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Abstract Proteins of the transferrin (Tf) family have a
role in metal transport in vertebrates and have been
extensively studied. The results here reported provide,
for the first time, a detailed systematic comparison of
metal sites in Tf complexes involving several atoms in
the whole protein and in two different types of Tfs. The
high interest in the structural variations induced in a
metalloprotein upon the uptake of different metals is
related to the hypothesis of the metals’ involvement
in some neuropathologies. We propose a comparative
study of the X-ray absorption spectra at the K-edge of
iron, copper, zinc and nickel in serotransferrin and
ovotransferrin. The experimental data are simulated
using an algorithm of the full multiple scattering
method. Our results show that: (1) the local structure
of each site (N-terminal and C-terminal) is correlated to
the ligation state of the other site; (2) the difference
between the two proteins is related to site local structure
and depends on the metal ion nature being greater in the
case of copper and zinc with respect to iron and nickel
ions; (3) X-ray spectroscopy is confirmed as a suitable
technique able to discriminate between coordination
models proposed by X-ray diffraction.
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Introduction

The transferrins are a homogeneous group of glyco-
proteins widely distributed in the extracellular fluids of
vertebrates (Aisen et al. 1978; Aisen 1989; Baker and
Lindley 1992). These proteins have the following com-
mon physicochemical and biological properties: they are
made of a single polypeptide chain of MW around
80 kDa organized in two similar, but not identical, iron-
binding sites disposed in the N-terminal and C-terminal
halves of the molecule, respectively. Transferrins
reversibly bind two Fe* " ions and the binding depends
on concomitant synergistic binding of carbonate (or
bicarbonate) anions that bridge between the metal and
the protein. All transferrins are recognized by specific
membrane receptors (Legrand et al. 1988; Crichton
1991). The transferrin single polypeptide chain results
from the duplication of the gene of an ancestral protein
transferrin with half the molecular weight and only one
iron-binding site (Williams 1975, 1982).

In this work, two members of the transferrin family
have been investigated: the human serotransferrin from
blood plasma and the hen ovotransferrin from avian egg
white. The serotransferrin has a specific role in iron
transport in vertebrates and is capable of delivering iron
to cells by receptor-mediated endocytosis, in a process
referred to as the transferrin cycle. It has been proposed
that transferrins may transport other metal ions and
deposit them in the cell (Grossman et al. 1993). The cells
in the brain possess a specific high-affinity receptor
for transferrin (Roskams and Connor 1990) that is
independent of the transported metal. The interaction
between transferrin and its receptor may act as a general
metal ion regulatory system in the central nervous
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system, extending beyond its postulated role in iron
regulation (Bali and Aisen 1991; Evans et al. 1994).

Ovotransferrin has an antibacterial function: its
ability to bind iron tightly can inhibit the growth of
some bacteria and contributes to the defence of the cell
against infection. Moreover, a recent study on the
crystal structure of Fbp, an iron uptake protein from
pathogenic bacteria of Haemophilus influenzae (Bruns
et al. 1997), reveals an element homologous to a single
lobe of the transferrin structure.

Previous X-ray crystallographic studies of serotrans-
ferrin and ovotransferrin (Bayley et al. 1988; Anderson
et al. 1989; Lindley et al. 1993) have determined the
three-dimensional structure of the protein and the ste-
reochemistry of the iron-binding site. On the basis of
these results, a model has been proposed in which the
iron is hexacoordinated to two Tyr, one His and one
Asp residues and to a (bi)carbonate linked to an Arg
residue. An extended X-ray absorption fine structure
(EXAFS) study on iron-bound serotransferrin frag-
ments (Garrat et al. 1986) provided bond distances with
an error of 0.02 A between the ion and its ligands. A
more recent X-ray absorption study (Garrat et al. 1991)
on Cu-ovotransferrin indicated a different organization
of the ligands around the ion in the two sites, at variance
with the reported identity of both sites in their complex
with iron ions.

Actually, the two sites of transferrin show great ho-
mologies but they are not identical. Differences between
the sites have been brought out by many physicochem-
ical studies. Thermodynamic constants for the binding
of iron to transferrin show a greater affinity for the
C-site than the N-site (Kretchmar and Raymond 1986);
transferrin site behaviour depends on pH, one iron being
removed between pH 7 and 5.5 while the other is lost
between pH 5.5 and 4, implying that one of the two sites
is relatively acid stable and the other is relatively acid
labile (Baldwin and De Sousa 1982). Studies on trans-
ferrin show that other metal ions like Zn, Cu and Ni are
able to bind selectively to the N-site or C-site; the affinity
constant values of these metal ions for serotransferrin
decrease according to the sequence Fe>Cu>Zn>Ni
(Harris 1983, 1986; Hirose et al. 1996).

