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ABSTRACT: The interaction of V'YO*" ion with hemoglobin (Hb) was studied with
the combined application of spectroscopic (EPR), spectrophotometric (UV—vis), and
computational (DFT methods) techniques. Binding of Hb to VYO in vitro was
proved, and three unspecific sites (named a, 3, and y) were characterized, with the
probable coordination of His—N, Asp—O7, and Glu—O~ donors. The value of log f for
(VO)HD is 10.4, significantly lower than for human serum apo-transferrin (hTf). In the
systems with V'O potential antidiabetic compounds, mixed species cis-VOL,(Hb) (L =
maltolate (ma), 1,2-dimethyl-3-hydroxy-4(1H)-pyridinonate (dhp)) are observed with
equatorial binding of an accessible His residue, whereas no ternary complexes are
observed with acetylacetonate (acac). The experiments of uptake of [VO(ma),],
[VO(dhp),], and [VO(acac),] by red blood cells indicate that the neutral compounds
penetrate the erythrocyte membrane through passive diffusion, and percent amounts
higher than 50% are found in the intracellular medium. The biotransformation of
[VO(ma),], [VO(dhp),], and [VO(acac),] inside the red blood cells was proved.
[VO(dhp),] transforms quantitatively in cis-VO(dhp),(Hb), [VO(ma),] in cis-VO(ma),(Hb), and cis-VO(ma),(Cys-S~), with
the equatorial coordination of a thiolate-S™ of GSH or of a membrane protein, and [VO(acac),] in the binary species (VO),Hb
and two VYO complexes with formulation VO(L',L*) and VO(L*L*), where L', L?, L?, and L* are red blood cell bioligands. The
results indicate that, in the studies on the transport of a potential pharmacologically active V species, the interaction with red
blood cells and Hb cannot be neglected, that a distribution between the erythrocytes and plasma is achieved, and that these
processes can significantly influence the effectiveness of a V drug.

B INTRODUCTION the target organs, and the in vivo form are not fully known and
have been recently reviewed.>”~'* The transformation of a V
compound in the organism and the distribution between the
bioligands of the blood is an important aspect of the drug
metabolism and mechanism of action. These processes are

Vanadium plays a number of roles in the biological systems and
has been found in many naturally occurring compounds.' In
humans, V compounds exhibit a wide variety of pharmaco-
logical properties, and many complexes have been tested as
antiparasitic, spermicidal, antiviral, anti-HIV, antituberculosis,
and antitumor agents.” Particularly, vanadium has been proved
to be one of the most efficient metal ions with potential
antidiabetic activity.> Because of this insulin-like effect, the most
important pharmacological application of vanadium com-
pounds is their potential use in the therapy of patients suffering
from type I diabetes mellitus.* A class of very promising
complexes consists of neutral V'VO complexes with bidentate
anionic ligands L~ (L is named also organic carrier) with participation of other proteins such as HSA and immunoglo-
composition VOL,. Bis(maltolato)oxidovanadium(IV) (or bulin G (IgG) and the formation of mixed complexes between
BMOV) became the benchmark compound for the new the insulin-enhancing VOL, compounds and hTf, HSA, or IgG
molecules with antidiabetic action,”’ and its derivative has been recently demonstrated.”*~"* When the arrangement
bis(ethylmaltolato)oxidovanadium(IV) (or BEOV) got to of V compound in aqueous solution at pH 7.4 is cis-octahedral,
phase Ila of the clinical trials.®
The biotransformation of the antidiabetic complexes in the Received: September 18, 2013
blood, the mechanism with which vanadium is transported to Published: January 17, 2014

related to the thermodynamic stability of the vanadium
complexes and to the interaction with the proteins (human
serum apo-transferrin (hTf), human serum albumin (HSA),
and immunoglobulins (Ig)) and low molecular mass ligands
(lactic acid (Hlact) and citric acid (Hscitr)) of the blood
serum."’ Until a few years ago, it was believed that all VIYO?**
ion was transported toward the target organs as binary
complexes with hTf ((VO)hTf and (VO),hTf),”">"* but the
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Scheme 1. Structures of the Three Potential Antidiabetic V Compounds at Physiological pH: (a) cis-[VO(ma),(H,0)], (b)
[VO(dhp),] and cis-[VO(dhp),(H,0)] in Equilibrium with Each Other, and (c) [VO(acac),]
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HSA and IgG form species with stoichiometry cis-VOL,(HSA)
and cis-VOL,(IgG) through the coordination of an accessible
His-N, which replaces the water molecule occupying the fourth
equatorial position."* Concerning the type of complexes
formed with hTf, no general consensus exists in the literature,
and the formulation cis-VOL,(hTf) with the coordination of a
His-N in the fourth equatorial position,'* and (VO)(hTf)(L)
or (VO),(hTf)(L),, with the binding of VOL" unit at the iron
binding sites, was proposed.”!134¢

The participation of erythrocytes in the transport of
inorganic V'VO*" ion and antidiabetic VOL, compounds has
been considered previously but never described in detail. It has
been demonstrated that V'VO?' ion may be transported
through the erythrocyte membrane by the divalent metal
transporter 1 protein (DMT1, also known as Nramp2, which
carries iron into the cells of the gastrointestinal system and out
of endosomes in the transferrin cycle).'® Furthermore, Yang et
al. proved that [VO(ma),] and [VO(acac),] enter the cells
through passive diffusion and have an absorption kinetically
quicker than NaV'O,'® which in its turn is transported
through the anion channels. The amount of vanadium
associated to the red blood cells is not clear,'”” and several
studies were published about the distribution of V between
blood serum and erythrocytes. Even if none of them appear to
be definitive, the ratio depends on the rates of influx and efflux
across the cell membrane, on the redox reactions in the
erythrocytes between VY and V"V (reduction of VIV to V' is
usually neglected), and on the binding of V' and V" to the
available bioligands.'® Electrophoresis suggested that about
77% of vanadium is associated with the serum fraction,
regardless of the chemical form initially injected,'® but a
general analysis of the data available in the literature suggested
that in mammals the ratio between V in the plasma and
erythrocytes is in the range 90:10—95:5;' however, experi-
ments with Na;*VO, showed that the V concentration in the
red blood cells can exceed that in the extracellular medium
from 4- to 18-fold.*® Furthermore, the availability to the target
cells of the V associated to the erythrocytes is not known.'

Most of the experimental studies indicate that, inside the
erythrocytes, VIYO*" ion is bound mainly to hemoglobin
(Hb),*"** whose concentration is about 330 mg/mlL,
corresponding to 5.1 mM.”® Therefore, Hb appears to be the
main candidate for the interaction with V compounds in the red
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blood cells. The level of VIYO*" bound to Hb was diminished
by addition of adenosine S§'-triphosphate (ATP) and 2,3-
diphosphoglycerate, suggesting that other intracellular biol-
igands can compete with hemoglobin.**

In this work, the interaction of VIVO** jon and three
important potential antidiabetic VYO compounds ([VO(ma),],
[VO(dhp),], and [VO(acac),], with Hma that indicates maltol,
Hdhp, 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone, and Hacac,
acetylacetone, see Scheme 1) with hemoglobin and red blood
cells was studied by spectroscopic (EPR spectroscopy),
spectrophotometric (UV—vis), and computational (DFT
methods) techniques.

The main goals of the present study were (i) the examination
of the binary system VVO*'/Hb to establish the type of
interaction between VVO** ion and hemoglobin; (ii) the
examination of the ternary system VVO?*/Hb/hTf to evaluate
the relative strength of these two proteins toward V'VO>; (iii)
the examination of the ternary systems V'VO>'/Hb/carrier,
where carrier is ma, dhp, and acac; and (iv) the examination of
the uptake of [VO(ma),], [VO(dhp),], and [VO(acac),] by
red blood cells to establish if and in which amount the
antidiabetic V species can cross the erythrocyte membrane and
which is the distribution of VYO complexes between the
plasma and intracellular medium. The experiments on the
uptake of antidiabetic VOL, compound by red blood cells were
compared to those with vanadate(V). The results may provide
new insights on the transport of the potential antidiabetic V
complexes in the organism and explain, at least partly, their
mechanism of action and the different effectiveness. In fact,
such an effectiveness depends on the amount reaching the
target organs, which in its turn is related to the distribution
between the blood serum and erythrocytes.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Chemicals. Water was deionized prior to use through the
purification system Millipore Milli-Q Academic. VVO** solutions
were prepared from VOSO,3H,O following literature methods.**
NaVO; was used as a source for vanadium(V). Human serum apo-
transferrin (hTf) and hemoglobin (Hb) were purchased from Sigma.
Hb (Sigma H7379) and hTf (Sigma T4283) have a molecular mass of
64.5 and 76—81 kDa, respectively. The product specification sheet
accompanying Hb states that this contains 0.31% of iron, which
corresponds to a saturation of the iron sites of about 95%. Other
chemicals, that is, 3-hydroxy-2-methyl-4H-pyran-4-one or maltol
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(Hma), 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone (Hdhp), acetylace-
tone (Hacac), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 1-methyimidazole (1-Melm), glutathione reduced (GSH),
3-mercaptopropionyl sulfonic acid (3-mps), 4-(2-pyridylazo)-resorci-
nol (PAR), (EDTA), NaHCO;, NaCl, NaH,PO,, and glucose, were
Aldrich or Fluka products of the highest grade available and used as
received.

