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The equilibria in the solution of three different oxidovanadium(v) complexes, VO(dhp), (dhp = 1,2-
dimethyl-3-hydroxy-4(1H)-pyridinonato), VO(ma), (ma = maltolato) and VO(pic),(H,O) (pic = picolinato),
were examined in the temperature range of 120-352 K through a combination of instrumental (EPR spec-
troscopy) and computational techniques (DFT methods). The results revealed that a general equilibrium
exists: VOL, + H,O 2 cis-VOL,(H,0) 2 trans-VOL,(H,0), where cis and trans refer to the relative position
of H,O and the oxido ligand. The equilibrium is more or less shifted to the right depending on the ligand,
the temperature, the ionic strength and the coordinating properties of the solvent. With VO(dhp),, only
the square pyramidal species exists at 298 K in aqueous solution, while at 120 K the cis- and trans-VO
(dhp),(H>0) species are also present. The complex of maltol exists almost exclusively in the form cis-VO
(ma),(H,0) in agueous solution at 298 K, while the trans species can be revealed only at higher tempera-
tures, where the EPR linewidth significantly decreases. The equilibria involving 1-methylimidazole (Melm),
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a model for the side chain His coordination, are also influenced by temperature, with its coordination
being favored by decreasing the temperature. The implications of these results in the study of the
(vanadium complex)—protein systems are discussed and the interaction with myoglobin (Mb) is examined
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1. Introduction

Vanadium compounds have been shown to be a new class of
potential metallodrugs due to their promising pharmacological
properties as antidiabetic, antitumoral and antiviral drugs."™°

The main problem with orally administered V compounds
is their poor absorption in the gastrointestinal tract.""'> To
overcome this limitation, neutral V'VOL, complexes were pro-
posed and the benchmark compound for these studies is VO
(ma),, bis(maltolato)oxidovanadium(iv) or BMOV."***

After absorption in the gastrointestinal tract, V'VOL, com-
plexes reach the bloodstream where they encounter high and
low molecular mass components. Therefore, the vanadium-
protein interaction has been intensively studied for several
years in order to understand their role in metal transport.’>"
Several instrumental tools have been applied to study the
binding of VVOL,—protein, such as X-ray diffraction analysis,
UV-Vis spectroscopy, circular dichroism, mass spectrometry,
ENDOR and ESEEM, but surely Electron Paramagnetic
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Resonance (EPR) spectroscopy is one of the most used tech-
niques to characterize the interaction of V'V species with bio-
molecules.*” Usually, EPR spectra are recorded at low tempera-
tures (77 or 120 K) since anisotropic spectra allow one to get
information on the symmetry and the coordination geometry
of the VVO complexes, the identity of the equatorial ligands
through the A, value (more sensitive to the equatorial donors
than isotropic 4,), and the presence of minor species in
solution.*®*? In contrast, EPR spectra are often little informa-
tive at 298 K because the lines are not narrow enough to allow
for distinguishing the presence of more than one species in
solution with similar 4, values. However, spectra recorded at
298 K can give some important information about the V-
protein interaction; indeed, an anisotropic spectrum is
expected when the binding is strong enough to block the
metal species on the protein surface (hindering the rotational
motion in the EPR time scale), while an isotropic spectrum is
expected when the complexes are free to rotate in solution and
no covalent binding or weak non-covalent interaction occurs.**

During the last few years, EPR spectroscopy allowed for
demonstrating that the interaction with proteins depends on
the thermodynamic stability and geometry assumed by V'VOL,
complexes in aqueous solution.** In fact, a non-covalent inter-
action or a weak axial binding is expected for stable V'VOL,
complexes,”®** an equatorial binding for cis-octahedral
VVOL,(H,0) species after the replacement of the water mole-

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Equilibrium between the square pyramidal, cis- and trans-octahedral species, where cis and trans refer to the relative positions of
solvent S (H,O in aqueous solution) and the oxido ligand. In the text, they are denoted with spy, cis-Oh, and trans-Oh, respectively.

cule with an amino acid side-chain,’®'®?°3¢ and the inter-

action with two adjacent positions of the moiety V'VOL" for
bis-chelated complexes with low stability.>*

Depending on the ligand, the equilibria shown in Scheme 1
are possible for a VIVOL, complex.>’° It has been already
shown that these equilibria can be affected by temperature
and this should be considered when the spectral data are col-
lected at low temperatures. In other words, the type of inter-
action and the composition and structure of the adducts could
depend on the temperature.

In this study, the influence of temperature on the solution
equilibria of oxidovanadium(iv) complexes was studied. In par-
ticular, VO(dhp), (dhp = 1,2-dimethyl-3-hydroxy-4(1H)-pyridi-
nonato), VO(ma), (ma = maltolato) and VO(pic),(H,0) (pic =
picolinato) were examined in the temperature range of
120-352 K through a combination of instrumental (EPR
spectroscopy) and computational techniques (DFT methods).
The results were applied to the analysis of the systems formed
by V'VOL, and myoglobin (Mb).

