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ABSTRACT:

Complexation of VO2þ ion with the most abundant class of human immunoglobulins, immunoglobulin G (IgG), was studied using
EPR spectroscopy. Differently from the data in the literature which report no interaction of IgG with vanadium, in the binary system
VO2þ/IgG at least three sites with comparable strength were revealed. These sites, named 1, 2, and 3, seem to be not specific, and the
most probable candidates for metal ion coordination are histidine-N, aspartate-O or glutamate-O, and serinate-O or threoninate-O.
The mean value for the association constant of (VO)xIgG, with x = 3�4, is log β = 10.3( 1.0. Examination of the ternary systems
formed by VO2þwith IgG and human serum transferrin (hTf) and human serum albumin (HSA) allows one to find that the order of
complexing strength is hTf . HSA ≈ IgG. The behavior of the ternary systems with IgG and one insulin-enhancing agent, like
[VO(6-mepic)2], cis-[VO(pic)2(H2O)], [VO(acac)2], and [VO(dhp)2], where 6-mepic, pic, acac, and dhp indicate the
deprotonated forms of 6-methylpicolinic and picolinic acids, acetylacetone, and 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone, is very
similar to the corresponding systems with albumin. In particular, at the physiological pH value, VO(6-mepic)(IgG)(OH), cis-
VO(pic)2(IgG), and cis-VO(dhp)2(IgG) are formed. In such species, IgG coordinates nonspecifically VO2þ through an imidazole-
N belonging to a histidine residue exposed on the protein surface. For cis-VO(dhp)2(IgG), log β is 25.6( 0.6, comparable with that
of the analogous species cis-VO(dhp)2(HSA) and cis-VO(dhp)2(hTf). Finally, with these new values of log β, the predicted percent
distribution of an insulin-enhancing VO2þ agent between the high molecular mass (hTf, HSA, and IgG) and low molecular mass
(lactate) components of the blood serum at physiological conditions is calculated.

’ INTRODUCTION

Vanadium compounds exhibit a wide variety of pharmacolo-
gical properties, and many complexes have been tested as
antiparasitic, spermicidal, antiviral, anti-HIV, antituberculosis,
and antitumor agents.1 Among the metal ions with insulin-like
effects, such as Mo, Zn, etc., vanadium has been proved to be one
of the most efficient;2 therefore, one of the most important
potential applications of vanadium compounds is their use in the
therapy of patients suffering from type II diabetes mellitus (DM),
which affects worldwide 150 million people according to esti-
mates of the World Health Organization.3 Since type II diabetes
goes along with an increasing lack of response to insulin, insulin
injections can become ineffective and alternative methods of
treatment are desirable. About 30 years ago, the insulin-enhan-
cing action of vanadate was demonstrated and highlighted with
respect to the possibility of oral administration.4 After the initial
use of vanadium(IV) and vanadium(V) inorganic salts, not easily

applicable as antidiabetic drugs for their toxicity and very low
absorption rate, several peroxovanadium(V) complexes with
(N,N), (N,O), and (O,O) ligands5 and neutral vanadyl species
(VOL2, where L is called organic carrier) with bidentate anionic
ligands were tested;2,6 the latter were found to be more effective
in lowering the glucose concentration in blood serum than
VOSO4 and are well tolerated in all animal models of diabetes.3

Generally, vanadium species stimulate the uptake and degrada-
tion of glucose by adipocytes (fat cells), glycogenesis in the liver,
and inhibition of hepatic gluconeogenesis.4

The mechanism of action of vanadium compounds seems to
be connected to the phosphate-like activity and/or interference
with phosphatases7 and mainly to the inhibition of protein
tyrosine phosphatase (PTP), which is responsible of the
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inhibition of the signal transduction pathways and of glucose
transport into the cells in the absence of insulin.2a,6,8 Instead, the
active oxidation state, vanadium(IV) or vanadium(V), and the
form with which an insulin-enhancing compound interacts with
the cell in the target organs are not fully known. In vivo blood
circulation monitoring-electron paramagnetic resonance (BCM-
EPR) studies on rats showed that, almost independently of the
initial oxidation state of the vanadium compound, themetal ion is
transported in the blood in oxidation state þIV,9 which can be
further stabilized by interaction with the bioligands present in the
bloodstream.

The conditions used in the experiments involving cell lines
modeling diabetes can differ considerably from those existing in
the living systems, where several biomolecules with high affinity
for vanadium can partly or fully displace the original organic
carrier during absorption in the gastrointestinal tract and the
transport processes in the bloodstream and upon reaction with
the intracellular components. Accordingly, the original carrier
might be lost in these processes and the real biological/physio-
logical activity might be due to a different chemical species.1 In
this context, one of the most important aspects to understand the
action of a metallodrug is the form and efficiency of transport of
the metal ion or of a complex in the blood serum. Moreover,
more detailed knowledge of the biospeciation and pharmacoki-
netics of metallodrugs may promote planning for developing
better compounds in the future.

The blood plasma contains ca. 90% water, the rest being
dissolved substances, such as albumin, immunoglobulins, fibri-
nogen, glucose, sodium chloride, and many other components
such as transferrin, carbonate, amino acids, vitamins, urea,
phosphate, lactate, citrate, etc.1 The exact composition of the
blood was reported by Harris;10 the concentration range of the
most abundant class of immunoglobulin, immunoglobulin G
(IgG), is 7.7�20 mg/mL, which corresponds to a mean value of
84 μM.11 To our knowledge, the most probable bioligands
candidates for VO2þ binding in the blood serum are human
serum albumin (HSA), lactate (lact), citrate (citr), and, above all,
human serum transferrin (hTf).12 It has been demonstrated that
vanadium binds to both HSA and hTf proteins, although the
binding is approximately 1000 times stronger to hTf than to
HSA.12�16

The form with which an insulin-enhancing, kinetically labile,
vanadium compound is transported in blood serum depends on
the thermodynamic stability of the bis chelated complex and on
its geometry in aqueous solution.17 If the insulin-enhancing
complex is not very stable it is mainly transported, independently
of the geometry in water, as (VO)hTf and (VO)2hTf and
secondarily as (VO)2

dHSA ((VO)2
dHSA is the dinuclear species

in which the two VO2þ ions are interacting and the spectrum is
characteristic of an S = 1 spin state);18 if the stability of the
complexes increases, the insulin-enhancing compound can sur-
vive in its original form, ternary species VO2þ�carrier�lact/citr
can be formed, and, when carrier is a synergistic anion (property
connected with the presence of a carboxylate group in the
structure),19 a small amount of VO2þ can be present as
(VO)hTf(carrier) and (VO)2hTf(carrier)2. In all systems, also
(VO)hTf(lact), (VO)2hTf(lact)2, (VO)hTf(citr), and (VO)2h-
Tf(citr)2 can be detected, in which lactate and citrate behave as
synergistic anions.20 Recent important insight, which follows the
observations of Orvig and co-workers,21 is that if the geometry of
insulin-enhancing compound in aqueous solution is cis-octahe-
dral (that is, with an equatorial�equatorial and equatorial�axial

arrangement of the two ligands and an equatorial water molecule
in the cis position with respect to the VdO bond), mixed
complexes with albumin can be formed, in which HSA replaces
the water molecule in one of the four equatorial positions with an
imidazole-N of a histidine residue (cis-VO(carrier)2(HSA)).