Preparation of the Solutions for EPR Measurements. The
solutions were prepared by dissolving in ultrapure water VOSO,-3H,0
to obtain a VYO concentration between 3.1 X 10 and 1 X 107 M.
Argon was bubbled through the solutions to ensure the absence of
oxygen and avoid the oxidation of VVO* ion. To the solution
containing the metal ion an appropriate amount of the eventual ligand
(Hma, Hdhp, or Hacac) and HEPES were added. The ratio between
the organic carriers and VYO ion was 2.

Subsequently, pH was raised to ca. 5.5, and, in the system with apo-
transferrin, NaHCO; was dissolved (the presence of NaHCOj; as
synergistic anion is necessary for vanadium coordination to hTf;*® it is
present in high excess in comparison with vanadium, and it is enough
for the VYO binding, despite that a fraction of bicarbonate can be
lost as CO, because of the low pH of the solution). To 1 mL of this
solution, again carefully purged with argon, Hb and hTf were added to
obtain a concentration in the range (1.25—3.1) X 10™* and 2.5 X 107
M, respectively. Subsequently, pH was adjusted to ca. 7.4. The
stabilization of the pH value indicated that the equilibrium was
reached (this happens almost immediately after the addition of hT¥).
The final concentration of HEPES and NaHCO; was 1.0 X 107! and
2.5 X 107> M (corresponding to the concentration in the blood). EPR
studies performed on the model systems prove that HEPES and
NaHCOj; do not interact with VIYO?* ion at the conditions used for
the experiments.

The model systems VVO* /carrier, VVO* /carrier/1-Melm, and
VYO /carrier/L' (with L' being an erythrocyte bioligand, see Table 3)
were examined to study the binding of VYO species to Hb and the
biotransformation in the red blood cells.

Determination of the Binding Constants. The determination
of the binding constants for the species V'VO—protein and VVO—
carrier—protein is based on the displacement reaction of the
coordinated ligands.l‘ﬂ”26

For (VO)Hb with x = 2,3, analogously to what happens for
(VO) HSA with x = 5,6, the results indicate that the affinities of the
sites toward V'VO®" ion are very similar, and, therefore, only a mean
value for the binding constant can be calculated. Using the same
procedure and notation reported by Kiss and co-workers”'®
(explained in detail also in ref 14b), the value of log /8 can be referred
only to the species (VO)Hb:

VO** + Hb 2 (VO)Hb (1)

The value of log f can be determined through the reaction of
displacement between Hb and hTf:

(VO)hTf + Hb = (VO)Hb + hTf 2)
From reaction 2, it results that:

[(VO)Hb][hTI{]
[(VO)hTf][Hb]

= log f,((VO)hTI) + log K;,

log S((VO)Hb) = log #,((VO)hTS) + log

©)

where Kp, indicates the constant for the displacement reaction. The
concentrations of (VO)hTf and (VO)Hb can be determined through
the double integration of the first-derivative EPR from the parallel
resonances M; = 5/2, 7/2, whereas those of hTf and Hb are from
simple stoichiometric considerations.'*"

The same procedure applies to the calculation of log # of the mixed
species cis-VO(ma),(Hb) and cis-VO(dhp),(Hb). As an example, we
report here the procedure used for the ternary complex of dhp, where
log B refers to the reaction:

VO** + 2dhp + Hb 2 (VO)(dhp), (Hb) (4)
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The value of log f is evaluated from the following displacement
reaction:

VO(dhp),(H,0) + Hb 2 (VO)(dhp),(Hb) + H,O ()

log f(VO(dhp), (Hb)) = log f3,(VO(dhp),)
[VO(dhp), (Hb)]

[VO(dhp), ) [Hb) — 08 A(VO(dhe),) + log Ky

(6)

In eq 6, log f, for [VO(dhp),] is known (22.83)° the
concentrations of VO(dhp),(Hb) and [VO(dhp),] can be obtained
measuring the intensities of their M; = §/2, 7/2 EPR resonances (see
Figure S) after the double integration of the first-derivative spectrum,
and that of Hb from stoichiometry.

Experiments with Red Blood Cells. The experiments with red
blood cells were carried out according to the procedures established in
the literature.”>* Blood was obtained following informed consent
from healthy adults and was kept into tubes containing EDTA. EDTA
was added to the whole blood and acts as an anticoagulant forming
soluble complexes with Ca** ions; since the plasma, containing the
soluble Ca—EDTA complex, was separated and discarded and the red
blood cells were washed three times with PBS solution containing
glucose (1.4 X 107" M NaCl, 5.0 X 10~ M NaH,PO,, 1.1 X 107> M
glucose; pH 7.40) before the incubation with vanadium solutions, the
interaction between EDTA and the V species can be ruled out.

Blood samples were immediately centrifuged for 10 min at 3000
rpm, and the plasma and buffy coat were removed and discarded. The
erythrocytes were resuspended in an equal volume of PBS containing
1.1 X 107> M glucose to ensure that the hematocrit value was
maintained. The erythrocyte suspensions were washed with PBS and
centrifuged three times.

The isolated erythrocytes were resuspended in PBS containing
glucose (see above) and were incubated at 37 °C and at pH 7.40 with
solutions containing vanadium(V) or [VO(ma),], [VO(dhp),], and
[VO(acac),] to obtain a final V concentration in the extracellular
medium of 9.1 X 10™* M. Aliquots were taken at different time points
(1,2, and 3 h) and centrifuged for 10 min at 3000 rpm to separate the
solution from the erythrocytes. The erythrocytes were washed three
times with PBS, transferred into quartz tubes, frozen at 120 K, and the
EPR spectra were recorded. Even if the freezing produces erythrocyte
lysates, the measured EPR spectra coincide with those of intact red
blood cells. On the extracellular medium, the quantitative
spectrophotometric determination of V was carried out (see below).

Determination of Vanadium in the Extracellular Medium. To
establish the amount of vanadium that crosses the erythrocyte
membrane, the V concentration in the extracellular medium was
determined. A selective and sensitive spectrophotometric determi-
nation of total vanadium in an aqueous solution is based on the
reaction with 4-(2-pyridylazo)-resorcinol (PAR).*® The limit of
detection of the method is 0.0028 ug/mL.>' PAR (L) forms with
vanadium(V) an anionic complex [VYO,L]™ in the pH range 4.5—8.0
with an absorption maximum at 4,,,, = 542 nm and ¢, = (3.6—3.7) X
10* L mol™" em™.** In slightly acidic or neutral solution and at high
temperatures, vanadium(IV) is oxidized very quickly by atmospheric
oxygen; therefore, at the conditions used in the experiments (pH 7.4
and 37 °C), the oxidation of VIV to VV is rapid and quantitative, and
the determination of total V can be carried out measuring the
absorbance at 542 nm. This was verified carrying out calibration curves
for V¥ and [VO(ma),].

Spectroscopic Measurements. EPR spectra were recorded with
an X-band (9.4 GHz) Bruker EMX spectrometer equipped with a HP
S3150A microwave frequency counter. Anisotropic spectra were
recorded on frozen solutions at 120 K. The 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. To increase the signal-to-
noise ratio, signal averaging was used.*® As usual for the analysis of the
EPR spectra, * in all of the figures reported in this Article, only the
high field region is shown, the part more sensitive to the identity and
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Table 1. Possible Coordination Modes and EPR Parameters for Hemoglobin Sites”

coordination? ARccly
COO glu/aqp H20, H,0, H,O —74.6
COO_Glu/Aspr H,0, H,0, H,0, H,0™ —71.8
COO™ g/asp COO Gru/asy H,0, H,O —63.2
Niio(ll), COO ™ gy/asp H20, H,O —68.0
Nyis(L), COO™gru/asp H20, H,O —68.4
Ny (1), COO™G/asqy COO giuyagy HaO —594
Nyi(L), COO™gy/aqy COO™ Gy H2O —59.6
Nuis([1); Nuio(L), COO™gpy/aqy H20 —64.2
NHis(”)l NHis(”)) COO_Glu/AspI H,O0 —60.2
Nyio(ID, Nigio(L), COO™ giy/asy COO™Gruasp —55.8
Niio(I), Nigio(I1), COO™g1y/agn COO Gl -52.7

Aycalcdc Azca]cdc Azexptl dev.?
—743 -176.1 —-170.1¢ 3.5
—70.3 —171.4 —170.1¢ 0.8
—60.1 —165.5 —170.1¢ 2.7
—64.1 —-167.8 —166.8" 0.6
—65.6 —169.0 —166.8" 1.3
—57.0 —-161.7 —166.8" -3.1
—56.1 —~159.8 —166.8" —42
—60.8 —164.9 —163.3% 1.0
—57.4 —-162.0 —163.3% -038
—54.8 —1589 —163.3% 2.7
—52.1 —-156.6 —163.3¢ —4.1

“All values are in 107 cm™". “In bold are indicated the more likely coordination modes. “Calculated with Gaussian software at the level of theory
BHandHLYP/6-311g(d,p). @Percent deviation from the experimental value calculated as 100 x (1A — |4 [=%) /|A =P, <Site o (g.= 1.949).7Site

B (g, = 1.952). &Site y (g, = 1.953).

to the amount of the several species in solution. Spectrophotometric
measurements were carried out with a Perkin-Elmer Lambda 35
spectrophotometer, and the absorption maximum of [VVO,L]™ was
read at A, = 542 nm.