2. Experimental and computational
section

2.1. Chemicals

Water was deionized prior to use through a Millipore Milli-Q
Academic purification system. Methanol, chloroform, and
toluene were purchased from Sigma-Aldrich. The chemicals
oxidovanadium(iv) sulfate trihydrate (VOSO,4-3H,0), pyridine-2-
carboxylic acid (picolinic acid), 3-hydroxy-2-methyl-4H-pyran-4-
one (maltol), 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone (deferi-
prone), 1-methylimidazole (Melm), myoglobin from equine
heart (Mb, M1882) and 4-(2-hydroxyethyl)-piperazine-1-ethane-
sulfonic acid (HEPES) were Sigma-Aldrich products of the
highest grade available and used as received.

The complexes [VVO(dhp),], [VVO(ma),] and [V™VO(pic),(H,O0)]
were synthesized following the procedure established in the
literature.**™** [VO(dhp),]: yield 86%; C, 48.79; H, 4.94; N, 7.96
(cale. for C,,H,(N,O5V: C, 48.99; H, 4.70; N, 8.16); ESI-MS(+),
[VO(dhp), + H]" 344.06 m/z. [VO(ma),]: yield 88%; C, 45.45; H
3.18 (calc. for C;,H;00,V: C, 45.47; H, 3.16); ESI-MS(+), [VO
(ma), + H]" 317.99 m/z. [VO(pic),(H,0)]: yield 60%; C, 43.72;
H, 3.18; N, 8.42 (calc. for C;,H;oN,0¢V, 43.79; H, 3.06; N, 8.51);
ESI-MS(+), [VO(pic), + H]" 311.99 m/z; ESI-MS(-),
[VO(pic),(OH)]™ 326.98 m/z.

This journal is © The Royal Society of Chemistry 2021

2.2. Analytical and spectroscopic measurements

Elemental analysis (C, H, and N) was carried out using a
PerkinElmer 240 B elemental analyser. ESI-MS spectra were
recorded using a high-resolution Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher
Scientific). The solutions, obtained by dissolving the solid
compounds in LC-MS H,O (V concentration 5 x 10~° M), were
infused at a flow rate of 5.00 uL min~" into the ESI chamber.
The spectra were recorded in the range of m/z 50-750 with a
resolution of 140000. The instrumental conditions for the
ESI-MS(+) measurements were: a spray voltage of 2300 V, a
capillary temperature of 250 °C, sheath gas 5 (arbitrary units),
auxiliary gas 3 (arbitrary units), sweep gas 0 (arbitrary units),
and a probe heater temperature of 50 °C. The instrumental
conditions for the ESI-MS(—) measurements were: a spray
voltage of —1900 V, a capillary temperature of 250 °C, sheath
gas 20 (arbitrary units), auxiliary gas 5 (arbitrary units), sweep
gas 0 (arbitrary units), and a probe heater temperature of
14 °C. The mass spectra were analysed by using the Thermo
Xcalibur 3.0.63 software (Thermo Fisher Scientific).

The aqueous solutions for EPR measurements were pre-
pared by dissolving VOSO,-3H,0 and the ligand (L = ma, dhp,
and pic) in ultrapure water to get a V'YO*>* concentration of
1.0 x 107 M and a metal-to-ligand molar ratio of 1/2. HEPES
buffer of 0.1 M concentration was added and the pH value was
adjusted to the desired value. In the ternary systems, an appro-
priate amount of Mb or MeIm was added to the V-L solutions
to obtain a V'YO*'/L/Mb molar ratio of 1/2/1 or VVO**/L/MeIm
1/2/4, respectively.

The solutions prepared in the absence of the HEPES buffer
were obtained by dissolving an appropriate amount of the
solid compound in the solvent or solvent mixture (CHCls/
toluene 6/4 v/v, MeOH or H,0/MeOH 9/1 v/v) to obtain a con-
centration of 1.0 x 107> M.

Argon was bubbled through all the solutions to ensure the

Vo** ions.

absence of oxygen and avoid the oxidation of V

For frozen solution EPR measurements, DMSO is usually
added to the aqueous samples to get a better resolution of the
spectra. However, as the addition of this solvent can influence
the equilibria in solution and denature the proteins, HEPES
was used for EPR measurements at 120 K, which allowed us to
achieve a good resolution of the spectra.

HEPES solutions were also used for measurements at 298 K
or higher temperatures in order to have the same solvent com-
position at different temperatures. The use of a buffer instead

Dalton Trans., 2021, 50, 16326-16335 | 16327
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of organic solvents is a good strategy to have more significant
results from a biological point of view and can be extended to
different proteins.

