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A B S T R A C T

Previous studies generally agree that in the blood serum vanadium is transported mainly by human serum
transferrin (hTF). In this work through the combined use of electrochemical techniques, matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry and small-angle X-ray scattering (SAXS)
data it is confirmed that both VIV and VV bind to apo-hTF and holo-hTF. The electrochemical behavior of so-
lutions containing vanadate(V) solutions at pH = 7.0, analyzed by using two different voltammetric techniques,
with different time windows, at a mercury electrode, Differential Pulse Polarography (DPP) and Cyclic
Voltammetry (CV), is consistent with a stepwise reduction of VV → VIV and VIV → VII. Globally the voltammetric
data are consistent with the formation of 2:1 complexes in the case of the system VV-apo-hTF and both 1:1 and
2:1 complexes in the case of VV-holo-hTF; the corresponding conditional formation constants were estimated.
MALDI-TOF mass spectrometric data carried out with samples of VIVOSO4 and apo-hTF and of NH4VVO3 with
both apo-hTF and holo-hTF with V:hTF ratios of 3:1 are consistent with the binding of vanadium to the proteins.
Additionally the SAXS data suggest that both VIVOSO4 and NaVVO3 can effectively interact with human apo-
transferrin, but for holo-hTF no clear evidence was obtained supporting the existence or the absence of protein-
ligand interactions. This latter data suggest that the conformation of holo-hTF does not change in the presence of
either VIVOSO4 or NH4VVO3. Therefore, it is anticipated that VIV or VV bound to holo-hTF may be efficiently up-
taken by the cells through receptor-mediated endocytosis of hTF.

1. Introduction

Human serum transferrin (hTF) is the primarily transporter of FeIII

ions in the blood. It contains around 630 amino acids arranged in two
similar lobes: the N-terminal (hTFN) and the C-terminal (hTFC) lobes.
Each lobe can reversibly bind a FeIII ion, but also other metal ions [1]
[2] [3]. Conformational changes take place upon binding or release of
FeIII ions: in the apo-form (apo-hTF) the protein is in the ‘open con-
formation’, while upon binding two FeIII ions, forming what we may
designate as (Fe)2hTF (holo-hTF), the protein adopts a structure which
is often designated by ‘closed conformation’. This conformation is re-
cognized by the hTF receptors located at the surface of cells, iron up-
take occurring by internalization of transferrin through a receptor-
mediated ‘endocytosis’ process.

The ability of transferrin to bind FeIII and other metal ions depends
on the pH [1] [4] and previous studies globally agree that in the blood
serum vanadium is transported mainly bound to transferrin [5] [6] [7]
[8] [9] [10] [11] [12]. In the whole blood, for relatively high amounts
of vanadium a significant part may be bound to erythrocytes (red blood
cells) [13] [14] [15], most probably as VIV [16] [17]; however, for the
concentrations normally found in the blood of humans treated with
vanadium compounds (e.g. VIVO(carrier)n, where carrier is the ligand
present in the V-compound), ca. up to 1–5 μM [18] [19], vanadium is
bound to hTF not including the carrier ligand [6] [12] [20] [21] [22]
[23] [24]. In aqueous solutions, there is a global tendency for vanadium
to be in the VV oxidation state. For example, Chasteen et al. [25] re-
ported that oxidovanadium(IV) (VIVO2+) is very susceptible to aerobic
oxidation, and the pH-sensitive half-life for the oxidation is estimated
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between 5 and 13 min. Notwithstanding, the +IV state can be sig-
nificantly stabilized when a suitable organic ligand is present, or a bio-
ligand (such as a protein), this probably extending significantly the
lifetime of VIVO-species.

Vanadate(V) can be present in several chemical forms, oligomeric or
monomeric, this depending on the pH, ionic strength and total vana-
dium concentration [21] [26] [27] [28]. If VIV is present the species
that predominate also depend on pH and total vanadium concentration
[21] [29]. Fig. 1 depicts concentration distribution diagrams for the
hydrolysis of VIVO2+ and VVO2

+, calculated using the HySS computer
program [30], in the concentration range of VIV and VV between
1 × 10−6 and 1 × 10−4 M (total concentrations), the range expected
to be relevant in most biological systems, as well as in most electro-
chemical experiments. For the oxidovanadium(IV) system the stability
constants are defined according to Eq. 1 [21] [29], and for the dioxi-
dovanadium(V) system (or vanadate(V) system) they are defined here
based on H2VVO4

− according to Eq. 2 [26].

+ ⇆+ +p V O r H (V O) (H)IV 2 IV
p r (1)

+ ⇆− +p H V O r H (H V O ) (H)2
V

4 2
V

4 p r (2)

Because apo-hTF does not absorb visible radiation and as vanadium
(V) has no d-electrons, in solutions containing vanadate(V) and apo-hTF
at pH 7.4 no electronic bands show up for λ > 400 nm; only bands due
to e.g. charge-transfer transitions may be recorded if intense enough.
Upon additions of a NaVVO3 solution to hTF the circular dichroism (CD)
spectra in the 200–350 nm range show significant changes [31]. Al-
though it is not clear why these changes occur, they are the result of
interaction of VV-species with chiral centers of apo-hTF. The bands at
ca. 300–350 nm are probably due to phenolate-O– to VV charge transfer
transitions. Harris [32] proposed the binding of VV close to the iron hTF
binding sites. It was also reported that apo-hTF is able to bind two
equivalents of VV in the presence or absence of the synergistic carbo-
nate anion, which is necessary for the coordination of other metal ions
[8], but not for VV ions.

Several distinct techniques have been used to study the interaction
of VV with apo-hTF [8] (and refs therein) [25] [33] [34], and condi-
tional binding constants (K′) have been reported. The constants ob-
tained from calorimetric [34] and ultrafiltration [35] data are at least
one order of magnitude lower than those derived from difference UV
measurements [33]. More recently, from 51V NMR spectroscopy Ja-
kusch et al. [8] determined log (K’1) = 6.0 and log (K′1K′2) = 11.5 for

(VV)(apo-hTF) and (VV)2(apo-hTF), respectively, these being consistent
with data from ultrafiltration experiments. The binding constants K′1
and K′2 correspond to conditional stability constants, valid in the ex-
perimental conditions of the medium used (in the above cases at
pH = 7.4), defined according to Eq. 3:

′ − + ⇆ −K . :apo hTF pV [(V ) (apo hTF)]p
V V

p (3)

In the 51V NMR spectra of solutions of vanadate(V) and apo-hTF at
pH ~7.4 two distinct 51V NMR chemical shifts are detected at
δV = −529 and −531 ppm (shoulder, often not clearly visible), and
these were assigned to binding at residues of the C- and N-terminal sites
[36]. In a previous study [31] some of us discussed several aspects
concerning the probable relevance of binding of VV to apo-hTF and
holo-hTF; the binding of VIVO2+ to holo-hTF has also been addressed
[37]. It is possible that a small amount of vanadate may act as a sy-
nergistic anion or bind close to the Fe-binding site; it was suggested that
besides the possibility of uptake of vanadate by cells through phosphate
channels, its uptake through holo-hTF endocytosis cannot be ruled out.

It was also confirmed that VIII binds strongly to apo-hTF [10] [31]
[38] [39] and that (VIII)2(apo-hTF) corresponds to a ‘closed con-
formation’ similarly to holo-hTF [31]. The possibility of formation of
VIII-species in blood has been proposed by several other authors [15]
[40] [41]; whether (VIII)2hTF or (FeIII/VIII)hTF complexes [31] may
form or not in blood serum, thus having the possibility of being up-
taken by receptor-mediated endocytosis, is a subject that needs and
deserves further research to be fully clarified.