16,17

The recent proof about the formation of cis-VO(dhp)2(hTf),
with an equatorial histidine-N of transferrin, is in contrast with
what was previously reported by other authors, which attributed
to this species the stoichiometries (VO)hTf(dhp) and
(VO)2hTf(dhp)2, with the coordination of dhp to vanadium in
the specific iron binding sites.15 The values of Az (163 �
10�4 cm�1)17 and log β (25.5)16 of such a complex, comparable
with those measured for cis-VO(dhp)2(HSA) (162� 10�4 cm�1

and 25.9)16,17 and for the model cis-[VO(dhp)2(1-MeIm)]
(163 � 10�4 cm�1 and 25.4),16,17 support our attribution;
DFT calculations confirm that Az

calcd for the cis-octahedral
species with an equatorial imidazole-N is 161 � 10�4 cm�1.17

Furthermore, the other hypothesis, which considers coordina-
tion of dhp at the iron binding sites, remains doubtful since dhp is
not a synergistic anion.

Immunoglobulins are glycoproteins having the capability to
react in an immune response to foreign bodies introduced or
inoculated into an organism. Immunoglobulins are divided into
the classes IgA, IgD, IgE, IgG, and IgM; they differ in their
biological properties, functional locations, and ability to deal with
different antigens. IgG is the most abundant class in the blood
and represents 75% of the total immunoglobulins. IgGmonomer
is a “Y”-shaped protein (ca. 150 kDa) that consists of four
polypeptide chains, two identical heavy chains (50 kDa each
one) and two identical light chains (25 kDa each one), connected
by disulfide bonds. The arms of the “Y” contain the sites that can
bind the antigens (Fab, fragment antigen binding region),
whereas the base of the “Y” plays a role in modulating immune
cell activity (Fc, fragment crystallizable region).

No interaction of IgG was found with VOSO4 by EPR,
13 with

H2VO4
� by gel filtration and anion-exchange chromatography,22

and with VO2þ or V3þ salts by FPLC-ICP-MS;23 consequently,
it was affirmed that among the high molecular mass (hmm)
components, vanadium is complexed only to hTf and HSA.12

However, formation of adducts between IgG and Cu2þ,24

Mn2þ,25 Gd3þ,26 99mTc,27 and Ru2þ 28 has been reported. In
particular, Dower et al. demonstrated that there are six specific
Gd3þ-binding sites at pH 5.5, two very tight on the Fc fragment
and two weaker on each of the Fab regions.26

In this work the interaction between VO2þ ion and IgG, on
one hand, and between an insulin-enhancing VO2þ compound
and IgG, on the other, was re-evaluated. As representatives
examples of insulin-enhancing vanadium complexes, [VO(6-
mepic)2],

29 cis-[VO(pic)2(H2O)],
8b,30 [VO(acac)2],

31 and
[VO(dhp)2],

32 where 6-mepic, pic, acac, and dhp are the
deprotonated form of 6-methylpicolinic and picolinic acid,
acetylacetone, and 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone
(Scheme 1), were chosen. The goals of this work are (i) study
of the binary system VO2þ/IgG to understand if some type of
interaction between VO2þ ion and immunoglobulin G exists, (ii)
study of the ternary systems VO2þ/IgG/hTf and VO2þ/IgG/
HSA to evaluate the relative strength of the three high molecular
mass bioligands toward VO2þ, and (iii) study at physiological pH
of the ternary systems VO2þ/IgG/carrier, where carrier is
6-mepic, pic, acac, or dhp, to ascertain whether an insulin-
enhancing vanadium compound can interact with IgG. Electron
paramagnetic resonance (EPR) spectroscopy, which was
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revealed to be an excellent tool to study the speciation of VO2þ

ion in biological systems, was used as instrumental technique.16

The results should allow further clarification of the biotransfor-
mation of an insulin-enhancing agent in the blood and the form
with which it can be transported toward the target organs.

’EXPERIMENTAL AND COMPUTATIONAL SECTION

Chemicals. Water was deionized prior to use through the purifica-
tion system Millipore Milli-Q Academic. VO2þ solutions were prepared
from VOSO4 3 3H2O following literature methods.33

Human immunoglobulin G, human serum apo-transferrin, and hu-
man serum albumin were purchased from Sigma. Immunuglobulin G
(99%, SigmaG4386), apo-transferrin (98%, Sigma T4283), and albumin
(97�99%, Sigma A9511) have a molecular weight of 155�160, 76�81,
and 66 kDa, respectively. The concentration of the protein solutions was
estimated from their UV absorption (ε280(IgG) = 217 000M

�1 cm�1,34

ε280(hTf) = 92 300M
�1 cm�1,35 and ε279(HSA) = 35 300M

�1 cm�1 36).
The solubility in water of immunoglobulin G, transferrin, and albumin is
50 (ca. 3.0� 10�4 M), 20 (ca. 2.5� 10�4 M), and 50 mg/mL (ca. 7.5�
10�4 M), respectively.

6-Methylpicolinic and picolinic acids, acetylacetone, 1,2-dimethyl-3-
hydroxy-4(1H)-pyridinone, 1-methylimidazole (1-MeIm), NaHCO3,
NaCl, and 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid
(HEPES) were of the highest grade available and used as received.
Preparation of the Solutions. The solutions were prepared

dissolving in ultrapure water the insulin-enhancing compound in order
to obtain a VO2þ concentration between 3.0� 10�4 and 1.0� 10�3 M.
Argon was bubbled through the solutions to ensure the absence of
oxygen and avoid oxidation of VO2þ ion. To the solution containing the
metal ion, an appropriate amount of HEPES and NaCl and, eventually,
organic carrier (6-methylpicolinic and picolinic acids, acetylacetone, 1,2-
dimethyl-3-hydroxy-4(1H)-pyridinone) was added. Subsequently, the
pHwas raised to ca. 5.5, and in the systemwith transferrin, NaHCO3was
dissolved. To 1mL of this solution, again carefully purged with argon, an
appropriate amount of immunoglobulin G and eventually transferrin or
albumin was added; readily, pH was adjusted to ca. 7.4.

The ligand tometal molar ratio between the organic carrier and VO2þ

was 2. The final concentration ofHEPES, NaCl, andNaHCO3was 1.0�
10�1, 1.5 � 10�1 (corresponding to the physiological osmolarity), and
2.5 � 10�2 M (corresponding to the concentration in the blood),
respectively. The presence of NaHCO3 as a synergistic anion is
necessary for vanadium coordination.19 EPR studies performed on
model systems prove that HEPES, NaHCO3, and NaCl do not interact
with VO2þ ion in the conditions used for the experiments.