The EPR spectra were recorded using an X-band Bruker
EMX spectrometer equipped with an HP 53150A microwave fre-
quency counter. The instrumental parameters were as follows:
microwave frequency, 9.40-9.41 GHz at 120 K and 9.83-9.84 GHz
at 298-352 K; microwave power, 20 mW; time constant, 81.92 ms;
modulation frequency, 100 kHz; modulation amplitude, 0.4 mT;
and resolution, 4096 points. When the samples were transferred
into the EPR tubes (120 K) or a Bruker AquaX cell (298 K), the
spectra were immediately measured. Signal averaging was used
to increase the signal-to-noise ratio.** The EPR spectra at variable
temperatures (298-352 K) were measured in capillary tubes and
the temperature was controlled using a variable temperature unit
ER4131VT. The recorded spectra were simulated with the soft-
ware Bruker WINEPR SimFonia (version 1.26 (beta), Bruker
Analytik GmbH, 1997).

2.3. DFT calculations

DFT calculations were carried out with Gaussian 09 (revision
C.01).*> The V"VO complex geometries and their relative stabi-
lity were computed at the level of theory B3P86/6-311g(d,p);
this method guarantees a good degree of accuracy in the struc-
tural optimization of first-row transition metal complexes*®*’
and, particularly, of vanadium compounds.*® Water was simu-
lated within the framework of the SMD model.*’

For dhp complexes, the relative stability of the bis-chelated
species at 298 and 120 K was determined by calculating the
value of AG,q for the equilibrium in solution:

[VOL,] + H,O0 = cis-[VOL,(H,0)] (1)

All the different possible geometries of the square pyrami-
dal and cis-octahedral isomers were considered (Scheme S17).

In the case of ma and pic species, only the most stable cis-
octahedral structures were considered in the DFT calculations
(Schemes S2 and S37), as suggested by previous studies®® and
references therein.

The Gibbs energy in aqueous solution (G,q) for each species
can be separated into the electronic plus nuclear repulsion
energy (Eer), the thermal contribution (Gierm) and the sol-
vation energy (AGgon): Gaq = Eele * Gtherm + AGgon. The term
RTIn(24.46) was considered to account for the standard state
correction from the gas phase to the aqueous solution. The
thermal contribution was estimated using the ideal gas model
and the calculated harmonic vibrational frequencies to deter-
mine the correction due to the zero-point energy and the
thermal population of the vibrational levels.

The trans-Oh isomers were not considered as it was noticed
that, using this level of calculation with the SMD model for
water, they are distorted toward the spy species. Furthermore,
experimental evidence suggests that these species are less
stable than cis-Oh, being present in solution in small amounts.

For the evaluation of protein binding, the structures of the
model complex [VOL,(MeIm)] (with L = ma, pic, and dhp) were

16328 | Dalton Trans., 2021, 50, 16326-16335
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computed by considering all the possible orientations of
1-methylimidazole. The latter has been used since it is a good
model for histidine coordination.'” A relaxed scan calculation
was performed by changing the dihedral angle O=V-Nyerm~
Cyerm from 0° to 360° (with the ligand parallel to V=0 when
the angle is 0 or 180° and perpendicular when the angle is 90
or 270°), with an increment of 10° in the case of dhp com-
plexes. The structures of the most stable isomers, namely
those corresponding to the minima E,q (electronic energy in
solution) in the scan calculation, were subsequently optimized
and used in the calculation of thermodynamic parameters.
The Gibbs energy in aqueous solution (AG,q) was computed
considering the following reactions:

[VOL,] + Melm = cis-[VOLy(Melm)] (2)

cis-[VOL,(H,0)] + Melm = cis-[VOL,(Melm)] + H,O  (3)

In the systems with ma and pic, instead of doing a scan cal-
culation, the structures of cis-[VOL,(MeIm)] with dihedral
angles 0 = 0, 90, 180, and 270° were optimized. All the fre-
quency calculations were done both at 298.15 K, the default
temperature in Gaussian 09, and at 120 K.

The AG.q values obtained from the DFT calculations are
not necessarily coincident with the real values as they were cal-
culated with the SMD model instead of using explicit solvent
molecules; therefore, only the relative values at 298 and 120 K
are relevant for the purposes of this study.

For the optimized structures of both binary and ternary
species, the *'V hyperfine coupling constants (4) were calculated
using the half-and-half hybrid functional BHandHLYP and the
basis set 6-311+g(d), according to the procedures previously
published.”*> It must be taken into account that for a V'VO**
species, 4, is usually negative; however, in the literature its absol-
ute value is often reported and this formalism was also used in
this study. The theoretical background is described in detail in
ref. 56-58. The percent deviation (PD) of the absolute calculated
value, A®  from the absolute experimental value, A,, was
obtained as follows: 100 x [(A2d — 4,)/4,].

3. Results and discussion

3.1. Systems with dhp

The behavior of the [VO(dhp),] complex in solution has been
already studied by the pH-potentiometric, EPR and DFT
methods.?>*! The EPR spectra recorded at 120 K suggest that,
in the pH range 5-8, the bis-chelated species is present in solu-
tion as a mixture of the square pyramidal [VO(dhp),] and octa-
hedral cis-[VO(dhp),(H,0)] in equilibrium between each other,
together with a small amount of trans-[VO(dhp),(H,0)],* this
latter species revealed when the spectra were recorded at 1 mM
concentration.