Based on EPR measurements made immediately after the prepara-
tion of the solutions at pH 7.4, in the absence of dioxygen it was pro-
posed that VIVO-species may bind to holo-hTF [37], but it is not clear
how fast these VIVO-species may oxidize in blood serum conditions. By
UV difference spectroscopic experiments Harris and Carrano [33] ob-
tained evidence for the binding of a small amount of VV to holo-hTF (up
to ca. 2:0.14 (Fe:V molar ratio)) and analyzing the V and Fe content in
desalted samples containing holo-hTF and vanadate(V) at pH 7.4 by
ICP-AES, it was shown that VV binds to holo-hTF (ca. 2:0.29 (Fe:V molar
ratio)) [31]. The binding of VV to holo-hTF may thus be relevant for the
up-take of vanadium by cells and in this work we evaluate the binding
by electrochemical techniques, matrix-assisted laser desorption/ioni-
zation time of flight (MALDI-TOF) mass spectrometry and small-angle
X-ray scattering (SAXS).

Voltammetric methods have been widely used to investigate metal
ion complexation taking advantage of the electro activity of the metal
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Fig. 1. Concentration distribution diagram for the hydrolysis of (A) oxidovanadium(IV) and (B) dioxidovanadium(V) at pH = 7.0, calculated using the HySS computer program [30], in
the concentration range (total) of VIV and VV between 1 × 10−6 and 1 × 10−4 M. The stability constants values for VIV correspond to Eq. 1 and for VV to Eq. 2.
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ions and/or the complexes formed, and less frequently of the ligands.
Vanadium has a rich and diverse redox chemistry due to the variety of
easily accessible oxidation states and early studies of its oxidation/re-
duction chemistry in aqueous solution were reported by Lingane [42].
The behavior of all oxidation states in non-complexing media and in the
presence of small ligands was investigated by classic polarography in
different electrolytes [43]. More recently the vanadium electro-
chemistry and of its complexes were the subject of two reviews [44]
[45]. Most reports dealt with the complexation by small molecules, no
studies being found concerning the electrochemistry of vanadium-pro-
tein complexes.

As to the human serum transferrins, the voltammetric behavior of
holo-hTF and apo-hTF solutions at silver electrode was the subject of
one publication. The experiments were done at pH = 7.2 and a vol-
tammetric signal at −0.42 V vs saturated calomel electrode (SCE) was
observed and attributed to an irreversible reduction of holo-hTF ad-
sorbed on the electrode surface; the protein in the apo-form was non-
electroactive [46]. Lack of electrochemical response from solutions
containing apo-hTF was also observed at modified glassy carbon elec-
trode [47].

To the best of our knowledge electrochemical methods have not
been used to study the interactions between vanadium and the human
serum transferrins. In this work we report the use of two different
voltammetric techniques: Differential Pulse Polarography (DPP) and
Cyclic Voltammetry (CV), with different time windows, to investigate
the electrochemical behavior of vanadium in the presence of holo-hTF
and apo-hTF. The experiments carried out herein intend to evaluate the
affinity and binding of vanadium(V) to human serum transferrins and
their effects on the redox behavior in aqueous solution of VV, VIV, VIII

and VII species.
To be close to the pH of physiological media, all experiments were

done at pH 7.0 ± 0.1. At this pH the main VIV- or VV-species present
are shown in Fig. 1. For the VIVO2+ system the main hydrolytic species
present in the experimental conditions of the electrochemical experi-
ments are {(VIVO)2(OH)5−}n and VIVO(OH)3− (the value of n depends
on the total VIV concentration) [21] [29], and for the vanadate system
the main hydrolytic species present are H2VO4

−, HVO4
2− (both

sometimes designated by V1) and H4V2O8 (one of the dinuclear species
of vanadate(V), these sometimes designated by V2) [26].

MALDI-TOF mass spectrometric and SAXS experiments were also
carried out to confirm the binding of VIV and VV species to hTF.

2. Materials and methods

2.1. Chemicals and solutions

All solutions were prepared from analytical grade reagents, except
otherwise stated, using distilled or deionised water from a Milli-Q 185
Plus water purification system (Millipore, Bedford, MA, USA). The va-
nadium(V) stock solutions (10 mM) were prepared by dissolution of
NaVVO3 in a NaOH solution adjusted to pH 10.4 ± 0.1 The solution
was allowed to boil for 10 min, cooled to room temperature and the pH
readjusted with NaOH solution. This procedure was repeated twice to
ensure the absence of any decavanadates (V10 species). The stock so-
lutions were kept under refrigeration (at ca. 5 °C).

The apo-hTF (Prospec) and holo-hTF (Sigma, T4132) stock solutions
were prepared by dissolving the solid protein (ca. 50 mg) in the sup-
porting electrolyte/buffer (0.5 mL) in order to obtain solutions with ca.
1 mM concentration (or less). The hTF concentrations were checked by
measuring their extinction coefficients at 280 nm: apo-hTF
(ε = 9.23 × 104 M−1 cm−1) [25] and holo-hTF (ε = 1.13 × 105 M−1

cm−1) [48].
Voltammetric analyses were done in the supporting electrolyte/

buffer: NaHCO3 (0.01 M), NaCl (0.1 M) and HEPES (0.1 M), adjusted to
pH = 7.0 ± 0.1 by the addition of HCl (1 M). Hereafter we will des-
ignate this solution by “buffer”; most of the results reported correspond

to experiments carried out with pH = 6.95 (pH value measured).

2.2. Instrumentation and procedures

2.2.1. Electrochemical experiments
The voltammetric measurements were carried out using a po-

tentiostat/galvanostat from ECO Chemie, Autolab PSTAT12 (Utrecht,
The Netherlands) as the source of the applied potential and as the
measuring device, connected to the Metrohm Stand 663 (Herisau,
Switzerland) featuring a conventional three-electrode configuration: a
Static Mercury Drop Electrode (SMDE) as the working electrode, an Ag/
AgCl/KCl(sat) as the reference electrode and a carbon rod auxiliary
electrode. The whole system was controlled and data analyzed with the
GPES software (General Purpose Electrochemical System version 4.9)
from ECO Chemie B.V. (Utrecht, The Netherlands). pH measurements
were carried out using a Crison GLP 21 digital pH meter coupled with
an InLab Micro pH electrode (Mettler Toledo).

Differential pulse polarography (DPP) and cyclic voltammetry (CV)
were used to analyze the binding of vanadium to human apo-transferrin
and to human holo-transferrin. In DPP, the initial potential, Ei, was
0.1 V and the final potential, Ef, was −1.25 V, a differential pulse
amplitude, EDP, of |50| mV, a step height, ESH, of 5 mV, a pulse am-
plitude, tp, of 0.05 s and a repetition period (drop time) of 0.5 s were
used.

In most experiments, the total vanadium(V) concentration, [VV]total,
was 9.73 × 10−5 M; the total holo-hTF concentrations, [holo-hTF]total,
were varied between 0 and ~1.8 × 10−4 M, and the total apo-hTF
concentrations, [apo-hTF]total, between 0 and ~7.1 × 10−5 M. The
handling and addition of the vanadate stock solutions were always done
never allowing, even for short periods of time, the VV-containing so-
lutions to have pH values lower than ~6.9.

The voltammetric response of vanadium was calibrated in the ab-
sence of the proteins, in the same electrolyte medium.

In CV, Ei was set equal to Ef and equal to 0.1 V and in most ex-
periments the direction of the scan was reversed at Eλ =−1.20 V. The
scan rate (v) varied between 10 × 10−2 and 0.2 V/s. Similar total
concentrations of vanadium and proteins were used as in the DPP ex-
periments.