DFT Calculations. The coordination environment of V'VO** ion
bound to Hb was described performing DFT simulations with
Gaussian 09 (revision C.01) software.®® The metal sites of the
vanadium in Hb were simulated using 1-methylimidazole for histidine
nitrogen (Ny;) and acetate for carboxylate group of glutamate and
aspartate (COO™ gy/aqp)- The symbols (||) and (L) indicate a parallel
(10° in the calculations) and perpendicular (70° in the calculations) of
the imidazole ring of histidine with respect to the V=0 bond. The
interaction of cis-[VO(ma),(H,0)] and cis-[VO(dhp),(H,0)] with
His-N and Cys-S™ was modeled using 1-MeIm and Ac-Cys-NHCHj,
respectively.

All of the structures were optimized in water with the hybrid
exchange-correlation functional B3LYP,*® and a general basis set
obtained using 6-311g for V, C, H, N, and O and 6-311+g(d) for S
atoms. This choice ensures a good degree of accuracy in the prediction
of the structures of first-row transition metal complexes,®” and in
particular of vanadium compounds.38 The solvent (H,0) effect was
simulated within the framework of the polarizable continuum model
(PCM),*® whose performance was well established in the
literature.>**®* For all of the structures, minima were verified
through frequency calculations.

The 'V A tensor was calculated using the functional BHandHLYP
(as incorporated in Gaussian) and 6-311g(d,p) basis set with Gaussian
09,% or using the functional PBE0* and VTZ basis set with ORCA
software,** according to the procedures previously published. **** 4 It
must be taken into account that for a VIO species, the A, value is
usually negative, but in the literature its absolute value is often
reported. The theory background was described in detail in refs 44d
and 44e. The percent deviation from the absolute experimental value
was calculated as: 100 X (1A, — |A_|=P1) /|A | (see Tables 1 and
2).

B RESULTS AND DISCUSSION

Interaction of the VVO?" lon with Hemoglobin. The
choice of studying the system V'VO**/hemoglobin was due to
the high concentration of hemoglobin (even if restricted to the
erythrocyes) in the blood, 330 g/L,*” if compared to that of hTf
(1.8-2.7 g/L),*® HSA (35-50 g/L),** and IgG (7.7-20 g/
L).* The study was carried out on the basis of our previous
experience about the interaction between V'VO?* ion and the
blood serum proteins, such as transferrin, albumin, and
immunoglobulin G.'**

Most of the experimental evidence in the literature indicates
that inside the erythrocytes, V'VO** is bound mainly to
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hemoglobin.*"** As a preliminary step, the EPR spectrum of
Hb has been recorded to verify if the signals due to Fe* may
cover or interfere with those of VIVO** (Figure S1 of the
Supporting Information). As pointed out in the Experimental
and Computational Section, the percent saturation of the iron
sites is about 95%. EPR spectra recorded on frozen solutions
containing V'VO?* and Hb revealed that hemoglobin is able to
coordinate this metal ion (Supporting Information Figure S1,
trace b). It can be observed that the signal due to Fe®' is
present only in the low field region (270—310 mT) and does
not interfere with the resonances of the first z component of
the anisotropic spectrum of V'VO* ion (M; = —7/2).

Anisotropic EPR spectra with V'VO?'/Hb molar ratios
between 1/1 and 8/1 were recorded. In Figure S2 of the
Supporting Information, the intensity of the EPR signals at
physiological pH of the last two parallel bands (M; = 5/2 and
7/2) is reported as a function of this ratio. It emerges that the
highest intensity of the EPR signals is obtained when the
concentration of V'VO*' is twice that of hemoglobin (2/1
ratio). This would suggest that two or three sites are available
for the metal coordination.

The high field region of the EPR spectra of the binary system
VYO /Hb recorded at pH 7.4 with different molar ratios is
reported in Figure S3 of the Supporting Information.

From an examination of the EPR spectra in Supporting
Information Figure S3, it can be deduced that there are at least
two different types of signals, depending on the V'YO**/Hb
ratio. The M; = 7/2 resonance appears to be large and
asymmetric and can account for the presence of at least two
VO™ species with different coordination mode and A, of
166.8 and 163.3 X 10~ cm™ (Table 1). However, it cannot be
excluded that, under the large band centered around 408 mT,
there are resonances belonging to other sites; therefore, in
analogy to what was recently reported for albumin,® the
stoichiometry of the binary complex VVVO**—Hb will be
indicated with (VO),Hb, x = 2—3. We named the two sites
detectable by EPR at pH 7.4 § and . By a comparison of the
four spectra reported in Supporting Information Figure S3, it
can be argued also that, by increasing the metal to ligand ratio,
the M = 7/2 resonances are subjected to a slight shift toward
higher magnetic field values, suggesting the presence of a set of
weaker donor atoms. The spectral parameters are reported in
Table 1. On the basis of the values of the 'V hyperfine
coupling constant on the z axis (4,), the coordination of
VYO in the specific iron sites, that is, the heme groups, can be
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excluded because it would give rise to a spectrum with a
characteristic A, value in the range (154—159) X 10™* cm™.*

Once the optimal metal to ligand ratio was determined
(characterized by the most intense EPR signal), the EPR
spectra with molar ratio 2/1 were measured at different pH
values (Figure 1).

+

(VO)HBP!
(VO)Hb*

390 400 410 420 430

Magnetic field / mT

T
380

[
370

Figure 1. High field region of the X-band anisotropic EPR spectra
recorded as a function of pH on frozen solutions (120 K) containing
VO /Hb with the 2/1 ratio and V?YO* 6.2 X 10™* M: (a) pH 7.40;
(b) pH 6.30; and (c) pH 5.00. With the dotted lines the M; = 7/2
resonances of the three coordination sites a, f3, and y (denoted with

(VO)HbY, (VO)HD’, and (VO)HD?) are indicated.

From the analysis of the spectra, a shift at lower magnetic
fields of the M; = 7/2 resonances with increasing pH value is
evident. This means that VIVO*" is coordinated by stronger
donor atoms at physiological than at acidic pH and that such
donors undergo protonation when the pH is lowered at values
<S. An amino acid residue possibly involved in the metal
binding is histidine, whose pK, value of ca. 6 is only slightly
lowered when the coordination of His-N is monodentate; for
example, Chasteen and co-workers observed the resonances of
site B of carboxypeptidase A (only Glu-72 coordinated) at pH
< S and those of site A (Glu-72, His-69, and His-196
coordinated) at pH > 5, in agreement with what is reported in
Figure 1.* For hemoglobin, the site occupied at pH § is named
a, and in it, probably, the His-N are partly protonated and the
coordination is due to less basic donors such as the carboxylate
groups of aspartate and glutamate residues; however, at this pH
value, the imidazole nitrogens of histidines start to undergo
deprotonation and contribute to the VYO** coordination
(shoulder at low-field of the M; = 7/2 resonance of site &, see
trace c of Figure 1). With increasing pH, the site a transforms
into f# and y (see above) after the deprotonation of His-N, and
the resonances of both of these sites are observed at pH 7.4

(Figure 1, trace a). The change in the relative spectral intensity
from pH 6.3 to 7.4 (cf,, traces a and b of Figure 1) suggests that
in the site y the number of His-N bound to VIYO?* may be
larger than that in the site f.

It is possible to advance plausible hypotheses about the
donor atoms coordinated to vanadium by using DFT
calculations on VO model complexes. This approach
consists of the comparison of the experimental anisotropic
SV hyperfine coupling constant (A,*?") with that of a model
species (A,“'d) calculated by DFT methods (see “DFT
calculations” in the Experimental and Computational Section)
and has been recently applied with excellent results to the study
of the chemical environment of VVO*' ion in several V
proteins.*’ Using the functional BHandHLYP and the basis set
6-311g(d,p), it is possible to calculate the A, value for a VVVO**
complex with an average deviation from the experimental value
lower than 3%.*** Moreover, if the optimization is performed
in water, simulating the effect of the solvent with the polarizable
continuum model (PCM), the prediction of A, is further
improved.*' The results of DFT calculations are reported in
Table 1.

The examination of the data in Table 1 allows us to advance
the following hypotheses. (i) For the site a, observed at pH 5.0,
the most likely coordination mode seems to be that of a COO™
group of glutamate or aspartate with three water molecules in
equatorial position and one axial (Figure 2a). At such a pH
value, all of the carboxylic groups of Glu and Asp should be in
the deprotonated form, being characterized by a low pK,. This
coordination mode has been postulated for sites B of V-
carboxypeptidase*” and V-insulin.*® (i) At pH higher than $,
the deprotonation of a first His residue that replaces a water
molecule yields the resonances attributable to the VVO?**
coordination in the site # (Figure 2b). In the literature, it has
been shown that the orientation of the imidazole ring relative to
the V=0 double bond (parallel (||) or perpendicular (L))
influences the A, value.**™® Therefore, both possibilities were
examined. From the data in Table 1, it is impossible to establish
which of the two options is more likely, even if the complex
with a parallel orientation of the imidazole ring gives a slightly
better agreement (0.6 vs 1.3% in comparison with the
experimental value). Moreover, the parallel arrangement is
more stable than the perpendicular one in the absence of any
significant interaction with the other residues of the
polypeptide chain. (jii) Finally, the further decrease of the A,
value, at physiological pH, could be explained with the
coordination of a second His residue, which would replace
another water molecule (site y). Also, in this case, different
combinations regarding the orientation of the imidazole rings
relative to the V=0 bond were considered. The models that
give A, values closer to the experimental one are those with the

9 9
9 ? J ;’Qf
Glu/Asp j
) 3 ‘—} 2
Glu/Asp
9 ? &
a

Figure 2. Optimized structures with DFT methods of the sites @ (a), # (b), and y (c) of hemoglobin. In all of the cases, the V'VO** binding to the

protein residues is stabilized by a network of hydrogen bonds.
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two imidazole rings parallel to V=0 (Figure 2c) and with one
ring parallel and another perpendicular.

