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In order to assess the molecular form of vanadium insulin-
mimetic complexes in cells, the interactions of VIVO–malt-
olate and VIVO–dipicolinate systems with adenosine 5�-tri-
phosphate (ATP) and glutathione (GSH) in aqueous solution
were studied by employing pH potentiometry, and EPR, CD
and UV/Vis spectroscopy. The stoichiometries and stability
constants of the complexes formed were determined at 25 °C
with an ionic strength of I = 0.2 moldm–3 (KCl). The most
probable binding mode of the complexes formed in solution
was determined by means of various spectral methods. The

Introduction

Since the insulin-mimetic effects of vanadium com-
pounds were first reported, a large number of vanadium
complexes in the oxidation states III to V and as peroxo
complexes have been prepared, tested biologically and
found to be efficient,[1–3] but only one of them, bis(maltol-
ato)oxidovanadium(IV) (VO(malt)2), has participated in
clinical studies; it passed the phase I test in Canada.[2,4] In
vitro, vanadium compounds may enter cells by several path-
ways, including passive diffusion, whereas when given orally
vanadium(III,IV,V) complexes undergo parallel ligand ex-
change and redox reactions with the endogenous or exoge-
nous bioligands of the human body;[1,5,6] this is mostly inde-
pendent of the original form, and depends primarily on the
nature of the interacting bioligand.

For this reason, the interactions of various insulin-mi-
metic VIVO compounds have been studied with the high
molecular mass (h.m.m.) serum components, albumin and
transferrin, and also with some of the low molecular mass
(l.m.m.) components, such as lactate, oxalate, phosphate
and citrate, which may be potential transporters of VIVO in
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results suggest that from among the important cell constitu-
ents, GSH mostly takes part in the reduction of VV to VIV and
helps keep VIV in this oxidation state. ATP, which is a strong
VIVO binder, chelates the metal ion, forming binary and/or
ternary complexes. The results of this work strongly suggest
that ATP binds relevant VIVO species under cellular condi-
tions and thus might somehow be involved in the insulin-
mimetic action of VIVO compounds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the blood.[7–13] Detailed speciation studies led to the sugges-
tions concerning the actual chemical forms of the vanadium
compounds formed from the original carrier complex dur-
ing their transport in the blood. We found that little of the
vanadium remains bound to the original carrier: l.m.m.
serum components (citrate) and h.m.m serum components
(transferrin) displace most of the carrier molecules.[6,11–13]

Accordingly, vanadium can enter cells in the oxidation state
IV through the iron path, and in part in the oxidation state
V through the phosphate path.

In the intracellular medium, reducing agents can interact
in a redox manner with vanadium(V,IV) complexes. The
most frequently discussed candidate for reduction is gluta-
thione (GSH).[14,15] The extent to which vanadium is re-
duced in the redox equilibrium largely depends on the stabi-
lisation of vanadium(IV,V) by complexation. A high intra-
cellular excess of GSH (the usual concentration level is
millimolar), i.e. about three orders of magnitude more than
the biologically relevant concentration of vanadium (the us-
ual concentration level is micromolar) increases the pos-
sibility of vanadium being present in lower oxidation states.
Excess GSH and also GSSG (oxidized glutathione) readily
coordinate to VIVO.[16,17] The vanadium complexes thus
formed may undergo ligand exchange with a variety of
l.m.m. and h.m.m. biogenic ligands available in cells.
Among the l.m.m. binders, adenosine 5�-triphosphate
(ATP) may be of importance[18] as it efficiently binds VIVO
and is present in millimolar concentrations in cells.

Sakurai and Tsuji considered the most relevant oxidation
state of vanadium in the cell to be IV because of the reduc-
ing agents present in the cell (e.g. GSH or cysteine).[19] We
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accepted this and studied vanadium only in the VIVO form,
even though reoxidation of VIVO to VV is an obvious as-
sumption, which can have different importance at different
compartments of the cell. Accordingly, the aim of the pres-
ent work was to attain a better understanding of the behav-
iour of VIVO insulin-mimetic complexes as they enter cells
and interact with l.m.m. cell constituents. Of the VIVO com-
plexes, we chose the VIVO–dipicolinate and VIVO–maltolate
systems, and as cell constituents we selected GSH and ATP
(see Scheme 1). The equilibria in the systems were studied
by a combination of pH potentiometry and spectroscopic
methods [electron paramagnetic resonance (EPR), elec-
tronic absorption (UV/Vis) and circular dichroism (CD)].