In the present study, the results at low temperatures were
reanalyzed and it was confirmed that the resonances of the
third species with lower A, (which corresponds to trans-[VO
(dhp),(H,0)] where the water molecule is coordinated in the

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Anisotropic EPR spectra recorded at 120 K in frozen solutions containing: (a) solid VO(dhp), 1 mM dissolved in a mixture H,O/MeOH 9/1; (b)
VO?*/dhp 1/2, VO?** 1 mM, HEPES 0.1 M, pH 7.40; (c) VO?*/dhp/Mb 1/2/1, VO?** 1 mM, HEPES 0.1 M, pH 7.40; and (d) VO**/dhp /Melm 1/2/4,
VO?* 1 mM, HEPES 0.1 M, pH 7.40. With I, II, Ill, IV and V the parallel resonances of cis-[VO(dhp)x(H,0)l, trans-IVO(dhp).(H,0)l, [VO(dhp)y],

cis-VO(dhp),(Mb) and [VO(dhp),(Melm)] are indicated.

axial position) are present when the spectrum is recorded in
HEPES buffer (0.1 M) at physiological pH (Fig. 1b, I). To evalu-
ate if the buffer and other ions (as SO,>~ from VOSO, salt) can
influence the equilibrium between the species in solution, the
spectrum was recorded by dissolving the solid complex VO(dhp),
in a mixture H,0/MeOH 9/1 v/v (Fig. 1a). At these experimental
conditions, the predominant species is that with the highest 4,
value (g, 1.940, 4, 169.0 x 10~* em™, I) which corresponds to cis-
[VO(dhp),(H,0)], together with a small amount of that with the
lowest A, (g, 1.953, 4, 151.9 x 10~* em™, II) which is the isomer
trans-[VO(dhp),(H,O)]. No evidence of the square pyramidal
[VO(dhp),] are present in the mixture H,O/MeOH. This behavior
can be explained considering that all the three species are in
equilibrium, and this can be shifted by changing the media in
which the spectra are recorded. Moreover, the formation of
[VO(dhp),] is favored by an increase in the ionic strength, since
this condition decreases the number of solvent molecules in
solution “available” for metal centre coordination; on the other
hand, cis/trans[VO(dhp),(H,0)], with a water molecule directly
coordinated, are favored at low ionic strengths, when the solvent
is able to coordinate the metal in the equatorial (cis) or axial
(trans) position.

When the spectra are recorded in the presence of myoglo-
bin (Fig. 1c), a new series of bands with 4, = 162.7 x 107 em ™
are detected, which can be attributed to the formation of a
mixed species with the composition VO(dhp),(Mb) (IV in
Fig. 1), where an accessible His-N binds equatorially to the
vO(dhp), moiety.>® The A4, value is intermediate to those of cis-
[VO(dhp),(H,0)] and [VO(dhp),] and is practically coincident
with that of cis-[VO(dhp),(MeIm)] (163.0 x 10™* em™, V in
Fig. 1d), which is in agreement with the literature data."
Probably, a small amount of binary complex remains in solu-
tion as the signals of the two isomers, spy and cis-Oh, can be
noticed in the spectrum (see Fig. 1c). The experimental EPR
parameters of both the binary and ternary species and the
comparison with those calculated by the DFT methods are
reported in Table S1.}

The EPR spectra recorded at 298 K with HEPES 0.1 M show
that in the binary system only one species is present in solution

This journal is © The Royal Society of Chemistry 2021

and the same signals are detected in the system with 1-methyl-
imidazole and Mb (Fig. 2). The same species was detected at
temperatures higher than 298 K (Fig. S11) and, even if the signals
appear narrower, no appreciable differences were observed after
the addition of Melm to the solution. The different behavior at
298 K compared with that at 120 K can be explained by consider-
ing that only the spy species exists in solution at room tempera-
ture (go 1.976, 4, 84.1 x 107" em™") and MeIm does not bind
to V. The experimental A, value, measured at 298 K, was com-
pared with that calculated from frozen solution spectrum using
the relationship Ag™" = (4, + A, + A,)/3; indeed, the value
obtained from the simulated spectra (Fig 52, A;> = 90.9 x 107*
em™Y) is quite different from that measured at 298 K (4, 84.1 X
107" em™"), confirming that the mixed species cis-
[VO(dhp),(MeIm)] is formed only at 120 K.

Moreover, at 298 K, the eventual anisotropic signals of the
adduct formed by the cis-VO(dhp), moiety with Mb are not
detected or exist in such small amounts that cannot be
revealed by EPR spectroscopy. This finding indicates that there

L
il

310 320 330 340 350 360 370 360 390 400
H (mT)
Fig. 2 Isotropic EPR spectra recorded at 298 K in solutions containing:
(a) solid VO(dhp), 1 mM dissolved in H,O (the resulting pH is 5.90); (b)
VOZ*/dhp 1/2, VO?* 1 mM, HEPES 0.1 M, pH 7.40; (c) VO?*/dhp/Melm 1/
2/4, VO** 1 mM, in HEPES 0.1 M, pH 7.40; and (d) VO?*/dhp/Mb 1/2/1,
VO?* 1 mM, HEPES 0.1 M, pH 7.40.