From these data, it can be concluded that V'VO*" jon is not
bound by hemoglobin at the iron specific coordination sites,
that is, the heme groups, that there is no exchange between the
iron bound to the heme groups and the vanadium added, and
that no relevant redox reactions between these two ions are
observed. It is noteworthy that the VIYO*" coordination sphere
can be studied despite the presence of iron bound to
hemoglobin. The environment of the sites # and y of Hb is
similar to that of vanadium in the sites A of V-
carboxypeptidase47 and V-insulin,*® in the low and high pH
forms of V-carbonic anhydrase,™ in the multimetal binding site
(MBS) of V-albumin,*“** and in the unspecific sites of
immunoglobulin G."*

The Ternary System VVO?*, Hemoglobin, and Apo-
transferrin. The system V'VO?*/hTf was widely
studied.'3*25%263351 1 this work, the behavior of the ternary
vVO?* /Hb/hTf system at molar ratio 2/1/1 and 2/2/1 was
examined. The high field region of the EPR spectra recorded at
the physiological conditions is reported in Figure 3.

) f
/ (VO)Hb
\ (VO)HBP

390 400 410 420 430

Magnetic field / mT

I T
370 380

Figure 3. High field region of the X-band anisotropic EPR spectra
recorded on frozen solutions (120 K) containing various vVO* /Hb/
hTf molar ratios: (a) 2/0/1 (VVO** 5§ x 107+ M, hTf 2.5 X 107™* M);
(b) 2/1/1 (VVO* 5 x 107* M, Hb 2.5 X 10™* M, hTf 2.5 X 107* M);
(c) 2/2/1 (VVO** 3.1 x 107* M, Hb 3.1 X 10™* M, hTf 1.55 x 10~
M); and (d) 2/1/0 (VVO* 6.2 X 107 M, Hb 3.1 x 10™* M). With
the dotted lines the M; = 7/2 resonances of (VO),hTf and of the sites
S and y of Hb ((VO)Hb” and (VO)HD?) are indicated.

In the system with ratio 2/1/1, apo-transferrin is, in
principle, able to bind all vanadium present in solution in the
coordination sites of Fe’*, forming (VO),hTf. As a
consequence of the high thermodynamic stability of this
complex, almost all of the V'VO** ion binds to hTf (Figure 3b).
The larger stability of hTf than Hb species depends on the fact
the two binding sites of transferrin are specific for the metal
ions, ™% whereas hemoglobin (except heme groups occupied
by Fe?*) has only unspecific sites.

With increasing amount of Hb with respect to hTf, the
percentage of V''O** bound to Hb increases significantly
(Figure 3c). It must be noticed that at pH 7.4 both of the sites
P and y are occupied; this means that the thermodynamic
stability of the two sites is similar. From these data, knowing
the values of log 3 for the binary species of V'VO?* formed by
hTE£'>'* the mean value of the binding constant of (VO),Hb
is (see reactions 1 and 2 and eq 3 in “Determination of the
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Binding Constants” in the Experimental and Computational
Section):

log f((VO)Hb) = 104 = 1.0 (7)

The obtained value is comparable with that of immunoglo-
bulin G (log A((VO)IgG = 10.3),'* and is one order of
ma§r11£tl)ude larger than that of albumin (log S((VO)HSA =
9.1).

The Ternary Systems VVO?*, Hemoglobin, and
Organic carrier (carrier Maltol, 1,2-Dimethyl-3-
hydroxy-4(1H)-pyridinone, Acetylacetone). In the binary
system VVO?"/maltol with molar ratio 1/2, only the complex
cis-[VO(ma),(H,0)] exists at pH 7.4 (Figure 4d).>> The

(VO)HDP
(VO)Hb'

T
TN i
N\ |
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Figure 4. High field region of the X-band anisotropic EPR spectra
recorded on frozen solutions (120 K) containing: (a) V'VO**/Hb 2/1
(VVO* 6.2 x 107* M, Hb 3.1 x 10~* M); (b) VVO**/Hb/Hma 2/1/
4 (VVO* 62 x 107* M, Hb 3.1 x 107 M, Hma 1.24 X 107> M); (c)
VYO /Hma/1-Melm 1/2/4 (VVO* 1.0 x 107> M, Hma 2.0 X 1073
M, 1-MeIm 4.0 X 107> M); and (d) VVO*/Hma 1/2 (VVO* 1.0 x
107 M, Hma 2.0 X 107> M). With the dotted lines the M; = 7/2
resonances of cis-VO(ma),(Hb) and of the sites § and y of Hb
((VO)HV and (VO)HD) are indicated.

anisotropic EPR spectrum recorded in the ternary system
containing VV0O?*, Hb, and maltol at physiological pH shows
the presence of a species in high concentration and a small
amount of (VO),Hb (Figure 4b). The spectral parameters of
the main compound (g, = 1.947 and A, = 1654 X 10™* cm™")
are comparable with those of the ternary complex formed in the
system V'VO*, maltol, 1-methylimidazole (1-Melm), cis-
[VO(ma),(1-MeIm)] (g, = 1.948 and A, = 164.8 x 107*
em™),"*® for which a cis-octahedral coordination with an
equatorial position occupied by the nitrogen donor of 1-Melm
was demonstrated through spectroscopic, potentiometric, and
DFT results.'*%* Therefore, the EPR resonances observed in
the system with hemoglobin can be attributed to a mixed
complex cis-VO(ma),(Hb), characterized by an equatorial—
equatorial and equatorial—axial arrangement of the two
maltolate ligands and coordination of hemoglobin in the fourth
equatorial position through a His-N of the polypeptide chain
(Scheme 2).

The double integration of the first-derivative spectrum
allowed us to find the approximate percent amounts of cis-
VO(ma),(Hb) (~95%) and (VO),Hb (~5%). With these data,
using the procedure discussed in “Determination of the Binding
Constants” in the Experimental and Computational Section, log

B for VO(ma),(Hb) is:
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Scheme 2. Mixed Complexes Formed by Hemoglobin: (a)
cis-VO(ma),(Hb) and (b) cis-VO(dhp),(Hb)

Hb
— O
NH

H;C N
H;C o) \
(@) (b) CHs
log f(VO(ma),(Hb)) = 19.6 + 1.2 (8)

The value of 19.6 for log f# of VO(ma),(Hb) appears to be
plausible and comparable with those of cis-VO(ma),(hTf), cis-
VO (ma)z(HSA) and cis-VO(ma),(IgG), which are in the range
192-19.6."*

In Table 2, the comparison between the values of A,
calculated by DFT methods for cis-[VO(ma),(1-MeIm)] and
the experimental ones of the mixed species cis-VO-
(ma),(Protein) formed by hTf, HSA, IgG, and Hb is reported.
It must be noticed that the agreement is rather good, even if the
data of the simulations confirm the tendency of DFT
calculations to underestimate slightly A..

The potentiometric data indicate that, between pH § and 8,
in the binary system VIVO**/Hdhp the bis-chelated complex is
the main species in aqueous solution. It is present in the two
forms [VO(dhp),], square pyramidal, and cis-[VO-
(dhp),(H,0)], distorted octahedral.**>* The anisotropic EPR
spectrum recorded in the ternary system with V'YO**, Hb, and
Hdhp in aqueous solution at pH 7.4 shows the presence of a
species not detected in the systems V'VO**/Hb and VO**/
Hdhp (cf,, traces a, b and f of Figure S). The value of A, (162.7
X 107" cm™') is intermediate between that of cis-[VO-
(dhp)z(HzO)] (1662 x 107" cm™) and [VO(dhp),] (1574
x 107 cm™),*** and this indicates that the equatorial water
molecule in the cis-octahedral species is replaced by a stronger
donor. A, is practically coincident with that of cis-[VO(dhp),(1-
MeIm)] (163.0 x 107* cm™), whose existence was
demonstrated in the literature."**" Therefore, the stoichiometry
cis-VO(dhp),(Hb) is attributed to this mixed complex (Scheme
2).

From an examination of Figure §, it is evident that by using a
low Hdhp/Hb molar ratio (traces b and f), only the resonances
of the ternary species cis-VO(dhp),(Hb) are observable,
whereas at higher ratio (trace d) the enlargement of the

(VO)HbP

T T T T T 1
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Magnetic field / mT

Figure S. High field region of the X-band anisotropic EPR spectra
recorded on frozen solutions (120 K) containing: (a) V'VO*/Hb 2/1
(VVO? 62 x 107 M, Hb 3.1 x 10~* M); (b) VIYO**/Hb/Hdhp 2/1/
4 (VO™ 6.2 x 107* M, Hb 3.1 X 10~* M, Hdhp 1.24 X 1073 M); (c)
VvY0*/Hb/Hdhp 4/1/8 (VVO?* 1.0 X 107 M, Hb 2.5 X 107* M,
Hdhp 2.0 X 107 M); (d) VVO**/Hb/Hdhp 8/1/16 (VVO** 1.0 X
107 M, Hb 1.25 X 10~* M, Hdhp 2.0 X 107> M); (e) VVO**/Hdhp/
1-MeIm 1/2/4 (VYO* 1.0 X 107 M, Hdhp 2.0 X 107> M, 1-MeIm
4.0 x 107 M); and (f) VVO*/Hdhp 1/2 (VVO* 1.0 X 107> M,
Hdhp 2.0 X 107> M). With the dotted lines the M; = 7/2 resonances
of cis-VO(dhp),(Hb) and of the sites # and y of Hb ((VO)Hb’ and
(VO)HbY) are indicated.

resonances indicates the presence of the binary complexes of
Hdhp.