Small-angle X-ray scattering (SAXS) experiments on
transferrin samples, without and with metal ions, show a
close—open change of the active site structure, related to
the presence and the nature of the metal ion (Grossmann
et al. 1993, 1998) or to the pH values of the microenvi-
ronment of the protein (Congiu-Castellano et al. 1994).

Synchrotron sources provide a very intense continuum
radiation that has allowed the development of X-ray
absorption spectroscopy (XAS) of metalloproteins. In
particular, the X-ray absorption near-edge structure
(XANES) spectrum is determined by multiple scattering
(MS) processes of excited inner-shell photoelectrons
with the neighbouring atoms (Durham et al. 1981;
Durham 1988; Natoli et al. 1990). As a consequence, the
spectrum contains electronic and structural information,
such as the valence state of the photo-absorber or the

overall symmetry around it. We also point out that, for a
reliable XANES simulation, structural information from
other spectroscopic and/or structural methods such as
X-ray diffraction at low resolution are required. In this
way the proposed model may be refined at atomic res-
olution by comparing directly experimental and theo-
retical data; further, the use of model compounds is also
helpful (Strange et al. 1987).

We present a comparative XANES study at the
K-edge of iron, nickel, copper and zinc in two proteins
of the transferrin family using both experimental results
and an algorithm of the full MS method to simulate
theoretical XANES spectra. Although the transferrin
local structure has been studied, the results here reported
concern, for the first time, the structure of the C- and
N-terminal sites selectively filled by several metals in the
whole protein. This allows us to show the dependence of
one site structure on the state of the other site.

Materials and methods

Several studies report that it is possible to fill the C- or N-site of the
native protein by an iron ion and to successively occupy the empty
site by the desired metal ion (Zapolski and Princiotto 1980;
Baldwin and De Sousa 1982; Harris 1983, 1986; Kretchmar and
Raymond 1986). However, differences between the affinity con-
stants and the percentage of occupation arise from the different
methods. The affinity constants for the uptake of metal ions
decrease with the succession Cu>Zn > Ni with different values for
each site, and with logK for the N-terminal and C-terminal sites
varying from 12 to 3.

All the samples have been prepared by the method of Harris
(1983, 1986), because the affinity constant of three of the four metal
ions we used (Fe, Ni and Zn) have been calculated. Under these
experimental conditions (high affinity constant and not complete
saturation of the sites), we can conclude that a non-specific com-
plexation of metal ions with the protein is highly improbable.

Human serum transferrin and hen ovotransferrin (Sigma, St.
Louis, Mo., USA) of stated 97% purity were used without further
purification. The samples in solution were freeze-dried prior to use.

Di-ligated transferrins

Di-ligated-transferrin forms were prepared by adding 3 mM chlo-
ride salts of Fe, Cu, Zn or Ni to 16 mM apotransferrin (buffer
10 mM HEPES, 5 mM NaHCOs;, pH 7.4) until the protein reached
about 95% saturation. Differential UV spectroscopy was used to
analyse the binding of metal ions to the protein for each sample at a
protein concentration of 1.6x107> M.

We have monitored for all the samples the UV absorption
peaks as reported elsewhere: Zn (Harris 1983) at 245 nm and
295 nm, Ni (Harris 1986) at 256 nm and 295 nm, Cu (Boffi et al.
2000) at 240 nm and 285 nm, Fe (Aisen et al. 1978) at 245 nm and
295 nm. The maximum absorption, at around 245 nm, due to Tyr,
which participates in all metal ion binding, was monitored as a
function of the salt added: 95% saturation was reached for
di-ligated transferrins for all metal ions.