Dalton Trans., 2021, 50, 16326-16335 | 16329
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is no strong covalent interaction with the protein because the
only free site, that in the axial position, is not prone to the
binding of the amino acid side-chains®* and confirms that the
most stable species is, at these experimental conditions, the
spy isomer.

To evaluate if by decreasing the ionic strength it is possible to
shift the equilibrium toward the formation of cis-[VO
(dhp)y(HyO)], the spectrum of the binary system was also
recorded without adding the HEPES buffer; as it can be noticed
from Fig. 2a, no spectral changes were observed thus confirming
that at 298 K the complex present in solution is [VO(dhp),].

The different behavior at 120 K can be explained consider-
ing that there is a certain percentage of the cis complex in solu-
tion which, in the presence of 1-methylimidazole, transforms
into cis-[VO(dhp),(MeIm)] where the water molecule co-
ordinated in the equatorial plane is replaced by MeIm. At the
same time, the formation of this species influences the spy +
H,0 2 cis-Oh equilibrium, which is shifted toward the for-
mation of the octahedral complex thus leading to the complete
transformation into cis-[VO(dhp),(MeIm)] and the detection of
a single signal in the EPR spectrum.

The equilibrium between the square pyramidal VO(dhp),
and the cis-octahedral VO(dhp),(H,0) was studied by DFT cal-
culations considering the structures of all possible isomers
(Scheme S17). The results are collected in Table S21 and it can
be noticed that, both at 298 and 120 K, the values of Gibbs
energy calculated for the cis-Oh isomers are quite close to each
other with differences of less than 1 kcal mol™"; therefore, it
can be concluded that a mixture of the possible isomers may
be present in solution. The energy of the two spy complexes
(SPY-5-12 and SPY-5-13) is also similar.

To evaluate the influence of temperature in the spy/cis-Oh
equilibrium, the AG,q for the reaction VOL, + H,O 2 cis-
[VOL,(H,0)] has been calculated considering the corres-
ponding average G values for the spy and cis-Oh forms and the
contribution of the water molecule. The results suggest that
the equilibrium is always shifted toward the spy isomer but
more at 298 K where the mean value of AG,q calculated is
10.1 keal mol™" vs. 5.5 keal mol™" at 120 K (see Table 1). This
is in agreement with the EPR results which show that at 298 K
only the [VO(dhp),] species is present in the solution, while at
120 K both square pyramidal and octahedral complexes exist,
with the spy isomer being the predominant one.

View Article Online
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In order to determine the most stable conformation(s) of
the mixed complex cis-[VO(dhp),(MeIm)] at 298 and 120 K as a
function of the O=V-Nyerm—Cwmerm dihedral angle, a series of
DFT calculations were performed. Since the G values of the cis-
Oh isomers are close to each other, only OC-6-34 and OC-6-23
were chosen as starting points to build the corresponding
mixed complex, being the structures with the lowest and the
highest energy (see Table S27). A relaxed scan calculation was
performed by changing the orientation of Melm with respect
to the V=0 bond of cis-VO(dhp), moiety and the results are
shown in Fig. 3 and S3.f It can be noticed that the structures
corresponding to the minimum points in the scan calculation
are those in which the dihedral angle is 150 and 340-350°—
for the OC-6-34 and OC-6-23 isomer, respectively—which were
further optimized and used in the determination of G,q.

The dihedral angle and Gibbs energy values calculated for
the optimized structures of cis-[VO(dhp),(MeIm)] isomers are
listed in Table S37 and their relative stability was determined
considering that the starting complex can assume the spy geo-
metry or the cis-Oh configuration. The data obtained (Table 1)
suggest that the equilibrium [VO(dhp),] + MeIm =2 cis-[VO
(dhp),(MeIm)] is always shifted toward the binary complex
(with the positive values of AG,q both at 298 and 120 K) in

-2242,9020
-2242,9025
-2242,9030
-2242,9035

-2242,9040

E,q (hartree)

-2242,9045

-2242,9050

-2242,9055

-2242,9060

0 50 100 150 200 250 300 350

dihedral angle (°)
Fig. 3 Electronic energy values in solution (E,q, 298.15 K) as the func-
tion of the O=V—-Npmeim—Cmeim dinedral angle. Relaxed scan calculation

performed on the cis-[VO(dhp),(Melm)] structure obtained from OC-
6-34 isomer by substituting the water molecule with Melm.

