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Background:Dietary and recycled iron are in the Fe2+ oxidation state. However, themetal is transported in serum
by transferrin as Fe3+. The multi-copper ferroxidase ceruloplasmin is suspected to be the missing link between
acquired Fe2+ and transported Fe3+.
Methods: This study uses the techniques of chemical relaxation and spectrophotometric detection.
Results: Under anaerobic conditions, ceruloplasmin captures and oxidizes two Fe2+. The first uptake occurs in
domain 6 (b1 ms) at the divalent iron-binding site. It is accompanied by Fe2+ oxidation by Cu2+D6. Fe

3+ is then
transferred from the binding site to the holding site. Cu+D6 is then re-oxidized by a Cu2+ of the trinuclear cluster
in about 200 ms. The second Fe2+ uptake and oxidation involve domain 4 and are under the kinetic control of a
200 s change in the protein conformation. With transferrin and in the formed ceruloplasmin–transferrin adduct,
two Fe3+ are transferred from their holding sites to two C-lobes of two transferrins. The first transfer (~100 s) is
followed by conformation changes (500 s) leading to the release of monoferric transferrin. The second transfer

occurs in two steps in the 1000–10,000 second range.
Conclusion: Fe3+ is transferred after Fe2+ uptake and oxidation by ceruloplasmin to the C-lobe of transferrin in a
protein–protein adduct. This adduct is in a permanent state of equilibrium with all the metal-free or bounded
ceruloplasmin and transferrin species present in the medium.
General significance: Ceruloplasmin is a go-between dietary or recycled Fe2+ and transferrin transported Fe3+.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Both dietary and recycled iron are in the Fe2+ oxidation state [1,2].
However, the metal is transported in serum by the iron-transport
protein, transferrin (T) in the Fe3+ oxidation state [1,3]. This implies the
existence of a mediator capable of taking charge of the acquired and
recycled Fe2+ in order to deliver it as Fe3+ to transferrin. During this
process, iron, in its two oxidation states, should never be allowed to
enter into contact with the aqueous biological environment. Indeed,
both oxidation states are involved in Fenton and Haber–Weiss chemis-
tries. These are responsible for generating highly reactive oxygen radicals
that cause irreversible damage to cells and their environment [2,4,5].
Ceruloplasmin (Cp) is strongly suspected of being this mediator which
can play the role of an antioxidant inhibiting free radical formation
[6–9]. Another hypothesis envisages a Fe2+ capture by T and its oxidation
to Fe3+ once bound because of the strongly negative redox potential
(−500 mV at pH 5.6) for iron in the protein [10].
p-T, ceruloplasmin–transferrin
in Cp; CuT, type 3 copper of the
4; TFe2, holotransferrin; TCFe,
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Human serum ceruloplasmin (Cp) is a multifunctional glycoprotein
that carries 95% of the plasma copper in mammals [11]. This protein oxi-
dizes a number of structurally unrelatedmolecules, such as 4-phenylene-
diamine, amino-phenols, catechols and 5-hydroxyindoles and even nitric
oxide [12–15]. However, its main activity is assumed to be that of ferrox-
idase. This assumption is confirmed by the facts that humans with muta-
tions of the ceruloplasmin gene (aceruloplasminemia) show iron
accumulation in several organs including the retina, liver and brain [16].
This loss of the ferroxidase activity leads to the accumulation of an excess
of iron in the liver, spleen and pancreas of pigs and rodents, as well as in
ceruloplasmin knockout mice [17–21]. Cp is a 132 kDa enzyme that
consists of a single polypeptide chain of 1046 amino acids folded in six
domains [22–24]. It is a member of the multi-copper oxidase family that
comprises ascorbate oxidase and the laccases [25]. These enzymes are
characterized by three types of copper-binding sites [26]. In Cp there
are three type 1 coppers, which are responsible for its typical blue color,
with an absorption maximum, λCp = 610 nm. The type 1 occupies a
distorted tetrahedral site which is shaped by two histidines, one cysteine
along with one methionine, or more rarely, a leucine [27]. Furthermore,
three other coppers are engaged in a cluster, inwhich a pair of type 3 cop-
per atoms are attached to a type 2 site [28]. The trinuclear coordination
site consists of four pairs of histidine. The two type 3 (T3) copper are
bound to six histidines and constitute a pair of antiferromagnetically
coupled copper ions, whereas the type 2 (T2) copper is coordinated by
two histidines. A dioxygen is bound to the trinuclear copper cluster [29].
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The cluster is sufficiently close to the type 1 (T1) coppers to allow an elec-
tron transfer between the latter and the trinuclear center. This provides
for the reduction of the dioxygen and the release of twowater molecules
without any liberation of reactive oxygen species [30,31].

Transferrin is a glycoprotein of 700 amino-acids organized in two
semi-equivalent lobes, each ofwhich contains an iron-binding site com-
posed of two phenols of two tyrosines, a carboxylate of an aspartate, an
imidazole of a histidine and a synergistic carbonate adjacent to an argi-
nine. The apo-form (iron-free) is in the so-called open conformation
where the protein ligands are in direct contact with the bulk medium.
In the iron-loaded transferrin or holotransferrin (TFe2), each lobe en-
closes the coordinated metal, which becomes buried about 10 Å under
the surface of the protein in a closed conformation [32–34]. T has a
very high affinity for Fe3+ (1021) and a much lower one for Fe2+

(~107) [35,36]. TFe2 interacts extremely rapidly with transferrin
receptor 1, which is anchored in the plasma membrane [37]. The two
proteins in interaction are then internalized in the cytoplasm by
receptor-mediated endocytosis [38].

Fe3+ is basically insoluble in aqueous neutralmedia, where it readily
precipitates as different iron hydroxide species. Fe3+ is usually
solubilized in the form of low-molecular-mass chelates or complexed
to proteins or macromolecules. In the normal individual about 0.1% of
the total body iron (i.e. about 3 to 4 mg) is in the plasma, bound
predominantly to transferrin (which is approximately 30% saturated
with iron). The daily turnover of iron is about 30 mg. Thus, transferrin is
continually binding iron (both dietary and recycled iron) and delivering
it to cells and tissues [2,3,39,40]. We established a few years ago the
mechanisms of Fe3+ uptake by transferrin from soluble complexes, and
showed that these processes occur in several kinetic steps ranging from
milliseconds to hours [41,42]. The concentration of non-transferrin-
bound iron in the serum (≤0.1 mg) is extremely low [2,43,44]. This,
added to the rates we reported for Fe3+ uptake by transferrin from
chelates, is far from sufficient for the required iron turnover. How, then,
is iron acquired by transferrin, and is Cp involved?

