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ABSTRACT: The thermodynamics of the interactions of serum
apotransferrin (T) and holotransferrin (TFe,) with ceruloplas-
min (Cp), as well as those of human lactoferrin (Lf), were
assessed by fluorescence emission spectroscopy. Cp interacts
with two Lf molecules. The first interaction depends on pH and
u, whereas the second does not. Dissociation constants were as
follows: K“Lf =154+0.2 /,lM, and K12Lf =11+ 2ﬂM Two
slightly different interactions of T or TFe, with Cp are detected
for the first time. They are both independent of pH and ¢ and
occur with 1:1 stoichiometry: Kyt = 19+ 7uM, and Ki1pe =
12 4 4 uM. These results can improve our understanding of the
probable process of the transfer of iron from Cp to T in iron
and copper transport and homeostasis.

Ceruloplasmin (Cp) is a protein that circulates in the blood
and plays a major role in iron and copper homeostasis (/, 2).
More than 95% of the copper in the plasma is bound to Cp,
which also possesses two iron binding sites (3). Cp is in addition
one of the major ferroxidases involved in the oxidation of Fe(II)
to Fe(III). On the other hand, free Fe(IlI) does not exist in sera,
where it is almost completely found in a complex with transferrin
(T) (4, 5). When T is Fe(Ill)-loaded (holotransferrin, TFe,), it
interacts with transferrin receptor 1, which leads to the delivery of
metal to the cell by receptor-mediated endocytosis (6). It has been
suggested that a protein—protein interaction occurs between Cp
and transferrin (T), which leads to the transfer of Fe(III) to T (7).
This is supported by the fact that a multicopper ferroxidase
(D-Fox) forms a stable adduct with transferrin in algae (8).
Moreover, another member of the transferrin family, lactoferrin
(Lf), is known to interact with Cp (9, 10). Both proteins coexist in
the colostrums and secretory granules of neutrophyles (/7).
Nonetheless, there is no evidence of an interaction of T or
TFe, with Cp. In this work, we use emission spectroscopy to
revisit the interaction between lactoferrin and ceruloplasmin and
show for the first time the occurrence of a protein—protein
adduct between holo- and/or apotransferrin and ceruloplasmin.
These techniques already allowed us to deal with the thermo-
dynamics of the interaction of metal-loaded transferrins (Fe, Al,
Ga, Bi, Co, and U) with receptor 1 (12—18).

Human lactoferrin, holotransferrin, and apotransferrin were
purified as previously described (19, 20). Ceruloplasmin was
provided by Euromedex and used without further purification.
Protein—protein interactions were investigated by titration of Cp
by P (P being Lf, T, or TFe,). These titrations were performed in
100 uL of black-masking quartz microcuvettes, in 50 mM Hepes,
20 mM NaHCOs, and 130 mM KCl buffer.
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If we assume that CpP is formed, we can write eqs 1 and 2 (14):
Cp+P=CpP (1)

where Kobs = [Cp][P)/[CpP].
¢1/[CpP] = 1+ Kops/(c2 — [CpP]) (2)

where ¢; and ¢, are the analytical concentrations of Cp and P,
respectively.

P and Cp possess typical fluorescence emission spectra (Figure
S1 of the Supporting Information, P = Lf). In our case, because
¢p £ 1.7 uM and ¢, < 30 uM, at a fixed wavelength, the
fluorescence emission of Cp (Fp) is proportional to ¢; (Fy =

fi[Cp]), whereas that of P (Fp) would obey a quadratic equation

(Fp = By[P] + Byj[P}) (2I), where f;, By, and B, are the
experimental factors that associate, at a fixed wavelength, the
fluorescence intensity with [Cp] and [P].

If CpP is formed according to eq 1, we can write eq 3 (14, 21):

— By[CpP* + (fi + By + 2¢2B, — f3)[CpP)]
+(AF=fic; = Biey— Byer?) =0 (3)

where AF = F — F, (F being the fluorescence intensity), f3 is the
experimental factor that relates the fluorescence to CpP, and
[CpP] is the positive solution of quadratic eq 3.