Table 1 AG values in aqueous solution for the reactions of bis-chelated VO-dhp species examined in this study®”

Reaction

AG,q (298.15 K) AG,q (120 K)

[VO(dhp),] + H,0 2 cis-[VO(dhp),(H,0)*

[VO(dhp),]* + MeIm 2 cis-[VO(dhp),(MeIm)
[VO(dhp),|* + MeIm 2 cis- [VO(dhp) (MeIm)
cis-[VO(dhp) Z(HZO)]g +Melm 2 cis[VO(dhp
cis-[VO(dhp),(H,0)]" + MeIm = cis-[VO(dhp

e

S

»(MeIm)|® + H,O
»(MeIm)} + H,O

=

10.12 5.52
9.12 2.70
8.43 2.31

-1.69 -3.26

—1.34 —2.93

“Values reported in kcal mol™. ? Calculanons performed at the B3P86/6-311g(d,p) level of theory using the SMD model for water.  G,q mean value
of all SPY-5 isomers was considered. ¢ G,q mean value of all 0C-6 isomers was considered. ° Gaq mean value of the OC-6-34 isomer formed by MeIm
with the two dihedral angles in Table S3T was considered. Gd\q mean value of the OC-6-23 isomer formed by MeIm with the two dihedral angles in
Table S31 was considered. ¢ G,q value of the OC-6-34 isomer was considered. " G, o value of the OC-6-23 isomer was considered.
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agreement with what was observed in the EPR experiment
which does not show the formation of a mixed species when
only the spy complex is present in solution, namely at 298 K.
On the other hand, when the substitution reaction cis-[VO
(dhp),(H,0)] + MeIm = cis-[VO(dhp),(MeIm)] + H,O is taken
into account, negative values of AG,q were obtained and the
results suggest that the temperature decrease favours the
coordination of Melm, as confirmed by the experimental
results. The latest results explain why protein binding was
detected clearly only at low temperatures.>®

3.2. Systems with ma

The bis-chelated VYO complex formed by maltol exists in
aqueous solution as a cis-octahedral structure [VO
(ma)Z(HZO)].37’38’59

The broad EPR signal obtained at 120 K (Fig. S4at), in
HEPES 0.1 M solution, suggests that different isomers can be
present at physiological pH with slightly different A, values.
Among the possible geometric isomers, DFT calculations
suggested that the most probable structure is that with the coordi-
nation mode [(Oyet, Ophen); (Okets Offen); H20] (Scheme S21).%8

In the presence of Melm, cis-[VO(ma),(H,0)] completely
converts into the mixed complex cis-[VO(ma),(MeIm)]| where
the water molecule is replaced by the model ligand (Fig. S4ct).
In the system with Mb, the EPR signal is similar to that of cis-
[VO(ma),(MeIm)], suggesting that the species VO(ma),(Mb) is
formed, with the protein coordinating the vanadium ion
through an imidazole group of a histidine residue.®

At 298 K (Fig. 4a), when the spectra are recorded in HEPES
0.1 M, together with the predominant cis-Ok complex (I), a
small amount of another species with a lower value of 4, is
present in solution (whose signals are indicated with the aster-
isks in Fig. 4). It was noticed that at 325 and 352 K the amount
of this species increases suggesting that the equilibrium
depends on temperature (Fig. 4b and c). Moreover, at high
temperatures the resonances are narrower, and it is possible to
extract the spin Hamiltonian EPR parameters (I g, = 1.969, A, =

298 K

325 K

352 K c

2;;0 360 3%0 3&0 3:;0 3210 350 360 3%0 3é0 3é0
H (mT)
Fig. 4 Isotropic EPR spectra recorded on solutions containing VO**/
ma 1/2, (VO?* 1 mM, HEPES 0.1 M, pH 6.05) at variable temperatures.
With | and I, the resonances of cis-[VO(ma),(H,O)] and trans-[VO
(ma),(H,0)] are indicated.
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95.7 x 10~ em™" and I g, = 1.974, 4, = 84.9 x 10~* ecm ™). The
formation of species I was confirmed by the accordance with
the experimental A, and that calculated from A,, A, and A,
measured at 120 K (Fig. S57), where the cis-Oh species is the
only one present in solution (4, = 95.7 x 10~ ecm™ vs. AgP =
(Ar+ 4, +4,)/3=96.3x10"" em™).

The results are very similar to those previously obtained by
Orvig and coworkers, who examined the temperature range
296-352 K.*’

The EPR spectra were also recorded in MeOH (Fig. 5a-c); in
this situation, two species are in equilibrium and their ratio
changes with increasing temperature: at 335 K, the species
characterized by g, 1.974 and 4, 88.0 x 10™* em™" is predomi-
nant, while at 298 K the major species is that with g, 1.970 and
Ap 96.3 x 107* em™". In non-coordinating solvents (CHCl,/
toluene 6/4 v/v, Fig. 5d), only one species is observed with g,
1.975 and A, 90.4 x 10™* cm™'. Similar results were obtained
by Orvig and coworkers;®” these authors interpreted the equili-
brium between different species, the square pyramidal and the
two octahedral ones, cis and trans, with a solvent molecule co-
ordinated to the metal complex. However, they were not able to
distinguish between the EPR signals due to VO(ma), and those
of trans-VO(ma),(H,0); it is now clear from the results in the lit-
erature that the effect of the solvent coordination in the axial
position, trans to the oxido group, causes a noticeable decrease
of the hyperfine coupling constant, A, or 4,, due to a significant
decrease of the Fermi contact term.***® Therefore, the two
species in equilibrium in methanol solution are the cis-Oh and
the trans-Oh isomers (4, 96.3 and 88.0 x 10™* em™, I and II in
Fig. 5, respectively), while the only species in non-coordinating
solvents is the spy isomer (III, 4, 90.4 x 10~ cm ™).