EPR spectra of all model systems (VO2þ/carrier and VO2þ/carrier/
1-MeIm) were recorded as previously reported.17

EPR Spectroscopy. Anisotropic EPR spectra were recorded with
an X-band (9.4 GHz) Bruker EMX spectrometer on frozen solutions at
120 K. Addition of DMSO was not necessary, and no improvement in
the resolution of the spectra was obtained.

When the samples were transferred into the EPR tubes, the spectra
were immediately measured. Only low-temperature EPR spectra were
measured in order to minimize the oxidation of VO2þ ion to vanadium-
(V), which otherwise would take place very quickly, with a half-time
between 5 and 13 min at room temperature.35 To increase the signal-to-
noise ratio, signal averaging was used.16�18,20

As usual for analysis of the EPR spectra,37 in all the figures reported in
the text only the high-field region, the part more sensitive to the identity
and amount of several species in solution, is presented. Unless otherwise
indicated, the estimated error in Az is (0.3 � 10�4 cm�1. Complete
spectra are reported in the Supporting Information (Figures S1�S7).
DFT Calculations. All calculations presented in this paper were

performed with the Gaussian 03 program (revision C.02)38 and density
functional theory (DFT) methods.39 The hybrid exchange-correlation
B3LYP40,41 and the half-and-half functional BHandHLYP as incorpo-
rated in the Gaussian 03 software were used.

As demonstrated in the literature, DFT simulations are a valid tool for
predicting EPR parameters of VO2þ complexes.42 Using the BHandH-
LYP functional and 6-311g(d,p) basis set it is possible to calculate the
51V hyperfine coupling constant along the z axis (Az) with a mean
deviation from the experimental value lower than 3%.43

The VO2þ species used tomodel the three sites of immunoglubulin G
were simulated using 1-methylimidazole for an imidazole-N of a
histidine residue (N(His)), acetate for a COO� group of a glutamate/
aspartate residue (COO�(Glu/Asp)), 4-methylphenolate for a tyrosine-
O� residue (O�(Tyr)), methoxide for a serine-O� or threonine-O�

residue (O�(Ser/Thr)), and methyltiolate for a cysteine-S� residue
(S�(Cys)).

The geometries of the VO2þ complexes investigated were first
preoptimized at the B3LYP/sto-3g level and further optimized at the
B3LYP/6-311g level of theory. For all structures, minima were verified
through frequency calculations. The optimized structures were used to
calculate the values of 51V Az at the BHandHLYP/6-311g(d,p) level of
theory. It must be remembered that for a VO2þ species the Az value is
usually negative, but in the literature its absolute value is usually
reported. This was done also in this work (Table 2).

’RESULTS AND DISCUSSION

Binary System VO2þ/IgG. The data reported in the literature
indicate that in the binary system VO2þ/IgG no interaction
between the metal ion and the protein was observed.1,13,22,23

However, taking into account that albumin is able to coordinate
nonspecifically VO2þ, presumably through surface histidine and
glutamate/aspartate residues, that immunoglobulin G has a high
number of such residues on the protein surface,25 and that it is
present in the blood in an amount comparable to transferrin, we
decided to re-examine the system VO2þ/IgG. Surprisingly, EPR
spectra (see Figure 1) show that complexation of themetal ion by
IgG takes place.
The intensity of EPR signals for the first two parallel reso-

nances (MI =�7/2 and�5/2), normalized for the scan number
and vanadium concentration, changes slightly as a function of the
ratio VO2þ/IgG. The maximum value is detected around the
equimolar ratio. On this basis, in the ternary systems containing
VO2þ, IgG, and carrier, which will be discussed below, a ratio of
1/1 between VO2þ and IgG was chosen.

Scheme 1. Insulin-Enhancing Vanadium Compounds
Studied in This Work
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EPR spectra indicate that VO2þ ion distributes on at least
three distinct coordination sites (Figure 1), whose spectroscopic
parameters are listed in Table 1 and demonstrate that in one site
(which, for simplicity, will be named site 1) vanadium is bound to
stronger donors than in the other two (named sites 2 and 3). This
would suggest that the thermodynamic stability of the species
formed in sites 1, 2, and 3 is comparable and vanadiumdistributes
in a more or less uniform manner on the three sites. However, it
cannot be ruled out that below the wide band around 409 mT
there are resonances belonging to other sites; therefore, ana-
logously to what we recently made for albumin, the stoichio-
metry of the binary species will be indicated as (VO)xIgG with
x = 3�4.18

It is evident that the coordination environment of vanadium in
the three sites can be characterized only by a diffractometric
study on a single crystal. However, to advance reasonable
hypotheses, it can be useful to compare the spectra obtained in
the system VO2þ/IgG (Figure 1b) with those of the system
VO2þ/HSA (Figure 1a). It is noteworthy that the resonances of
site 2 of IgG closely resemble those of (VO)xHSA (x = 5�6), for
which the coordination of imidazole-N of histidine residues
(N(His)) and carboxylate-O� of glutamic and aspartic acid
residues (COO�(Glu/Asp)) was proposed;18 therefore, it is
probable that this site of IgG is similar to those of albumin. Of
course, this deduction implies that the coordinating residues are
exposed on the protein surface. This was suggested by Nishihara
et al., who, using the Mn2þ ion as an “EPR probe”, demonstrated
that the number of surface residues of glutamic acid, aspartic acid,
and histidine in the Fab and Fc region is rather high (4, 3, and
3�5, respectively, in the Fab and 8, 5, and 8 in the Fc).25 The
X-ray three-dimensional structure confirms that the number of
such residues is enough for metal ion coordination.44

Sites 1 and 3 are characterized by a smaller and larger value of
Az, respectively (Figure 1). For the additivity rule,

45 this means
that in the first case in the coordination sphere of vanadium
donors stronger than an imidazole-N (whose contribution to Az

depends on the orientation of the aromatic ring with respect to
the VdO bond and is in the range 39.8�45.7 � 10�4 cm�1 46)
whereas in the second weaker donors than a carboxylate group
(whose contribution to Az is 42.1� 10�4 cm�1 47) are bound to
VO2þ ion. The increase of Az for site 3 with respect to site 2 may
depend on the presence of water molecules instead of histidine or

glutamate/aspartate residues in the first coordination sphere of
vanadium. About site 1, the binding of donors that significantly
decreases the value ofAz, such as phenolate of tyrosine, alcoholate of
serine or threonine, and thiolate of cysteine, can be supposed. In
particular, it was demonstrated that Ser andThr residues exposed on
the protein surface are abundant in the Fab region and that their
number is much higher than Tyr and Cys.25 Moreover, one should
remember that in immunoglobulins cysteines have a special role,
because they stabilize the protein structure through formation of
disulfide bridges and it is not clear if in native immunoglobulins
there are free thiol groups or if those observed result from
denaturation of the proteins.48