Ata fixed pH, adding iron-saturated lactoferrin to a solution of Cp
leads to an increase in the fluorescence intensity with a 334 to 331 nm
blue shift in the emission maximum, A, (Figure S1 of the Supporting
Information). The titration curve of Cp by Lf (0.2uM < ¢; < 0.4 uM)
shows a slight increase in the fluorescence intensity at a Ay, of 334 nm
that reaches a plateau when ¢, ~ 4 uM (Figure 1A), which is
followed, when ¢, > 6 uM, by a decrease in the emission intensity
(Figure 1B). We shall, therefore, assume that two interactions occur
between Lf and Cp. When ¢, < 4 uM, a monoprotein—protein
adduct (Lf—Cp) exists, whereas when ¢, > 6 uM, a biadduct
(2Lf—Cp) is formed. Both mono- and biadducts were reported
in vitro, whereas only the monoadduct was found in vivo (9, 22).

The experiment described in Figure 1A was repeated at five fixed
pH values and a fixed ionic strength (¢ = 0.2). Five good linear
least-squares regressions of the data against eq 2 were obtained
(Figure 2A). From the slope of the best regression lines, five values of
K, were determined. A plot of Ky, versus 1/[H']" shows a linear
relationship whenn = 1 (Figure 2B). This implies the involvement of
a single proton transfer in the process (/4). We shall then assume that
the protein—protein interaction occurs between the protonated form
of Lf and Cp (eqs 4 and 5) (Supporting Information):

Lf+H" = (Lf) (4)
(Lf)' +Cp = CpLf (5)
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FIGURE 1: Variation of fluorescence emission of a solution of lacto-
ferrin and/or apotransferrin in the presence and absence of cerulo-
plasmin, with ¢,/c; after subtraction of the emission contribution of
the buffer: (O) ¢y, (A) ¢1, (O) ¢; in the presence of ¢,, and (@) theoretical
sum of the fluorescence emission contributions of ¢; and ¢; at a Aex of
280 nm and a Aey of 334 nm (u = 0.2 at 37 + 0.1 °C). (A) For
lactoferrin, 0.2uM < ¢; < 0.4uMand 0.19uM < ¢, < 4.88uM at pH
7.4. (B) For lactoferrin, 0.8 uM < ¢; < 1.6 uM and 0.64 uM < ¢, <

16.35uM at pH 7.4. (C) For apotransferrin, 0.2 uM < ¢; < 0.4uM and
0.18uM < ¢; < 4.65uM at pH 7.6. (D) For apotransferrin, 0.8 uM <

¢; < 1.6uM and 0.168 uM < ¢, < 258 uM at pH 7.1.

where (L)' is the protonated form of lactoferrin, K, = [Lf[H']/
[(L], and Kire = [(LEICp]/[CpLA]. In this case, Kobs can be
expressed as shown in eq 6 (Supporting Information).

Koos = Kiiis +K3K11Lf/[H+] (6)

From the intercept and the slope of the best line of Figure 2B,
Kipr=(15+02) x 100°Mand K, = (6.3 + 1.6) x 10°° M.
The K, value is, within the limits of uncertainty, identical to that
determined by acid—base spectrophotometric titration (Sup-
porting Information). As for Kjjg, it is within the limits of
uncertainty identical to that already reported for CpLf formation
in vivo as well as in vitro (9, 10, 22). CpLfis ionic and dissociates
at pH <4.7, or at a high salt concentration (22). We confirmed
this fact by performing a series of experiments at a different ionic
strength (u = 0.5). At pH 6.9, K, increases from 1.77 x 107 M
atu = 0.2t07.76 x 10°° M at 4 = 0.5. This can related to the
fact that lactoferrin is positively charged (pI 8.7) (23) whereas
ceruloplasmin is negatively charged (pl 4.4) (24).

When 0.8 uM < ¢; < 1.6 uM and ¢, > 6 uM, the emission
intensity of the titration curve starts to decrease (Figure 1B). We
assumed that this describes the formation of the biadduct
(2Lf—Cp), recently detected by gel filtration (/0). The dissocia-
tion constant has never been reported. We determine it here from
the titration curves of Figure 1B. The K’ values were identical
at the five pH values: K1 ¢ = [CpLA][Lf]/[CpLf,] = (1.1 £0.2) x
107> M. Lf, therefore, possesses two Cp binding sites, the second
of which is independent of pH and ionic strength.