We recently showed that Cp interacts with both apo- and
holotransferrin with a dissociation constant of about 15 μM [45].
These interactions are extremely weak as compared to that of TFe2 or
the C-lobe-only iron-loaded transferrin (TCFe-TN) with receptor 1
(2.3 nM) [37,46]. Cp cannot, therefore, interfere with the recognition
of TFe2 by the receptor. In the blood stream the concentrations of Cp
(2.5 μM) and transferrin (25 μM) [47,48], imply that 70% of the
circulating Cp is interacting with transferrin [45]. However, this does
not provide any evidence for a transfer of Fe3+ from Cp to T.

The work presented here consists of two essential parts. In the first,
we analyze Fe2+ uptake by Cp and revisit its oxidation to Fe3+. In the
second, we research the possibility of an intramolecular Fe3+ transfer
from Cp to T in the Cp–T protein–protein adduct. These investigations
are based on the use of chemical relaxation and spectrophotometric
techniques [49,50].

2. Material and methods

2.1. Material

Apotransferrin was purchased from Sigma, and purified according
to published procedures [41]. Ceruloplasmin was purchased from
Euromedex, and used without further purification. The copper load was
checked as described elsewhere [51]. Commercial ceruloplasmin carries
5 Cu2+ and 2 Cu+ and is iron-free. KCl (Merck Suprapur), NaOH, HCl
(Merck Titrisol), NaHCO3, HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid), sodium ascorbate, Fe(NH4)2SO4 · 6H2O (Fluka)
and reduced glutathione (Sigma) were of the purest possible grades.

2.1.1. Stock solutions
The HEPES concentration in neutral buffers was 50 mM. Final pHs

were continuously controlled and adjusted to between 6.6 and 8.6
with micro-quantities of concentrated HCl or NaOH. Cp concentrations
(c1)were checked by a Bio Radprotein assay and spectrophotometrical-
ly [52]. Final solutions of Cp and T (c2) were diluted further to the re-
quired concentrations in the buffers. c1 varied from 50 nM to 5 μM
and Fe2+ concentrations (c3) from 15 to 1000 μM. All final ionic
strengths were adjusted to 0.2 M with KCl.

Crystalline ferrousammoniumsulfatehexahydrate, Fe(NH4)2SO4 · 6H2O,
was used as the ferrous iron source and was dissolved at 10 mM in a
0.2 M deoxygenated KCl solution. Ferrozine (3-(2-pyridyl)-5,6-bis(4-
phenylsulfonic acid)-1,2,4-triazine) was dissolved at 2.5 mM in 0.1 M
NaCl. Sodium ascorbate ((2R)-2-[(1S)-1,2-dihydroxyethyl]-4-hydroxy-
5-oxo-2H-furan-3-olate) and reduced glutathione were dissolved in
deoxygenated 50 mM Hepes, 20 mM NaHCO3, and 130 mM KCl buffer.

2.2. Methods

2.2.1. pH measurements
pH values were measured in a glove box with a Jenco pH-meter

equipped with a “Metrohm” combined calomel/glass mini-electrode.
The pH-meter was standardized at working temperature by standard
buffers: pH 7.00 and 10.01 (Beckman). At the end of themeasurements,
pHs were double-checked both in the buffer and in the protein
solutions. They were accurate to better than 0.02 pH unit.

2.2.2. Spectrophotometric measurements
Absorption measurements were performed at (25 ± 0.1) or

(10 ± 0.1) °C on a Cary 4000 spectrophotometer equipped with a
Peltier thermostated cell-carrier. Fluorimetric measurements were
performed at (25 ± 0.1) or (10 ± 0.1) °C on a Fluorolog 3 Horriba
Jobin-Yvon equippedwith a thermostated cell-carrier. Emission spectra
were measured in the 300–400 nm range. Excitation wavelength was
set to 280 nm. The spectra used for equilibrium constants determina-
tions were recorded at the final equilibrated state. The cuvettes had a
capacity of 100 or 1000 μL. They were especially designed to be used
under anaerobic conditions and were, when required, manipulated in
a glove box before being transferred to the spectrometers (transfer
time about 2 min).

2.2.3. Ferroxidase activity
Ferroxidase activity was measured with ferrous ammonium sulfate

as substrate, in 50 mM HEPES, 20 mM NaHCO3, 130 mM KCl, pH
between 6.6 and 8.5 at 10 and 25 °C. Cp (50 nM) was incubated with
ferrous iron solution (10−7–10−3 M). Aliquots were removed at specif-
ic time intervals and added to 2.5 mM of ferrozine solution, which
stopped the enzymatic reaction and allowed the detection of the
ferrous-ferrozine complex (ε562 = 27 900 M−1 cm−1) [53].

2.2.4. Dissociation constants of Cp–Fe complexes
Dissociation constants were determined spectrophotometrically by

the use of the Global Analysis program SPECFIT 32. SPECFIT is a multi-
variate data analysis program for data sets that are obtained from mul-
tiwavelength spetrophotometric measurements. The program utilizes a
specially adapted version of the Levenberg–Marquardt method. This
procedure returns optimized model parameters, their standard errors,
and the predicted spectra of the unknown colored species [54]. The
dissociation constants were checked when possible by a variant of the
Benesi and Hildebrand method [45].

2.2.5. Kinetics
Stopped-flow experiments were performed under anaerobic

conditions by mixing solutions of ceruloplasmin or ceruloplasmin–
apotransferrin with Fe2+ on a Hi-Tech Scientific SF61DX2 stopped-flow
spectrophotometer equippedwith aXe/Hg light source and a thermostat-
ed bath held at 10 or 25 °C. Themixing syringes, reservoirs and chambers
were kept under argon in a specially designed box. The solutions were
prepared in a glove box and introduced by syringes kept under argon in
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their respective reservoirs by injection though a rubber septum. All sig-
nals were accumulated at least 10 times. In fluorimetric experiments,
the excitation wavelength was usually set at 280 nm. However, for
stopped-flow, the excitation wavelength was set 295 nm, which is one
of the emission peaks of the Xe/Hg light source, and detection was set
at λem ≥ 320 nm.

3. Results

The Fe2+ donor to Cp used in our experiment was ferrous ammoni-
um sulfate in the absence or presence of reduced glutathione (GSH). All
the solutionswere deoxygenated, and the experimentswere performed
under anaerobic conditions in a glove box under argon. Spectrophoto-
metric detection was used in all thermodynamic and kinetic runs. The
kinetic processes related to Fe2+uptake byCpwere acquired byfluores-
cence emission and absorption (λ = 610 nm). Those related to iron-
transfer from Cp to T were acquired by absorption at λ = 465 nm
and/or 610 nm. The charge of the protein species is not indicated.

3.1. Iron(II) binding

Under anaerobic conditions, adding Fe2+ to a solution of Cp led to a
decrease in the fluorescence emission accompanied by a 6 nm red-shift
(from331 to 337 nm) (Fig. 1). A SPECFIT analysis showed that two Fe2+

complexes are produced sequentially with Cp (Eqs. (1) and (2)).