Scheme 1.

The complex-forming properties of VIVO with dipicolin-
ate (dipic),[12] maltolate (malt),[7,8,20] ATP[18] and GSH[17]

have been studied, and stability constants measured under
similar experimental conditions have been reported pre-
viously.

Maltolate forms mono and bis complexes with the VIVO
ion by the formation of five-membered (O–, = O) chelates.
The neutral bis complex [VO(malt)2(H2O)] is the predomi-
nant species in the pH range 5–7. It occurs in two geometri-
cal isomeric forms depending on the position of the solvent
molecule; the water molecule can be either cis or trans to
the oxido group of VIVO. In aqueous solution at room tem-
perature and neutral pH, the EPR spectra clearly indicate
that the cis form predominates.[7,8,20] In a recent paper
based on detailed EPR and ENDOR spectroscopic studies,
Mustafi and Makinen concluded that in aqueous solution
at room temperature maltolate coordinates to VIVO only in
the cis form.[21]

Dipicolinate forms mono and bis complexes with the
VIVO ion.[12] In the neutral mono complex, [VO(dipic)-
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(H2O)2], the ligand coordinates in a tridentate manner; the
coordinating donor groups are two carboxylates, besides
the two water molecules, and the pyridyl-N atom is in an
axial position (trans to the oxido group). Bis complex for-
mation in the VIVO–dipic system is not as favoured as it is
with maltolate. In [VO(dipic)2]2–, the first ligand coordi-
nates in a tridentate manner, and the second ligand in a
bidentate manner, having an uncoordinated carboxylate
group. At the biologically relevant neutral pH values, dipic-
olinate is not a very efficient VIVO binder; mixed hydroxo
and oligonuclear binary hydroxo species of VIVO are pres-
ent in the solution, besides the neutral mono complex and
the double negatively charged bis complex.[12]

Results and Discussion
VIVO Ternary Systems with ATP

ATP was found to coordinate to VIVO through the ter-
minal phosphate donor(s) in the weakly acidic and neutral
pH range to yield [VOBHx]x–2 (x = 2, 1, 0) and [VOB2]6–.[18]

In the basic pH range, at low excess, ATP is not a very
efficient VIVO binder because oligonuclear hydroxo species
{[(VO)2(OH)5]–}n are present in the solution besides the
VIVO–ATP complexes. At pH 7–8 the pH readings drift and
pH equilibrium is reached within 10 min; in the pH range
8.8–10.4, pH stabilization was not reached within this time
even at a 10-fold excess of ATP. Thus, the formation con-
stants of the species formed in this pH region are only esti-
mates. In contrast with our earlier report,[18] the formation
of dinuclear species had to be assumed either to fit the pH-
metric data or to explain the slight decrease in intensity of
the EPR spectra. In the earlier work, formation of the bi-
nary hydroxo-bridged hydrolysed VIVO species [(VO)2-
(OH)5]– was not considered, though it is undoubtedly
formed[22,23] and may be responsible for the decrease in the
intensity of the signal rather than the dihydroxo-bridged
VIVO–ATP species: [(VO)2B2Hx]x–4 (x = –2, –3, –4).

In the cells, ATP is present in high excess relative to VIVO
and also relative to the carrier ligands. As the proton com-
petition for the alcoholate donors decreases the ribose moi-
ety becomes a more efficient binding site. In the slightly
basic pH range, the complex [VOB2H–2]8– forms involving
a mixed binding mode with one ATP coordinating through
the phosphate chain and the other through the ribose moi-
ety. In the species [VOB2H–4]10–, both ATP molecules coor-
dinate to the VIVO species through the ribose residue.[18]

The CD spectra furnish information on the species in which
the ribose moiety is coordinated to the VIVO; these species
are mostly formed above the physiological pH. In the highly
basic pH range an extra deprotonation is detected by pH
potentiometry and also by CD spectroscopy (see ESI-1),
corresponding to the formation of [VOB2H–5]11–. In this
species the extra proton is probably lost from a coordinated
water molecule.