Revisiting lactoferrin was necessary to validate our approach
for investigating the interaction between ceruloplasmin and
human serum transferrin. The same experiments were, therefore,
performed for the interaction of Cp with iron-saturated trans-
ferrin (holotransferrin, TFe,) or apotransferrin (T). No interac-
tion between TFe, or T and Cp is observed in the concentration
range used with Lf (0.2 uM < ¢; < 0.4uM,and 0.18 uM < ¢, <
4.65 uM) (Figure 1C). However, adding TFe, or T at higher
concentrations (0.2 uM < ¢; < 26 uM) to a solution of Cp leads
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FIGURE 2: Dissociation constant of the 1:1 Lf—Cp protein—protein
adduct. (A) Plot of ¢;/[CpP] vs 1/(c; — [CpP]) where 0.2uM < ¢; < 0.4
UM, 0.19uM < ¢; < 488 uM,andu = 0.2at 37 £ 0.1 °C at five fixed
pH values. (B) Plot of Ky, vs 1/[H*]atu = 0.2. The intercept is (1.5 4
0.2) x 107 M. The slope is (9.5 £ 0.9) x 107 M? and » = 0.9858.

to a decrease or increase in the fluorescence emission, respectively
(Figure S3 of the Supporting Information and Figure 1D), as
observed for the interactions of some metal-loaded transferrin
with receptor 1 (12—18). As in the case of Lf, this implies the
formation of a protein—protein adduct between Cp and TFe, or
T. A good linear regression of the data against eq 2 was obtained.
From the slopes of the best regression lines, identical K, values
were obtained at different pH values, implying that the process
is pH-independent: K;t = (1.9 £ 0.7) x 107° M, and K1per =
(124 0.4) x 107> M. If as in the case of Lf, an interaction is to
occur between T and CpT, the associated dissociation constant
K>t > Kj1. This would require working at a ¢; of ~0.1 mM,
which is not compatible with fluorescence detection. The K;p
(P = T or TFe,) values are ~10-fold higher than those reported
for the monoadduct (Lf—Cp) but are in the range of dissociation
constants found for the ferritin and ceruloplasmin complex (25).
For further confirmation, differential absorption spectra were
recorded for Cp in the presence of a very large excess of T or TFe,
(10-fold) in both reference and sample cells. This allowed the
determination of the absorption spectra of both CpTFe, and
CpT (Supporting Information). These differ from those of T and
Cp [blue shift from 278 to 275 nm (Figure 3)]. The high values
of Kit and Kjtg, explain why Hudson et al. (7) were not able
to detect the ceruloplasmin—transferrin complex by native poly-
acrylamide gel electrophoresis.

We have shown here that two interactions exist between Cp
and T or TFe,. These interactions are weaker than with Lf,
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FIGURE 3: Absorption coefficient spectra of apotransferrin (T),
holotransferrin (TFe,), ceruloplasmin (Cp), and the ceruloplasmin—
apotransferrin (CpT) and ceruloplasmin—holotransferrin (CpTFe,)
adducts. The spectra were recorded at 37 °C, 4 = 0.2, and pH 7.4
(Supporting Information).

probably because in neutral media the overall charges of Lf and
Cp are opposite, whereas they are both negative with T and
Cp (4, 24). Nevertheless, in the bloodstream, Cp and T concen-
trations (2.5 and 25 uM, respectively) (26, 27) are sufficiently high
for the formation of the protein—protein adducts. Therefore, a
cautious transposition of our in vitro results to serum indicates
that 70% of the Cp would be in interaction with transferrin.
Whether this interaction confirms the transfer of Fe(IIT) from Cp
to T is far from proven. Nevertheless, the fact that this interaction
is weak leads to the prevention of any competition with that
occurring between TFe, and receptor 1 (/4). Therefore, the
presence of CpTFe, in the medium will not interfere with the
acquisition of iron by the receptor-mediated endocytosis pathway.

SUPPORTING INFORMATION AVAILABLE

Supporting results, experimental procedures, and Figures
S1—S3. This material is available free of charge via the Internet
at http://pubs.acs.org.
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