Cpþ Fe2þ ⇌ CpFe ð1Þ

CpFeþ Fe2þ ⇌ CpFe2 ð2Þ

with

Kd1 ¼
Fe2þ

h i
Cp½ �

CpFe½ � ; Kd2 ¼
Fe2þ

h i
CpFe½ �

CpFe2½ � ;

Kd1 and Kd2 are independent of pH in the 6.5–8.5 pH range. They were
measured at two different temperatures: 25 °C, Kd1 = 5.5 ± 2.5 μM
and Kd2 = 150 ± 50 μM; and 10 °C, K1d = 1.1 ± 0.2 μM and
Kd2 = 150 ± 50 μM. These values were confirmed by a Benesi and
Hildebrand analysis [45].

3.1.1. Kinetics of iron(II) uptake
When a solution of Cp ismixedwith a solution of Fe2+, several kinetic

processes are observed. However, at 25 °C, the first of these processes is
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Fig. 1. Emission spectra of a ceruloplasmin solution (c1 = 0.61 μM) at different [Fe2+]
(0 ≤ c3 ≤ 0.5 mM) at pH 7.40, 10 ± 0.1 °C, and μ = 0.2 for an excitation wavelength,
λex = 280 nm.
much too fast (b10 ms) to be analyzed by the stopped-flow mixing
techniques. Consequently the kinetic runs were performed at 10 °C.

At 10 °C, when a solution of Cp is mixedwith a solution of Fe2+, four
kinetic processes are observed (Fig. 2). The first is very fast and occurs in
the millisecond range as a sharp decrease in the absorbance at
λ = 610 nm (Fig. 2A). The second occurs as an exponential increase
in the fluorescence in the tens of millisecond range to yield a kinetic
product (Fig. 2B). The third is seen as a second exponential increase in
absorption and fluorescence occurring in about 200 ms (Fig. 2A, C).
These two processes are followed by a fourth exponential decrease in
emission and absorbance in the 300 s range (Fig. 2D, E). The experimen-
tal reciprocal relaxation times related to the second process (Fig. 2B)
depend on Fe2+ concentration and are independent of the other exper-
imental parameters (pH, ionic strength, Cp concentration, c1). The other
processes (Fig. 2C, D, E) seem to be independent of all our experimental
parameters and are not observed when Cp is iron-loaded.

3.1.1.1. First kinetic process. The first sharp decrease in the absorbance at
610 nm (b1 ms, Fig. 2A) is typical of the reduction of the T1 Cu2+ of
domain 6 [55,56]. We ascribed this process to Fe2+ oxidation and to
its prior uptake by the iron-labile site (Eqs. (3), (4))

CpCu2þ
D6 þ Fe2þ ⇌ CpCu2þ

D6 Fe
2þ ð3Þ

CpCu2þ
D6 Fe

2þ ⇌ CpCuþ
D6 Fe

3þ ð4Þ

with an overall dissociation constant K1 ¼ CpCu2þ
D6½ � Fe2þ½ �

CpCuþ
D6 Fe

3þ½ � .

3.1.1.2. Second kinetic process. The second kinetic process is only
observed by fluorescence emission detection (Fig. 2B). It is not detected
by absorption at 610 nm. The reciprocal relaxation times associated
with this process are independent of pH, Cp concentration (c1) and
ionic strength. They, however, depend on Fe2+ concentration in a
continuous but non-linear mode (Fig. 3). This process cannot therefore
be ascribed to a second iron uptake. Moreover, the fact that it is not
detected at 610 nm eliminates the involvement and/or the reduction
of T1 Cu2+.

In an assumption based on these observations and those in the liter-
ature [30,56], we ascribed this phenomenon to the migration of Fe3+

from the labile site to its retention site at the surface of Cp (Eq. (5)).

CpCuþ
D6 Fe

3þ ⇌
k2

k−2

CpCuþ
D6 Fe

3þn o
ð5Þ

with K2 ¼ CpCuþD6 Fe
3þf g½ �

CpCuþD6 Fe
3þ½ � ¼ k2

k−2
:

The reciprocal relaxation time equation associated with Eq. (5) can
be expressed as Eq. (6) (appendix):

τ−1
2 ¼

k2 Fe2þ
h i

K1 þ Fe2þ
� �þ k−2: ð6Þ

Varying K1 from 100 to 1000 μMwith a ΔK1 step of 5 μM shows that
the best linear regression of τ2−1 against [Fe2+]/(K1 + [Fe2+]) is obtained
for K1 = 155 ± 5 μM (Fig. 4). From the slope and intercept,
k2 = 32 ± 4 s−1, k−2 = 155 ± 5 s−1 and K2 = 0.20 ± 0.01 were
determined.

3.1.1.3. Third kinetic process. The third kinetic process is observed as an
increase in emission and absorption at 610 nm which lasts about
200 ms (Fig. 2A, C). The reciprocal relaxation times associated with
this process seem to be independent of the concentrations of the species
present in the medium. This implies first-order kinetics, such as a con-
formation change, a tautomery, an intramolecular electron-transfer,
etc. [50,57]. Furthermore, the fact that the process is associated with
an increase in the absorbance at 610 nm involves the oxidation of a T1
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Cu+ to Cu2+ of domain 6. This led us to ascribe it to the oxidation of the
CuD6

+ of {CpCuD6+ Fe3+} by CuT
2+ of the trinuclear cluster of the protein

(Eq. (7)) [30,56]. In Eq. (7), the {CpCuD6+ Fe3+} species is expressed as
(CuT2+)CpCuD6+ Fe3+.

Cu2þ
T

� �
CpCuþ

D6 Fe
3þ ⇌

k3

k−3

Cuþ
T

� �
CpCu2þ

D6 Fe
3þ ð7Þ

τ3
−1 ¼ k3 þ k−3 ¼ 19� 3 s−1

3.1.1.4. Fourth kinetic process. The process in Fig. 2D and E exhibits an
exponential decrease in fluorescence emission or in absorbance at
610 nm. This absorption decrease implies the involvement of a T1
Cu2+ in domain 4. The associated reciprocal relaxation times are
independent of the protein and iron concentrations. However, this
process is inhibited by the presence of the copper-reducing agent,
ascorbate, and ceases to be observed, when Cp is iron-saturated.
Furthermore, the fact that it is independent of the iron and protein con-
centrations leads to first-order kinetics [50]. We ascribed this fourth
phenomenon to a conformation change rate-controlling a second Fe2+

uptake by Cp and an intramolecular Fe2+ oxidation by T1 Cu2+ of do-
main 4 (Eqs. (8), (9)). The species at the end of the third kinetic process
(CuT+)CpCuD62+Fe3+ is expressed in Eq. (8) as CpCuD42+(Fe3+).