VIVO–dipic–ATP System

Our speciation calculations indicated that, in the ternary
system with dipicolinic acid, ATP, as a stronger VIVO
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binder, will displace one of the dipicolinates from the coor-
dination sphere of VIVO. As a result, ternary complexes will
exist, besides the binary ATP complexes, at physiological
pH. The potentiometric data could be fitted by assuming
the formation of the species [VOAB]4–, [VOABH–1]5– and
[VOABH–2]6– (see Table 1). The distribution diagram for the
VIVO–dipic–ATP system (Figure 1) reveals that the forma-
tion of the ternary complex [VOAB]4– is favoured in the
weakly acidic pH range. Besides the carboxylate groups of
dipic, the phosphate groups of ATP are expected to be co-
ordinated in this complex while in [VOABH–2]6–, formed in
the neutral pH range, the deprotonated ribose alcoholate
groups are in equatorial positions.

Table 1. Stability constants of mixed ligand VIVO complexes of di-
picolinate and maltolate (ligands A) with ATP (ligand B).

Ligand A VOAB VOABH–1 VOABH–2

Dipicolinate 11.0(1) 4.3(2) –2.5(1)
Maltolate 13.5(2) – –2.8(9)

Figure 1. Concentration distribution diagram of the VIVO–di-
pic(A)–ATP(B) system at 1:2:10 metal ion-to-ligand ratio, CVO �
0.004 mol dm–3.

The X-band EPR spectra of frozen solutions of the
VIVO–dipic binary system and the ternary system with ATP
at pH � 8 could be simulated as axial spectra. At pH � 8,
the species with the (O–,O–)(O–,O–) donor set has a rhombic
EPR spectrum. The high-field region corresponding to A�

or Az and MI = 5/2 and 7/2 yields more information on
the type and number of species formed. As may be seen in
Figure 2, the EPR spectra for the VIVO–dipic–ATP system
resemble those recorded for the VIVO–ATP system; no new
signals could be detected. Ternary complex formation is ac-
companied only by phosphate/carboxylate substitution in
the equatorial plane, and does not result in any significant
change in the EPR parameters. The EPR parameters of the
binary complexes VOA of dipic and [VOB2]6– of ATP with
carboxylate or phosphate groups in the equatorial plane of
VIVO are also expected to be the same within the uncer-
tainties of the parameters (see Table 2). However, as dipic
retards the hydrolysis of the VIVO complexes present in the
basic pH range, an improved signal-to-noise ratio may be
observed in the ternary system as compared with the binary
VIVO–ATP system; dipic helps to keep VIVO in solution. A
similar observation may be made concerning the CD spec-
tra; they are more intense for the ternary system.
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Figure 2. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO – dipic 1:2, (2)
2VIVO – ATP 1:10, (3) VIVO – dipic – ATP 1:2:10 metal ion-to-
ligand ratio, CVO � 0.004 moldm–3. The pH values are indicated.

Table 2. EPR parameters (g�, A�)[a] for the binary and ternary com-
plexes of VIVO formed with dipicolinate, maltolate and ATP.

Species g� A� (×104 cm–1) Chelating set

[VO(H2O)5]2+ 1.933 182.6 4×H2O

Dipicolinate

VOA 1.931 178.4 (COO–,COO–) 2×H2O
[VOA2]2– 1.939 167.8 (COO–,COO–)(COO–,pyridyl–N)

Maltolate

[VOA]+ 1.937 175.1 (O–, =O) 2×H2O
VOA2 1.938 171.4 (O–, =O) (O–, =Oax) H2O
[VOA2H–1]– 1.942 166.8 (O–, =O) (O–, =Oax) OH–