Mono-ligated transferrins

Mono-ligated transferrins, both N- and C-terminal forms (monoN-
Tf and monoC-Tf, respectively), were obtained from the complete
protein by saturating one of the two terminals with iron and oc-
cupying the other site with the other metal ion. We have evaluated
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Fig. 1 Experimental XANES
spectra (di-form, monoC-form,
monoN-form in a, c, e,
respectively) of serotransferrin
(solid line), ovotransferrin
(dashed line), and their
derivative spectra (di-form,
monoC-form, monoN-form in 1r
b, d, f, respectively) are
compared in the presence of
iron. XANES experiments were
performed at room temperature
on powder samples
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the iron binding to each site by adding 1 equiv of iron to the
apotransferrin solution; as a consequence, the other site was loaded
by adding about 1 equiv of the other metal ion. The methods used
to prepare mono-ligated transferrins are reported to yield from
80% to 90% labeling of the desired site (Harris 1986).

C-terminal transferrin

Adding one equivalent of ferrous ammonium sulfate to the whole
apotransferrin molecule (buffer 10 mM HEPES, 5 mM NaHCOjs,
pH 7.4), there is preferential oxidation and binding to the N-site
of transferrin (Aisen et al. 1978). Carboxy terminal mono-Ni
(Cu, Zn) transferrin was prepared by adding 3 mM of chloride salts
to transferrin.

N-terminal transferrin

When one equivalent of the ferric nitrilotriacetate complex is added
to the whole apotransferrin molecule (buffer 10 mM HEPES,
5 mM NaHCOs;, pH 7.4), there is preferential loading of the C-site
(Zapolski and Princiotto 1980). N-terminal mono-Ni (Cu, Zn)
transferrins were prepared by adding to the protein 3 mM of
chloride salts.
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eV
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XANES spectra

The K-edges of the Fe, Ni, Cu and Zn absorption spectra were
collected in fluorescence mode at the D21 beam line (LURE,
Orsay). A Si(311) channel-cut single crystal was used as mono-
chromator; the energy resolution was about 1 eV. The spectra
were recorded using an energy-resolving array detector made up
of seven elements. Germanium of very high purity from Canberra
industries (Cramer 1992) was used. The spectra (four frames with
about 600 experimental points with AE=0.2 eV) represent a total
It/I, (Iy=fluorescence count and Iy=photon incident flux mea-
sured by a proportional counter) with a total signal averaging of
10 s/point. The fluorescence counts jumped from 70 counts/s per
element before the edge (corresponding to the different K-edges
for each metal ion; see Figs. 1, 2, 3, 4) to about 850 counts/s per
element above the edge, giving a total count jump of about 17,500
with a noise-to-signal ratio of 10™* before the edge and 2x107°
after the edge. Calibration of the energy scale was achieved by
measuring, at the same time as the fluorescence signal, the in-
tensity transmitted by the appropriate metal foil. To compare the
data we looked at the spectral amplitudes normalized to the re-
spective measured atomic absorption jump (Congiu Castellano
et al. 1989). In Figs. 1, 2, 3, 4 the zero on the energy scale is fixed
at the first inflection point of the absorption threshold of the
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Fig. 2 Experimental XANES
spectra (di-form, monoC-form,
monoN-form in a, c, e,
respectively) of serotransferrin
(solid line), ovotransferrin
(dashed line) and their
derivative spectra (di-form,
monoC-form, monoN-form in 1
b, d, f, respectively) are
compared in the presence of
nickel. XANES experiments
were performed at room
temperature on powder samples

0
8320
eV

metal ion. The fitting procedures for the subtraction of the pre-
edge and normalization of the spectrum cause an error in the
calculated absorption jumps, and hence in the amplitude of the
XANES peaks, of about 1%. The XANES spectra were collected
at room temperature.

Results and discussion

The results are discussed through (1) a comparison be-
tween the two proteins serotransferrin and ovotransferrin
loaded with the same metal ion, and (2) a comparison of
the di-ligated, monoC- and monoN-ligated forms of each
protein by varying the metal ions.

It must be underlined that XANES spectra probe the
metal site structure averaged over the protein ensemble;
therefore it is important that: (1) for the comparison of
the two proteins, even if different percentages of C- and
N-sites are loaded, this percentage is the same for
both proteins; (2) we discuss the comparison between
the two sites for the same protein using the XANES

'8340 8360 8380 8400 8420 8320 8340

8360 8380 8400 8420

eV

difference spectra between the di-form and each mono-
form (N or C); only differences between the spectra
greater than 0.05 au are considered meaningful, and
only in this case are the differences attributed to struc-
tural differences between the two sites. Moreover,
mixing of metal ions between the sites can only reduce
the experimentally observed differences in the absorp-
tion spectra.