CpCu2þ
D4 Fe3þ

� �
⇌ CpCu2þ

D4 Fe3þ
� �n o

rate−limiting ð8Þ

CpCu2þ
D4 Fe3þ

� �n o
þ Fe2þ ⇌ CpCuþ

D4 Fe3þ
� �

2

n o
ð9Þ
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τ4
−1 ¼ k4 þ k−4 ¼ 14� 4ð Þ � 10−3s−1

3.2. Iron-transfer from ceruloplasmin to transferrin

Serum apotransferrin (T) does not present any absorption spectrum
above 350 nm, whereas a C-lobe-only iron-loaded (TCFe3+) and iron-
saturated transferrin (holotransferrin, TFe2) present absorption spectra
between 400 and 500 nmwith an absorption maximum at 465 nm re-
lated to the tyrosine-Fe3+ complex [42]. On the other hand, as indicated
above, iron-free Cppresents the typical 610 nmabsorption band related
to the T1 Cu2+. These spectroscopic characteristics will be used tomon-
itor the behavior of a mixture of these two proteins in the presence of
Fe2+. Furthermore, the experimental conditions were set so that the
major species of Cp would be the ceruloplasmin–transferrin adduct
(Cp–T) [45]. The affinity of T for Fe3+ is very high, whereas that for
Fe2+ is weak [35,36]. Therefore, the slightest traces of Fe3+ may com-
promise our approach. To avoid this problem, our experiments were
performed in the presence of GSH. GSH is a very strong iron-reducing
agent that also forms stable complexes with Fe2+ [58,59]. Indeed, the
affinity of GSH for Fe2+ is about 105 [59].

We started by comparing the ferroxidase catalytic efficiencies of
Cp and that of the protein–protein Cp–T for the two iron oxidations
0 2x10-1 4x10-1 6x10-1 8x10-1 1x100
40

80

120

160

200

[Fe2+]/([Fe2+] + K1)

Fig. 4.Plot ofτ2−1 against [Fe2+]/([Fe2+] + K1)withK1 = 0.155 mM: (Δ) c1 = 0.045 μM,
pH 7.7; (●) c1 = 0.09 μM, pH 7.3; (□) c1 = 0.18 μM, pH 7.7; (■) c1 = 0.18 μM, pH 7.3;
slope, 155 ± 6 s−1; intercept, 32 ± 4 s−1; r = 0.98947.
(VM1/KM1, VM2/KM2), where KM1 and KM2 are the Michaelis–Menten con-
stants, and VM1 and VM2 are the maximum rates of iron oxidation cata-
lyzed by Cp or Cp–T [60]. We show that when the Cp–T adduct is the
major Cp species [45], the VM1/KM1 and VM2/KM2 values are threefold
those of Cp [60]. This implies that transferrin favors kinetically the ferrox-
idase activity of Cp (Table 1), as the KM values remain unchanged.

In a first approach, a solution containing Cp and T in the presence of
reduced glutathione (GSH), with the apoform Cp–T as themajor cerulo-
plasmin species was mixed in the glove box with a Fe2+ solution. The
mixture was removed (in a cuvette sealed under argon) from the
glove box and within 2 min after mixing (transfer time from the glove
box to the spectrometer), the differential absorption spectra (where
apotransferrin is the reference) were recorded between 400 and
700 nm as a function of time (1- to 2-minute intervals, Fig. 5). They
implied several kinetic processes, as shown by the cuts versus time of
the absorptions at 465 and 610 nm (Fig. 6).

The firsts seem to occur during the transport time from the glove box
to the spectrometer. They appear as a decrease in the absorption at
610 nm accompanied by the emergence of a new absorption band at
477 nm. These processes are followed by a second increase in the absorp-
tion at 610 and 477 nmaccompanied by a blue-shift from477 to 465 nm,
which in turn is followed by slow decreases in the absorbance at 465 and
610 nm. This final absorption band is typical of a Fe3+-loaded transferrin.
Therefore, several kinetic processes appear to regulate an eventual iron
transfer from Cp to T.

Under our experimental conditions ([GSH] ≫ c1, c2, [Fe2+]), all the
Fe2+ present in themedium is in the form of GSHFe2+ (Eqs. (10), (11))

T þ Fe2þ ⇌ TFe2þ ð10Þ

GSH þ Fe2þ ⇌ GSHFe2þ : ð11Þ

3.2.1. Kinetics of iron transfer from ceruloplasmin to transferrin
In order to investigate the unresolved processes that occur during

transfer time from the glove box to the spectrometer (Fig. 5), stopped-
flow mixing experiments were performed under anaerobic conditions
(Fig. 7). When a solution containing Cp (1 μM ≤ c1 ≤ 2 μM) and T
(30 ≤ c2 ≤ 60 μM) is rapidly mixed with a solution of Fe2+ in the
presence of reduced glutathione (c4 = 5–20 mM), a first kinetic pro-
cess occurs in the 100 s range as an exponential increase in absorbance
at 477 nm (Fig. 7). This is followed by a second process that occurs in
the 500 s range as an exponential increase in absorption with the
hypsochromic shift from 477 to 465 nm (Fig. 6A). This phenomenon is
also depicted by an increase in the absorption at 610 nm (Fig. 6B). The
third process is a slow (about 3000 s) exponential decrease in absor-
bance observed at 610 nm and not at 465 nm (Fig. 6C). The fourth
process is a very slow (about 10,000 s) decrease in absorbance observed
at 465 nm and not at 610 nm (Fig. 6D). It should be noted here that the
signal/noise ratio of our acquisition system did not allow the detection
of the kinetics of the first fast and weak decrease in absorption at
610 nm (Fig. 5).

3.2.1.1. First kinetic process. The uptake, oxidation and transfer of iron
from the binding to the holding site in domain 6 occur in less than 1 s
Table 1
Michaelis constants of the ferroxidase activity of Cp in the absence or presence of T
(50 μM) at pH 7.2 and 37 °C.

In the absence of T In the presence of T (50 μM)

KM1 (M) (5.5 ± 0.6) × 10−6 (6.5 ± 0.9) × 10−6

Vmax1 (min−1) (0.74 ± 0.01) × 102 (2.5 ± 0.2) × 102

Vmax1/KM1 (min−1 · M−1) 13.5 × 106 38.5 × 106

KM2 (M) (0.9 ± 0.2) × 10−4 (2.2 ± 0.6) × 10−4

Vmax2 × 10−3 (min−1) (2.5 ± 0.7) × 103 (17 ± 1) × 103

Vmax2/KM2 (min−1 · M−1) 27.8 × 106 77.3 × 106
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(Eqs. (4)–(6); Fig. 2A–C). Therefore, the first process in Fig. 7 is much
too slow to be ascribed to these phenomena. It shows as an increase
in absorption at 477 nm to yield a first kinetic product. This process is
not observed when T is mixed with the Fe2+ solution in the absence
of Cp. It cannot, therefore, be ascribed to complex formation between
T and Fe2+ (Eq. (10)). TFe2+ does not present the Fe3+-phenate coordi-
nation responsible for the 477 nm band. This absorption can neither be
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netic product at λ = 610 nm implies a reduction of T1 copper (Fig. 5),
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of the concentrations of the species present in themedium. This implies
a monomolecular first-order kinetics, such as a conformation change or
an intramolecular process [50,57]. We, therefore, ascribe it to a rate-
limiting iron transfer from Cp to T in the Cp–T adduct following the
fast iron-uptake and oxidation by Cp (Eqs. (4)–(6), (12), (13)).