The behavior of the system V'YO**/Hb/Hdhp is comparable
with that of VVO**/hTf/Hdhp, VVO**/HSA/Hdhp, and
V0" /1gG/Hdhp, where the formation of cis-VO(dhp),(hTf),
cis-VO(dhp),(HSA), and cis-VO(dhp),(IgG) was proved.'**
In such species, an imidazole nitrogen of an accessible His
residue replaces the water molecule in cis-[VO(dhp),(H,0)]
and occupies the fourth equatorial coordination position.
Therefore, EPR spectra can be interpreted on the basis of a
mixture formed by cis-[VO(dhp),(H,0)] and [VO(dhp),], on
one hand, and cis-VO(dhp),(Hb), on the other (see trace b of
Figure S4 of the Supporting Information); in particular, the
spectrum recorded in the system V'YO?*/Hb/Hdhp with molar
ratio 8/1/16 can be reproduced considering 69% of VYO as
cis-VO(dhp),(Hb) and 31% as cis-[VO(dhp),(H,0)] and
[VO(dhp),]. Such data allow us to obtain an estimate of the
value of log f for cis-VO(dhp),(Hb):

Table 2. 5'V Hyperfine Coupling Constants Calculated by DFT Methods for VYO Species Formed by Histidine and Cysteine
Models (1-MeIm and Ac-Cys-NHCHj,) and Comparison with the Mixed Species Formed by V'VO?*', Hma, or Hdhp (carrier) and

the Blood Proteins”

Complex A b Asede Ao
cis-[VO(ma),(1-MeIm)] —162.6 —-161.2 —164.8
cis-[VO(dhp),(1-MeIm)] -160.7 —158.9 —-163.0
cis-[VO(ma),(Ac-Cys-NHCH;)]~ —158.3 —154.6 —158.1

“Values reported in 107*

A(WTH?  A(HSA)®  A(IgGY  A(Hb)®  Dev” Dev.
—164.7 —165.5 —164.6 —165.4 -13 —22
-163.3 —162.1 -162.6 —162.7 —14 -25

+0.1 -22

-l ba, calculated with Gaussian software at the level of theory BHandHLYP/ 6-311g(d,p). “A, calculated with ORCA

software at the level of theory PBEO/VTZ. A for cis-VO(carrier),(hTf). °A, for cis-VO(carrier),(HSA). A for cis- VO(carrter) (IgG). #A, for cis-

VO(carrier),(Hb).
[VO(ma),(Cys-S7)]™ (see Figure 10) expressed as 100 x (lA | —

Percent deviation of A, calculated with Gaussian from the experimental values for cis-[VO(carrier),(1 MeIm)] or cis-
|A,1=#1) /1A |*PY, "Percent deviation of A, calculated with ORCA from the
experimental value for cis-[VO(carrier),(1-MeIm)] or cis-[VO(ma),(Cys-S7)]~ (see Figure 10) expressed as 100 X (1A,1<* —

|Az|exptl)/|Az|exptl.
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log #(VO(dhp),(Hb)) = 25.8 + 1.0 (9)
The value of log § for VO(dhp),(Hb) has been determined

with a procedure analogous to that used in the case of maltol
(see above). It is similar to those of VO(dhp),(hTf) (25.5),
VO(dhp),(IgG) (25.6), and VO(dhp),(HSA) (25.9)."*" The
higher concentration of VO(dhp),(Hb) in the ternary system
with Hb with respect to that measured at the same
experimental conditions in the systems containing hTf, HSA,
and IgG must be related to the hi§her number of surface
hisstgdines of Hb (26°°) than hTf (12°°), IgG (12°7), and HSA
(6™).

DFT calculations allowed us to confirm these hypotheses.
They showed that the value of A, expected for cis-
[VO(dhp),(1-MeIm)] (160.7 X 10™* cm™) is very similar to
that of cis-VO(dhp),(Hb) (162.7 X 10™* cm™") (Table 2). The
simulations also suggested that, in the absence of any significant
interaction with other groups of the protein, the aromatic ring
of imidazole should be parallel to the V=0 direction.

Potentiometric and spectroscopic studies indicate that in the
system VYO /Hacac, around the physiological pH, V'VO** ion
is present as neutral complex [VO(acac),] with very low
hydrolysis degree.’® Figure 6 shows that in the system

(VO)HB?
(VO)Hb”

\V

[VO(acac),]
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Figure 6. High field region of the X-band anisotropic EPR spectra
recorded on frozen solutions (120 K) containing: (a) V'VO**/Hb 2/1
(VVO* 6.2 x 107* M, Hb 3.1 x 10~* M); (b) VIYO?**/Hb/Hacac 2/
1/4 (VVO* 62 x 107* M, Hb 3.1 x 10™* M, Hacac 1.24 X 107> M);
(c) VVO?**/Hacac/1-Melm 1/2/4 (VO** 1.0 X 1073 M, Hacac 2.0 X
107 M, 1-Melm 4.0 X 10~ M); and (d) VVO**/Hacac 1/2 (VIVO?**
1.0 X 1073 M, Hacac 2.0 X 107> M). With the dotted lines the M; =
7/2 resonances of [VO(acac),] and of the sites f and y of Hb
((VO)HD and (VO)HD) are indicated.

VYO* /Hb/Hacac, the species [VO(acac),] (in high amount)
and (VO),Hb (in low amount) coexist (trace b). The absence
of a mixed species VO—Hb—acac can be explained taking into
account the geometry of the bis-chelated compound formed by
acetylacetonate, square pyramidal rather than cis-octahedral
(see Scheme 1), which hinders the coordination of an
accessible His residue on the equatorial plane of V'VO>*
ion.'"* In other words, since [VO(acac),] does not possess
coordinated water molecules to be replaced, it does not have
any tendency to form mixed complexes of the type cis-
VO(carrier),(Hb), in contrast with what was previously
observed for Hma and Hdhp. The fact that no ternary species
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is formed by VYO, acetylacetonate, and 1-methylmidazole
further supports these findings (Figure 6c).

Uptake of Vanadium Compounds by Red Blood Cells.
The uptake of the potential antidiabetic VIYO** compounds by
red blood cells was followed by EPR and UV—vis spectroscopy.
The behavior of vanadate(V) was re-examined and taken as a
reference for the analysis of the other systems. UV—vis spectra
allowed us to determine the amount of the total vanadium in
the extracellular medium and, indirectly, the percentage of V
complex incubated that enters inside the cells.

The interaction of vanadium(V) with the red blood cells was
widely studied and discussed in the literature,'®'$2072229,6164
At pH 7.4, VV exists as a mixture of mono- (V1), di- (V2), and
tetranuclear ions (V4), depending on the total metal
concentration in solution.'® For our purposes, we will indicate
generically with vanadate(V) or VY these anionic species.
Vanadate(V) crosses the cell wall easily and penetrates the
membrane much faster than do V'V salts via anion channels.®!
This result can be demonstrated by the inhibition of V¥
transport by 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid
(DIDS), the specific inhibitor of the anion channels.'® This
mechanism of accumulation of V¥ via anion channels has been
also demonstrated for ascidians (or sea squirts) in the
seawater.”> Inside the cells, vanadate(V) initially could bind
to the phosphate-binding site of (NaK)-ATPase on the
cytoplasmatic side of the membrane.’® Subsequently, it is
reduced to vanadium(IV) by the intact erythrocyte at the
expense of cellular glutathione;** the presence of the GSH
depletor diethyl maleate blocks the process and supports this
mechanism.””°" When V"V instead of V" is incubated, a delay in
the uptake by red blood cells is observed, and this has been
attributed to the time required for the partial oxidation of
vanadium(IV) prior to possible uptake.'"®*° The quantitative
representation of the uptake of vanadate(V) by erythrocytes as
a function of the time at 37 °C is shown in Figure 7. The trend
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Figure 7. Time dependence of the intracellular V percentage upon
incubation with vanadate(V) at 37 °C.

is almost superimposable to that described by Delgado et al,*
with an initial increase in the intracellular concentration of V,
which reaches a plateau after 120 min. The uptake has been
described as a two-step process, the first representing the
equilibration across the red blood cell membrane and the
second the intracellular reduction of vanadium(V) and its
subsequent complexation.”"** The reduction is a first-order
process with a t;, of about 130 min,** and this is in agreement
with our results. From Figure 7, it can be noted that the
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maximum amount of V inside the red blood cells corresponds
to ca. 40% of V" incubated.