ATP

[VOBHx]x–2 1.930 181.8 (PO3
2––O–PO2

––O–PO2
––) 2×H2O

[VOB2]6– 1.933 178.4 2×(PO3
2––O–PO2

––O–PO2
––)

[VOB2H–2]8– 1.946 166.8 (PO3
2––O–PO2

––O–PO2
––) (O–,O–)

[VOB2H–4]10– 1.958 151.8 (O–,O–) (O–,O–)

Dipicolinate + ATP

[VOAB]4– 1.933 178.1 (COO–,COO–) (PO3
2––O–PO2

––O–PO2
––)

[VOABH–1]5– – – [b]

[VOABH–2]6– 1.946 167.0 (COO–,COO–) (O–,O–)

Maltolate + ATP

[VOAB]3– 1.941 169.1 ? (O–, =O) (PO3
2––O–PO2

––O–PO2
––)

[VOABH–2]5– 1.943 166.4 ? (O–, =O) (O–,O–)

[a] The relative uncertainty in the calculation of the parameters is
estimated to be ca. 0.005 for g� and ca. 1.0 for A�. In the case of
rhombic distortion g� and A� are in fact gz and Az, respectively.
[b] A logβ value for this stoichiometry was obtained from the pH-
potentiometric data and calculations. However, its EPR signals are
possibly under the complex pattern of other signals recorded and
we did not find a distinct signal for this complex. Therefore we do
not propose any binding mode.

In accordance with the pH-potentiometric speciation re-
sults, electronic absorption spectroscopy unambiguously re-
vealed a new species ([VOAB]4–) in the pH range 2.5–5.5,
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with an extra band in the CT region, caused by the coordi-
nation of dipic (not shown). The difference between the CD
spectra of the VIVO–ATP and VIVO–dipic–ATP systems
(ESI-2) indicates the formation of a new type of ternary
complex above the physiological pH range, where the
ribose moiety becomes a more efficient binding site
([VOABH–2]6–).

VIVO–Maltolate–ATP System

Under physiological conditions (pH � 7), maltolate is a
stronger VIVO binder than dipic. For this reason, participa-
tion of maltolate in in vivo binding (even in binary com-
plexes) can be expected to be more significant than was
found in the case of dipic. The potentiometric data were
fitted with a speciation model[24] with the assumption of
two mixed-ligand complexes, [VOAB]3– and [VOABH–2]5–

(see Table 1). The concentration distribution diagram for
VIVO–maltolate–ATP depicted in Figure 3 displays the spe-
cies formed under the conditions of the spectroscopic mea-
surements. The pH-metric measurements demonstrate that
ternary complex formation is not as dominant as with dipic,
where binary bis complexes of maltolate are present in sig-
nificant amounts.

Figure 3. Concentration distribution diagram of the VIVO – malt-
ol(A) – ATP(B) system at 1:2:10 metal ion-to-ligand ratio, CVO �
0.004 moldm–3.

The EPR spectra of the systems VIVO–maltolate, VIVO–
ATP and VIVO–maltolate–ATP are presented in Figure 4,
and the EPR parameters of the mixed-ligand species are
listed in Table 2. Because of the difference in the type of
donor groups involved in the coordination ternary complex
formation is clearly indicated. Below pH 7, water and a car-
bonyl group are substituted by one or two phosphates, re-
sulting in a detectable change (A� from 171.4×10–4 cm–1 for
VOA2 to 169.1×10–4 cm–1 for [VOAB]3–) in the EPR pa-
rameters.

A new signal from the formation of the complex
[VOABH–2]5– with a sugar-like binding mode of the ATP is
not clearly seen as it is formed only from ca. 20% of the
total V according to the speciation calculations. This species
could be characterised by pH potentiometry only with a
large uncertainty since the species distribution for the
VIVO–ATP (see above) and VIVO–maltolate binary systems
at pH � 9 is also uncertain as a result of the slight aerobic
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Figure 4. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–maltol 1:2,
(2) VIVO–ATP 1:10, (3) VIVO–maltol–ATP 1:2:10 metal ion-to-li-
gand ratios; CVO � 0.004 moldm–3. The pH values are indicated.

redox reaction of VIVO–maltolate that may take place,[20]

and/or the slow hydroxo complex formation processes.[13]

However, in the CD spectra (ESI-3), a new type of signal
can be observed at pH 8–9, unambiguously indicating coor-
dination of the ribose residue corresponding to the forma-
tion of [VOABH–2]5–. At pH � 9, the CD spectra for the
binary and ternary systems become very similar, in agree-
ment with the speciation results: both carrier molecules are
displaced by the ribose-coordinated nucleotide ligands, re-
sulting in the formation of the binary ATP complex
[VOB2H–4(–5)]7–(8–).