Serotransferrin and ovotransferrin comparison

In Fig. 1, XANES spectra of Fe-serotransferrin and
Fe—ovotransferrin samples, recorded at the Fe K-edge,
are compared. In panels a and b the XANES spectra of
the dinuclear forms (both sites occupied) of the
two proteins and their derivative spectra are shown,
respectively; in panels ¢ and d the XANES spectra of
the monoferric C-forms (the N-site being ion free) and
their derivative spectra are displayed; in panels ¢ and f
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Fig. 3 Experimental XANES
spectra (di-form, monoC-form,
monoN-form in a, c, e,
respectively) of serotransferrin
(solid line), ovotransferrin
(dashed line) and their
derivative spectra (di-form,
monoC-form, monoN-form in
b, d, f, respectively) are
compared in the presence of
copper. XANES experiments
were performed at room
temperature on powder samples

0 % .
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the XANES spectra of the monoferric N-forms (the
C-site being ion free) and their derivative spectra are
shown.

In Figs. 2, 3, 4 the experimental spectra at the Ni, Cu
and Zn K-edge of serotransferrin and ovotransferrin are
compared in the same order: in panels a and b the
XANES spectra of the dinuclear forms of the two pro-
teins and their derivative spectra are shown, respectively;
in panels ¢ and d the XANES spectra of the monoC
forms (the N-site being occupied with iron ions) and
their derivative spectra are displayed; in panels e and f
the XANES spectra of the monoN forms (the C-site
being occupied with iron ions) and their derivative
spectra are shown.

Fe-transferrins

The XANES spectra (Fig. 1) show three main features:
p in the pre-edge, and b and ¢ near the absorption edge

1 1 1
9000 9020 9040

eV

1 1
9040 8960 8980

9020

(in the derivative spectra these are named p’, b’ and ¢’).
The first weak absorption is associated with the 1s — 3d
transition, or alternatively with a quadrupole transitions
or a 3d — 4p mixing due to vibronic interactions. It
was estimated that the quadrupole transitions are three
orders of magnitude weaker than those observed.

The intense absorption peak (named b) about 16 eV
above the first absorption was identified as the allowed
transition 1s — 4p. The 1s — 3d to 1s — 4p intensity
ratio is seven times larger in the tetrahedral than in
octahedral coordination.

The octahedral coordination geometry of Fe’' in
transferrins and ovotransferrins is in agreement with
crystallographic and XAS results (Bayley et al. 1988;
Garrat et al. 1986). The b and c features can be
explained with the MS theory.

The overall shapes of the spectra, the positions and
the intensity ratio of the main features suggest a strong
similarity between the proteins. EPR data (Butterworth
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Fig. 4 Experimental XANES
spectra (di-form, monoC-form,
monoN-form in a, c, e,
respectively) of serotransferrin
(solid line), ovotransferrin
(dashed line) and their
derivative spectra (di-form,
monoC-form, monoN-form in 1r
b, d, f, respectively) are
compared in the presence of
zinc. XANES experiments were
performed at room temperature
on powder samples

1 1 1 1

0
9640
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et al. 1975) on chicken ovotransferrin indicated that the
signal from the diferric molecule was a composite of two
distinct signals originating from the N- and C-domains
of the protein; these data were interpreted by other au-
thors (Brock 1989) in terms of structural independence
of the two metal-binding sites, indicating the absence of
cooperativity between the two sites.

Ni-transferrins

In Fig. 2 are compared the XANES spectra, recorded at
the Ni’* K-edge, of Ni-serotransferrin and Ni-ovo-
transferrin samples. All XANES spectra have the same
features.

The MS approach shows that Ni>* is coordinated in
an octahedral geometry with six oxygen atoms; a similar
coordination is found in NiCl XANES spectra (Clozza
et al. 1986). These spectra, characteristic of octahedral
geometry, show the presence of three features in the
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9660 9680 9700 9720 9740 9640 9660

9740
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eV

absorption edge (p, b and c). The increase of the p fea-
ture, corresponding to the 1s — 3d transition, is con-
sistent with an increase in the amount of Ni 3d holes
compared to the Cu and Zn complexes.

It has been proposed that distortions of the octahe-
dral coordination geometry about the metal ions,
imposed by the structure of the protein, destabilize
Ni-transferrin  with respect to the corresponding
Zn-transferrin complex (Harris 1986).