EPR spectra of the erythrocyte samples incubated with VV
are reported in Figure 8. The spectral intensity increases mainly
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Figure 8. High field region of the X-band anisotropic EPR spectra
recorded at 120 K on the systems: (a) VIYO**/Hb 2/1 (VIVO** 6.2 X
107* M, Hb 3.1 x 107* M); (b) lysate samples of erythrocytes
incubated with V¥ for 1 h; (c) lysate samples of erythrocytes incubated
with V¥ for 2 h; and (d) Iysate samples of erythrocytes incubated with
VY for 3 h. With the dotted lines the M; = 7/2 resonances of
VO(LY,L?) and VO(L?L*) and of the sites # and y of Hb ((VO)Hb
and (VO)HD’) are indicated.

in the time range 0—2 h (cf,, with Figure 7). The detection of
an EPR signal in the red blood cells confirms the reduction of
vanadate(V) to VIVO?** observed in the literature,'62072%296263

EPR resonances of at least four VIVO** species were detected
with absence of any time dependence. A, values are in the range
(160—168) X 107* cm™'; in the same system, Delgado et al.
reported only one species with A, of 168 x 10~* cm™.*
However, until now, no attribution has been attempted in the
literature, and no spectroscopic evidence that V' binds to
hemoglobin in vivo was published >"***%* To try to
characterize the identity of the four species observed inside
the red blood cells, the composition of the erythrocytes must be
taken into account (Table 3).2*%¢

Among the four different species observed, the resonances of
the f and y sites of hemoglobin are revealed; that is, a part of
VYO is bound to Hb as binary complexes ((VO)Hb)” and
(VO)HV in Figure 8). Thus, the coordination of Hb to V in
the erythrocytes is unambiguously proved. This is in agreement

with previous papers, in which it was detected that the amount
of VYO bound to hemoglobin can decrease upon addition of
adenosine 5'-triphosphate (ATP) and 2,3-diphosphoglycerate,
suggesting that intracellular bioligands can compete with Hb for
VVO* coordination.”” Concerning the other two species, these
are characterized by g, = 1.946 and A, = 167.7 X 10* cm™ and
g =1.959 and A, = 159.6 X 10~* cm™". These signals cannot be
attributed to the binary species of V'VO?* with the intracellular
components listed in Table 3. Any attempt to reproduce the
two EPR signals using model systems (for example, V'VO**/
Hb/GSH, VYO*/Hb/lact, VVO*"/lact/GSH, V'VO**/GSH/
ATP) was unsuccessful; however, the results reported in this
study are in line with the observation of De Cremer and co-
workers, who carrying out liquid chromatography experiments
(size exclusion and jon exchange chromatography) detected
three different species in the packed cells, one of them being a
VO-Hb complex.**

We indicated these two unidentified complexes with
VO(L'L*) and VO(L*L*) (see Figure 8), where L', L? L3
and L* are erythrocyte bioligands, such as proteins or low
molecular mass components. The high g, value for VO(L',L?)
(1.959) seems to be characteristic of S coordination to V'; for
example, the VYO species formed by GSH with the
interaction of Cys-S™ shows a value of g, in the range 1.956—
1.959.7 The experiments with human erythrocyte ghosts
demonstrated the interaction of V with protein sulfthydryl
groups.68 Therefore, the interaction of VVVO*' with the
membrane proteins from the cytoplasmatic side is possible
and must be considered in the future. Furthermore, the binding
to the membrane proteins has been already proved for
decavanadate(V), V;40,%, after its uptake in the cells through
the anion channels.

The results obtained with the three potential antidiabetic
compounds are shown in Figure 9 and Figure S5 of the
Supporting Information. Delgado et al. showed that, when V'V
is put in contact with the erythrocytes as a [VO(carrier),]
compound, the incorporation depends on its stability in
aqueous solution.”” Ten years ago, Yang et al, on the basis
of the different inhibition of V' and V'VO** complexes by
DIDS, concluded that [VO(ma),] and [VO(acac),] cross the
membrane lipid bilayer via simple passive diffusion.'® The
mechanism can be described by two consecutive reversible
reactions, the first representing the equilibration of [VO-
(carrier),] species across the red blood cell membrane (kinetic
constants k; and k_;) and the second one its transformation as
a result of the subsequent complexation reactions (kinetic
constants k, and k_,). The reversibility of the two steps is a

Table 3. Concentration of the Most Important Bioligands of the Red Blood Cells®

bioligandb’c concentration
hemoglobin (Hb) 5.1 mM
adenosine S’-diphosphate (ADP) 216 + 36 uM

adenosine §'-triphosphate (ATP)
glutathione reduced (GSH)

lactate (lact) 932 + 211 uM
inorganic phosphate 480 + 5 pmol
sialic acid 825 + 28 uM

2,3-diphosphoglycerate (2,3-DPG)

glucose 1,6-diphosphate (GDP) 180—300 uM

1.35 + 0.035 mM
223 + 0.35 mM

4.17 + 0.64 mM

bioliga.ndb'c concentration
alanine 275 + 60 uM
aspartate 306 + 81 uM
glutamate 265 + 89 uM
glutamine 624 + 136 uM
creatine 330 + 110 uM
ergothioneine 355 + 112 uM
taurine 349 £ 57 uM
sorbitol 31.1 + 5.3 mM
urea 4.12 + 042 mM

“All of the concentrations were taken from ref 66. *The bioligands with concentration higher than 200 M are shown. “The bioligands that may have

more affinity toward V'VO** are indicated in bold.
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Figure 9. Time dependence of the extracelluar V percentage upon
incubation with [VO(ma),] (black 4), [VO(acac),] (blue A), and
[VO(dhp),] (red M) at 37 °C. The experimental points were fitted
with the kinetic constants reported in Table 4.

condition necessary to explain the ratio between the
concentration of V in the extra- and intracellular medium
observed in the experiments; if one of two steps was
irreversible, the reactions should be shifted toward one of the
two directions, and this would be incompatible with the results
obtained in this study and in the literature.'* *° The whole
process can be represented as:

v . MV . RV .
VVO(cartier)y o = V' O(cartier)y e, = V' O(carrier, L, L) i

) _

(10)
where VYO (carrier,L,L’) is the species formed after the partial
(systems with maltol and 1,2-dimethyl-3-hydroxy-4(1H)-
pyridinone, see below) or total (system with acac) displace-
ment of the carrier ligand. The concentration of V'VO-
(carrier)yexs Will be indicated generically as extracellular V
(see Figure 9) and the sum of V™O(carrier),,,, and
VVO(carrier,L,L') as intracellular V (Figure SS of the
Supporting Information). The value of extra- and intracellular
V concentration is a function of the time through the kinetic
constants Ky, K_;, Ky, and k_,.® As an example, the percent
extracellular V concentration as a function of ¢ follows the
equation:70

A — K —
intracellular V/% = 100 X [KIKZ Kl( 1= 5 Kﬁz) At 4
/11/12 /11(/11 - /12)
kil + Ky = 4y) e—/lzt:|
Ay(Ay = 4y) (11)

where 4, = 1/2(p + q), 1, = 1/2(p — q), p = (k| + K_; + Kk, +
K_,), and q = [p* — 4 (Kkyk, + K_ik_, + Kk_y)]27° The kinetic
constants used to fit the experimental points (Figure 9 and
Supporting Information Figure SS) are reported in Table 4.

Table 4. Kinetic Constants and Percent Intracellular
Concentration at the Equilibrium (%V,,) for the Uptake of
[VO(ma),], [VO(dhp),], and [VO(acacg,_] in the Red Blood
Cells

complex k/h™ ko /b7 /AT kT %V, R?
[VO(ma),] 120 0.99 1345 6.89 777 0992
[VO(dhp),] 0.48 1.00 2.09 0.73 562 0.970
[VO(acac),] 1.10 125 1.79 2.71 592 0996
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The values of the intracellular V concentration at the
equilibrium (% V) are 77.7% for [VO(ma),], 56.2% for
[VO(dhp),], and 59.2% for [VO(acac),] and can be
interpreted as the percent V concentration in the red blood
cells when the equilibrium between the rates of influx and efflux
across the cell membrane (see ref 18) and of ligand exchange in
the cytosol is reached. The results indicate that a high
percentage of the antidiabetic V compound, greater than
50%, enters the red blood cells. However, as it can be observed
from an examination of Figures 9, more than 1 h is necessary to
reach this amount; during this period, VYO species can
undergo side-reactions, such as redox processes,13e which in
this study will be in a first approximation neglected. If Figures 7
and SS of the Supporting Information are compared, it can be
observed that the amount of the neutral VYO complexes that is
taken up by erythrocytes by diffusion is higher than that of
vanadate(V) that enters through the anion channel; this
confirms the results previously reached in the literature.>

It is interesting to observe that other essential metal ions,
such as cobalt and zinc, are accumulated by red blood cells by
simple diffusion through the cellular membrane when
ionophores or complexing agents are present.”' In particular,
the uptake of Zn>* ion complexed by ethylmaltolate follows an
exponential increase with time, and the diffusion process
reaches a steady state in about 90 min,”** in line with the results
shown in Supporting Information Figure SS.

Even if it has been already proved that neutral V complexes
are taken up by erythrocytes through passive diffusion
processes,'®* no data exist on the transformation of these
species upon the interaction with the cell membrane and with
cytosol bioligands and on the identity of the species inside the
red blood cells. For this reason, EPR spectra were recorded on
the lysate samples when the erythrocytes are incubated with
[VO(ma),], [VO(dhp),], and [VO(acac),]. These are reported
in Figures 10—12.