In order to obtain further insights about the donors coordi-
nated to the vanadium in the three sites, DFT simulations were
performed on model complexes with the aim of predicting their
51V anisotropic hyperfine coupling constant (Az). In recent years,
several papers have been published on the possibility to calculate
the hyperfine coupling constants in the EPR spectra of metal
complexes49 and in particular of VO2þ species.42 Recently, theAz

value was calculated with Gaussian 03 software for 22 represen-
tative VO2þ complexes having different charge, geometry, and
coordinationmode at the BHandHLYP/6-311g(d,p) level of theory
with a mean deviation of 2.7% from the experimental values.43

Therefore, DFT methods may be used to predict Az for a VO
2þ

species, and vice versa, to predict an unknown structure from its Az
value. DFT results have been reported in Table 2 (see also
Experimental and Computational Section). Examination of the data
allows one to advance the following hypotheses: (i) for site 3,
coordination of two imidazole-N of histidine residues, of one
COO� group belonging to a glutamate or an aspartate residue,
and of a H2O molecule seems to be possible, whereas coordination
of only one histidine-N is less probable; (ii) for site 2, H2O ligands
may be replaced by COO� groups; and (iii) for site 1, the most
probable candidate appears to be a serine-O� or threonine-O�

rather than a tyrosine-O� or cysteine-S�. Interestingly, coordina-
tion of a deprotonated serine has been proposed for the active site of
the reduced form of vanadiumbromoperoxidase (VBrPO),46 and as
mentioned above, the number of surface Ser in the Fab region is
higher than that of Tyr and Cys.25

Ternary Systems VO2þ/IgG/hTf and VO2þ/IgG/HSA. The
two binary systems VO2þ/hTf and VO2þ/HSA have been
examined previously,1,16,35,50,51 and recently, the ternary sys-
tem VO2þ/hTf/HSA has been studied.18,20 The data indicate
that transferrin forms with VO2þ ion more stable complexes
than albumin, confirming what was reported in the
literature.12,35,52 However, given the higher concentration of
HSA than hTf in the blood (630 vs 37 μM), albumin can
compete with transferrin coordinating a non-negligible amount
of total vanadium.16,20

The ternary system VO2þ/IgG/hTf was examined at molar
ratio of 2/1/1; the high-field region of EPR spectra recorded at
physiological pH is reported in Figure 2.

Table 1. EPR Parameters of the Three Sites of IgG

site gz Az
a probable donors

3 1.947 167.4b N(His), COO�(Asp, Glu), H2O

2 1.951 163.6b N(His), COO�(Asp, Glu)

1 1.960 158.8 N(His), COO�(Asp, Glu),

O�(Ser/Thr)/O�(Tyr)/S�(Cys)
a Az measured in 10�4 cm�1. b Estimated error (1.0 � 10�4 cm�1.

Figure 1. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
HSA 4/1 (VO2þ 1.0 � 10�3 M) and (b) VO2þ/IgG 1/1 (VO2þ 3.0 �
10�4M).With dotted lines the resonancesMI = 7/2 and 5/2 of the three
coordination sites of IgG are indicated.
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In the experimental conditions used, transferrin is potentially
able to bind all of the metal ion present in the aqueous solution in
the Fe3þ sites, forming (VO)2hTf. In Figure 2 it is worth noticing
that as a consequence of the high thermodynamic stability of hTf
species most of VO2þ binds to the latter. However, besides the
characteristic resonances of (VO)2hTf, those of (VO)xIgG also
appear; in particular, the transitions of site 1 of IgG are easily
observable. Of course, the greater stability of hTF complexes is
related to the fact that it has two specific sites for metal ion
binding, whereas IgG has only nonspecific coordination sites.
From the intensities of EPR signals for the resonancesMI = 7/

2 and 5/2, it was possible to measure the percent of VO2þ bound
to transferrin (95.5%) and immunoglobulin G (4.5%). These
data allow one to obtain the constant for the displacement
reaction of hTf by IgG; it must be highlighted, however, that
because the stability of the three sites is comparable (see above),
only a mean value for the association constant of (VO)xIgG can
be calculated, and using the notation of Kiss and co-workers on
grounds of expediency12,52 such a mean value will be referred to
species (VO)IgG. Using the same procedure recently reported16

and the values of 13.0 and 25.5 for log β1 and log β2 of (VO)hTf
and (VO)2hTf,

16 it is found that log β((VO)IgG) = 10.5 ( 1.0.
For the ternary system VO2þ/IgG/HSA two different molar

ratios were examined, 2/1/1 and 4/1/1, since in the VO2þ/HSA
system albumin is able to bind up to 5�6 equivalents of
vanadium.18,51 EPR spectra at a ratio of 2/1/1 are shown in
Figure 3; although albumin is potentially able to bind all of VO2þ

ion, it is observed that vanadium is distributed between the two
species (VO)xIgG and (VO)xHSA, indicating that their affinity
toward VO2þ is similar. This is not too surprising because
complexation of albumin is nonspecific,18 i.e., unlike transferrin
coordination, sites specific for the metal ions do not exist;
moreover, from the spectroscopic data, the donors which co-
ordinate vanadium inHSA and IgG species should be similar (see
above). This observation allows us to advance the hypothesis that
vanadium can bind to any protein but on condition that there are
residues of amino acids on the protein surface able to interact
with the metal ion (particularly, histidine, glutamate, and aspar-
tate residues).

Table 2. EPR Parameters of the Three Sites of IgG Expected on the Basis of the “Additivity Rule” (Az
expct), Calculated Through

DFT Methods (Az
calcd) and Experimental Measurements (Az

exptl)a,b

biological donor setc Az
expct d,e Az

calcd f Az
exptl site

N(His) ), H2O, H2O, H2O 176.6 182.6 167.4 site 3

N(His) ), N(His) ), H2O, H2O 171.0 170.7 167.4 site 3

N(His) ), N(His)^, COO�(Glu/Asp), H2O 172.6 166.7 167.4 site 3

N(His) ), N(His) ), N(His) ), H2O 166.1 164.3 163.6 site 2

N(His) ), N(His)^, COO�(Glu/Asp), COO�(Glu/Asp) 169.1 161.3 163.6 site 2

N(His) ), N(His)^, O�(Tyr), COO�(Glu/Asp) 165.8 158.9 158.8 site 1

N(His) ), N(His)^, O�(Ser/Thr), COO�(Glu/Asp) 162.3 159.9 158.8 site 1

N(His) ), N(His)^, S�(Cys), COO�(Glu/Asp) 157.9 156.5 158.8 site 1
a For the VO2þ complexes used as model of the three sites of IgG Az

calcd and Az
exptl (and, therefore, Az

expct) are negative, but in the table the absolute
values are reported. b Azmeasured in 10�4 cm�1. c ), imidazole ring parallel to VdObond (dihedral angle θ between the VdO andN�C bond, where C
is the carbon atom bridging the two imidazole nitrogens, below 20�);^, imidazole ring perpendicular to VdObond (dihedral angle θ between the VdO
and N�C bond, where C is the carbon atom bridging the two imidazole nitrogens, above 70�). dContribution to Az: H2O, 45.6 (ref 45a); COO

�(Glu/
Asp), 42.1 (ref 47); N(His), 42.7þ 3.0� sin(2θ�90) (ref 46); O�(Tyr), 38.9 (ref 45a); O�(Ser/Thr), 35.3 (ref 45a); S�(Cys), 31.9� 10�4 cm�1 (ref
45a). e Az

expct determined with the value of the dihedral angle θ calculated by DFT simulations. fValue calculated at the level of theory BHandHLYP/6-
311g(d,p).