CpFe3þ−T ⇌
k5

k−5

Cp−TFe3þ ð12Þ

τ5
−1 ¼ k5 þ k−5 ¼ 2:2� 0:2ð Þ � 10−2s−1 ð13Þ

3.2.1.2. Second kinetic process. During the second kinetic process (Fig. 6A
and B), the absorptions at 477 and 610 nm increase exponentially
(identical relaxation times) in about 500 s to yield a second kinetic
product that presents absorption maxima at 465 and 610 nm. The ab-
sorption maximum at 477 nm can be that of protein–protein adduct
Cp–TFe3+, whereas that at 465 nm is typical of Fe3+-loaded transferrin
(TCFe3+ or TFe2). Moreover, the absorption growth at 610 nm is typical
of the re-oxidation of the Cu+ of domain 6 by a Cu2+ of the trinuclear
cluster [30,56]. The associated reciprocal relaxation times (τ6−1) are in-
dependent of the concentrations of the species present in the medium.
They cannot, therefore, be ascribed to the dissociation equilibrium of
Cp–TFe3+ (Eq. (14)), because in this case the reciprocal relaxation
times should depend on concentrations of transferrin and Cp
(Eq. (15)) [50].

Cpþ TFe3þ ⇌
k′6

k′−6

Cp−TFe3þ ð14Þ

τ6
−1

� �
′ ¼ k′6 Cp½ � þ TFe3þ

h i� �
þ k′−6 ð15Þ

These (τ6−1) imply first-order kinetics, such as an intramolecular
process. In the absence of transferrin, the re-oxidation of Cu+D6 by the
Cu2+ of the trinuclear cluster occurs in the 200 ms range (Eq. (8),
Fig. 2C). The kinetic process in Fig. 6B is, therefore, much too slow to
be ascribed to Eq. (8). We ascribe it to a change in the conformation of
Cp–TFe3+ to yield a second kinetic product (Eqs. (16) and (17)). This
can explain the blue shift in absorbance from 477 to 465 nm as well
as the absorption increase at 610 nm.

Cp−TFe3þ ⇌
k6

k−6

Cp−TFe3þ
� �

ð16Þ

τ6
−1 ¼ k6 þ k−6 ¼ 8:0� 1:4ð Þ � 10−3s−1 ð17Þ

3.2.1.3. Third kinetic process. The third kinetic process is detected as a
slow (~3000 s) exponential decrease of the absorbance at 610 nm
(Fig. 6C). Therefore, it involves again the reduction of T1 Cu2+ and the
oxidation of Fe2+. With c2 ≫ c1, apo-, iron-loaded transferrin and the
protein–protein ceruloplasmin–transferrin adduct coexist in the
medium [45]. This can be illustrated by Eqs. (18) and (19), in which
the protein–protein adduct (Cp–TFe3+), monoferric transferrin TFe3+,
apotransferrin and ceruloplasmin are in equilibrium. Cp′ is a ceruloplas-
min species that has already transferred one Fe3+ to T (Eq. (18)) and in
which the second T1 Cu2+ of domain 4 is available for reducing the
second Fe2+ (Eq. (19)) [29].

Cp−TFe3þ
� �

⇌ Cp′þ TFe3þ ð18Þ

Cp′þ T ⇌ Cp′T ð19Þ
The experimental reciprocal relaxation times (τ7−1) depend on
[GSH] and 1/[GSHFe2+]. This led us to envisage the three following
possibilities (Eqs. (20)–(23)):

Possibility 1

GSHFe2þ þ Cp′T ⇌
k′7

k′7
Cp′Fe3þ−T þ GSH : ð20Þ

Possibility 2

Cp′Fe3þ−T ⇌
k″7

k″−7

Cp′−TFe3þ : ð21Þ

Possibility 3

Cp′T ⇌
k7

k−7

Cp−Tð Þ′ rate−limitingð Þ ð22Þ

Cp−Tð Þ′þ GSHFe2þ ⇌ Cp−Tð Þ′Fe3þ þ GSH ð23Þ

with K3 ¼ Cp−Tð Þ′Fe3þ½ � GSH½ �
Cp−Tð Þ′½ � GSHFe2þ½ � :

In Eq. (20), Fe2+ is exchanged between GSHFe2+ (Eq. (11)) and the
protein–protein adduct. When [GSH], [GSHFe2+] ≫ c1, c2, c3, the
reciprocal relaxation time equation associated with Eq. (20) can be
expressed as [50]:

τ7′
−1 ¼ k′7 GSHFe2þ

h i
þ k′−7 Cp′Fe3þ−T

h i
: ð24Þ

The experimental data do not obey Eq. (24). Eq. (20) is, therefore,
rejected.

In the second possibility, after its uptake, iron is transferred from the
holding site of Cp (Cp′Fe3+–T) to T (Cp′–TFe3+) in the protein–protein
adduct (Eqs. (20), (21)). Under our experimental conditions, the
reciprocal relaxation time equation associated with Eq. (21) is expressed
as [50]:

τ7″
−1 ¼ k″7 þ k″−7: ð25Þ

Eq. (25) is not respected by the experimental data which discounts
possibility 2.

In possibility 3, Fe2+ uptake by Cp–T is rate-limited by a change in the
conformationof theprotein–protein adduct (Eqs. (22), (23)). The recipro-
cal relaxation time equation associated with Eq. (22) is expressed as
(Appendix):

τ−1
7 ¼ k7 þ k−7ð Þ GSH½ �

K3 GSHFe2þ
� � þ k7: ð26Þ

A good linear regression is obtained for the plot of the experimental
τ7−1 against [GSH]/[GSHFe2+] (Fig. 8). This confirms Possibility 3, by im-
plying that the protein–protein Cp–T adduct undergoes a rate-limiting
change in conformation before Fe2+ uptake and oxidation.

3.2.1.4. Fourth kinetic process.At thermodynamic equilibrium, the absorp-
tion at 465 nm (Fig. 5) seems to correspond to that of a C-lobe only iron-
loaded transferrin in a concentration equal to twice that of Cp (2c1). The
last kinetic process (Fig. 6D) lasts about 10,000 s and is detected as an
exponential decrease in absorption at λ = 465 nm. It is not detected at
610 nm. Therefore, it does not involve the reduction of a T1 Cu2+ and
thereby the oxidation of Fe2+. The experimental reciprocal relaxation
times associated with this process are, within the experimental



50 100

0.0

2.0x10-3

1.0x10-3

[GSH]/[GSHFe2+] 

7-1
 (

s-1
)

Fig. 8. Plot of τ7−1 against [GSH]/[GSHFe2+] with c1 = 2 μM, c2 = 30, 60 μM,
80 μM ≤ c3 ≤ 0.15 mM, 5 mM ≤ c4 ≤ 15 mM and pH 7.00. Slope, (2.1 ± 0.4) × 10−5 s−1;
intercept, (−5 ± 5) × 10−5 s−1; r = 0.98307.