Cu-—transferrins

In Fig. 3, the XANES spectra of Cu-serotransferrin
and Cu-ovotransferrin samples, recorded at the copper
K-edge, are shown. We have discussed the features of these
spectra previously (Boffi et al. 2000, 2001). A difference
between the two proteins regarding the independence or
the interaction among the metal sites and the geometry of
the copper coordination has been shown.



XANES spectra of dinuclear serotransferrin and
ovotransferrin show that the site structure of the two
proteins is different. The main spectral variations con-
cern the position of peaks a and b (identified respectively
at 6 and 22 eV in the derivative spectra) as well as the
overall shape of the spectra.

The geometrical arrangement of the active site in di-
Cu—ovotransferrin can be still discussed in the frame of a
tetragonal distorted octahedral cluster: (1) the reported
red shift in the position of peak a suggests an increase in
the distance between copper and its axial ligands relative
to di-Cu-serotransferrin; (2) an increase in the intensity
of peak ¢, occurring in di-Cu-ovotransferrin, can be
related to a Jahn-Teller distortion (Garcia et al. 1986);
(3) the blue shift and the larger broadening of the main
peak b in ovotransferrin, compared with serotransferrin,
suggest more disorder and a general shortening of
the distances around copper relative to the equatorial
ligands (Woolery et al. 1984; Alagna et al. 1986).

Zn—transferrins

Zn-serotransferrin  and Zn-—ovotransferrin XANES
spectra at the Zn’" K-edge are compared in Fig. 4. In
these spectra the first weak absorption p is not present,
as Zn>" has no empty 3d orbital. Figure 4a and Fig. 4b
show differences between di-Zn-serotransferrin and
di-Zn—ovotransferrin spectra. This behaviour is due to
an octahedral environment more distorted in ovotrans-
ferrin than in serotransferrin.

Summary of results

Thus our experimental results (Figs. 1, 2, 3, 4) allow a
comparison between serotransferrin and ovotransferrin
by varying the metal ions in the active sites:

1. The experimental spectra of the iron and nickel li-
gated forms (di-Fe, monoC-Fe, di-Ni, monoC-Ni) of
the two proteins are quite identical; a small difference
is revealed in the monoN-Fe and monoN-Ni forms.

2. In the Cu and Zn ligated forms, relevant differences
between the two proteins are shown (in the di-Cu,
monoC-Cu, monoN-Cu and in di-Zn, monoC-Zn
forms; a smaller difference is shown in the monoN-Zn
form). It is interesting to underline that the greater
differences between the proteins concern the forms
containing Cu and Zn ions.

Comparison of di-ligated, monoC and monoN forms
of each protein by varying the metals ions

In Fig. 5 and Fig. 6 are shown the differences between
the di-ligated and monoN forms, di-ligated and monoC
forms, and monoN and monoC forms for serotransfer-
rin and ovotransferrin, respectively. Only differences
between spectra greater than 0.05 au are considered
meaningful. The comparison between the site structure
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Fig. 5 Serotransferrin XANES spectral differences between di and
monoN (/ight grey), di and monoC (grey), and monoN and monoC
(black) forms for different metal ions

by varying the metal ions shows the characteristics
described below.
Serotransferrin

For serotransferrin—Fe the monoN and monoC site
structures are very similar, but the diferric form shows a
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Fig. 6 Ovotransferrin XANES spectral differences between di and
monoN (light grey), di and monoC (grey), and monoN and monoC
(black) forms for different metal ions

structural site different with respect to the monoC or
monoN structural site. This could be an indication of
a rearrangement of the two sites following the uptake
of the iron ions in both two sites and that the local
structure of each site (N-terminal and C-terminal) is
correlated to the ligation state of the other site. This
result is not in agreement with EPR data interpretation
(Brock 1989).

For serotransferrin—Ni the monoN, monoC and di-
Ni forms show small differences. For serotransferrin—Cu
the di-Cu and monoN forms show small differences. For
serotransferrin-Zn, all the spectra show significant
differences.

Ovotransferrin

For ovotransferrin-Fe, all the spectra show small dif-
ferences similar to those of the Ni forms of serotrans-
ferrin. For ovotransferrin-Ni the monoC and di-Ni
forms are similar while the monoN form is different. For
ovotransferrin-Cu the di-Cu and monoN forms are
similar. For ovotransferrin—Zn, all the spectra show
significant differences.

