9. @) Fe,Tf/TIR Ey,= —462 mV;n=1.1. (v)
FeTHTIR E1p = —398 mV;n = 0.9. O) FeTf/TIR Ey, = —395
mV; n= 0.8.

different for Tf and Tf/TfR, then we should have observed
a positive shift in g, for Tf/Tf-R at pH 7.4 as well, which

we did not find.
The diferric Tf/TfR data exhibit complex curvilinear

-200 -100
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Tf, as illustrated in Figure 3. We cannot be confident of the
cause of the variability of the shift and the curvilinear
behavior observed in some cases; release of iron from the
N-lobe and scrambling of iron between lobes are likely
possibilities. A pronounced differential effect of TfR on the
Ei1, of FE' bound to the C lobe relative to the N lobe is
also a likely cause of non-Nernstian behavior. This may also
be inferred from then values (number of electrons in the
reduction process) derived from Figure 3B, which vary from
1.9 for diferric Tf and 0.81.1 for the diferric Tf/TfR
complex. The receptor binding model proposed by Lawrence
et al. (L7) suggests a stronger receptor interaction with C-lobe
over N-lobe, confirmed by cell binding studiedq], a
condition that would also be likely lead to non-Nernstian
behavior. Although no simple explanation for the variability
of results is at hand, it is clear thatEor Tf/TfR is shifted
positive relative to diferric transferrin in the absence of
receptor, for uncorrected data and for data corrected for
dissociation of F& from transferrin.

Redox of C-Lobe/TfRTo contend with the variability of
redox results with Tf/TfR complexes, we turned to the
monoferric complex of C-lobe with receptor. At pH 7 no
reduction is observed down t6370 mV (NHE) in this
complex, indicating that the reduction potential is not raised,
and may even be lowered, from that displayed by the C-lobe
of full-length Tf in the absence of receptd)( Thus, Fé"
in this complex is inaccessible to physiological reductants
at the pH where transferrin first encounters TfR. At a pH
approximating that of the endosome where iron is released
from transferrin, 5.8, however, log(FeTf/Fe?™-Tf) is linear
with applied potential until reduction is #90% complete
(Figure 4A,B). Thus, the energy cost of reduction in C-lobe
complexed to receptor is greatly decreased by the receptor-
induced rise in reduction potential at endosomal pH from
—500 to ca.—285 mV, as illustrated in Figure 5.

The corrected k value of ca.—285 mV for B, is only
as good as thkg value used to correct for Fedissociation.
The value used here and previousB) for Ky is 103 M
(11); an increase or decrease in this value by a factor of 10
will shift the corrected kg, value up or down 50 mV,
respectively. However, any change in tkgvalue used in
the correction will also change; & for nonreceptor bound
C-lobe in the same manner, consistent with our earlier
conclusion that both free and receptor-bound C-lobe have
the same F& affinity. This assertion is based on EPR and
UV-visible spectral data which demonstrate that receptor
binding does not perturb the Feprimary coordination shell.
Consequently, the positive shift inyk reported here for
C-lobe when bound to its receptor is independent of the value
assumed foKg. The increase in redox potential makes'Fe
reduction comparable to that of the pyridine nucleotides,
—284 mV. Fé" is bound by transferrin at least 14 orders of
magnitude more weakly than ¥e(11), so that reductive
release of iron bound to transferrin in the transfetrin
transferrin receptor complex is then physiologically and
thermodynamically feasible, and the barrier to transport
across the endosomal membrane via DMTL1 is lifted.

DISCUSSION

behavior and a linear regression of each data set yields a

variable redox potential ¢fz). However, for both uncorrected

Redox events permeate all of iron metabolism. Absorption

and corrected data the formation of a TfR complex defini- of non-heme iron largely depends on its oxidation state, with

tively shifts the &y, significantly positive relative to diferric

Fe*t strongly favored over Fé. During intestinal absorption
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3 how reduction of transferrin-borne Fetakes place. We now
offer evidence that this step may occur as a central event in
iron release from transferrin.

On the basis of redox studies of free Tf in all of its iron
bearing forms, we have previously claimed that reduction
of iron is not physiologically feasible unless there is a cascade
of reactions involving F& chelation ). Although that claim
stands for free Tf, it overlooked the fact that, in its journey
through the cell, Tf is always associated with TfH.(We
have therefore expanded our earlier redox studies to encom-
pass TfR and its complexes with Tf and the C-lobe of Tf.