VIVO Ternary Systems with GSH

GSH is a cysteine-containing tripeptide (γ-Glu-Cys-Gly)
with eight potential donor atoms. As mentioned above, it is
possible that GSH plays an important role in relation to
the biochemistry of vanadium. It is present in high excess
in cells, but GSH is a much weaker VIVO binder than ATP.
For VIVO concentrations above ca. 1 m and more than a
10-fold excess of the ligand, the bis amino acid type binding
mode ([VOB2H2]2–) with the donor set 2×(COO–, NH2)eq

is relevant in the pH range 5.0–6.5.[15,17,25,26] Participation
of the thiolate donor may occur above pH ca. 7, forming
the complex [VOBH–1]2–. This [VOBH–1]2– stoichiometry
corresponds to two different EPR components, and coordi-
nation of the deprotonated Namide group can be assumed in
the minor isomer.[17] At a 10-fold excess of GSH, ternary
complex formation could be detected only with rather high
uncertainty in the pH-potentiometric titrations (see
Table 3), and this excess of GSH was not enough to prevent
the hydrolysis of the metal ion at pH � 6.5 for the dipic
system and at pH � 8.0 for the maltolate system. Higher
GSH concentrations could not be used in the pH potent-
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iometry because of the high buffer capacity of the ligand,
and thus there was even higher uncertainty in the pH-
potentiometric calculations. Most of the measured pH ef-
fect resulted from deprotonation of the excess ligand, and
only a very small amount of it related to the metal-induced
proton displacement reaction. Hence, complex formation
between VIVO and GSH could be monitored by pH potent-
iometry only with great uncertainty. Accordingly, mostly
spectroscopic measurements (EPR, UV/Vis and CD) were
used to detect the formation of ternary complexes.

Table 3. Stability constants of mixed ligand VIVO complexes of di-
picolinate and maltolate (ligands A) with GSH (ligand B).

Ligand A VOABH2 VOA2BH2 VOA2BH

Dipicolinate 25.9(8) – –
Maltolate 28.6(3) 35.5(8) 27.7(5)

VIVO–dipic–GSH System

A concentration distribution diagram for the VIVO–di-
pic–GSH system with the metal ion-to-ligand ratio and
VIVO concentration used in the spectroscopic measure-
ments is depicted in Figure 5 (the formation constants of
the binary complexes used in the speciation calculation
were taken from ref.[12] and ref.[17]).

Figure 5. Concentration distribution diagram of the VIVO–di-
pic(A)–GSH(B) system at a 1:2:50 metal ion-to-ligand ratio, CVO

� 0.004 mol dm–3.

The speciation calculations suggested that VIVO starts to
coordinate to dipic at pH � 2. At a 10-fold or higher excess
of GSH, besides the binary species, a ternary complex
[VOABH2]– could be detected in which GSH most probably
coordinates in a monodentate way through the C-terminal
COO– or with the possibility of chelation together with the
peptide carbonyl-O. Neither CD nor EPR spectroscopy can
distinguish between these two different binding modes. This
complex can be determined potentiometrically only with
high uncertainty because the coordinating carboxylate do-
nor is in the deprotonated form over most of the pH range
of formation (pK(COOH) ca. 3.5),[17] and thus its coordina-
tion does not result in a direct pH change. At pH � 6,
binary complexes of GSH are formed. Subsequently, be-
cause of the significantly weaker VIVO-binding ability of
GSH, even a 10-fold excess of GSH was not sufficient to
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prevent hydrolysis of the metal ion and formation of the
oligonuclear hydroxo species {[(VO)2(OH)5]–}n.