1778 C. Eid et al. / Biochimica et Biophysica Acta 1840 (2014) 1771–1781
uncertainties and instrument stability, independent of the concentrations
of the species present in the medium. They, therefore, describe a mono-
molecular process, such as a change in the conformation. Since the final
spectrum seems to involve two C-lobe iron-loaded transferrins per ceru-
loplasmin, we ascribe the final kinetic phenomenon to a conformation
change rate-controlling themonoferric transferrin–ceruloplasmin adduct
dissociation (Eqs. (27), (28)).

Cp−Tð Þ′Fe3þ ⇌ Cp−TFe3þ
� �

ð27Þ

Cp−TFe3þ
� �

⇌ Cp″þ TC Fe
3þ ð28Þ

τ8
−1 ¼ k8 þ k−8 ¼ 5:0� 3:0ð Þ x 10−4s−1

To confirm such a possibility, we investigated the interaction of Cp
with TCFe3+ (Eq. (29)), showed the existence of the Cp–TCFe3+ pro-
tein–protein adduct and measured a dissociation constant, KdTcFe ¼
Cp½ � TC Fe3þ½ �
Cp−TC Fe3þð Þ½ � value of 37 ± 9 μM (Supplementary material).

Cp−TC Fe
3þ ⇌ Cpþ TC Fe

3þ ð29Þ

This KdTcFe is threefold higher than the dissociation constant of Cp–T
and Cp–TFe2 [45], which implies that Cp–TCFe3+ is less stable and will
dissociate more easily than two other protein–protein adducts.
Table 2
Mechanism of iron uptake and oxidation by ceruloplasmin.

Reaction Direct rate constant

Cp + Fe2+ ⇌ CpFe (1)
CpFe + Fe2+ ⇌ CpFe2 (2)

CpCuD6
2+ + Fe2+ ⇌ CpCuD6

2+Fe2+ (3)

CpCuD6
2+Fe2+ ⇌ CpCuD6

+ Fe3+ (4)

CpCuþ
D6 Fe

3þ⇌
k−2

k2 CpCuþ
D6 Fe

3þ� �
(5) k2 = (32 ± 4) s−1

Cu2þ
T

� 	
CpCuþ

D6 Fe
3þ⇌

k−3

k3 Cuþ
T

� 	
CpCu2þ

D6 Fe
3þ

(7) k3 + k−3 = (19 ± 3

CpCu2þ
D4 Fe3þ
� 	

⇌
k−4

k4 CpCu2þ
D4 Fe3þ
� 	n o

(8)

{CpCu2D4+ (Fe3+)} + Fe2+ ⇌ {CpCuD4+ (Fe3+)2} (9)

k4 + k−4 = (14 ± 4
4. Discussion

Revisiting the behavior of Cp in the presence of Fe2+ as the sole
electron-donor under anaerobic conditions was essential to analyze
the possibility of an iron-transfer from Cp to T.
4.1. Iron(II) uptake and oxidation by ceruloplasmin

The 3D structure of Cp implies several metal-binding sites in do-
mains 4 and 6 at 9 and 10 Å from the T1 Cu. The ligands involved in
complex formation are: one imidazole of an histidine, three carboxyl-
ates of aspartate or glutamate belonging to domains 6 (H940, E935,
D1025, E272) and 4 (H602, E 597, D684, E971). In the crystal structure
of Cp, the sites are 50% occupied by copper. They can also complex
iron and cobalt and their access is limited to small molecules [24,27,29].

We identified two iron-Cp complexes. In the first, iron acquisition
and oxidation occurs with an overall dissociation constant Kd1 = 1 μM
(Eq. (1)) whereas, with the second, Kd2 = 150 μM (Eq. (2)). This
implies rather strong CpFe and weak CpFe2 complexes. Moreover, the
kinetic analysis allowed us to propose a multi-step mechanism for
these two Fe2+ uptakes and oxidations by Cp (Table 2).

Thefirst process in thismechanism is detected as a sharp decrease in
the absorption at 610 nm (Fig. 2A) which describes T1 CuD6

2+ reduction
to T1 CuD6

+ [56]. Although CuD6
2+ reduction to CuD6

+ is responsible for the
absorption decrease, it cannot occur without the electron-donor Fe2+

which implies prior complex formation between the latter and the diva-
lentmetal-binding site of Cp situated at about 9 Å from CuD6

2+ [24,27,29].
Therefore, this absorption decrease is also related to Fe2+ oxidation by
CuD6

2+ (Eqs. (3), (4); Table 2). Indeed, complex formations with Fe2+

and oxidation–reduction reactions are known to be extremely fast
processes [55,56,61]. The divalent metal sites are common to all
multicopper oxidases, and their closeness to T1 Cu should allow ultra-
fast electron-transfer between the two metals. This is confirmed by
the kinetic and EPR experiments performed on Cp and on one of its an-
alogs, Fet3 [55,56].

The second kinetic process (Fig. 2B) is detected by an increase in the
fluorescence emission. It does not modify the absorption at 610 nm,
which excludes the involvement of any reduction of T1 Cu2+. This sec-
ond phenomenon occurs in about 40 ms and describes a monomolecu-
lar process (Eq. (5), Fig. 3) during which Fe3+ in the divalent metal-
binding site probably migrates to the metal-holding site in domain
6 at the surface of the protein to yield the second kinetic product.
These results imply that at the end of the second kinetic process (within
50 ms), 20% of the iron is retained in the holding site (K1 = 155 μM). In
the divalent binding site, Fe3+ is coordinated to the imidazole of H940
and to the three carboxylates of E935, E272 and D1025 [24,27,29]. The
carboxylate monodentates are moderately strong ligands for Fe3+

[62], whereas imidazole is a better ligand for Fe2+ [63]. As soon as it is
oxidized, Fe3+ can migrate to the retention site where it will be coordi-
nated to the carboxylates of E935 and E597 in domains 6 and 4, respec-
tively (Eq. (5); Table 2) [24,27,29].
Reverse rate constant Equilibrium constant

Kd1 = 1.1 ± 0.2 μM
Kd2 = 0.15 ± 0.05 mM

K1 = 1.55 × 10−4

k−2 = (155 ± 6) s−1 K2 = 0.20 ± 0.01

) s−1

) × 10−3 s−1



Scheme I. The mechanism of Fe3+ uptake by transferrin.
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The third process (Fig. 2A, C) is detected as a fast increase (~200 ms)
in the absorption at 610 nm and in fluorescence emission. It, therefore,
involves the oxidation of the CuD6