This qualitative comparison shows that serotransfer-
rin reveals the same behaviour with respect to ovo-
transferrin upon the uptake of Zn ions or Cu ions but has
different behaviour upon the uptake of Fe or Ni ions.

XANES simulation

The full MS algorithm used in this study has been de-
scribed previously (Della Longa et al. 1995). Atomic
charge densities were obtained with the self-consistent
Dirac-Slater method. Phase shifts were calculated for a
molecule muffin-tin (MT) potential with touching MT
spheres. XANES above the metal K-edge of metallo-
proteins is generated by multiple scattering of the excited
photoelectron within a cluster (i.e. a group of atoms
around the metal ion of the active centre), consisting of
few shells of atoms (Bianconi et al. 1985).

Experimental XANES spectra have to be compared
with theoretical calculations, taking into account the
presence of the core hole. This process is generally
treated in the frame of the Z+ 1 approximation (Durham
et al. 1981; Durham 1988). Theoretical XANES simula-
tions calculated in both the ground states and the Z+ 1
(fully relaxed) approximation, for the case of the metal
K-edge XANES spectra of transferrins, do not differ
significantly. Some small changes in relative intensity
arise from the difference in the dipole transition matrix
elements calculated in the ground state and fully relaxed
potentials. This situation is almost general: for the
K-edges the contribution of the core hole is rather small,
while for the L, ; edges the core hole effect is usually
significant (Soldatov et al. 1994).

In order to perform the direct comparison of XANES
simulations with experimental data, the broadening of
experimental spectra according to three factors must be
taken into account: the core hole lifetime, the finite mean
free path of the photoelectron and the experimental
resolution. For the K core hole bandwidth the values of
1.25 eV (Fe), 1.44 eV (Ni) and 1.67 eV (Zn) have been
used (Fuggle and Inglesfield 1992; Furenlid et al. 1995).
The mean free path of the photoelectron energy-depen-
dent function has been taken from Muller et al. (1982).
For the experimental energy resolution, the value of
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Fig. 7 Models of clusters around the active metal centre of
transferrin extracted from the following PBD entries: la8e
(Macgillivray et al., 1998), Inft (Mizutani et al., 1999), and lovt
(Kurokawa et al. 1995) used for XANES simulations

1.0 eV (instead of 2 eV) has been used in order to better
show the characteristic features. All of these factors have
been treated as contributing to the imaginary part of the
self-energy term used in the calculation.

It is very difficult to obtain by X-ray diffraction a full
set of coordinates with reasonable accuracy, owing to
the high number of atoms in a protein molecule
(Hasnain and Hodgson 1999). XAS spectroscopy is the
appropriate tool to study the metal site of proteins as it
gives a description of the metal sites at atomic resolu-
tion.

In Fig. 7 we present models of the transferrin metal
site extracted from the following PBD (Protein Data
Bank) entries: N-lobe human serotransferrin, la8e
(Macgillivray et al. 1998); N-lobe hen ovotransferrin,
Inft (Mizutani et al. 1999); and hen diferric ovotrans-
ferrin, lovt (Kurokawa et al. 1995). The differences in
the surroundings of the Fe; and Fe, active sites in dif-
erric ovotransferrin are relatively small and cannot be
seen in the figure. Thus, we present only one cluster for
the lovt model. In Fig. 8 we show the comparison of the
experimental Fe K-edge XANES spectrum of serum
transferrin  with the theoretical spectra calculated
for the cluster shown in the la8e part of Fig. 7. The
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Fig. 8 Comparison of experimental Fe K-edge XANES spectra of
N-lobe serotransferrin with theoretical spectra calculated for the
la8e model from the PDB for a cluster consisting of three shells
(see Fig. 7)

Table 1 Atoms taken into account in calculations according to
la8e data (Macgillivray et al. 1998) in the three shells around the
Fe ion of serum monoN transferrin

Shell number Atom type Radius (A)
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agreement between the experimental and theoretical
XANES spectra obtained for the transferrin structure of
Macgillivray et al. (1998) (PDB entry 1a8e¢) is good. The
coordinates of the neighbouring atoms around the
central Fe atom are given in Table 1.