By EPR spectroscopy (Figure 6, Table 4) a new species
could be detected in the pH range 3–6; this is probably the
ternary species [VOABH2]–. However, at pH ca. 7, the EPR
spectrum of the VIVO–dipic–GSH system coincides fully
with that of VIVO–GSH, indicating that GSH completely
displaces the carrier ligands from the coordination sphere
of the metal ion. Although GSH is a weaker vanadium
binder than dipic, it is present at a 50–100-fold excess rela-
tive to dipic.

Figure 6. High-field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–dipic 1:2, (2) VIVO–
GSH 1:50, (3) VIVO–dipic–GSH 1:2:50 and (4) 1:2:100 metal ion-
to-ligand ratios, CVO � 0.004 moldm–3. The pH values are indi-
cated.

Table 4. EPR parameters (g�, A�)[a] for the binary and ternary com-
plexes of VIVO formed with dipicolinate, maltolate and GSH.

Species g� A� (×104 cm–1) Chelating set

GSH

[VOBH2]+ 1.937 174.2
VOBH 1.941 170.0
[VOB2H2]2– 1.948 163.8 2 × (COO–, NH2)
[VOBH–1]2– (I) 1.956 154.5 (COO–/amide-O, NH2, S–) OH–

[VOBH–1]2– (II) 1.959 147.0

Dipicolinate + GSH

[VOABH2]– 1.930 177.2 (COO–,COO–) (COO–,
amide-O/H2O)

Maltolate + GSH

VOABH2 1.936 174.2 (O–, =O) (COO–, amide-O/H2O)
[VOA2BH2]– 1.941 169.0 (O–, =O) (O–, =Oax) COO–

[VOA2BH]2– 1.949 159.1 (O–, =O) (O–, =Oax) S–

[a] The relative uncertainty in the calculation of the parameters is
estimated to be ca. 0.005 for g� and ca. 1.0 for A�. In the case of
rhombic distortion g� and A� are in fact gz and Az, respectively.

VIVO–Maltolate–GSH System

A concentration distribution diagram of the VIVO–malt-
olate–GSH system under the experimental conditions of the
spectral measurements is depicted in Figure 7. In accord-
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ance with the species distribution, new EPR signals could
be detected that can be assigned to the ternary species (see
Table 4).

Figure 7. Concentration distribution diagram of the VIVO–malt-
olate(A)–GSH(B) system at a 1:2:50 metal ion-to-ligand ratio, CVO

� 0.004 mol dm–3.

In the pH range 2.5–4.0, besides the signals from the spe-
cies [VOBHx]x–1 (x = 2, 3), a new complex (g� = 1.941 and
A� = 169.5×10–4 cm–1) was detected that was not seen in
the EPR spectra of the binary systems. In the pH range
6–7, this signal was slightly shifted (g� = 1.941 and A� =
168.6×10–4 cm–1), but remained in the uncertainty range
of the EPR parameters. Above pH 7, another new signal
appeared at g� = 1.949 and A� = 159.1×10–4 cm–1. Some of
the EPR spectra recorded by varying the B ligand concen-
tration at pH 7.0 are shown in Figure 8.

Figure 8. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–maltolate 1:2,
(2) VIVO–GSH 1:50, (3) VIVO–maltolate–GSH 1:2:25,(4) 1:2:50
and (5) 1:2:100 metal ion-to-ligand ratios, CVO � 0.004 moldm–3

at pH 7.0.