In the ternary system with Melm, small differences in the
EPR spectra recorded at 298 K suggest that a small amount of
the model complex cis-[VO(ma),(MeIm)] could be formed
(Fig. 6¢); this was confirmed by the results obtained at higher

298 K a
325 K b
335 K c
298 K d

290 300 310 320 330 340 350 360 370 380 390
H (mT)
Fig. 5 Isotropic EPR spectra recorded on solutions containing solid VO
(ma), 1 mM dissolved in MeOH at variable temperatures (a—c) and (d)
solid VO(ma), 1 mM dissolved in CHClz/toluene 6/4 v/v at 298 K. With I,
Il and Ill the resonances of cis-[VO(ma),(H,0)l, trans-[VO(ma),(H,0)]
and [VO(ma),] are indicated.
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I} 1} c

310 320 330 340 350 360 370 380 390 400
H (mT)

Fig. 6 Isotropic EPR spectra recorded at 298 K in solutions containing:
(a) VO?*/ma 1/2, VO?* 1 mM, HEPES 0.1 M, pH 7.40; (b) VO**/ma/Mb 1/
2/1, VO?* 1 mM, HEPES 0.1 M, pH 7.40; (c) VO?*/ma/Melm 1/2/4, VO?*
1 mM, HEPES 0.1 M, pH 7.40. With I, Il and Ill, the resonances of cis-[VO
(ma),>(H,0)], trans-[VO(ma),(H,O)] and cis-[VO(ma),(Melm)] are
indicated.

temperatures (325 and 352 K) where it is possible to appreciate
the presence of a new signal because of the narrowing of the
bands (Fig. S67).

On the other hand, in presence of myoglobin a similar iso-
tropic spectrum is obtained which suggests that no binding or
a very weak binding with the protein occurs (Fig. 6b).

The experimental and calculated EPR parameters of the
binary and ternary species mentioned above are listed in
Table S1.7

DFT calculations were performed considering four different
orientations of Melm (dihedral angle 6 = 0, 90, 180, and 270°)
and only the most stable cis-octahedral isomers where the
water ligand was replaced by MeIm (Scheme S2f). The G,q
values at 298 and 120 K for each species are reported in
Table S4t1 and the results of the thermodynamic calculations
in Table 2. The data in Table 2 allow us to explain that the be-
havior of the ma complexes is probably due to the lower stabi-
lity at 298 K of the mixed species. Even if the cis-Oh complex is
formed both at 298 and 120 K — contrary to what was
observed with the dhp ligand where only spy is present
at 298 K — the calculated AG,q values for the reaction
cis-[VO(ma),(H,0)] + Melm =2 cis-[VO(ma),(MeIm)] + H,O
are more negative at 120 K (see Table 2), suggesting that
the formation of the mixed complex is favored at low
temperatures.

View Article Online
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3.3. Systems with pic

The results previously published®®®" show that in the binary

system VO>'/pic 1/2, vanadium is present in solution at
physiological pH as a mixture of cis-[VO(pic),(OH)]” and

370 380 390 400 410 420 430
H (mT)

Fig. 7 Anisotropic EPR spectra recorded at 120 K in frozen solutions
containing: (a) VO?*/pic 1/2, VO** 1 mM, HEPES 0.1 M, pH 6.80; (b)
VO?*/pic 1/2, VO?* 1 mM, HEPES 0.1 M, pH 7.40; (c) VO®*/pic/Mb 1/2/1,
VO?* 1 mM, HEPES 0.1 M, pH 7.40; and (d) VO?*/pic/Melm 1/2/4, VO**
1 mM, HEPES 0.1 M, pH 7.40. With I, 11, lll and IV, the resonances of cis-
VO(pic),(Mb),

[VO(pic)(H20)],  cis-[VO(pic),(OH)I~, and cis-[VO

(pic)2(Melm)] are indicated.

200 300 310 320 330 340 350 360 370 380 390
H (mT)
Fig. 8 Isotropic EPR spectra recorded at 298 K on solutions containing
VO?*/pic/Mb 1/2/1 (VO?* 1 mM, HEPES 0.1 M) at different pH values: (a)
490, (b) 5.75 and (c) 7.55. With | and IlI, the resonances of cis-[VO
(pic)2(H20)] and cis-[VO(pic),(OH)]™ are indicated.

Table 2 AG values in aqueous solution for the reactions of VO-ma species examined in this study®?