Adsorption of the proteins on the mercury electrode surface was
studied by alternating current voltammetry (ACV). The measurements
were done with apo-hTF and holo-hTF solutions in the supporting
electrolyte and in the absence of vanadium. An alternating potential of
5 mV with a frequency of 66 Hz was superimposed on a linear voltage
ramp that varied between 0.1 V and −1.25 V. The alternating com-
ponent of the current was recorded in that potential range at a phase
angle of 90°.

Throughout this work potential (E) values are referred to a saturated
silver/silver chloride electrode (205 mV vs. standard hydrogen elec-
trode) and are affected by an error of± 5 mV. Before each voltam-
metric measurement the solutions were purged with N2 during
~15 min and a continuous flow was kept on the top of the solutions
during all experiments. All measurements were done at least in dupli-
cate and in a room with temperature controlled at 25 ± 1 °C.

2.2.2. MALDI-TOF mass spectrometric experiments
Mass spectra were obtained using a Bruker Daltonics Ultraflex

MALDI TOF/TOF Mass Spectrometer operating in linear mode with
positive ion extracting at 25,000 V and a pulsed ion extraction of
480 ns. Each final spectrum was the accumulated result of at least 1000
laser shots that were obtained from 10 different manually selected re-
gions of the same sample, over a range of 14,000–100,000 Da. Prior to
calibration, the spectra were processed with Compass 1.3 using
smoothing and baseline subtraction for reproducible peak annotation.
The spectra were externally calibrated using of 50 pmol of bovine
serum albumin ([M + H]+ 66,430).
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2.2.2.1. Sample preparation. The NH4VVO3 stock solutions ca. 3 mM
were prepared as described above. The VIVOSO4 was prepared
immediately before the experiments. Solutions of apo-hTF and holo-
hTF were prepared with ca. 300 μM concentration, by dissolving the
protein in NH4HCO3 buffer (pH 7.4, 25 mM). These solutions were
allowed to stand overnight to allow equilibration. Their concentrations
were determined by measurement of the UV absorption at 280 nm.

Samples for MALDI-TOF mass spectrometric experiments were
prepared with VIVOSO4:apo-hTF, NH4VVO3:apo-hTF and
NH4VVO3:holo-hTF molar ratios of 0:1 and 3:1 (also 5:1 for
VIVOSO4:apo-hTF samples) by mixing different volumes of the stock
solutions with buffer. The transferrin concentrations were ~50 μM.

2.2.2.2. Dried Droplet preparation. 2 μL of each sample were mixed with
2 μL of matrix solution (saturated solution of sinapinic acid in 1 mL of
30% (v/v) acetonitrile and 0.1% (v/v) aqueous trifluoroacetic acid).
Then 1 μL of the sample-matrix solution was deposited by duplicate
onto a MTP 384 ground steel BC target and allowed to dry at room
temperature. The apo-hTF and holo-hTF concentrations of the final
samples were thus 25 μM.

Several analyses were made, as described above, for each sample
prepared. The masses somewhat varied and average values were ob-
tained for the masses for each set of samples (of apo-hTF, holo-hTF,
VIVOSO4 + apoHTF, NH4VVO3 + apo-hTF and NH4VVO3 + holo-hTF).

2.2.3. Small-angle X-ray scattering (SAXS) experiments
2.2.3.1. Sample preparation. A first sample of apo-hTF (15 mg/mL,
500 μL in 20 mM Tris-HCl pH 8, 20 mM sodium carbonate and
200 mM sodium chloride) was prepared. A second sample of apo-hTF
(15 mg/mL, 500 μL in similar buffer) was incubated for one hour at
room temperature with a 10 times molar equivalent excess of VIVOSO4.
A third sample of apo-hTF (8 mg/mL, 500 μL in similar buffer) was
incubated for one hour at room temperature) with a 10 times molar
equivalent excess of NaVVO3. Immediately prior to data collection, the
samples were passed through PD-10 MiniTrap G-25 columns (dilution
to 7.5 and 4 mg/mL, respectively) in order to assure a proper buffer
match as well as to remove unbound metal ions.

Similar experiments were carried out with human serum holo-
transferrin (holo-hTF) and three samples: holo-hTF, holo-hTF - VIVOSO4

and holo-hTF - NaVVO3 were obtained for this purpose.

2.2.3.2. Data collection and processing. The six prepared samples were
analyzed by SAXS and the data was collected at beamline BM29 (ESRF,

Grenoble, France) [49] [50]. Different concentrations ranges were
prepared according to the sample: 7.5 to 0.47 mg/mL (apo-hTF and
holo-hTF), 7.5 to 0.23 mg/mL (apo-hTF+VIVOSO4 and holo-
hTF+VIVOSO4) and 4 to 0.5 mg/mL (apo-hTF+NaVVO3 and holo-
hTF+NaVVO3). For each concentration, ten frames of one second each
were collected at 25 °C.

Data were reduced and analyzed using Scatter (Diamond Light
Source, UK) and the ATSAS suite [51]. Each experimental frame was
inspected for radiation damage and those affected were not used for
buffer subtraction. Theoretical SAXS curves were calculated using
CRYSOL [52]. The dimensionless Kratky plot and the P(r) function (pair
distance distribution function) were performed in Scatter. Systems
which are plotted with a dimensionless Kratky plot have peak at square
root 3 (x-axis) with magnitude of 3e−1 (i.e. 1.1036) if the system obeys
Guinier's law and is globular [53]. An ensemble of seven low resolution
envelope models were generated from the P(r) function in DAMMIF and
then subject to averaging and filtering with DAMAVER and DAMFILT
[54] [55]. The output from DAMFILT was then passed to DAMMIN as a
start model for final refinement against the experimental curve [56].

3. Results and discussion

3.1. Differential pulse polarography

3.1.1. Behavior of VV in the absence of the proteins
Fig. 2 depicts the DP polarograms of vanadium solutions in the

“buffer” at pH = 6.95 while varying the VV concentration in the range
(2.5–9.8) × 10−5 M. Two reduction peaks, peak 1 and peak 2, are
detected at peak potentials Ep1 = −0.110 V and Ep2 =−1.045 V.

As to the number of electrons (n) exchanged in the two redox pro-
cesses, the assignment of n cannot be simply done from peak widths at
half height (W1/2), as diagnostic criteria based on peak current and
peak potential variations with the sign of differential pulse amplitude,
EDP [57], showed that the reactions are not reversible. The same is true
from peak current analysis since the degree of non-reversibility may
affect differently both peak currents. Additionally the shape of peak 1,
namely W1/2 ≈ 0.050 V, suggests the occurrence of adsorption [58].
Both ip1 and ip2 vary linearly with the [VV]total concentrations, with
r > 0.99 and a null intercept but identical slopes, as can be seen in Fig.
SI-1-1. This behavior puts forward that peak 1 is under the influence of
adsorption phenomena, most probably of both reactant and product
[59], through the adsorption of the negatively charged species of VV

and VIV. At pH 7 and total vanadium concentrations of 9.73 × 10−5 M
the hydrolytic VV and VIV species expected to be present are indeed
anionic (see Fig. 1).