The EPR spectra clearly indicate ternary complex forma-
tion in the VIVO–maltolate–GSH system at a 25-fold excess
of GSH. Considering the EPR parameters (Table 4) and the
low CD signals recorded (not shown), we conclude that
GSH most probably coordinates at the Gly end through
(COO–, O-amide/H2O) donors, while participation of the
thiolate donor occurs only at pH � 7. The most likely bind-
ing modes of the complexes formed in the VIVO–maltolate–
GSH system are shown in Table 4. In the complex VOABH2

formed in the slightly acidic pH range, GSH coordinates
bidentately or monodentately in the equatorial plane, while
in [VOA2BH2]– formed in the neutral pH range, GSH coor-
dinates in a monodentate manner through the C-terminal
COO– function to the fourth equatorial position of VIVO.
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In the case of VOA2, the cis complex, with one empty equa-
torial coordination site, is the predominant or the exclusive
isomeric form. In the species [VOA2BH]2–, when Equa-
tion (1) is applied to the equatorial donor set, (2×(O–, =O),
S–) may be assumed. The estimated value A�

est =
157.6×10–4 cm–1 agrees fairly well with the experimental
value A� = 159.1×10–4 cm–1. This suggests equatorial thiol-
ate coordination.

VIVO–Carrier Ligand–ATP–GSH Systems

When ATP and GSH are simultaneously considered as
potential VIVO binders, GSH is not expected to be able to
compete with ATP for binding to VIVO since ATP is a much
stronger ligand. The competition reaction was studied by
EPR spectroscopy (see Figure 9) in the absence and in the
presence of the insulin-mimetic complexes. In the case of
dipic, no spectral changes could be detected between the
spectra measured in the presence or absence of GSH, in
agreement with what was found in the VIVO–dipic–ATP
system. Therefore, EPR spectroscopy does not give any in-
formation on the changes that might have occurred in the
coordination sphere because of the high similarity of the
partial contributions of the coordinating donors to the A�

value (see above).
For the VIVO–ATP–GSH ternary system, when ATP was

in a 10-fold excess relative to VIVO, only the EPR signals
of the VIVO–ATP complexes were detected. New signals ap-
peared only at a 2.5-fold excess (EPR parameters: A� =
172.1×10–4 cm–1 and 165.7×10–4 cm–1). Comparison of the
EPR spectra of solutions containing VIVO, maltolate, ATP
and GSH at pH ca. 7 (see Figure 9) revealed significant
changes only when ATP was not present in at least a 10-

Figure 9. High field range of the first-derivative EPR spectra at
77 K of frozen solutions: (A) without carrier ligand, (B) with 8 m
dipicolinate, (C) with 8 m maltolate, (1) VIVO–ATP 1:10,
(2) VIVO–GSH 1:50, (3) VIVO–ATP–GSH 1:10:25,(4) 1:10:50 and
(5) 1:2.5:50 metal ion-to-ligand ratios; CVO � 0.004 moldm–3 at pH
7.0.
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fold excess (see above). Below such an excess of ATP, the
changes in the ratio of the predominating signals seem to
indicate the participation of GSH in complex formation.

Conclusions

With respect to the two important cell constituents GSH
and ATP, our results indicate that if the carrier ligands can
somehow find a way to enter the cell strong VIVO-binder
cell constituents will partly displace the carrier ligands and
ternary complexes with relevant biomolecules of the cell
will be formed. Some of the ternary species are highly an-
ionic, which are partly neutralised and probably undergo
ion paring with cations, K+ and Mg2+, of the cell.

From among the important cell constituents, GSH will
possibly take part in the reduction of VV to VIV and will
help keep VIV in this oxidation state. As a strong VIVO
binder, ATP will chelate the metal ion, forming binary and/
or ternary complexes. The results of this work strongly sug-
gest that ATP binds relevant VIVO species under cell condi-
tions, and thus might somehow be involved in the insulin-
mimetic action of VIVO compounds. However, the time
courses of these parallel redox and complexation reactions
require further investigations.

Experimental Section
Materials: The ligands investigated were Sigma products of the
highest analytical purity. They were used without further purifica-
tion, but their purities were checked and the exact concentrations
of their solutions was determined by the Gran method.[27] The
VIVO stock solution, prepared as described earlier,[28] was standard-
ized for metal ion concentration by permanganate titration and for
hydrogen ion concentration by potentiometry, using the appropri-
ate Gran function. The ionic strength was adjusted to
0.20 mol dm–3 KCl. The temperature was 25.0±0.1 °C for potentio-
metric measurements, and 25.0±0.3 °C for CD and Vis spectra.