Figure 2. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
hTf 2/1 (VO2þ 5.0� 10�4M), (b) VO2þ/hTf/IgG 2/1/1 (VO2þ 5.0�
10�4 M), and (c) VO2þ/IgG 1/1 (VO2þ 3.0 � 10�4 M). With dotted
lines the resonances MI = 7/2 and 5/2 of site 1 of IgG are indicated.

Figure 3. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
IgG 1/1 (VO2þ 3.0� 10�4M), (b) VO2þ/IgG/HSA2/1/1 (VO2þ 5.0�
10�4 M), (c) VO2þ/HSA 4/1 (VO2þ 1.0 � 10�3 M), and (d) VO2þ/
HSA 1/1 (VO2þ 7.5 � 10�4 M). With dotted lines the resonances MI =
7/2 and 5/2 of the three sites of IgG are indicated.
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The percent concentration of IgG species, calculated from the
intensities of the resonancesMI = 7/2 and 5/2 is 66.3%, whereas
that of HSA is 33.7%, with a ratio between them close to 2:1.
With a procedure similar to that discussed above, it is possible to
find in this case too the value of the displacement reaction of
albumin by immunoglobulin G, which allows one to get a value of
log β((VO)IgG) of 10.1( 1.0. It is noteworthy that this value is
comparable to that calculated from examination of the ternary
system VO2þ/IgG/hTf. Therefore, the final value for the stabi-
lity constant of (VO)IgG can be taken as themean between those
found in the two different ternary systems

log βððVOÞIgGÞ ¼ 10:3 ( 1:0 ð1Þ

Ternary System VO2þ/IgG/6-mepic. Anisotropic EPR spec-
tra recorded at physiological pH on the ternary system formed by
VO2þ, IgG, and 6-mepic show the presence of a species with gz =
1.948 and Az = 163.6 � 10�4 cm�1 (Table 3). The spectral
parameters are intermediate between those of mono- and bis-
chelated complexes of 6-methypicolinate (Az = 168 � 10�4 and
161 � 10�4 cm�1, respectively).53

A deeper look reveals that the spectrum can be compared with
those obtained in the ternary systems containing 1-methylimi-
dazole and albumin (Figure 4).17 EPR spectra of the systems with
HSA and 1-MeIm were interpreted supposing formation of a
mixed complex, in which HSA binds VO2þ ion with an imida-
zole-N of a histidine residue of the polypeptide chain, 6-mepic
with the donor set (N, COO�), whereas a OH� ion completes
the equatorial coordination sites. The analogous spectroscopic
response obtained in the system with IgG can be explained in the
same manner: this implies that IgG can coordinate the metal ion
with an imidazole-N nitrogen of a side chain of a histidine
probably present on the protein surface (Scheme 2a).
The stoichiometry [VO(6-mepic)(1-MeIm)(OH)] for the

model compound formed by 1-methyimidazole was confirmed
by pH-potentiometry, EPR spectroscopy, and DFT calcula-
tions.16,17 Therefore, the spectrum recorded in the system
VO2þ/IgG/6-mepic can be interpreted in the same way: this
implies that IgG can coordinate VO2þ with a histidine-N,
probably on the protein surface, forming the species VO(6-
mepic)(IgG)(OH). Its stability constant, not measurable from
EPR intensities, should be comparable to that of [VO(6-mepic)-
(1-MeIm)(OH)] (log β = 3.82).16

log βðVOð6-mepicÞðIgGÞðOHÞÞ � 3:8 ð2Þ

Ternary System VO2þ/IgG/pic. Anisotropic EPR spectra of
the ternary system VO2þ/IgG/pic are characterized by the
intense resonances of a species with gz = 1.947 and Az = 160.0
� 10�4 cm�1 (Figure 5b). In this case too, the spectral pattern
closely resembles that of the mixed complexes formed in the
systems with 1-methyimidazole and albumin, cis-[VO(pic)2(1-
MeIm)], and cis-VO(pic)2(HSA), respectively; in the case of
1-MeIm and HSA, the correct composition was established
through the combined application of spectroscopic studies,
potentiometric titrations, and DFT calculations.16,17

Therefore, IgG, like HSA, can replace the water molecule in
the equatorial plane of cis-[VO(pic)2(H2O)] with an imidazole-
N of a histidine, forming an analogous species cis-VO(pic)2(IgG)
(Scheme 2b).
Unfortunately, on the basis of EPR spectra, no exact value of

the stability constant β of this species can be measured; however,
it can be suggested that in this case too log β should be similar to
cis-[VO(pic)2(1-MeIm)] (log β = 14.96), determined through

Table 3. EPR Parameters of the Species Formed in the Ternary VO2þ�IgG�carrier and Related Systems

system gz Az
a species donors ref

VO2þ�IgG�6-mepic 1.948 163.6 b VO(6-mepic)(IgG)(OH) (N, COO�); N(His); OH� c

VO2þ�HSA�6-mepic 1.947 162.9 VO(6-mepic)(HSA)(OH) (N, COO�); N(His); OH� 17

VO2þ�6-mepic�1-MeIm 1.950 162.9 d [VO(6-mepic)(1-MeIm)(OH)] (N, COO�); N(Imid); OH� 17

VO2þ�IgG�pic 1.947 160.0 cis-VO(pic)2(IgG) (N, COO�); (N, COO�ax); N(His) c

VO2þ�HSA�pic 1.950 159.7 cis-VO(pic)2(HSA) (N, COO�); (N, COO�ax); N(His) 17

VO2þ�pic�1-MeIm 1.943 158.8 e cis-[VO(pic)2(1-MeIm)] (N, COO�); (N, COO�ax); N(Imid) 17

VO2þ�IgG�dhp 1.944 162.6 cis-VO(dhp)2(IgG) (CO, O�); (CO, O�ax); H2O c

VO2þ�HSA�dhp 1.947 162.1 cis-VO(dhp)2(HSA) (CO, O�); (CO, O�ax); N(His) 17

VO2þ�hTf�dhp 1.947 163.3 cis-VO(dhp)2(hTf) (CO, O�); (CO, O�ax); N(His) 17

VO2þ�dhp�1-MeIm 1.947 163.0 f cis-[VO(dhp)2(1-MeIm)] (CO, O�); (CO, O�); N(Imid) 17
aValues measured in 10�4 cm�1. bEstimated error (1.0 � 10�4 cm�1. cThis work. d Az value calculated by DFT methods (see ref 17): �161.1 �
10�4 cm�1. e Az value calculated by DFT methods (see ref 17): �156.6 � 10�4 cm�1. f Az value calculated by DFT methods (see ref 17): �160.7 �
10�4 cm�1.