The number of electrons exchanged may be estimated from peak
area analysis [58]. Both peak areas, Ap

1 and Ap
2, vary linearly with

[VV]total with r > 0.98 and a null intercept, and slopes that differ by a
factor of two (see Fig. SI-1-2). This means that the number of electrons
associated to peak 2 is twice the number of electrons involved in peak 1.
Therefore the first reduction wave (peak 1) can be assigned to the one
electron reduction of VV to VIV ions according to schematic reaction 4:

+ →−V 1e VV IV (4)

While the second wave (peak 2) is due to the two electron reduction
of VIV to VII ions, according to the schematic reaction 5:

+ →−V 2e VIV II (5)

This is in agreement with the reported behavior using classic po-
larography of solutions containing vanadium(V) in diluted acid media
where VV undergoes stepwise reduction to the VIV and VII states.
Although the reaction VIII → VII is a reversible process at a mercury
electrode, the same does not happen with the reaction VIV → VIII, which
is an irreversible process and so the redox reaction proceeds directly
from VIV → VII [43]. Since at pH = 7.0 and total vanadium con-
centrations used in this study the main VV species is H2VVO4

− and the
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Fig. 2. Differential pulse polarograms of solutions containing vanadium (V) at different
[VV]total concentrations (M): black, 0; orange, 2.46 × 10−5; green, 4.91 × 10−5; violet,
7.35 × 10−5; blue, 9.85 × 10−5. Voltammetric conditions: Ei = 0.1 V; Ef =−1.25 V;
EDP = 50 mV; ESH = 5 mV; tp = 50 ms. Medium: “buffer” (pH 6.95) and t = (25 ± 1)
oC. Peak 1: VV → VIV reduction, peak 2: VIV → VII reduction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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main VIV species is {(VVO)2(OH)5−}n (n depends on the total V con-
centration), reactions (4) and (5) are pH dependent.

Several attempts to differentiate the stepwise reduction of VIV → VIII

and VIII → VII species, using DP voltammetry (DPV) at different elec-
trodes were unsuccessful. Carbon electrodes (glassy carbon, modified
glassy with lipid layer cationic-type, modified electrode with carbon
nanotubes), pyrolitic graphite (in presence or absence of such pro-
moters as neomicine, poly-L-lysine, didodecyldimethylammonium bro-
mide, DDAB), gold electrode (in presence or absence of neomicine),
platinum electrode and ultra-trace graphite were tested. Only the re-
duction VIV → VII was barely seen at a ultragraphite electrode when
[VV]total concentrations higher than 6 × 10−4 M were used. Our results
are in conformity with the lack of electrochemical response of the VV

state at other electrodes than at the mercury electrode.

3.1.2. Behavior of solutions containing vanadate(V) in the presence of the
proteins

No signals were detected in the differential pulse polarograms of
solutions containing only apo-hTF in the supporting electrolyte at
pH = 7.0 ± 0.1, showing that the apo-hTF is non-electroactive, in the
studied potential range, at a mercury electrode. These results are in
agreement with the absence of electrochemical response from solutions
containing apo-hTF at modified glassy carbon electrode [47] and at
silver electrode [46]. Upon adding apo-hTF to solutions containing
vanadium(V) so that [VV]total = 9.85 × 10−5 M and [apo-hTF]total =
(3.6–7.1) × 10−5 M, peak 1 and peak 2 retain the same non-reversible
characteristics as in the medium not containing the protein, as far as
could be evaluated using again negative ongoing potential pulses, fol-
lowed by positive potential pulses [57]. However, both peak currents
are affected (Fig. 3). Regarding peak 2, its potential remains the same
within experimental error, as well as its shape. As to peak 1, there is a
small cathodic shift after protein addition and it loses its sharpness,
with W1/2 = 0.110 V in the presence of protein and 0.050 V in the
absence of the protein. Most importantly, for both peaks the current
decreases with increasing apo-hTF concentration in solution (Fig. 3).

Unlike spectroscopy techniques, electroanalytical techniques are
not suitable to provide information about structure. Nevertheless, de-
pending on medium conditions, changes in the relationship between
potential and current might occur as a consequence of the interactions
in solution between the electroactive species and other molecules,
namely due to complexation. The behavior described clearly demon-
strates that apo-hTF binds to vanadium both in the VV and VIV states.
The complexes formed are inert in terms of the time scale of the tech-
nique used, i.e. dissociation does not occur during the reduction and

therefore the peak areas of the voltammetric signals are directly related
to the vanadium in solution not bound to the protein [60]. The V-
protein complexes formed are also non-electroactive over the potential
range studied since no further peaks were detected.

Assuming that vanadium binds to the macromolecule forming a
complex [20] [25] [31] [35] [36] [61], then the interaction between
the metal ion and the protein can be described by Eq. 3, and the con-
ditional stability constants K'p are given by Eq. 6:

VV apo hTF VV
p′ = − −K [( ) ( )]/[ ] [apo hTF]p (6)

where [(VV)p(apo-hTF)] is the concentration of complex, [apo-hTF] is
the protein concentration not bound to vanadium, [VV] is the total
vanadate concentration not bound to apo-transferrin (mostly V1:
H2VO4

− and H2VO4
2−, but also V2, see e.g. Fig. 1B) and p represents

the number of VV ions bound to the protein. K'p may be computed from
the mass balance equations for the metal ion and the protein, Eqs. 7 and
8, respectively.

V apo hTF VV
p

V= − +V[ ] p [( ) ( )] [ ]V
total (7)

V apo hTF apo hTFV
p− = − + −[apo hTF] [( ) ( )] [ ]total (8)

where [VV] is directly determined from the DP polarograms' peak areas
through the calibration plot. Calculations were done using either the
areas of peak 1 or peak 2 and assuming the formation of [(V)p(apo-
hTF)] with stoichiometry 1:1 or 2:1, or a mixture of 1:1 and 2:1 com-
plexes. The treatment of the experimental data as described showed
that in our experimental conditions only one complex predominates in
solution, [(VV)2(apo-hTF)]. The individual values computed for K'p
presented in Table 1 also show that similar results were obtained using
either peak 1 due to VV → VIV reduction or peak 2 due to VIV → VII

reduction. This means that the reduction of VV to VIV does not de-
compose the V-protein complexes initially formed. Consequently an
average conditional stability constant of log K′(V)2(apo-hTF) = 10.2 ±
0.4 was calculated.

The value here obtained for log K′(V)2(apo-hTF) is reasonably similar to
those determined by Kiss and co-workers (=11.5) [8] and Harris and
Carrano [33] (~11.5) at distinct ionic media and pH (pH = 7.4), while
Bordbar et al. [34] only assumed the formation of (VV)1(apo-hTF) with
K′ ~105.

Regarding the voltammetry of holo-hTF, in the experimental con-
ditions used no signals were found from solutions containing only the
protein in the electrolyte. When holo-hTF is added to a solution con-
taining vanadate(V), so that [VV]total = 9.85 × 10−5 M and [holo-
hTF]total = (2.4–12.6) × 10−5 M, a similar behavior is observed as
described before in the presence of apo-hTF. Peaks 1 and 2 remain with
the same non-reversible nature as in the non-complexing medium. Peak
potentials stay the same, as well as the shape of the polarogram in the
case of peak 2. For peak 1 the DP polarogram is no longer sharp, and
there is a small cathodic shift after protein additions, as can be seen in
Fig. 4. With the increase of holo-hTF concentration in solution, peak
intensities also decrease as observed for apo-hTF, though less pro-
nounced for similar protein concentrations, this probably reflecting
distinct binding. In spite of the different binding sites of vanadium to
the proteins [7] [37] this behavior clearly demonstrates that holo-hTF
also binds vanadium, the complexes formed being inert and non-elec-
troactive (at the mercury electrode).