Although Nernst plots of Fe reduction in native diferric
TH/TfR did not yield straightforward and reproducible results,
E vs NHE the consistent indication was thagFs significantly shifted
3.0 to a more positive potential from that for free Tf at pH 5.8,

s B but not at pH 7.4. If verifiable, therefore, the implication
< would be that physiological reduction of Feis feasible
2.0 1 e within the endosome bearing Tf/TfR. A reasonable explana-
E,,=-285mV // ° tion for the experimental difficulties with Tf/TfR is that
n=087 s binding of iron to the N-lobe of Tf is substantially weakened
as pH is lowered, so that considerable loss of iron from the
lobe occurs at the pH of the redox experiments, 5.8 (some
E,p=-211mV Fe* dissociation occurs in all of our experiments, but not
n=0.43 in sufficient amounts to affect results significantly). The
reduction potential of iron freed from transferrin would be
1.0 ; : : . . expected to be substantially more positive than that of iron
-350  -300  -250  -200 150  -100  -50 bound to transferrin @), consistent with the observed

E vs NHE nonlinear Nernstian behavior in the low pH studies of iron
FIGURE4: Two independent (A and B) representative Nernst plots in full-length transferrin. Replacement of Tf by single-sited
corresponding to the reduction of ¥dn the C-lobe/TfR complex. C-lobe circumvented the difficulties, whatever they are,
(a) Raw data; @) data corrected for P& dissociation from Tf. ~ encountered in measuring reduction potentials of two-sited
g%pdmons (A and B): buffer, 50 mM MES, 500 mM KCl, pH  rt * Nemst plots of F& reduction in C-lobe/TfR are
.8; [Fe/TfR] = 0.19 mM; [MV?*] = 1.4 mM. . ) . . o=
appropriately linear, with slopes in plots corrected for binding
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25 of F&* to C-lobe yieldingn values near 1 (0.85 and 0.87)
’ s as expected of a one-electron process (Figure 4). Observed

= 20 FecTf /[ values of applied p(_)te!’ntial at half re_duction (I(.)g3”lfll§ef+
€ 15 R = 0) unequivocally indicate a reduction potential of Fén
= 1.0 C-lobe within the range of biological reductants (Figure 4)
S 1 _ ; . -
= E o THTIR an_d for_mal potentials corre_cted for Fedissociation are
5 08 ¢ shifted into that range relative to the receptor-free system

0.0 (Figure 5), as previously discussed.

05 The mechanism by which interaction of TfR with Tf or

500 450 400 -350 300 -250 200 -150 -100 C-lobe raises the reduction potential ofFeand therefore

E (vs NHE) lowers the energy cost of reductive release of iron, at

FicUrRe 5: Nernst plot for reduction of F& in the C lobe of human endosomal pH, but not a_t extracellu_l_ar p_H, is not clear. A
transferrin and C-lobe complexed to the transferrin receptor, at p_H-c_Iependent_ conf(_)rmatlonal tran5|t|on n th(? So_luble_ Tf-
endosomal pH 5.8. Data are corrected fot'Fdissociation. , = binding exocytic portion of TR obtained by tryptic digestion,
—501+ 12 mV andn = 1.2 + 0.2 for FeTf. E;, = —285+ 25 leading to self-association below pH 6.0, has been detected

mV, andn = 0.87 & 0.24 for FTf/TfR (The errors in the g, by CD and correlated gel filtration-EM studie3j. An

andn values are calculated from regression analyses with a 95% ; TR : ;
confidence level). Conditions: buffer, 50 mM MES, 500 mM KClI, attractive pOSSIbIIItY’ th.er.efore' IS that_ such a qhange n
pH 5.8: [Tf C-lobe/TfR]= 0.19 mM: [FeTf] = 0.20 mM. receptor has a role in raising the reduction potential éf Fe

in transferrin, but the molecular basis for the change is
reduction of F&" is accomplished by a duodenal reductase, unknown so that its experimental exploration is not yet
Dcytb, with reducing equivalents provided by ascorba@.( feasible. A further possibility, that the first coordination
Export of iron from absorbing (or other) cells entails sphere of iron in Tf is distorted by a receptor-induced
participation of hephaestin, a multicopper oxidase related to conformational change, is not supported by the unperturbed
ceruloplasmin and thought to facilitate binding of?Feo optical and EPR spectra of the complexes. We therefore
transferrin by virtue of its ferroxidase activitg1). Transport consider that the redox potential-raising effect of TfR results
of nontransferrin-bound iron into cells or out of endosomes from disturbance in the outer coordination sphere of specif-
is accomplished by the divalent metal ion membrane ically bound iron. In the following model, we assume that
transporter, DMTL1, that only accepts?€22). A previously the iron ligands remain unchanged and in their native
unknown step in intracellular iron metabolism is where and configurations. A difference in TfR affinity for iron-bearing
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Scheme 1: Free Energy Cycle for Coupled
Transferrin-Transferrin Receptor Binding and ¥é
Fe#t-Transferrin Redox