In Figure 10 are shown EPR spectra recorded on the lysate
samples of the erythrocytes incubated with [VO(ma),]. In the

-\

/ cis-VO(ma,(Cys-S-)

cis-VO(ma),(Hb)

T T T T 1
390 400 410 420 430

Magnetic field / mT

I T
370 380

Figure 10. High field region of the X-band anisotropic EPR spectra
recorded at 120 K on the systems: (a) VVO**/Hma 1/2 (VVO?* 1.0 X
107* M, Hma 2.0 X 10~ M); (b) lysate samples of erythrocytes
incubated with [VO(ma),] for 1 h; (c) lysate samples of erythrocytes
incubated with [VO(ma),] for 2 h; (d) lysate samples of erythrocytes
incubated with [VO(ma),] and hTf for 1 h (VVO* 9.1 x 107* M,
Hma 1.8 X 107> M, hTf 4.5 x 10~ M); and (e) V"VO**/Hb/Hma 2/
1/4 (VVO* 6.2 x 107* M, Hb 3.1 X 107* M, Hma 1.24 X 10~° M).
With the dotted lines the M; = 7/2 resonances of cis-VO(ma),(Cys-
S7) and cis-VO(ma),(Hb) are indicated.
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Figure 11. High field region of the X-band anisotropic EPR spectra
recorded at 120 K on the systems: (a) V'VO?*/Hdhp 1/2 (VVO** 1.0
x 107> M, Hdhp 2.0 x 107> M); (b) lysate samples of erythrocytes
incubated with [VO(dhp),] for 1 h; (c) lysate samples of erythrocytes
incubated with [VO(dhp),] for 2 h; and (d) VYO**/Hb/Hdhp 2/1/4
(VVO? 6.2 x 107" M, Hb 3.1 x 10~* M, Hdhp 1.24 X 107> M). With
the dotted line the M; = 7/2 resonance of cis-VO(dhp),(Hb) is
indicated.

[VO(acac),]

/ (VO)HB?
/| (VO)HD'
r T T T T T 1
370 380 390 400 410 420 430
Magnetic field / mT

Figure 12. High field region of the X-band anisotropic EPR spectra
recorded at 120 K on the systems: (a) VVO**/Hacac 1/2 (VVO** 1.0
x 107> M, Hacac 2.0 x 107> M); (b) VVO**/Hb/Hacac 2/1/4
(VVO* 6.2 x 107* M, Hb 3.1 X 10™* M, Hacac 1.24 X 1073 M); (c)
lysate samples of erythrocyte incubated with [VO(acac),] for 1 h; (d)
lysate samples of erythrocyte incubated with [VO(acac),] for 2 h; (e)
lysate samples of erythrocyte incubated with V¥ for 1 h; and (f)
VIVO*/Hb 2/1 (VVO* 6.2 x 107* M, Hb 3.1 x 10~ M). With the
dotted lines the M; = 7/2 resonances of [VO(acac),], VO(L'L?),
VO(L3L*) and of the two f and y sites of Hb ((VO)HY’ and
(VO)HbY) are indicated.

time range 0—3 h, an increase of the spectral intensity was
observed in agreement with the trend of Figure SS of the
Supporting Information. Inside the red blood cells two species
are formed, one with g, = 1.947 and A, = 1654 X 107* cm™
and another with g, = 1.960, A, = 158.7 X 10™* cm™". The first
is identifiable with the mixed species formed with Hb, cis-
VO(ma),(Hb), with the equatorial coordination of a His-N of
hemoglobin polypeptide chain to cis-[VO(ma),(H,0)] (see
Scheme 2). The second one has A, similar to that of the ternary
complex formed by maltolate and GSH (A, = 159.1 x 107*
em™),% even if a significant larger value of g, is measured in
this work (1.960 vs 1.949). This may suggest the coordination
of a thiolate-S™ donor stemming from GSH of the cytosol or
from —SH of the proteins of erythrocyte inner membrane.
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Therefore, a S™ donor would replace the equatorial water
molecule of cis-[VO(ma),(H,0)], lowering the A, and raising
g. value. To further confirm this assumption, the structure of
cis-[VO(ma),(Ac-Cys-NHCHj;)] ™, where Ac-Cys-NHCH, is a
simple model for the S™ coordination, was optimized using
DFT methods (see “DFT calculations” in the Experimental and
Computational Section). A, values were calculated with
Gaussian and ORCA and are reported in Table 2. Both
softwares satisfactorily predict A, (with deviations of 0.1 and
—2.2%); these data appear to be in line with what was reported
in the literature for V'YO compounds with S donors™*® and
allow us to confirm the attribution proposed. This means that
neutral cis-[VO(ma),(H,0)] species penetrates the cellular
membrane, and inside the red blood cells the weak water ligand
is replaced by stronger donors, such as His-N of Hb, Cys-S™ of
GSH or of a membrane protein, which are present in the
erythrocytes at high concentration. The process is described in
Scheme 3.

It has been supposed that a low ratio between V in the
plasma and erythrocytes may depend on the absence in the
experiments of human serum transferrin (hTf), which forms
stable species with VI'VO?" ion in the serum.’’ To verify this
hypothesis, experiments with erythrocytes incubated with
[VO(ma),] and apo-transferrin for 1 h were carried out
(trace d of Figure 10). The results show that there is only a
small difference with respect to the measurements without hTf:
the decrease of the amount of [VO(ma),] absorbed by red
blood cells, quantified around 10%, may be due to the oxidation
processes of VIVO to VV favored in the presence of human
serum transferrin.'>* At the end of this experiment too, cis-
VO(ma),(Hb) and cis-VO(ma),(Cys-S~) were observed.

The behavior of [VO(dhp),] is simpler than [VO(ma),].
EPR spectra recorded on the erythrocytes incubated with
[VO(dhp),] and on some model systems are represented in
Figure 11 and are characterized by a slight increase of the
spectral intensity as a function of the time. As it can be noticed,
the same species revealed in the system with Hb is observed
(cf, traces b and d of Figure 11); in other words, cis-octahedral
complex cis-[VO(dhp),(H,O)] enters inside the red blood
cells, and an imidazole nitrogen belonging to an accessible His
residue of hemoglobin replaces the H,O molecule in the fourth
equatorial position forming cis-VO(dhp),(Hb). Differently
from what was observed with Hma, in the system with Hdhp
only one species is detected, probably because of the higher
stability of the dhp complexes. No traces of the binary
complexes of Hb and Hdhp are observed.

In Figure 12 EPR spectra recorded on the erythrocytes
incubated with [VO(acac),] are reported. In contrast with the
systems with Hma and Hdhp, the bis-chelated species does not
survive after the interaction with the membrane and the uptake
in the cellular environment. Even if the presence of a minor
amounts of [VO(acac),] cannot be excluded, the spectra are
very similar to those detected with vanadate(V) (Figure 8).
This means that acetylacetonate ligands are lost and free V'VO**
ion interacts with hemoglobin and unidentified bioligands of
the erythrocytes (Scheme 3). The intensity ratio between the
resonances of the four species does not change from 0 to 3 h
after the incubation. The time dependence of the uptake of
[VO(acac),] is analogous to that of [VO(ma),] and [VO-
(dhp),] (see Figure SS of the Supporting Information); in this
case, the second step of the kinetic mechanism discussed above
(governed by constants k, and k_,) accounts for the
displacement of the two acetylacetonato anions, with the
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Scheme 3. Interaction of [VO(ma),], [VO(dhp),], and [VO(acac),] with the Red Blood Cell Membrane and Their

Transformation into the Cytosol of Erythrocytes”
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“As shown in Scheme 1, [VO(ma),] and [VO(dhp),] transform in aqueous solution into cis-[VO(ma),(H,0)] and cis-[VO(dhp),(H,0)].

coordination of the intracellular bioligands following a first-
order kinetic. With the kinetic data available in this moment, it
appears to be plausible that the loss of acac from V'VO?>* takes
place when the neutral complex is in the cytosol and bioligands
with higher affinity than acetylacetonate bind V'VO?* ion rather
than when the insulin-mimetic compound interacts with the
erythrocyte membrane (for other species, for example
[V¥YO,(dipic)]~, the interaction with the cellular membrane
affects the biotransformation and, possibly, the effects of the V
compounds’?).

During the recent past, the different activity of the potential
antidiabetic VOL, compounds was put in relationship with the
structural features, the absorption in the gastrointestinal tract,
the biotransformation in the blood serum, and the interaction
with the cell membrane. The fact that hTf displaces the original
carrier and most of VVO*' is transported as (VO)hTf/
(VO),hTf seems to be incompatible with the significant
difference in the antidiabetic activity of V compounds and
induces one to think that the pharmacologically active species
may partially retain their identity and that the form of transport
may be variable. Often, however, the possibility that a
consistent part of V compounds may enter inside the red
blood cells is not specifically considered when their transport in
the blood toward the targets in the organism is studied.