Potentiometric Measurements: For potentiometric titrations, an
automatic titration set, including a Dosimat 665 autoburette, an
Orion 710A precision digital pH meter and an IBM-compatible
personal computer was used. A Metrohm 6.0234.100 semimicro
combined glass electrode was calibrated for hydrogen ion concen-
tration according to the method of Irving et al.[29] The ionic prod-
uct of water was taken as pKw = 13.76±0.01.

When we refer to the stoichiometries of complexes present in solu-
tion, the notation MpAqBrHs is used, where M = VIVO2+, H2A
or HA refers to the fully protonated form of dipicolinate acid or
maltolate, respectively, and H5B+ denotes totally protonated ATP.
However two of the four protons of the triphosphate chain dissoci-
ate in very acidic media (pH � 1). H4B+ refers to totally protonated
GSH. The concentration stability constants, βpqrs = [MpAqBrHs]/
([M]p[A]q[B]r[H]s), were calculated by using the computer pro-
gramme PSEQUAD.[30] The equilibria corresponding to the forma-
tion of hydroxo complexes of VIVO were taken into account in the
calculation of the stability constants of the complexes. The follow-
ing stability constants (logβ) were assumed for these complexes:
[VO(OH)]+ (logβ100–1 = –5.94); [(VO)2(OH)2]2+ (logβ200–2 = –6.95),
calculated from the data published by Henry et al.,[31] using the
Davies equation to take into account the different ionic strengths;
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[VO(OH)3]– (logβ100–3 = –18.00);[22] and [(VO)2(OH)5]– (logβ200–5

= –22.50),[22,23] were taken from the literature.

Spectroscopic Measurements: The CD spectra were recorded with a
JASCO 720 spectropolarimeter with a red-sensitive photomultiplier
(EXWL-308). Visible spectra were recorded with a Perkin–Elmer
Lambda 9 spectrophotometer. The spectral range covered was nor-
mally 400–900 nm (Vis) and 400–1000 nm (CD). By Vis and CD
spectra, we mean representations of εm or ∆εm values vs. λ [εm =
absorption/(bCVO) and ∆εm = differential absorption/(bCVO), where
b = optical path and CVO = total VIVO concentration].

The EPR spectra were recorded at 77 K with a Bruker ESR-ER
200D X-band spectrometer. The spin-Hamiltonian parameters
were obtained by simulation of the spectra with the aid of the
modified computer programme of Rockenbauer and Korecz.[32]

The EPR spectra of the VIVO systems help to elucidate the binding
mode of the complexes formed in solution; Chasteen developed
an additivity rule to estimate the hyperfine coupling constant Az

est

[Equation (1)], based on the contributions Az,i of each of the four
equatorial donor groups.[33] The estimated accuracy of Az

est is ca.
3×10–4 cm–1.

Aest
z = ∑

4

i = 1
Az,i (1)

Most of the Az,i data relevant for this work were presented by Chas-
teen.[33] For the carboxylate (COO–) donor, Chasteen estimated its
contribution in Equation (1) to be 42.7×10–4 cm–1, based on the
Az of the VO(oxalato)2

2– complex, assuming that the four COO–

groups coordinate equatorially. However, the solution structure
presumably involves the set (3×COO–, H2O)eq,[34] so this contri-
bution should be 42.1×10–4 cm–1, the value used in the present
work. The contribution of each O donor of maltolate in Equa-
tion (1) was taken to be 41–42×10–4 cm–1. This value was calcu-
lated from the Az parameters of cis and trans complexes of VO(m-
alt)2, determined by assuming the [(O–, =O)(O–, =Oax) H2O] and
[(O–, =O)(O–, =O)] sets, respectively.[8] These data can be used to
establish the most probable binding mode of the complexes formed,
but care must be taken as the contributions of the donor groups to
the hyperfine coupling may depend, for instance on their orienta-
tion,[35] or the charge of the ligand.[36] The influence of the axial
donor groups (if any) is not taken into account. In the absence of
ethylene glycol, a relatively broad background was present in most
of the frozen solution EPR spectra, and therefore most spectra
were obtained from aqueous solutions containing 5% of ethylene
glycol.
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