-5,0E-07

-4,0E-07

-3,0E-07

-2,0E-07

-1,0E-07

0,0E+00

-1,20-1,00-0,80-0,60-0,40-0,200,00

E / V

I /
A

1
2

Fig. 3. Differential pulse polarograms of solutions containing vanadate(V) with
[VV]total = 9.85 × 10−5 M, in the absence (black line) and upon additions of apo-hTF,
[apo-hTF]total (M): orange, 3.60 × 10−5; green, 4.80 × 10−5; violet, 6.00 × 10−5 and
blue 7.08 × 10−5 Voltammetric conditions: Ei = 0.10 V; Ef = −1.20 V; EDP = 50 mV;
ESH = 5 mV; tp = 50 ms. Medium: “buffer”, pH 6.95 and t = (25 ± 1) oC. Peak 1: VV →

VIV reduction, peak 2: VIV → VII reduction. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Conditional stability constants (log K′) of [(VV)2(apo-hTF)] complexes in NaHCO3

(0.01 M), NaCl (0.1 M) and HEPES (0.1 M), pH = 6.95 and t = (25 ± 1) oC.

[VV]total/M [apo-hTF]total/M log K′2(peak 1) logK′2(peak 2)

9.60 × 10−5 3.60 × 10−5 9.8 9.6
9.55 × 10−5 4.77 × 10−5 10.5 10.5
9.49 × 10−5 5.93 × 10−5 10.4 10.5
9.43 × 10−5 7.08 × 10−5 10.2 10.3
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As described previously for the protein in the apo-form, calculations
were done using the total mass balances for the metal ion and the
protein (Eqs. 7 and 8), the areas of peak 1 or peak 2 and assuming the
formation of 1:1 or 2:1 or a mixture of 1:1 and 2:1 complexes. For our
experimental conditions the voltammetric data could be explained by
the formation of 1:1 and 2:1 complexes with average conditional sta-
bility constants logK′(V)1(holo-hTF) = 4.3 ± 0.5 and logK′(V)2(holo-
hTF) = 8.3 ± 0.6.

For both systems additional sets of experiments were done adding
the stock solution of VV to protein solutions in the supporting electro-
lyte. Due to adsorption of the proteins as non-electroactive species on
the electrode surface, the voltammetric data were less reproducible;
experiments were done for [VV]total:[apo-hTF]total = 2 and [VV]total:
[holo-hTF]total = 2 and 1. The behavior observed is also consistent with
the binding of vanadium to the proteins, the hTF-V complexes formed
being electrochemically inert. The conditional stability constants esti-
mated for the 2:1 complex of VV with apo-hTF is logK′(V)2(apo-
hTF) = 11 ± 1 and for the 1:1 and 2:1 complexes of VV with holo-hTF
are: logK′(V)1(holo-hTF) = 4.3 ± 0.7 and logK′(V)2(holo-hTF) = 8.8 ± 0.8,
being in reasonable agreement with the values mentioned above.

The voltammetric behavior here observed for the apo-hTF-VV and
holo-hTF-VV complexes agrees with reported electrochemical studies
(differential pulse stripping voltammetry) on the binding of lead ions to
serum proteins, namely bovine apo-TF [47]. The peak current due to
lead reduction at a modified glassy carbon electrode decreased in the
presence of the protein, while peak potentials remained constant in-
dicating the formation of electrochemically inert complexes between
Pb2+ and bovine apo-TF. A log K′1 = 4.0 was determined for the 1: 1
complexes in acetate buffer 0.2 M at pH = 5 [47].

3.2. Cyclic voltammetry

3.2.1. Behavior of VV in the absence of the proteins
Fig. 5 shows cyclic voltammograms of solutions containing vana-

date(V), measured at different scan rates. Two reduction peaks, 1 and 2,
are observed in the potential range between 0.1 V and−1.20 V for scan
rates between 0.010–0.200 V/s. Furthermore, an oxidation peak, peak
3, is observed in the reverse scan. The reduction peaks 1 and 2 are not
reversible, as can be concluded by the reduction peak potentials which
shift to more negative potentials with increasing scan rates (this more
clearly seen for peak 1). For comparison purposes with the DP data, for
scan rates 0.010 V/s and 0.100 V/s, the data is: Epc1 = −0.110 V,

Epc2 =−1.000 V and Epc1 = −0.120 V, Epc2 =−1.035 V, respec-
tively. Taking into account these potentials and the previous discussion
of the differential pulse data, the two reduction peaks correspond to the
stepwise reductions: VV → VIV and VIV → VII.

The degree of non-reversibility differs between the two reactions, as
easily seen on the CVs. The redox reaction responsible for peak 2 is
irreversible, since no anodic peak is observed on the reverse scan. The
first redox reaction (the VV → VIV process), can be considered quasi-
reversible, peak 3 being the anodic counterpart of peak 1 (the oxidation
VIV → VV) with potentials Epa3 (for scan rate 0.010 V/s,
ΔEp = Epa3 − Epc1 = 0.135 V). These results are also in agreement
with the previously described classic polarographic behavior of VV and
its stepwise reduction to the VII state [43]. No other signals were
identified that could be attributed to a stepwise process involving the
VIII state.

Peaks 1 and 3 are under the influence of adsorption of both reactant
and product, this being more clearly seen in the anodic peak [62].
Comparing the CV of the supporting electrolyte with that obtained upon
adding the VV-containing solution (Fig. 6) it is clear that adsorption is
due to negatively charged species of VV and VIV, as expected from the
speciation (Fig. 1).

The shape of the peaks as well as the variation of the peak currents,
ipc1 and ipa3, with the scan rate confirms the existence of adsorption of
the electroactive species. Both vary linearly with v although with a
different intercept as can be seen in Fig. SI-1-3. This is what can be
expected for an adsorption controlled quasi-reversible process with
different transfer coefficient, α, for the reduction and oxidation reac-
tions [58]. In summary, the quasi-reversible redox reaction VV → VIV

occurs under the influence of both reactant and product adsorption
(peaks 1 and 3). Peak 2 is not under the influence of any adsorption
since ipc2 varies linearly with the square root of v with r > 0.995 and a
null intercept (Fig. SI-1-3). Therefore peak 2 corresponds to the diffu-
sion controlled irreversible reaction of VIV → VII.

To further clarify the surface processes several other scans were
done. The direction of the scan rate, either with Ei = Ef = 0.10 V and
Eλ = −1.20 V, or Ei = Ef = −1.20 V and Eλ = 0.10 V, does not af-
fect, within the experimental error, the reduction peaks 1 and 2, as can
be concluded by the voltammograms depicted in Fig. 7. The direction of
the scan has a pronounced effect on peak 3, as may be seen in Fig. 7.
Adsorption effects were already present on the DPP data, but are more
pronounced in the CV, since a stationary electrode is used and more
time is available for adsorption on the electrode surface; when the
potential is scanned in the range 0.10 V to −0.30 V, the anodic peak
Epa3 is much less affected, as can also be seen in Fig. 7. The cyclic
voltammogram in the range −0.90 V to −1.20 V shows an irreversible
cathodic wave due to VIV → VII reduction, whose intensity is not af-
fected, but interestingly a small cathodic shift is observed on the po-
tential, most certainly due to changes in the electrode surface due to the
different adsorption effects in this range of potentials.

3.2.2. Behavior of VV in the presence of the proteins
Fig. 8 depicts the CVs voltammograms at v = 80 mV/s for reduction

of VV in the absence (peaks 1, 2 and 3) and in presence of apo-hTF
(peaks 2′ and 3′). Similar CV voltammograms for reduction of VV were
obtained with holo-hTF (data not shown).