More than 15 years ago, Sabbioni and co-workers examined
the literature values for vanadium concentration in the serum
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and blood; the analysis of the results revealed that, in most of
the cases, different amounts of V were found with values
slightly larger in the blood than in the serum.”” These data
found a confirmation in other papers, where it is reported that
the V concentration in the blood can reach 10 times that in the
serum.”* This suggests that a distribution of vanadium between
the serum and erythrocytes can occur and that a part of
vanadium absorbed in the intestine and entered in the
bloodstream is taken up by the red blood cells. Recently,
Crans and Willsky groups attempted to correlate the
antidiabetic activity with total concentration of V in the
serum; the results revealed that, although V accumulation in
serum was dose-dependent, no correlation between total serum
V concentration and the insulin-enhancing response can be
determined. On the basis of these data, the authors suggested
that V pools other than the total serum are likely related to the
antidiabetic effect of this metal.”®

The results presented in this study indicate that the
interaction with the red blood cells cannot be neglected and
that V compounds distribute between the erythrocytes and
plasma with a ratio depending on the carrier ligand, the
thermodynamic stability, and, presumably, the structural
features of the complex (square pyramidal or cis-octahedral
geometry). For the well-known potential antidiabetic drugs
[VO(ma),], [VO(dhp),], and [VO(acac),], a percent amount
larger than 50% is found inside the red blood cell, and such a
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Table 5. Predicted Percent Distribution of the V'VO Species Formed from the Biotransformation of [VO(ma),], [VO(dhp),],

and [VO(acac),] in Red Blood Cells®

[VO(ma),] [VO(dhp),] [VO(acac),]
speciesb 10 uM 100 uM 700 uM 10 uM 100 uM 500 uM 10 uM 100 uM 500 uM
VO(carrier),(Hb) 8.7 62.0 88.1 87.2 96.5 98.1
(VO),Hb¢ 90.9 37.6 11.6 12.1 2.7 1.1 99.7 98.7 83.5
[VO(carrier),] 0.1 02 0.3 0.7 0.8 0.8 0.0 1.0 16.2
[VO(ATPH_,),]*~ 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1
[VO(lactH_,),]*~ 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1

“In bold are the results obtained for the concentration observed during the experiments carried out in this study (Figures 10—12). "Carrier is ma,
dhp, or acac. “As mentioned in the text, only a mean value for log f# of (VO),Hb can be calculated, and this is referred to the species (VO)Hb (see eq

7).

value reaches 70—80% for [VO(ma),]. Once these compounds
are taken up in the erythrocytes, different biotransformation
processes are observed that can be connected with the
pharmacological activity. In particular, the transformations in
the red blood cells are mainly determined by the thermody-
namic stability of the VO species and by the geometry
assumed in the aqueous solution at the physiological
conditions. When the carrier is not particularly strong, the
bioligands of the cell, such as hemoglobin, other proteins, and
low molecular mass components, can displace it, and the
complexation scheme follows that displayed by V", with the
interaction of reduced VVO?>' jon with Hb and other
(undetermined) ligands; this is what was found for [VO-
(acac),]. When the ligand forms cis-octahedral complexes
(Hma and Hdhp), the fourth equatorial site can be occupied by
a His-N of hemoglobin forming cis-VO(carrier),(Hb) (and also
by a Cys-S™ in the case of maltolate).

An attempt to describe the biotransformation processes of
[VO(ma),], [VO(dhp),], and [VO(acac),] in the red blood
cells can be carried out using the stability constants for
(VO)HD, cis-VO(ma),(Hb), cis-VO(dhp),(Hb) species found
in this work and those of the binary and ternary complexes
formed by the most important components of the blood cells
(Hb, ATP, GSH, lactate, aspartate, and glutamate, in bold in
Table 3). The values of log S were taken from the
literature.”***>%77% In Table 5 are summarized the percent
amounts of the species formed after the biotransformation of
[VO(ma),], [VO(dhp),], and [VO(acac),], when the concen-
tration of the V drug is in the range necessary to observe
insulin-enhancing effects (10-100 xM'®”7~7%) and the
concentration of the bioligands is that in the red blood cells.
The prediction for the system containing [VO(dhp),] reflects
very well the experimental results (Figure 11). For [VO(ma),],
the main species expected is cis-VO(ma),(Hb), in agreement
with the spectral measurements (Figure 10); however, the
secondary species should be (VO),Hb and not [VO-
(ma),(GSH)]*", whose stability constant is known (27.79).
Therefore, it is likely that in cis-VO(ma),(Cys-S™) the
coordination involves a Cys-S™ stemming from a membrane
protein rather than from intracellular GSH. For [VO(acac),],
(VO),Hb and [VO(acac),] are expected, but only the first
species is experimentally observed in high amount; therefore,
the future challenge is to characterize the structure and the
thermodynamic stability constants of VO(L'L?) and VO-
(L3LY), see Figure 12. It must also be noticed that, with
decreasing the V concentration, the percentage of (VO),Hb
should increase significantly and that it should be probably the
main species formed under the physiological conditions when
the carrier has an intermediate strength (maltol, acetylacetone);
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only with strong carriers, such as Hdhp, cis-VO(carrier),(Hb)
may be the main species in the red blood cells also at V
concentration close to 10 uM.

Bl CONCLUSIONS

The results of this study demonstrate that hemoglobin binds
VYO ion at physiological pH in at least two sites of
comparable strength named f and y, forming a species
(VO),Hb with x = 2—3. It is plausible that, in line with what
was reported for serum proteins such as HSA and IgG, such
sites are not specific for VIVO** and involve (as suggested by
DFT methods) His-N and/or Glu/Asp-COO™ donors. The
value of the stability constant for (VO)Hb (log f = 10.4) is
significantly lower than that for hTf (log 8, = 13.0); this is due
to the coordination of V'VO>" to the iron-specific sites in apo-
transferrin. Log /8 for (VO)Hb is comparable with that of IgG
(log §# = 10.3) and is higher than that measured for HSA (log /3
= 9.1). Therefore, the strength order of the blood proteins for
VYO ion is hTf > Hb ~ IgG > HSA.

The ternary systems containing hemoglobin and three
potential antidiabetic compounds formed by maltol, 1,2-
dimethyl-3-hydroxy-4(1H)-pyridinone, and acetylacetone,
[VO(ma),], [VO(dhp),], and [VO(acac),], show analogies
with what was published for the corresponding systems with
hTf, HSA, and IgG.Ha_(1 In particular, at physiological pH, cis-
octahedral complexes in which Hb binds V'YO*' through an
imidazole nitrogen of an accessible His residue, are formed. For
cis-VO(ma),(Hb) and cis-VO(dhp),(Hb), log S values of 19.6
and 25.8 are measured, comparable with those of the analogous
species of apo-transferrin, albumin, and immunoglobulin G, cis-
VO(carrier),(hTf), cis-VO(carrier),(HSA), and cis-VO-
(carrier),(IgG), where carrier is ma or dhp. No formation of
ternary species is observed in the system with Hacac; this may
be explained, in agreement with what was reported in the
literature,"** with the geometry in solution of [VO(acac),],
square pyramidal, that hinders the equatorial coordination of
the protein donors.

The experiments of uptake of [VO(ma),], [VO(dhp),], and
[VO(acac),] by the red blood cells confirm that these neutral
compounds penetrate the erythrocyte membrane through
passive diffusion. Percent amounts higher than 50% are found
in the intracellular medium. Some of the V'VO?** species formed
inside the red blood cells were characterized. [VO(dhp),]
transforms quantitatively in cis-VO(dhp),(Hb); [VO(ma),] in
cis-VO(ma),(Hb) and in cis-VO(ma),(Cys-S™) with the
equatorial coordination of a thiolate S™ stemming from GSH
or, most probably, from a membrane protein; and finally
[VO(acac),] yields (VO),Hb and two unidentified complexes
VO(L'L?) and VO(L3L*), where L', L% L% and L* are red
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blood cell bioligands such as membrane or cytosol (for
example, Hb) proteins and/or low molecular mass compo-
nents. Interestingly, the same species (VO),Hb, VO(L'L?),
and VO(LL*) are detected in the system with vanadate(V),
demonstrating that for [VO(acac),] the interaction with
intracellular bioligands of the cytosol stronger than acac results
in a loss of the two anionic ligands.

The results of this study indicate that the interaction with the
red blood cells cannot be neglected when the transport or the
pharmacological action of a V compound is considered and that
a distribution between the erythrocytes and plasma is achieved.
The ratio of such a distribution depends on the strength of the
carrier ligand and the structural features of the complex at
physiological conditions (square pyramidal or cis-octahedral
geometry). These results are in agreement with the analytical
determinations of V in the biological fluids, characterized by
larger values in the blood than in the serum.”® Recent data also
suggest that V pools other than the total serum are likebf
related to the antidiabetic action of the vanadium complexes.”

As a consequence of the uptake by the red blood cells, a
significant fraction of VYO complexes is transported in the
blood by erythrocytes and in this form reaches the target
organs. On the other hand, the biotransformation in the cytosol
can partly or totally deactivate the specific V'VO** drug. This
must be taken into account in the future in the studies
concerning the transport and the action of the pharmacolog-
ically active V compounds. The fate of the potential antidiabetic
compounds, once they entered and transformed inside the
erythrocytes, is not predictable. In fact, it is not known if these
compounds can, under the appropriate conditions, be excreted
by the erythrocytes and carry out their pharmacological effects,
or remain confined in an inactive form until the death of the
red blood cells. In the first case, the erythrocytes would only
contribute to the transport of the antidiabetic compounds in
the blood, whereas in the second one they would act as a
reservoir to store these compounds in an inactive form. Because
the different effectiveness of the V antidiabetic compounds
depends on the amount reaching the target organs, the
importance to establish their distribution between blood
serum and erythrocytes is evident.

Finally, it must be observed that the processes discussed in
this work, in particular the biodistribution between the plasma
and the erythrocytes and the subsequent biotransformation in
the red blood cells with the possible interaction with
hemoglobin, should be considered for all of the metal drugs

and the pharmacologically active coordination compounds.
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