An important step in the MS analyses of XANES
data is to determine the size of a representative cluster
which will fully reproduce the fine structure of the
spectrum. The analysis of the dependence of the main
structures in XANES spectra on cluster size shows that
convergence with cluster size is reached for a cluster of
three shells only, as the addition of the fourth shell does
not result in any visible changes of the XANES spec-
trum. Therefore, all the next XANES calculations were
performed using this cluster size.
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Fig. 9 Comparison of experimental Fe K-edge XANES spectra of
N-lobe ovotransferrin with theoretical spectra calculated for the
Intf model from the PDB for a cluster consisting of three shells (see
Fig. 7)

In Fig. 9 we present a comparison of the experi-
mental Fe K-edge XANES spectrum of N-lobe ovo-
transferrin with theoretical spectra calculated for the
Intf model from the PDB using the cluster presented in
Fig. 7. As can be seen, the agreement between the
spectra is worse than for the case of serotransferrin. We
suppose that the reason for this is the fact that a cluster
of atoms around an iron ion extracted from la8e PDB
data describes the geometry of the active metal site in
serotransferrin better than the cluster extracted from
the Intf PDB data. Experimental Fe K-edge XANES
spectra for serotransferrin and ovotransferrin are only
slightly different (see Fig. 1). Thus one can expect the
local geometry around the active metal site in these two
types of transferrin to be quite small. On the other
hand, the geometry of active metal centres extracted
from the la8e and Inft data sets differs significantly
(see Fig. 7).

In Fig. 10 we show a comparison of the experimental
Fe K-edge XANES spectrum of diferric ovotransferrin
with the theoretical spectra calculated for the 1ovt model
from the PDB for Fe; and Fe, active sites, together with
the averaged spectrum. As one can see from Fig. 7, the
cluster around the active iron site in the lovt model is
closer to the cluster obtained from la8e data than the
Inft cluster. That is why the shape of the theoretical
spectra is closer to the experimental spectrum for diferric
ovotransferrin. In the same figure we present spectra for
both Fe; and Fe, sites of diferric ovotransferrin. In spite
of the differences between the Fe; and Fe, site geome-
tries being rather small, they result in visible changes of
the XANES spectral shape. This result supports again
the sensitivity of XANES spectra to the fine details of
local geometry around the absorbing atom.

As can be seen from Fig. 8, the agreement of the
theoretical results with the experimental data obtained
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Fig. 10 Comparison of experimental Fe K-edge XANES spectra of
di-ovotransferrin with theoretical spectra calculated for the lovt
model from the PDB for the Fe; and Fe, sites, and the averaged
spectrum. The cluster consists of three shells (see Fig. 7)

for serum transferrin is quite fair. However, in the case
of transferrin with substituted Ni and Zn metal ions,
the situation is more complicated. There are no struc-
tural data available in the literature. As a first ap-
proximation, the structure around Ni and Zn ions in
transferrin has been considered as being close to the
structure of Fe-Tf. In order to study the changes tak-
ing place with the substitution of an Fe ion by Ni or
Zn ions, we compare (Fig. 11) normalized experimental
XANES spectra at metal K-edges of Fe-, Zn- and Ni—
transferrins and normalized theoretical XANES spec-
tra, calculated for the structural model la8e. For all
three transferrins (with Fe, Ni and Zn ions in the active
centre) the same model of local geometry (see Table 1)
around the active centre was used. Both experimental
and theoretical spectra display the same tendency of
the shape changes. For Fe—transferrin the main peak B
has the lowest intensity, which increases with substi-
tution of Fe by Ni and Ni by Zn. Both theoretical and
experimental spectra show also the same tendency of
the shape changes of the main rising edge. It is
most sloping for Fe-Tf and the sharpest for Ni-Tf and
Zn-Tf.