Several aspects should now be considered. Peak intensities decrease
with the increase of protein concentration. Due to differences in sen-
sitivity between DPP and CV, the reduction peak at potentials close to
peak 1 is hardly seen, though its anodic counterpart, peak 3′, is still
detected for the lowest protein concentrations. A second irreversible
signal, peak 2′, at potentials related to peak 2 is also observed. No other
voltammetric signals were detected for all scan rates in the potential
range under study. The peak potential of peak 2 shifts cathodically after
the first addition of the proteins and then remains constant, within the
experimental error. Moreover, the CVs become quite flat after protein
addition, i.e., the capacitive current changed markedly in the presence
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Fig. 4. Differential pulse polarograms of solutions containing vanadate(V) with
[VV]total = 9.85 × 10−5 M, in the absence (black line) and upon addition of holo-hTF,
[holo-hTF]total (M): blue, 2.42 × 10−5; green, 4.77 × 10−5; pink, 7.08 × 10−5; grey,
9.32 × 10−5 and red, 12.6 × 10−5. Voltammetric conditions: Ei = 0.1 V V;
Ef =−1.25 V V; EDP = 50 mV; ESH = 5 mV; tp = 50 ms. Medium: “buffer” (pH 6.95)
and t = (25 ± 1) oC. Peak 1: VV → VIV reduction, peak 2: VIV → VII reduction. (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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of the proteins and that might be due to apo-hTF and holo-hTF ad-
sorption as non-electroactive species on the mercury surface. To clarify
this observation, the adsorption of the proteins alone was analyzed in
the same electrolyte medium by AC voltammetry at 90 °angle phase. A
decrease of the capacitive current in the region around the potential of
zero charge was observed when the proteins were present in solution
(data not shown). This clearly demonstrates that adsorption of apo-hTF
and holo-hTF occurs on the electrode surface as non-electroactive
species. The changes in the background current observed on the CVs
upon protein additions means that the proteins prevent the adsorption
phenomena observed from solutions containing only vanadium. The
peak shift observed on the CVs voltammograms for the second reduc-
tion upon additions of apo-hTF or holo-hTF is most probably due to
differences in the electrode solution interface, as discussed for Fig. 7,
and not a consequence of the complex formation. Therefore, an elec-
trochemical stepwise behavior is still observed for vanadium in the
presence of both proteins (apo-hTF and holo-hTF): a quasi-reversible
reduction VV → VIV (barely seen for the lowest protein concentrations)
with an anodic counterpart, peak 3′, VIV → VII, followed by the irre-
versible reduction VIV → VII, peak 2′. The CV data also shows that apo-
hTF and holo-hTF bind to vanadium in both the VV and VIV states, the
complexes being inert, i.e. dissociation does not occur.

The CV data confirm the behavior observed in the DPP experiments.
Not only the nature of the redox reactions did not change, nor the
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Fig. 5. Cyclic voltammograms of solutions containing vanadate(V) with
[VV]total = 9.85 × 10−5 M and different scan rates (mV/s): red, 0.010; blue, 0.020; green,
0.040; orange, 0.080; violet, 0.100 and grey, 0.150. Other voltammetric conditions:
Ei = Ef = 0.10 V Eλ =−1.20 V. Medium: “buffer” (pH 6.95) and t = (25 ± 1) oC. Peak 1:
VV → VIV reduction, peak 2: VIV → VII reduction, peak 3: VIV → VV oxidation. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Cyclic voltammograms of solutions in absence (black) and in presence of vana-
dium(V) with [VV]total = 9.85 × 10−5 M (red), for scan rate 80 mV/s. Other voltam-
metric conditions: Ei = Ef = 0.10 V Eλ = −1.20 V, medium: “buffer” (pH 6.95) and t =
(25 ± 1) oC. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Cyclic voltammograms of solutions of vanadium(V) with
[VV]total = 9.85 × 10−5 M at different direction of the scan: Ei = Ef = 0.10 V and
Eλ =−1.20 V (red); Ei = Ef = −1.20 V and Eλ = 0.10 V (blue); Ei = Ef = 0.10 V and
Eλ =−0.30 V (green); Ei = Ef = −0.90 V and Eλ =−1.20 V (black). Other voltam-
metric conditions: scan rate = 80 mV/s, medium: “buffer” (pH 6.95) and t = (25 ± 1)
oC; peak 1: VV → VIV reduction, peak 2: VIV → VII reduction, peak 3: VIV → VV oxidation.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 8. Cyclic voltammograms of solutions containing vanadate(V) with
[VV]total = 9.85 × 10−5 M in the absence (black) and upon addition of apo-transferrin
yielding [apo-hTF]total (M): red line, 1.21 × 10−5; blue line, 2.65 × 10−5. Other vol-
tammetric conditions: Ei = Ef = 0.10 V and Eλ =−1.20 V; scan rate = 80 mV/s;
medium: “buffer” (pH 6.95) and t = (25 ± 1) oC. Peak 1: VV → VIV reduction, peak 2
and 2′: VIV → VII reduction, peak 3 and 3′: VIV → VII oxidation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

C.G. Azevedo et al. Journal of Inorganic Biochemistry 180 (2018) 211–221

217



complexation patterns of vanadium with the proteins. This would not
necessarily be predictable or expected, since the time window in each
technique is different: while in DPP the time parameter (tp) is
tp = 0.05 s, in the CV the time parameter is RT/Fv (s) and for the
conditions herein used it corresponds to 0.1−3 s. As a result, in cyclic
voltammetry experiments the redox reactions could be reversible and
the complexes formed not inert.

3.3. MALDI-TOF experiments

According to the studies of several research groups there is a global
agreement in the literature that apo-hTF may bind two VIVO2+ moieties
in the iron binding sites, this requiring a synergistic anion (normally
carbonate) [5] [6] [7] [10] [11] [12] [22] [31] [37] [63]. Additional
VIVO2+ moieties may possibly bind at other sites, but most probably
this does not happen in the biologically relevant concentrations of
VIVO2+ in blood serum, where the total vanadium concentration is
significantly lower than that of hTF [10] [18] [19].

Two sets of MALDI-TOF mass spectra were carried out with samples
of apo-hTF and VIVOSO4, with VIVOSO4:apo-hTF molar ratios of 3:1 and
5:1. In the set of experiments with 3:1 M ratio, the average mass of apo-
hTF was 79,239 ± 40 Da, and the average mass of samples of
VIVOSO4 + apo-hTF samples, was 79,753 ± 40 Da (see e.g. Fig. SI-2-
1). Taking into account the different MALDI-TOF mass spectra obtained
the difference in masses is ca. 514 ± 40 Da. In the set of experiments
with 5:1 M ratio the average masses for the several samples examined
slightly differed, but the difference in masses is about the same:
514 ± 40 Da. Therefore, there is a clear and significant increase in
mass in the apo-hTF samples containing VIVOSO4, but it is not clear as
to how to assign the mass increase. One possibility is to consider the
binding of VIVO2+ + SO4

2− + HCO3
− + H2O at each lobe of apo-hTF,

this corresponding to a total mass of 488 Da (see SI section).
Another set of MALDI-TOF mass spectra was carried out with

samples of apo-hTF and NH4VVO3, with a NH4VVO3:apo-hTF molar
ratio of 3:1. The average mass of samples of NH4VVO3 + apo-hTF
samples was 79,416 ± 10 Da (see e.g. Fig. SI-2-2). Taking into account
the different MALDI-TOF mass spectra obtained the difference in
masses is ca. 177 ± 25 Da; therefore, there is also a clear and sig-
nificant increase in mass in the apo-hTF samples containing NH4VVO3.

The mass of a vanadate(V) anion depends on the number of H2O
molecules assumed to bind to the V atom; for example, assuming the
formulation H2VO4

− =VVO2(OH−)2(H2O)3−, yields mass = 153 Da.
Possible assignments for the mass increase is the binding of one
H2VO4

− (or HVO4
2−) or of H2VO4

− +NH4
+ (or HVO4

2− + NH4
+).