+ in the second kinetic product (CuT+)
CpCuD6

2+Fe3+ (Eq. (7); Table 2) by one of the CuT2+ of the trinuclear cop-
per cluster. This oxidation is assumed to occur by an electron transfer
from CuD6

+ to the trinuclear copper cluster [55,56,64]. Indeed, the oxida-
tion–reduction potential of the T1 Cu in domain 6 is 432 mV, whereas
that of each of the pair of the T3 Cu in the cluster is 482 mV
[55,56,64]. This should favor electron transfer from T1 Cu to T3 Cu. Fur-
thermore, the distance between the T1 Cu of domain 6 and the T3 Cu is
about 13 Å, that between the latter and T1 Cu of domain 4 is about 27 Å,
whereas that between T1 Cu of domains 6 and 4 is about 18 Å [24,29].
Consequently, electron transfer would most probably occur between
the T1 Cu of domain 6 and that of the T3 Cu of the cluster [65].

The fourth slow (~200 s) process (Fig. 2D, E) is detected as a de-
crease in the fluorescence emission and in the absorption at 610 nm.
This decrease in absorption involves the reduction of a second T1
Cu2+. As indicated earlier, under anaerobic conditions and in the
presence of Fe2+ as the sole electron-donor, this copper reduction
necessarily involves an Fe2+ uptake prior to the electron transfer. The
decrease in the fluorescence emission may also imply a change in the
conformation of the protein which rate-limits this second iron uptake
and oxidation. Indeed the independence of the experimental relaxation
times of the concentrations of the species present in the medium con-
firms this proposal (Eqs. (8), (9), Table 2). As compared to other copper
ferroxidases, Cp bears two additional T1 Cu in domains 2 and 4. That of
domain 2 is always in the reduced state (E0 N 1 V), and domain 2 does
not have a second metal-binding site [29]. The role of the T1 Cu in do-
main 4 is not well known. However, this domain has a supplementary
metal-binding site close to the T1 copper in domain 4 (T1 CuD4)
[24,27,29]. This may explain the binding and oxidation of the second
iron(II) (Kd2 = 150 μM, Eq. (2)) and the fourth kinetic process
(Fig. 2D, E).
4.2. Iron transfer from ceruloplasmin to transferrin

The presence of transferrin enhances the ferroxidase activity of Cp
(Table 1). Similar enhancements were also observed in the presence of
ferritin or lactoferrin which implies that Cp induces a possible accelera-
tion of Fe3+ uptake by these latter [66,67]. Moreover, under our experi-
mental conditions, the main ceruloplasmin species is that interacting
with T [45]. We, therefore, assumed that under similar conditions and in
the presence of high concentrations of strong Fe2+-chelating and Fe3+-
reducing agents, such as GSH [59], the addition of Fe2+ would imply the
uptake and the oxidation of themetal by the CpT protein–protein adduct,
and its eventual transfer from Cp to T. This allows us to propose a multi-
step mechanism for Fe3+ transfer from Cp to T (Table 3). It should be
added here that GSH is universally present in biological media and was
recently assumed to function as the labile cytosolic iron pool [58].
Table 3
Mechanism of iron transfer from ceruloplasmin to transferrin.

Reaction Rate

Cp + T ⇌ Cp − T

Cp + TCFe
3+ ⇌ Cp − TCFe

3+ (29)

CpFe3þ−T⇌
k−5

k5 Cp−TFe3þ (12) k5 +

Cp−TFe3þ⇌
k−6

k6 Cp−TFe3þ
� 	

(16) k6 +

(Cp − TFe3+) ⇌ Cp′ + TFe3+ (18)

Cp′ + T ⇌ Cp′ T (19)

Cp’T⇌
k−7

k7 Cp−Tð Þ′ (22)
(Cp − T)′ + GSHFe2+ ⇌ (Cp − T)′ Fe3+ + GSH (23)

Cp−Tð Þ′Fe3þ⇌
k−8

k8 Cp−TFe3þ (27) k8 +
Apotransferrin is in an open conformation. When it becomes iron-
loaded, both C- andN-lobes transit fromanopen to a closed conformation
where iron is totally protected from the bulk [34,68]. Moreover, the affin-
ity of the C-lobe for Fe3+ is one order ofmagnitude higher than that of the
N-lobe [69,70]. In the case of iron(III) uptake by free apotransferrin
from rapidly dissociating chelates, such as iron nitrilotriacetate or iron
trisacetohydroxamato, Fe3+ is rapidly (b1 s) transferred from the
chelates to the C-lobe to form a first complexwith the phenates of the ty-
rosine ligands. This induces a series of proton transfers affecting the
histidine ligand and rate-limited by conformation changes, the slowest
(4000 s) ofwhich controls iron uptake by theN-lobe [41,42].When a sin-
gle iron is available per transferrin, the same changes in conformation also
occur to yield the monoferric C-lobe-only iron-loaded transferrin,
(Scheme I) [41,42] where TC and TN are the C- and N-lobes of transferrin,
respectively.

This cooperativity between the C- and N-lobes implies that the
N-lobe cannot be iron-loaded before the C-lobe. Furthermore, TCFe–TN
is recognized by transferrin receptor 1 with affinities similar to that
for holotransferrin. Thus, TCFe–TN also delivers iron by the major iron-
acquisition pathway [46,71].

Four kinetic processes are detected when GSHFe2+ is mixed with a
solution of T and Cp. The first (~100 s, Fig. 7) leads to the emergence
of an absorption band at λmax = 477 nm (Fig. 5). This absorption
band is not observed with T and Fe2+ in the absence of Cp. Neither
can it be ascribed to the Fe3+ complex with the phenates of the
tyrosines in the free iron-loaded transferrin, which has an absorption
maximum of 465 nm [41,42]. Furthermore, the kinetic process of
Fig. 6A is much too slow to describe Fe2+ uptake and oxidation by Cp,
which occurs in less than 1 s (Eqs. (4), (5); Table 2, Fig. 2A). It is also
much too fast to be related to iron uptake by the N-site of transferrin
(Scheme I) [41,42]. Subsequently, we are dealing here with a Fe3+

transfer from theholding site of Cp in domain 6 to the C-lobe of transfer-
rin in interaction with ceruloplasmin (Eq. (12), Table 3). This explains
the emergence of the 477 nm band, and is confirmed by the amplitude
of the first absorbance decrease at 610 nm in Fig. 5which is typical of T1
Cu2+ reduction. This amplitude is much too low to involve more than
one T1 Cu2+ in the process and, thereby, more than one Fe2+ oxidation.