In the next step, we tried to vary the local structure
parameters of the Ni-Tf cluster (coordinates of the first
shell atoms), assuming the same symmetry of the shell.
The best results were obtained when the first shell of
atoms was 2% compressed (i.e. distances from Ni to the
first shell of atoms were decreased by 2%; see Fig. 12).
As a simulation parameter used the energy distance (AFE)
between main maximum B and high-energy minimum
D. The values of AE are: 26.8 ¢V in the experimental
spectrum, 24.8 eV in the theoretical spectrum of a
“normal” structure (1a8e) and 26.7 eV for the structure
with 2% reduced interatomic distance, respectively. This
result supports the idea that substitution of Fe by a Ni



a Experiment
1.0
0.8
c
ke
°
—
S 06
D
Q
©
he]
@
L
© 04
£
e
)
b
0.2 -
0.0 - 4 . ' . .
0 20 40 60
Energy (eV)
Theory
1.0 J
08
c
Ke]
g 06 ]
S
(2]
fe)
©
el
8 04
®
£
S
z
02
0.0 . . . . . . .
0 20 40 60 80

Energy (eV)

Fig. 11. a Normalized experimental XANES spectra at metal
K-edges of Fe-, Ni- and Zn-transferrrins. b Normalized theoretical
XANES spectra at metal K-edges of Fe-, Ni- and Zn-transferrins,
calculated for structural model 1a8e from the PDB (Macgillivray
et al. 1998)

ion in monoN-Tf leads to a more compact surrounding
of the active metal centre.

We have obtained the same result by theoretical
analysis of the experimental XANES spectra (Fig. 3) of
Cu-transferrins, as we have recently reported (Boffi et al.
2001). The distances of the first shell atoms around the
active site (Cu ion) were found to be about 3% reduced
as compared with the Fe-Tf case. This result is in
qualitative agreement with an earlier EXAFS study of
Cu-transferrin (Garrat et al. 1991); in that work the
first shell was found to be about 5% compressed in
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Fig. 12 Comparison of experimental and theoretical Ni K-edge
XANES spectra of mono N—transferrin, calculated using the Fe—
transferrin model structure and 2% compressed first-shell model
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Fig. 13 Comparison of experimental and theoretical Zn K-edge
XAFS of mono N-transferrin, calculated using the Fe—transferrin
model structure and 2% compressed first-shell model

comparison to Fe-transferrin (Cu-Tf 1.9 A; Fe-Tf
2.0 A). A more detailed site description could be
obtained for transferrins using recent fitting programes,
as has been done for azurin (Cheung et al. 2000). For
Zn—transferrin the best agreement of the experimental
spectra and the theoretical simulation has been obtained
when the first shell of atoms around the active centre
(Zn ion) has been 2% compressed as compared with
Fe—Tf (see Fig. 13).
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Table 2 Theoretical distances

of metal ions and their Iron (Fe3f) Nickel (N!H) (2%) Copper (COUH) (3%) Zinc (anj) (2%)
neighbouring atoms obtained R;i=0.64 A* Ri=072 A Ri=0.69 A Ri=0.74 A
for Ni-, Zn- and Cu-substituted
transferrins by the refinement of O Tyr 1.7963 1.7604 1.7424 1.7604
l1a8e data from Macgillivray O Tyr 1.9718 1.9323 1.9126 1.9323
et al. (1998) O BCO; 1.9905 1.9507 1.9308 1.9507
O BCO; 2.0295 1.9889 1.9686 1.9889
N His 2.0364 1.9957 1.9753 1.9957
O Asp 2.0554 2.0143 1.9938 2.0143

These results support the idea that substitution of Fe
by Zn, Cu or Ni ions in monoN-transferrin leads to
more compact surroundings of the active metal centre
(see Table 2).

Conclusions

The comparison between sero- and ovotransferrin
spectra shows that the greater differences between the
proteins’ local structure concern the copper and zinc
ligated forms, while there is a small difference for the
iron and nickel ligated forms.

The comparison of the experimental spectra of the
mono-forms and di-forms for each protein with different
metal ions shows that ovo- and serotransferrins have a
peculiar flexibility of monoN and monoC forms upon
metal binding. We underline that only differences be-
tween the spectra greater than 0.05 au are considered
meaningful. This peculiar structure modulation of the N
or C site upon metal binding suggests a rearrangement of
the two sites following the uptake of ions in both two sites.

The comparison of theoretical and experimental
XANES spectra shows that the experimental differences
observed by the substitution of Fe by Zn, Cu or Ni ions
are related to reduced interatomic distances between the
metal ion and the nearest neighbours, i.e. to a more
compact structure of the metal site.

In spite of the approximation in XAS theory,
XANES theoretical spectra are able to simulate the
most important experimental structures and to dis-
criminate among different PDB models of the transferrin
iron site.

In conclusion, XANES spectroscopy is a suitable
probe to reveal fine local structural differences by com-
paring two proteins or for each protein by varying the
metal ion type.
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