Figure 4. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
IgG 1/1 (VO2þ 3.0� 10�4 M), (b) VO2þ/IgG/6-mepic 1/1/2 (VO2þ

3.0� 10�4 M), (c) VO2þ/HSA/6-mepic 4/1/8 (VO2þ 1.0� 10�3 M),
(d) VO2þ/6-mepic/1-MeIm 1/2/4 (VO2þ 1.0 � 10�3 M), and (e)
VO2þ/6-mepic 1/2 (VO2þ 1.0 � 10�3 M). With dotted line the
resonance MI = 7/2 of VO(6-mepic)(IgG)(OH) is indicated.
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pH titrations.16

log βðcis-VOðpicÞ2ðIgGÞÞ � 15:0 ð3Þ

Ternary SystemVO2þ/IgG/acac. Potentiometric and spectros-
copic studies indicate that in the system VO2þ/acetylacetone

around the physiological pHVO2þ ion is present as neutral complex
[VO(acac)2] with a very low hydrolysis degree.54

A comparison of the anisotropic EPR spectra recorded at pH
7.4 on the systems VO2þ/IgG, VO2þ/acac, and VO2þ/IgG/acac
reveals that in the ternary system only the set of signals belonging
to [VO(acac)2] can be distinguished (Figure 6). Therefore, the
spectroscopic measurements suggest that, unlike what was ob-
served in previous systems, formation of mixed complexes can be
ruled out. This is confirmed by examination of the spectra
recorded in the ternary systems with 1-methylimidazole, which
are practically indistinguishable from those of the binary system
VO2þ/acac; the results cannot be explained only with the
stability of [VO(acac)2] but also considering that in such a
species the absence of water molecules coordinated in the
equatorial position to be replaced by a biodonor like a histi-
dine-N prevents formation of ternary complexes.17

Ternary System VO2þ/IgG/dhp. Potentiometric data show
that in the binary systemVO2þ/dhp in the pH range 5�8 the bis-
chelated complex is the main species in aqueous solution; it is
present in two forms [VO(dhp)2] and cis-[VO(dhp)2(H2O)].

32b,55

The anisotropic EPR spectrum recorded at pH 7.4 in the ternary
system with VO2þ, IgG, and dhp shows the presence of a species
not observable in the binary systems VO2þ/IgG and VO2þ/dhp

Scheme 2. Ternary Complexes Formed by IgG: (a) VO(6-mepic)(IgG)(OH), (b) cis-VO(pic)2(IgG), and (c) cis-VO(dhp)2(IgG)

Figure 5. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
IgG 1/1 (VO2þ 3.0� 10�4M), (b) VO2þ/IgG/pic 1/1/2 (VO2þ 3.0�
10�4M), (c) VO2þ/HSA/pic 4/1/8 (VO2þ 1.0� 10�3M), (d) VO2þ/
pic/1-MeIm 1/2/4 (VO2þ 1.0 � 10�3 M), and (e) VO2þ/pic 1/2
(VO2þ 1.0� 10�3 M). With the dotted line the resonanceMI = 7/2 of
cis-VO(pic)2(IgG) is indicated.

Figure 6. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
IgG 1/1 (VO2þ 3.0� 10�4 M), (b) VO2þ/IgG/acac 1/1/2 (VO2þ 3.0
� 10�4M), (c) VO2þ/HSA/acac 4/1/8 (VO2þ 1.0� 10�3M), and (d)
VO2þ/acac 1/2 (VO2þ 1.0 � 10�3 M).

Figure 7. High-field region of the X-band anisotropic EPR spectra
recorded at pH 7.4 on frozen solutions (120 K) containing (a) VO2þ/
IgG 1/1 (VO2þ 3.0� 10�4 M), (b) VO2þ/IgG/dhp 1/1/2 (VO2þ 3.0
� 10�4 M), (c) VO2þ/HSA/dhp 4/1/8 (VO2þ 1.0 � 10�3 M), (d)
sum of the spectra obtained in the systems VO2þ/dhp/1-MeIm (trace e)
and VO2þ/dhp (trace f), (e) VO2þ/dhp/1-MeIm 1/2/4 (VO2þ 1.0 �
10�3 M), and (f) VO2þ/dhp 1/2 (VO2þ 1.0 � 10�3 M). With the
dotted line the resonance MI = 7/2 of cis-VO(dhp)2(IgG) is indicated.
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(Figure 7b). The value of Az (162.6 � 10�4 cm�1) is inter-
mediate between that of cis-[VO(dhp)2(H2O)] (166.2 �
10�4 cm�1) and [VO(dhp)2] (157.4� 10�4 cm�1),17 indicating
that the water molecule in the cis-octahedral species has been
replaced by a stronger donor, and coincident with that of
cis-[VO(dhp)2(1-MeIm)] (163.0 � 10�4 cm�1),17 whose ex-
istence has been recently demonstrated through potentiometric
and spectroscopic data.16,17

The behavior of the system VO2þ/IgG/dhp follows closely
also that of VO2þ/hTf/dhp and VO2þ/HSA/dhp, where for-
mation of compounds cis-VO(dhp)2(hTf) and cis-VO(dhp)2-
(HSA) was demonstrated; in such species, an imidazole-N of the
side chain of a histidine residue, exposed on the protein surface,
replaces the H2O ligand of cis-[VO(dhp)2(H2O)] and occupies
the fourth equatorial position.17 On this basis, EPR spectra can
be easily interpreted by considering in the aqueous solution
around the physiological pH an equimolar mixture of cis-[VO-
(dhp)2(H2O)] and [VO(dhp)2], on one hand, and cis-VO-
(dhp)2(IgG), on the other (see Figure 7d). The structure of
cis-VO(dhp)2(IgG) is represented in Scheme 2c.
DFT methods allow one to confirm these deductions; they

show that for cis-[VO(dhp)2(1-MeIm)] the expected Az value
(160.7 � 10�4 cm�1) is very similar to that of cis-VO(dhp)2-
(hTf), cis-VO(dhp)2(HSA), and cis-VO(dhp)2(IgG) (Table 3).
DFT calculations suggest also that in the absence of significant
interactions with other groups the plane of the aromatic ring is
arranged almost parallel to the VdO direction.17