This monomolecular Fe3+ transfer from Cp to T is followed by a
second kinetic process, detected in the 500 s range as an increase in the
absorptions at 610 and 477 nm (Fig. 6B, C). The first is typical of the
re-oxidation of Cu+D6 by one Cu2+ of the trinuclear cluster. This process
is extremely fast in the absence of T (Fig. 2A, B). It seems, therefore, to
be rate-limited by a conformation change in the Cp–TFe3+ adduct
(Eq. (16), Table 3). It is, moreover, accompanied by a hypsochromic
constants Equilibrium constant

19 ± 7 μM

37 ± 9 μM

k−5 = (2.2 ± 0.2) × 10−2 s−1

k−6 = (8.0 ± 1.4) × 10−3 s−1

k−8 = (5.0 ± 3.0) × 10−4 s−1
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shift of the absorption from 477 to 465 nm. The absorption maximum at
465 nm is typical of TCFe–TN (Scheme I) [41,42]. The third process is only
detected as a slow (3000 s) decrease in the absorption at 610 nm
(Fig. 6C). It, therefore, implies Cu2+ reduction and Fe2+ oxidation. It is
not observed at 465 nm and does not, therefore, concern any Fe3+ trans-
fer from Cp to T. It is, moreover, amonomolecular process that rate-limits
a second Fe2+ uptake and oxidation by Cp in the protein–protein adduct
to yield a third kinetic product, inwhich Fe3+ is probably held in the labile
site of domain 4 in Cp (Eqs. (22), (23); Table 3).

The fourth kinetic process is very slow (10,000 s). It shows a
decrease in the absorption at 465 nm and is not detected at 610 nm. It
does not, therefore, involve any oxidation–reduction of T1 Cu2+. At
the end of this monomolecular kinetic process, the absorption spectra
are typical of two monoferric C-lobe iron-loaded transferrins [42]
per ceruloplasmin. We ascribe this last phenomenon to a change in
conformation which allows the dissociation of the Cp–TCFe3+ adduct
(Eqs. (27), (28); Table 3).

Under our anaerobic experimental conditions, the only Fe3+ avail-
able for apotransferrin is that provided by Fe2+ oxidation by Cp. There-
fore, its concentration cannot exceed twice that of Cp, which is much
lower than that of apotransferrin (c1 ≪ c2). This excludes Fe3+ uptake
by the N-lobe of free apotransferrin [41,42]. However, this does not
eliminate the involvement of theN-lobe of the apotransferrin in interac-
tion with Cp in the uptake of Fe3+. A recent hybridization study
concerning lactoferrin (Lf) with Cp suggests an interaction of the
N-lobe of Lf with Cp [72]. In this proposal, Cp captures Fe2+, oxidizes
it and directly transfers it to the N-lobe of Lf [72]. However, in this
model, the C-lobe of Lf is in the closed conformation. More recently,
small-angle X-ray scattering experiments were not able to discriminate
between the involvement of either the N- or C-lobes of Lf in its interac-
tion with Cp [73]. Therefore, with regards to the structural similarities
between the C- and N-lobes of both Lf and T, the C-lobe of T in its
open conformation probably interacts with Cp. On the other hand,
experiments of the incorporation Fe3+ by T after Fe2+ oxidation by a
recombinant of hephaestine (a transmembrane ferroxidase homologue
of Cp) show that within 60 min, only the C-lobe of transferrin is iron-
loaded. Holotransferrin starts appearing in more than 2 h [74]. Another
copper ferroxidase, Fox1, in Chlamydomonas reinhardtii mainly cata-
lyzes TCFe3+ formation [75].

We recently identified Cp–T and Cp–TFe2 protein–protein adducts,
found average dissociation constants of about 15 μM for both the
apotransferrin- and holotransferrin–ceruloplasmin complexes [45].
We report here a dissociation constant of 37 μMfor Cp–TCFe3+ (Supple-
mentary material). This implies that the latter is thermodynamically
less favored than Cp–T and Cp–TFe2. From a statistical standpoint and
under our experimental conditions, the scarcity of the Fe3+-loaded
transferrin (which cannot exceed 2c1) as compared to that of free
apotransferrin (c2 ~ 15–150 c1) largely favors the ceruloplasmin–
apotransferrin complex. This and the spectra of the final thermodynam-
ic product in Fig. 5 lead us to envisage an equilibrium between TCFe3+,
Cp and the protein–protein adducts (Eqs. (27), (28), Table 3). Further-
more, this does not support, under our experimental conditions, the hy-
pothesis of a possible Fe2+ oxidation in an eventual Fe2+–transferrin
complex [10]. The affinity of transferrin for Fe3+ (~1021) is at least 14
orders of magnitude higher than that for Fe2+ [36]. Therefore, no com-
petition occurs between Fe2+ and Fe3+ towards complex formation
with transferrin and all the Fe3+ obtainable from Cp is complexed by
transferrin as shown in Fig. 5. This does not imply the absence of a
Fe2+–transferrin complex in the medium. It shows, however, that, if
this complex exists, it cannot, at least under our experimental condi-
tions, be involved in Fe2+ oxidation.

Our kinetic analysis clearly indicates that after Fe2+ uptake and its
oxidation to Fe3+, the metal is transferred from Cp to T in Cp–T. This
is also observed in yeast and in C. reinhardtii, where a direct transfer of
iron occurs from the ferroxidases, Fet3, and Fox1, to the iron transport,
Ftr1 [75,76].
Although unlikely, the extraction of Fe3+ from the holding site of Cp
by a lowmolecular-weight-chelator and its transfer from the chelate to
T remains possible. The most eligible candidate for such a purpose
would probably be citrate [77,78]. However, complex formation be-
tween the citrate present in biological fluids and Fe3+ should not be
very efficient, because of the low concentrations of non-transferrin-
bound iron (b0.5 μM) and the very low rates of Fe3+ transfer from
the citrate complex to apotransferrin (N20 h) [79]. This would be
much less productive than a direct transfer from Cp to T, which occurs
for the first iron in about 100 s (Fig. 7, Eq. (12), Table 3). Molecular
interactions between proteins can be very fast [80]. Therefore, the rath-
er high dissociation constants of Cp–TFe2 and Cp–T and the high affinity
of holo- and monoferric transferrin for receptor 1 render these
iron-loaded species readily available for endocytosis.

5. Conclusion

Iron in its twomajor oxidation states cannot freely exist in a biological
fluid. Its acquisition as Fe2+ and transport as Fe3+ should, therefore, be
dealt with in compartments isolated from the environmental neutral
biological medium. Cp and T seem to play this role, which requires at
least three essential conditions. The first concerns Fe2+ uptake by the di-
valentmetallic sites of Cp, its oxidation and its transfer to the holding sites
near the surface of the protein. The second should imply the existence of a
protein–protein adduct between Cp and T. The third should allow Fe3+

transfer from the holding site of the Cp–T adduct to the binding sites of
transferrin.We show here that these three conditions are fulfilled in vitro.
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