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SUMMARY: (1) Copper complexes at the two sites of ovotransferrin
(Tf) differed markedly in the rate of Cu release by EDTA.

(2) During the reaction, A max of the remaining Cu-Tf complex
shifted to red side, while the difference spectrum of Fe,Cup_pTf
vs. FepTf in which the N-site had been preferentially occupied
with Fe had A max at blue side from that of Cu,Tf, 440 nm.

(3) From these results, the intrinsic spectrum for Cu-complex

at each site was assigned: X max 450 nm for N- and 430 nm for
C-site. (4) The differences in the release rate and the spectrum
can be used for the identification of the two domains of Tf and
for the analysis of metal-binding behavior of each site.

Transferrin, a group of homologous iron-binding proteins,
is composed of a single polypeptide chain which is folded up into
two compact domains. Each domain has one site capable of binding
various metal ions besides iron (1). The two sites do not always
behave equivalently (2,3,4), although the amino acid sequences of
both the domains are considerably homologous, including the metal

binding ligands (5,6). As has been known for long, FeS+—, Cu2+-

and Mn3+

-transferrin complexes show the characteristic absorption
spectra in the visible region, and their colors are used as
conventional indicators for studying metal-binding properties of
transferrin (1,7,8). There remains, however, a fundamental
problem, whether the absorption spectra for the two sites are
identical or not (9-12). In the present study, we developed a

convenient method for determining quantitatively the distribution

of copper at the two sites and, using this method, revealed a
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significant spectral difference between the two copper complexes

at the N- and C-site of ovotransferrin.

MATERIALS AND METHODS

Ovotransferrin (Tf) was prepared from chicken egg white by
precipitating viscous components at pH 5.4, then CM-Sepharose
(CL-6B, Pharmacia) chromatography of the supernatant using the
method of Rhodes et al.(13), and if necessary, the Tf fraction
was further subjected to DEAE-Sepharose (CL-6B, Pharmacia)
chromatography (a linear gradient of NaCl concentration from 0 to
0.1 M in 0.02 M Tris-HCl buffer at pH 8.0) to remove contaminated
proteinase inhibitor (ovoinhibitor (14)). The Tf fraction was
treated with acidic citrate to obtain apo-form Tf (15). The N-
domain was prepared from the inhibitor free Tf, according to the
method of Williams (11). The half-molecule was obtained by
gel-filtration of the hydrolysate on Sephadex G-100 and then the
preparation was freed of iron by the above treatment and used
without further purification. All chemicals were of reagent
grade and glassware-distilled water was used. As medium, 0.02 M
Tris-HC1 buffer at pH 8.0 containing 5 mM NaHCOxz was used for
preparing Tf solutions.

Partially iron-saturated ovotransferrin (FepTfs) where the
N-site had been preferentially occupied with iron (16) were made
by adding definite amounts of 0.02 M Fe(NH4)7(S04), in water to
2.0 x 1074 M apo-Tf.  FepCuy.,Tf (n¢ 2) was prepaTed from Fe,Tf
by adding CuS04 in water at a ratio of [Cul/[vacant site: 2-n] =
2.0 so as to saturate the vacant sites (preliminary experiments
showed no displacement of Fe with Cu under the conditions used).
The protein concentration and n value were determi?gd spectro-
photometrically by using absorption coefficients Efg&y: 0.62 at
465 nm for Fe,Tf, 0.57 at 440 nm for Cu,Tf (17), ang a molecular
weight of 76,600 for Tf (18). -

The transfer of Cu from its Tf complex tg EDTA was performed
at 30 °C by mixing equal volumes of 2.0 x 10°* M Tf and 0.2 M
EDTA in 0.02 M Tris-HC1 buffer containing 5 mM NaHCOz (finally
adjusted to pH 8.0 with small amount of conc. NaOH), and the
reaction was followed by measuring the absorbance of the remaining
Cu-complex of Tf at 440 nm. The spectral change during the
reaction was measured with a rapid reaction analyzer (Union model
RA-401). Under the conditions used, the spectrophotometry was
scarcely influenced by Cu-EDTA produced.

RESULTS AND DISCUSSION

When CupTf was incubated with a large excess of EDTA as a

accepting chelate, the characteristic absorbance of Cu-Tf complex
decreased in a biphasic manner composed of two exponentials and
at last Cu2+ was completely released from the protein. As the
curve {a) in Fig.l shows, the decrement for each phase was just
the same, as far as the change was measured at 440 nm of the

peak wavelength for Cu,Tf. These results indicate that Cu2+ is
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Fig.1l(left) Copper-release from Fe,Cu,_,Tf ([Tf] =1.0x 1074 M)
with M/10 EDTA at pH 8.0 and 30 °C. The n-values for a, b, ¢, d,
and e were 0, 0.6, 0.98, 1.2 and 1.6, respectively.