As pointed out recently, estimation of log β can be carried out
by measuring from EPR intensities the relative ratio between the
concentration of the mixed complex cis-VO(dhp)2(IgG) and the

bis-chelated species formed by dhp, VO(dhp)2.
16 In the ternary

system containing VO2þ/IgG/dhp with a 1/1/2 ratio and VO2þ

concentration of 3.0 � 10�4 M, the amount of VO(dhp)2 and
VO(dhp)2(IgG), measured in the MI = þ5/2 and þ7/2 transi-
tions, is 49.0% and 51.0%, respectively. Since coordination of
immunoglobulin G is realized through the exposed histidines, the
effective concentration of histidine residues available for metal
coordination can be found by multiplying the analytical concen-
tration of IgG by the number of His residues on the protein
surface. There is not a general agreement about this number: on
the one hand it has been reported that the IgG molecule has at
least four surface histidines, two in the His cluster situated in the
Fc region of the heavy chain,56 on the other hand the total
number of exposed residues is ca. 12.25 These data allow for
calculating the mean value of log β for formation of cis-VO-
(dhp)2(IgG)

log βðcis-VOðdhpÞ2ðIgGÞÞ ¼ 25:6 ( 0:6 ð4Þ
It is noteworthy that this value is very close to that obtained by
pH-potentiometry for the mixed complex [VO(dhp)2(1-
MeIm)], log β = 25.40,16 indicating that only the number of
histidine residues on the protein surface influences the formation
and stability of such species.
Biotransformation of an Insulin-Enhancing Agent in the

Blood. The values calculated for the thermodynamic stability
constants of (VO)xIgG (eq 1) and cis-VO(dhp)2(IgG) (eq 4)
and those expected for VO(6-mepic)(IgG)(OH) (eq 2) and cis-
VO(pic)2(IgG) (eq 3) allow one to predict the biodistribution of
VO2þ ion, administrated in the solid formVO(carrier)2, between
the components of the blood.

Table 4. Predicted Percent Distribution of the VO2þ Species Formed from the Biotransformation of an Insulin-Enhancing Agent
at Concentrations of 1 and 50 μM and pH 7.4a

6-mepic pic acac dhp

concentration (μM) 1 50 1 50 1 50 1 50

(VO)hTf 91.9 (93.0) 10.6 (9.1) 91.8 (92.9) 10.9 (9.4) 91.9 (93.0) 10.7 (9.4) 89.1 (89.7) 14.9 (15.0)

(VO)2hTf 2.7 (2.2) 79.5 (83.0) 2.7 (2.2) 77.9 (81.2) 2.7 (2.2) 78.9 (82.4) 2.6 (2.6) 4.2 (4.3)

(VO)hTf(lact) 4.4 (4.4) 0.5 (0.4) 4.4 (4.4) 0.5 (0.5) 4.4 (4.4) 0.5 (0.4) 4.2 (4.3) 0.7 (0.7)

(VO)2hTf(lact)2 0.0 (0.0) 0.2 (0.2) 0.0 (0.0) 0.2 (0.2) 0.0 (0.0) 0.2 (0.2) 0.0 (0.0) 0.0 (0.0)

(VO)2
dHSA 0.3 (0.3) 2.8 (4.1) 0.3 (0.3) 2.6 (3.7) 0.3 (0.3) 2.7 (3.8) 0.3 (0.3) 0.1 (0.1)

(VO)xHSA 0.0 (0.0) 1.9 (2.3) 0.0 (0.0) 1.8 (2.1) 0.0 (0.0) 1.8 (2.2) 0.0 (0.0) 0.0 (0.0)

(VO)xIgG 0.6 3.9 0.6 3.7 0.6 3.8 0.6 0.1

VO(6-mepic)(HSA)(OH) 0.0 (0.0) 0.0 (0.0)

VO(6-mepic)(IgG)(OH) 0.0 0.0

(VO)hTf(pic) 0.1 (0.1) 0.4 (0.4)

(VO)2hTf(pic)2 0.0 (0.0) 0.1 (0.1)

cis-VO(pic)2(HSA) 0.0 0.0 (0.1)

cis-VO(pic)2(IgG) 0.0 0.0

[VO(pic)(lactH�1)]
� 0.0 (0.0) 1.3 (1.6)

[VO(carrier)2] 0.0 (0.0) 0.0 (0.1) 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.8 (0.9) 1.7 (1.7) 44.3 (46.2)

cis-VO(dhp)2(hTf) 0.0 (0.0) 0.4 (0.4)

cis-VO(dhp)2(HSA) 1.3 (1.3) 31.9 (33.3)

cis-VO(dhp)2(IgG) 0.1 3.4

[VO(lactH�1)2]
2� 0.1 (0.1) 0.5 (0.7) 0.1 (0.1) 0.5 (0.6) 0.1 (0.1) 0.5 (0.6) 0.1 (0.1) 0.0 (0.0)

[VO(OH)3]
� 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.0 (0.0)

aBetween round parentheses the percent composition obtained when the complexes with IgG are not considered. For log β, the values reported in ref 16
and in this work were used. The concentrations of IgG and the other components were those reported by Hamilton in ref 11 and by Harris in ref 10: for
hTf a concentration of 25.9 μM was used to take into account the fraction of transferrin involved in iron complexation.
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Orvig and co-workers reported that during phases I and IIa the
administration of various amounts of [bis(ethylmaltolato)-
oxidovanadium(IV)] (BEOV) to volunteers resulted in different
maximal systemic concentrations of vanadium.2d,57 These con-
centrations depend on, besides the administered dose, the
chemical form of vanadium: particularly, inorganic salts are
adsorbed less effectively than chelated complexes. Smith et al.
administered increasing doses of inorganic salts of vanadium, but
they did not measure the vanadium concentration in the blood.58

In rats higher concentrations of [bis(maltolato)oxidovana-
dium(IV)] (BMOV) resulted in higher concentrations of vana-
dium in the blood.59 Since we are interested in humans, we refer
to very low concentrations of vanadium in the blood, around a
few micromolar, at least if we consider the concentrations
effectively measured during phases I and IIa of clinical trials of
BEOV. On this basis, it is reasonable to assume that the
concentration of an insulin-enhancing vanadium compound in
the blood serum should be not higher than some tens of
micromolar. In Table 4, the results for two possible values (1
and 50 μM) are summarized. It is plausible that the latter is
higher than the real value in the organism, but it may help to
understand which is the trend in the biodistribution processes of
an insulin-enhancing drug when its concentration in the blood
reaches the maximum value. The data are compared with those
obtained when the interaction of VO2þ ion with immunoglobu-
lin G is not considered. It must be pointed out that since under
normal conditions 30% of the binding sites of transferrin are
occupied by Fe3þ,60 a concentration of 25.9 μM was used as
really available for vanadium complexation.