The binding of two vanadate(V) moieties would only be consistent with
the present MALDI-TOF mass spectra data if each one binds as VVO2

+

coordinated to several residues of apo-hTF; this corresponds to an in-
crease in mass of ca. 166 Da.

One last set of MALDI-TOF mass spectra was carried out with
samples of holo-hTF and NH4VVO3, with a NH4VVO3:holo-hTF molar
ratio of 3:1. The average mass of holo-hTF was 79,725 Da (± 25 Da)
(see e.g. Fig. SI-2-3), and the average mass of samples of
NH4VVO3 + holo-hTF was 80,080 ± 40 Da; Fig. 9 and Fig. SI-2-4 in-
clude examples. Again a clear and significant increase in mass occurs in
the holo-hTF samples containing NH4VVO3, and taking into account the
different MALDI-TOF mass spectra obtained we may take: ca.
355 ± 50 Da as reasonable for the difference in masses. Assuming the
formulation of H2VO4

− as VVO2(OH−)2(H2O)3− (mass = 153 Da), or
of HVO4

2− as VVO2(OH−)3(H2O)22− (mass = 152 Da), and possible
extra binding of NH4

+ cations, a plausible assignment for the mass
increase is the binding of two vanadate(V) anions to holo-hTF.

The matrix used for the MALDI-TOF experiments contains sinapinic
acid and the experiments were carried out in a medium containing a
NH4HCO3 buffer at pH 7.4, but it also contains acetonitrile and a small
amount of trifluoroacetic acid. The total masses of apo-hTF and holo-
hTF may contain sinapinic acid bound to the proteins and we assume

that if this occurs, the number of sinapinic acid molecules bound is
equal in the absence or in the presence of vanadium salts. This may not
be true and in this case the assignments made for the differences in
masses may not be correct. Notwithstanding, the increase in mass ob-
served for the samples of proteins + vanadium salts provides clear
evidence of the binding of vanadium(IV) to apo-hTF and vanadate(V) to
apo-hTF and holo-hTF.

3.4. Small-angle X-ray scattering (SAXS)

Fig. SI-3-1 shows the experimental SAXS curves from the three apo-
hTF samples while the respective derived parameters are summarized
in Table 2. The analysis of the data reveals that some properties differ
upon metal ion binding but some others are not significantly affected.

The apo-hTF exhibits a radius of gyration of 32.9 Å, relatively close
to the one calculated for the apo-hTF + VIVOSO4 (33.1 Å) sample, but
slightly different from the value found for apo-hTF + NaVVO3 (36.7 Å).
Such discrepancies are also detectable in the respective P(r) functions
(Fig. 10) which indicate different values of Dmax, for the three samples.
Particularly relevant, apo-hTF + NaVVO3 presents a 18 Å larger Dmax

than that determined for the apo-hTF sample, which can probably be
explained by the existence of a markedly extended structure; this can be
inferred from the P(r) function, which shows an appearance char-
acteristic of elongated structures.

Interestingly, the dimensionless Kratky plot shows that the three
samples are not particularly different in terms of their flexibility, in-
dicating a folded globular protein (Fig. SI-3-2). Nevertheless, the plot of
apo-hTF + NaVVO3 is noticeably different when compared with the
other samples.

Finally, the obtained experimental curves were compared with the
curve derived from the X-ray structure 2HAV [64]. For the apo-hTF
sample, a satisfactory fit was obtained (χ2 value of 4.3). The metal ion
bound samples present worst χ2 values (28.3 and 17.3) evidencing that
VIVOSO4 and NaVVO3 alter the overall envelope shape of the protein.
The shape reconstruction of the three apo-hTF samples was carried out
as shown in Fig. SI-3-3. The Porod volume calculated from the SAXS
data is very similar between the apo-hTF and apo-hTF-NaVVO3 datasets
(143,000 and 145,000 Å3, respectively), which, when taken with the P
(r) function, and the dimensionless Kratky plot suggests some opening
or change in the structure upon metal ion binding.

A similar analysis was followed with the three holo-hTF samples
(Fig. SI-3-4 and Table 2). As expected, some differences are detectable
when compared with the obtained results for apo-hTF, highlighting the
different conformation adopted by transferrin according the presence of
iron (FeIII).

The obtained Kratky plots reveal that all the holo-hTF samples are
folded although not particularly globular (Fig. SI-3-5). It is possible that
the samples exposed for SAXS were polydisperse and contained two or
more multimerisation states. It could also indicate unusual aggregation
behavior; for this study several dilution series were obtained, with the
Guinier region being taken from the lowest concentration, however this
did not seem to improve data. This is suggested by the poor match
between real and reciprocal space radius of gyration, and also the poor
agreement at low q between the 3 V83 crystallographic structure [65]
and SAXS structure shown in Fig. SI-3-4. At higher q values, less af-
fected by polydispersity or aggregation, the agreement appears to be
much better.

Such behavior might account for the changes observed in the
parameters derived from the SAXS curves and P(r) functions (Table 2
and Fig. 11) of the three holo-hTF samples and, therefore, no definitive
conclusions on protein-ligand interactions can be assumed.

An illustrative example is given by the real space radius of gyration.
The obtained value for the holo-hTF sample (40.0 Å) is distinct from
those obtained for the holo-hTF + VIVOSO4 (43.7 Å) and holo-hTF+
NaVVO3 (44.4 Å) samples. Such discrepancy can be interpreted as re-
sulting from the binding of both metal ions to holo-hTF. However, as
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mentioned, the poor match between these values and the reciprocal
space Rg values prevents any detailed and irrefutable assumptions.

In conclusion, the discussed SAXS data suggest that both VIVOSO4

and NaVVO3 can effectively interact with human apo-transferrin. Such
interaction was particularly detected with vanadate(V) which origi-
nated significantly different parameters from those obtained with the
apo-hTF sample. In fact, the results indicate a partial closing of apo-hTF
upon binding of both VIV and VV ligands which is less pronounced that
that caused by the presence of the FeIII ion in the holo-hTF sample.
However, it should be highlighted that the presented SAXS data do not
provide evidence supporting the binding mode of the vanadium com-
plexes namely their binding site. Regarding the results from the in-
cubation of human holo-transferrin with both VIV and VV, considering
the discussed potential aggregation, SAXS measurements were not
conclusive and no clear evidences supporting the existence or the ab-
sence of protein-complex interactions were obtained.

3.5. Possibility of assessment of binding sites

In this work we basically used three types of techniques:

electrochemical (Differential Pulse Polarography, Cyclic Voltammetry),
MALDI-TOF and SAXS.

Unlike spectroscopy techniques, electroanalytical techniques are
not normally suitable to provide information about structure.
Voltammetry gives information about the electrochemical behavior of a
given compound, namely of metal ions, as is the case here.
Nevertheless, depending on medium conditions, changes in the elec-
tron-transfer might occur as a consequence of the interactions in solu-
tion between the electroactive species and other molecules, namely due
to complexation. From the changes in the relationship between poten-
tial and current information of parameters not only representative of
solution thermodynamic equilibria but also on kinetic factors such as
the lability of the complexes, is provided. The V-protein complexes
formed are non-labile and non-electroactive over the potential range
studied and only non-protein bound vanadium ions are electroactive.

Regarding MALDI-TOF mass spectrometry, we only obtain differ-
ence in masses between samples containing only the proteins or the
protein + complexes. Therefore, it is not possible to directly access the
specific sites with this technique.

Regarding SAXS, the technique allows obtaining a global model of

Fig. 9. A MALDI-TOF mass spectrum obtained for samples containing holo-hTF and NH4VVO3 with a 3:1 M ratio of NH4VVO3:holo-hTF.