AG,

N

v ¢ 2+

Fec Fec Fe, ™" + Tfc
TR TR
AG, AG,
.
Fec™ /TR ==Fec?"/TfR == TFe, "+ Tf/TR

~_ 7

AG,

vs iron-free Tf will result in a shift in [, between F&Tf

and FE'TH/TIR that does not require perturbation of the first
coordination shell of F&. Such a difference is supported
by reversible stabilization of detergent-solubilized rabbit Tf/
TfR complexes in a Tris-citrate buffer at pH 5.00§, and

by the tight binding of human apoTf to HepG2 cells at pH
5.4 Kg = 13 nM; for comparison, th&y of diferric Tf at

pH 7.4= 9 nM) without detectable binding at pH 7.8)(
(The strength of TfR-binding by iron-bearing transferrin at
low pH has not to our knowledge been quantitatively studied,

perhaps because of the confounding effects of iron release

in low pH buffers.) The accelerating effect of TfR on iron
release from the C-lobe of Tf at pH 5.6, but not at pH 7.4
where an opposite action is observed, is also consistent with
the present thermodynamic studidg},(24).

Consideration of differential receptor binding between apo
and holo transferrin at pH 7.4 (plasma) and 5.5 (endosome)
provides some insight into the origin of the observed shift
in Eyp for FE* in C-lobe complexed to TfR (RETTR)
relative to free C-lobe (k8. This may be assessed through
an analysis of a series of coupled equilibria as shown in
Scheme 1AG; corresponds to our observed,Funcor-
rected) value for nonreceptor boundcFer alternatively to
our corrected k. plus the free energy change associated with
an estimatedKy value for F&" bound to Tf (1). AG;

corresponds to the same processes for receptor bound C-lobe,; 4

Fed/TfR. Assume initially that Scheme 1 represents the
system at endosomal pH 5.5. A differential affinity of TfR
for holo-Tf and apo-Tf where the apo form is more tightly
held at pH 5.5 means thaiG; < AG,4 and therefore\G; >

AG,. This suggests that the reduction of receptor-bound
C-lobe transferrin is more favored than when not bound to
the receptor. Consequently,£eTR > E;.FeTt as we
observe for either corrected or uncorrected values. Analysis
of Scheme 1 demonstrates that the energy of apo-Tf/TfR
binding at pH 5.5 effectively serves to shift the observed
Ei» value for FeTf to a more positive (favorable) value
relative to that observed in the absence of TfR. At pH 7.4
an enhanced affinity of apo-Tf for TfR over FeTf binding
to TfR does not occur, and therefore we do not observe a
positive shift in B, A coupling of the apo transferrin
transferrin receptor binding energy to the reduction process
may be viewed as a second coordination shell effect and is
consistent with the lack of perturbation of the UV-vis and
EPR spectra on TfR binding, while still influencing,E

Biochemistry, Vol. 43, No. 1, 2004209

Although the feasibility of reductive release of iron from
the Tf/TfR complex within the endosome of the iron-
requiring cell is established, we recognize that physiological
reduction of transferrin-borne iron has not been demonstrated.
Such reduction, if it occurs, would ultimately have to be
driven by intracellular reductants with low potentials because
of the low reduction potential of e in transferrin even in
the Tf/TfR complex. A membrane NADPH-dependent
enzyme catalyzing Fé reduction in yeast, FRE1, has been
identified 25). FRE1 has similarities to b-type cytochromes
and the NADPH oxidase of human leukocytes, and may also
carry a flavin group enabling it to engage in one-electron
redox reactions. Furthermore, the reduction potential of
FRE1, near—250 mV, approaches that of Fein the Tf/

TfR complex. Transmembrane transport of iron (and other
transition metal ions) in yeast shares many features with
mammalian cells, so that a reductive event in release and
transmembrane transport of iron from transferrin is not

unlikely.

The transferrin receptor is more than a simple conveyor
of transferrin and its iron.
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