From the data the usual classification in weak, intermediate,
and strong carriers emerges. When the concentration of insulin-
enhancing compound is around 1 μM, almost all of the VO2þ ion
(∼ 99%) exists in the forms (VO)hTf (main species) and
(VO)2hTf (secondary species) in the case of weak (6-mepic)
or intermediate (pic, acac) organic carriers; only when the
carrier is strong (dhp) this percentage slightly lowers to ∼96%.
This is agreement with the results proposed by Kiss and
co-workers.12,52

When the concentration of insulin-enhancing drug is around
50 μM, the importance of the ternary complex (VO)hTf(lact)
decreases and (VO)2hTf becomes prevalent with respect to
(VO)hTf. Moreover, the percentage of the species in which
VO2þ is bound to HSA or IgG and of the undissociated form
[VO(carrier)2] increases; in particular, if the carrier is weak or
intermediate the amount of vanadium bound in the binary and
ternary species with albumin and immunoglobulin G is about 8%,
whereas if it is strong this increases to 35.5%. Interestingly, for
dhp, the whole of [VO(dhp)2], cis-[VO(dhp)2(H2O)], and cis-
VO(dhp)2(Protein) (where Protein indicates hTf, HSA, or IgG
bound to VO2þ by a surface histidine-N) reaches 80.0%.
Examination of Table 4 shows that the species (VO)xIgG can

be neglected only when the concentration of insulin-enhancing
agent is around 1μM, but it must be taken into account for higher
concentrations; in the case of 6-mepic, pic, and acac, for a VO2þ

concentration of 50 μM the calculated percentage is about 4%.
For dhp, as mentioned above, a great importance is held by
the complexes with stoichiometry cis-VO(carrier)2(Protein);
from the values obtained, the order of the relative amount,

Figure 8. Percent distribution of VO2þ ion between hmm and other components in the blood at pH 7.4 when themetal ion concentration is 50 μM: (a)
6-mepic, (b) pic, (c) acac, and (d) dhp. For each carrier, on the left are shown the results when IgG is included and on the right when it is neglected. The
sum of the VO2þ species bound to hTf (ΣhTf) is represented in blue, to HSA (ΣHSA) in purple, to IgG (ΣIgG) in yellow, and to other ligands such as
carrier and lactate (Σother) in green.
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cis-VO(carrier)2(HSA). cis-VO(carrier)2(IgG) > cis-VO(carrier)2
(hTf), follows the concentration of the hmm components in
the blood.
In Figure 8 the distribution of VO2þ between the species

formed by hmm bioligands and other components (carrier and
lactate) in the blood is graphically represented; for each carrier,
on the left are shown the results when IgG is included in the
calculations and on the right those obtained when it is neglected.
It is evident that a significant competition between hTf, HSA, and
IgG for VO2þ complexation exists, and in all four cases the
percentage of vanadium present as (VO)xIgG when the con-
centration of the insulin-enhancing compound is 50 μM is lost by
(VO)hTf and (VO)2hTf on one hand and by (VO)xHSA and
(VO)2

dHSA on the other. For example, with 6-methylpicolinate,
3.9% of vanadium coordinated to IgG comes from transferrin
(1.9%) and albumin species (1.7%) but the sum of the species
formed by hTf, HSA, and IgG remains almost unchanged (99.4%
vs 99.1%).

’CONCLUDING REMARKS

The results of this work demonstrate that, differently from the
data in the literature which report no interaction of immunoglo-
bulins with vanadium, IgG binds VO2þ ion with at least three
sites with comparable affinity to form a species (VO)xIgG with x
= 3�4. It is probable that such sites are not specific and similar to
those of albumin (histidine-N and glutamate/aspartate-O�) with
the possible participation of one serine/threonine-O� rather
than one tyrosine-O� or cysteine-S�. The value of the stability
constant of (VO)xIgG is much lower than that of hTf and
comparable to that of HSA, and the slightly higher concentration
of IgG with respect to transferrin (84 vs 37 μM) is not able to
compensate for the difference in affinity. Therefore, the state-
ment that in physiological conditions VO2þ is bound almost
exclusively to hTf is still valid; however, with increasing the
concentration of VO2þ in the blood serum the percent amount of
(VO)2

dHSA, (VO)xHSA, and (VO)xIgG also increases.
Examination of the ternary systems formed by IgG with

human serum transferrin (hTf) and human serum albumin
(HSA) allows one to find that the order of complexing strength
is hTf . IgG ≈ HSA. The mean value for the association
constant (log β) of (VO)xIgG is 10.3( 1.0. The behavior of the
systems with IgG and four potent insulin-enhancing agents, like
[VO(6-mepic)2], cis-[VO(pic)2(H2O)], [VO(acac)2], and
[VO(dhp)2], is very similar to that of the corresponding systems
with albumin. In particular, at the physiological pH value, com-
plexes with identical stoichiometry VO(6-mepic)(IgG)(OH), cis-
VO(pic)2(IgG), and cis-VO(dhp)2(IgG) are formed. In such
species, IgG coordinates nonspecifically VO2þ ion through an
imidazole-N belonging to a histidine residue exposed on the
protein surface. For cis-VO(dhp)2(IgG), log β = 25.6 ( 0.6,
comparable with that of the analogous species formed by trans-
ferrin and albumin, cis-VO(dhp)2(hTf) and cis-VO(dhp)2(HSA).

With the stability constants of the compounds formed by IgG,
the predicted percent distribution of the main species formed
after biotransformation of the insulin-enhancing agents at phy-
siological conditions can be calculated. When their concentration
is about some tens of micromolar, the percentage of binary species
formed by IgG, (VO)xIgG, is small but cannot be neglected;
moreover, for dhp, the mixed species cis-VO(carrier)2(IgG),
cis-VO(carrier)2(HSA), and cis-VO(carrier)2(hTf) have a parti-
cular importance.

On the basis of the results discussed in this work the following
conclusions can be drawn: (i) in principle, any protein provided
with histidine and glutamic/aspartic acid residues exposed on its
surface may bind VO2þ ion forming binary species with stoichio-
metry (VO)x(Protein), with x variable in dependence on the
number of such residues; (ii) imidazole-N belonging to surface
histidines can replace the water molecules coordinated in the
equatorial plane of an insulin-enhancing agent or of a species
derived from its biotransformation at physiological pH, yielding
the corresponding mixed species; in particular, when the geo-
metry of the insulin-enhancing compound in aqueous solution is
cis-octahedral, histidine-N replace the equatorial water molecule
of cis-[VO(carrier)2(H2O)] (where carrier is, for example,
picolinic acid or 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone) to
form species with cis-VO(carrier)2(Protein) composition that, as
noticed by Orvig and co-workers,21 can contribute significantly
to the transport processes toward the target organs. We believe
that these conclusions are generalizable to whatever protein. Of
course, it is desirable that other studies, for example, UV�vis,
CD, and ultrafiltration measurements, could confirm these
results.
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