Table 2
Structural scattering-derived parameters obtained from the SAXS data collecteda of apo-
hTF, holo-hTF, apo-hTF + VIVOSO4, holo-hTF + VIVOSO4, apo-hTF + NaVVO3 and holo-
hTF + NaVVO3 samples.

Apo-hTF Apo-hTF
+ VIVOSO4

Apo-hTF
+ NaVVO3

Rg (Å) [from Guinier] 32.9 33.1 36.7
Rg (Å) [from P(r)] 32.9 33.1 36.7
Dmax (Å) [from P(r)] 106 111 124
Porod volume estimate

(Å3)
143,000 130,100 145,000

Holo-hTF Holo-hTF
+ VIVOSO4

Holo-hTF
+ NaVVO3

Rg (Å) [from Guinier] 43.1 55.0 52.9
Rg (Å) [from P(r)] 40.0 43.7 44.4
Dmax (Å) [from P(r)] 145 153 158
Porod volume estimate

(Å3)
165,000 199,000 194,500

a SAXS data collection parameters, obtained at beamline BM29, ESRF: wavelength (Å):
0.99; q range (Å−1): 0.0025–0.5; concentration range (mg/mL): (i) 7.5–0.47 mg/mL
(apo-hTF and holo-hTF), (ii) 7.5–0.23 mg/mL (samples containing VIVOSO4), (iii)
4–0.5 mg/mL (samples containing NaVVO3); temperature = 25 °C.

Fig. 10. Pair distance distribution function, P(r), for apo-hTF (red), apo-hTF + VIVOSO4

(blue) and apo-hTF + NaVVO3 (pink). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the protein with low resolution, where significant conformational
changes induced by the compounds may be detected. However, the
binding sites cannot be accessed (in a direct way). Assuming that the
open conformation of apo-hTF corresponds to the SAXS profile of native
apo-hTF, and that the closed conformation corresponds to the SAXS
profile of native holo-hTF, it is possible to state that, considering the
parameters obtained, the binding of VIV and VV to apo-hTF changes the
conformation of the protein that gets closer to the closed conformation
of hTF, but however does not get to the fully closed conformation.
However, this does not allow to safely conclude that this corresponds to
a distinct binding mode. In the case of holo-hTF it is reasonable to as-
sume/expect that the binding site is at or close to the surface of the
protein, but this does not mean that the same occurs with apo-hTF.
Noteworthy is the fact that, at least in the system VIVO-apo-hTF, several
studies of several groups (circular dichroism and EPR) indicated that
the binding of VIVO takes place at the iron binding sites [5] [6] [7] [8]
[9] [10] [11] [12] [14] [22].

4. Conclusions

The electrochemical behavior of solutions containing vanadate(V)
at pH = 7.0 ± 0.1, analyzed by using two different voltammetric
techniques at a mercury electrode: DPP and CV, with different time
windows, is consistent with a stepwise reduction of VV → VIV and
VIV → VII. The first is a quasi-reversible process, while the second is an
irreversible process, most probably due to the irreversible redox reac-
tion of VIV → VII ions on a mercury electrode. All attempts to observe
the reduction of VIV to VIII using different types of electrodes were not
successful.

In the presence of apo-hTF or holo-hTF, the behavior of vanadium in
DPP remains essentially the same, the stepwise reduction VV → VIV and
VIV → VII occurring again. However, it is clear from the electrochemical
data that vanadium binds to both proteins. Peak potentials remain the
same within the experimental error, but the peak currents decrease
with the increase of the protein concentration in solution. This behavior
is consistent with the formation of electrochemically inert protein‑va-
nadium complexes, meaning that dissociation does not occur during the
electrochemical measurement. The complexes are also non-electro-
active since no other voltammetric signals were detected in the po-
tential range studied. Both peak current intensities are affected upon
protein addition, thus the reduction does not destroy the complexes
formed with vanadium(V). Accordingly, treatment of the voltammetric
data using either the reduction VV → VIV and/or the reduction VIV →

VII, was consistent, in the experimental conditions used, with the for-
mation of 2:1 complexes in the case of the system VV-apo-hTF and a
mixture 1:1 and 2:1 complexes in the case of the VV-holo-hTF system. In
the VV-apo-hTF system the conditional formation constant of log
K′(V)2(apo-hTF) (or β′2) = 10.2 ± 0.4, is reasonably similar to those
obtained at pH = 7.4 by Kiss and co-workers (=11.5) [8] and Harris
and Carrano [33] (~11.5). For the VV-holo-hTF system the
logK′(V)1(holo-hTF) = 4.3 ± 0.5 and logK′(V)2(holo-hTF) (or β′2)
= 8.3 ± 0.6 were determined.

The observations made in the presence of the proteins by CV are in
agreement with those made by DPP and corroborate, in a qualitative
way, the conclusions mentioned above. No intermediate oxidation
states of vanadium or complexes with different lability were detected.
Moreover, adsorption phenomena due to negatively charged vanadium
species in solution at potentials close to the reduction potential of VV to
VIV were quite evident, in particularly in the CV data. The use of sui-
table diagnosis tests and properly designed experiments were funda-
mental to analyze the voltammetric data correctly.

MALDI-TOF mass spectrometric data were obtained for samples of
NH4VVO3 with both apo-hTF and holo-hTF, and VIVOSO4 with apo-hTF,
using V:hTF ratios of 3:1. In all cases the increase in the mass are
consistent with the binding of vanadium to the proteins. Moreover, the
discussed SAXS data suggest that both VIVOSO4 and NaVVO3 can ef-
fectively interact with human apo-transferrin; on the other hand, re-
garding holo-hTF, the SAXS measurements were not conclusive and no
clear evidences were obtained supporting the existence or the absence
of protein-ligand interactions. In fact, the data suggests that the con-
formation of holo-hTF does not change in the presence of either
VIVOSO4 or NH4VVO3.

Previous studies globally agree that in the blood serum vanadium
binds and is transported mainly by transferrin [12]. For the con-
centrations normally found in the blood of humans treated with vana-
dium compounds ca. up to 1–5 μM [18] [19], vanadium is bound to hTF
not including the carrier ligand. As found in this work and reported
elsewhere [37] oxidovanadium(IV) binds holo-hTF. On the other hand
VIVO2+ is very unstable towards aerobic oxidation to VV and vanadate
(V) has been shown to bind apo-hTF and there are reports that it may
also bind to holo-hTF [31] [33]. The present work provides additional
evidence for the binding of vanadium in both oxidation states to these
proteins, and electrochemical data allowed estimation of conditional
binding constants of VV to holo-hTF and apo-hTF. Noteworthy is the
fact that since this binding possibly does not affect the conformation of
holo-hTF, the protein is most probably still recognized by the cell
transferrin receptors. Therefore, it is anticipated that VIV or VV bound to
holo-hTF may be efficiently up-taken by the cells through the receptor-
mediated endocytosis of hTF.

Abbreviations

EPR Electron paramagnetic resonance
HSA Human serum albumin
Apo-hTF Human serum apo-transferrin
Holo-hTF Human serum holo-transferrin
CD Circular dichroism
DDAB Didodecyldimethylammonium bromide
ACV Alternating current voltammetry
CV Cyclic Voltammetry
DPP Differential Pulse Polarography
DPV Differential Pulse voltammetry
K’ Conditional formation constant (only valid for specified ex-

perimental conditions)
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight
SAXS Small-angle X-ray scattering
tp Time parameter

Fig. 11. Pair distance distribution function, P(r), for holo-hTF (red), holo-hTF + VIVOSO4

(blue) and holo-hTF + NaVVO3 (pink). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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