01

Fig.2(right) Spectral change of Cu-complex of Tf after rapid
mixing of equal volumes of 2.6 x 10-4 M CuyTf and 0.2 M EDTA.
Arrows show the peaks of spectra.

released from the two sites at different rates and Cu2+-comp1exes
at both the sites have the same molar extinction coefficient at
440 nm. During the reaction, however, spectrum of the remaining
Cu-Tf shifted to the red side up to 450 nm (Fig.2), suggesting
the spectral difference between Cu-complexes at the two sites.
For further investigation of the spectral difference, we
prepared FenCu;_,Tf from Fe,Tf (n< 2) in which the N-site had

been preferentially occupied with Fe3+

(16). The difference
spectrum of FepCup_ ,Tf vs. Fe,Tf, which gives the spectrum
attributed to the Cu-complex moiety, was not identical with that
of CuyTf vs. apo-TE. Fig.3 shows blue-shift of the spectrum,
depending on n in Fe,Cu, ,Tf, i.e. depending on the degree of
preferential occupation of Cu at C-site. These results indicate
Cu-complex at C-site possesses A max at a shorter wavelength than
440 nm, whereas, at N-site it is at a longer wavelength.

To determine the quantitative distribution ratio x, Cu at

C-site/Cu at N-site, in each FepCu,_,Tf, the Cu-release reactions
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Fig.3 The difference spectrum between FenCup_nTf and FepnTf.
The n-values for a-e are described under Fig.l. Tf concentration
was 2.0 x 1077 M. Arrows show the peaks of spectra.

for these mixed complexes with EDTA were analyzed kinetically.

The Fe complex moiety in Tf was stable to EDTA underthe conditions
used. As summarized in Fig.l (curves b-e), the reaction
proceeded in biphasic manner in this case, too, but the decrement
of Cu-complex for slow phase (p) was much less than that for rapid
phase (1-p). As the N-site has been preferentially occupied
with Fed? (16), it is clear that the rapid phase corresponds to
the Cu-release from C-site and the slow phase to that from N-site.
Therefore the x is given by (1-p)/p. Using the x values, 1.0,
2.1, 3.4, 3.7 and 5.1 for n = 0, 0.6, 0.98, 1.2 and 1.6
respectively, and the difference spectra for the mixed complexes
(Fig.3), the spectrum intrinsic to the Cu-complex at each site
can be assigned by the following analysis. The absorbance of

total Cu-complex moiety at a given wavelength A is represented by

A, = £§[Cu-c1 + g)[Cu-N]
= (€5 - x + £} [CuN] (1)
and on A = 440 nm, A,, . = (534340- x o+ 5{4140) [Cu-N] (2).
As already mentioned, 8240 = 240 = %—8440 (33
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where €440 is the molar extinction coefficient of Cu,Tf at

C n
AL+ x) 2 8A 2 &5
A ¢« X +
440 €440 Eazo
The plot of the left side value of Eq.4 vs. x showed a good

440 nm. From Egs. (1)-(3),

(4)

straight line with a correlation coefficient > 0.998 for each
wavelength X. The slope and intercept of the straight line
give the relative molar extinction coefficient at each X for
Cu-complexes at C- and N-site, respectively. The assigned
spectra in the visible region are shown in Fig.4, together with
their summation which agreed with spectrum observed on CuZTf.
The spectra of Cu-complexes at N- and C-site are very similar
in shape, but A maxima are 20 nm apart: 450 nm for N- and 430 nm
for C-site.

The N-domain fragment prepared by us gave the Cu-complex
having A max at 446 nm which was less than the assigned value
(450 nm). The Cu-release reaction with EDTA, however, indicated

the preparation was contaminated with C-domain to a value of 20%.

ol i [EUR R R N
B0 400 420 MO 460 480 500 520
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Fig.4 Assigned spectra for Cu-complexes at N- and C-site.

AT N-site, B: C-site, o : summation of A and B ; — : obsegved
spectrum of CuTf. & at each A was calculated by usig Ejl,:
0.57 at 440 nm for CupTf (17) and M.W. of T£:76,600 (18).
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The simulated spectrum of the Cu-complex composed of N- and C-site
at the ratio of 4 : 1 was very similar to the observed one.
Williams who succeeded in isolating the N- and C-domain of Tf,
reported X maxima of their Cu-complexes to be 450 nm (11) and

435 nm (12), respectively. The present study shows that this
spectral difference between the Cu-complexes is not due to the
protcolytic fragmentation of the molecule, but to the intrinsic

nature of the two sites.

On Fe- or Mn-complex of Tf, spectral difference in the
visible region between the two sites was only slight. Similar
slight differences have been also reported by other workers
who measured the absorption spectra of iron-loaded fragments of
bovine serum transferrin (9) and human serum transferrin (10).

The degree of the spectral differences may be due to the hardness,
as denoted by Lewis acid, of metal ion concerned. As is well

5+ 3+. A marked differ-

known, Cu2+ is much softer than Fe or Mn
ence between the Cu-complexes at N- and C-site of Tf will be
brought about by higher sensitivity of the Cu2+—complex to the

microenvironments around their binding sites.

The spectral difference in Cu-Tf affords a convenient
criterion not only for the identification of fragmented domains
but also for the estimation of the metal-binding behavior of both
sites on intact Tf. For example, the stepwise addition of
Al,(S04)3 to CuyTf brought about an intense blue-shift of the
remaining Cu-complex spectrum, while the stepwise addition of
Cuy804 to apo-Tf showed a slight shift of XA max from red side to
440 nm. These experiments clearly revealed that both the Cu2+
and A1°* have higher affinity for the N-site, and A1S* binds
more strongly to N-site than Cu2+. The quantitative distribution

of Cu at the N- and C-site in such cases can be easily determined

from the biphasic Cu-release reaction by EDTA. This method will
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be also a useful tool for determining the distribution of other

metals (M), including iron, by preparing the mixed complex of

MpCujp _,TE.
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