Reaction AG,q (298.15 K) AG,q (120 K)
cis[VO(ma),(H,0)]* + Melm 2 cis-[VO(ma),(MeIm)]? + H,0O -1.30 —2.89
cis-[VO(ma),(H,0)]° + MeIm 2 cis-{[VO(ma),(MeIm)} + H,0 -3.79 —4.50

“Vvalues reported in keal mol™. ? Calculat1ons performed at the B3P86/6-311g(d,p) level of theory using the SMD model for water. © G,q value of
the 0C-6-32 isomer was considered. ¢ Gaq mean value of the 0C-6-32 isomer formed by MeIm with the two dihedral angles in Table S4t was con-
sidered. ¢ G,q value of the OC-6-34 isomer was considered./ G,, mean value of the OC-6-34 isomer formed by MeIm with the two dihedral angles
in Table S4f was considered.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt02680a

Open Access Article. Published on 18 October 2021. Downloaded on 4/6/2026 5:24:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

Table 3 AG values in aqueous solution for the reactions of VO-pic species examined in this study®”?

Reaction AG,q (298.15 K) AG,q (120 K)
cis-[VO(pic),(H,O)]° + MeIm 2 cis-[VO(pic),(MeIm)]” + H,O —4.39 —5.26
cis-[VO(pic),(H,0)|° + MeIm 2 cis-[VO(pic),(MeIm)} + H,O —-3.67 —4.86

“Values reported in keal mol™. ? Calculat1ons performed at the B3P86/6-311g(d,p) level of theory using the SMD model for water. © G,q value of
the OC-6-24 isomer was considered. ¢ Gaq mean value of the 0C-6-24 isomer formed by MeIm with the two dihedral angles in Table S5 was con-
sidered. ¢ G,q value of the OC-6-23 isomer was considered./ G,, mean value of the OC-6-23 isomer formed by MeIm with the two dihedral angles

in Table S51 was considered.

cis-[VO(pic),(H,O)] (Fig. 7b); the latter becomes the predomi-
nant species at lower pH (Fig. 7a) with a pK of 6.98.

To evaluate if protein coordination occurs in the system
with Mb, it should be taken into account that the replacement of
the equatorial OH™ in cis[VO(pic),(OH)]” with an imidazole
nitrogen atom does not significantly change the EPR parameters,
as already confirmed in the literature."” Therefore, even if a com-
parison of the spectra of the systems VO**/pic/Mb and VO**/pic
at physiological pH shows very small differences (Fig. 7c), it can
be supposed that an imidazole donor from Mb replaces, at least
partly, the equatorial OH™ ion in the hydroxido species leading
to the formation of the mixed complex VO(pic),(Mb).

The differences are more visible upon comparing the reso-
nances of the binary system with those of VO>/pic/MeIm
(Fig. 7d) where, despite the similar A, values (Table S17), the
different band shapes suggest that the coordination of MeIm
to V can partially occur.

The differences are slightly visible at 298 K (Fig. S7t) also,
where the neutral complex cis-[VO(pic),(H,O)] coexists with the
hydroxido species. When Melm is added to the solution, an
increase in the intensity of the internal resonances suggests
that c¢is-[VO(pic),(H,0)] transforms in part to cis-[VO
(pic)o(MeIm)]. The EPR spectra recorded with Mb show no
clear evidence of protein binding as only isotropic signals were
obtained (Fig. 8).

DFT calculations suggest that the formation of the mixed
complex is thermodynamically favored since the calculated
values of AG,q for the reaction cis-[VO(pic),(H,0O)] + Melm 2
cis-[VO(pic),(MeIm)] + H,O are negative both at 298 and 120 K;
as observed with the other ligands, the decrease in tempera-
ture favors the coordination of MeIm (Table 3).

4. Conclusions

In this study, the influence of different parameters, such as
temperature, ionic strength, solvent and the type of ligand, on
the equilibria of some oxidovanadium(iv) complexes in solu-
tion has been investigated in order to elucidate their inter-
action with proteins.

EPR spectroscopy is one of the most used techniques to
study VVO** complexes, their equilibria and transformations in
organisms after the interaction with the blood serum bioligands
and cellular components. Of course, these processes take place at
37 °C (310 K) and in the liquid phase. The interaction of

This journal is © The Royal Society of Chemistry 2021

vanadium complexes with proteins has been mainly studied by
frozen solution EPR spectroscopy (120 K) because the oxidation
to V¥ is minimized and anisotropic spectra can give information
about the symmetry and the coordination geometry of the VYO
complexes. Often, EPR studies are accompanied by UV-vis and
pH-potentiometric measurements that are necessarily performed
at 298 K. Therefore, in order to better analyze the results and
refer them to the physiological conditions, it is important to
understand how the equilibria in solution can be affected by
changing the temperature and other experimental conditions.
The results of this study showed that for the potential
metallodrugs VO(dhp),, VO(ma), and VO(pic),(H,0), a general
equilibrium between different geometries exists in solution:
VOL, + H,O 2 cis-VOL,(H,0) 2 trans-VOL,(H,0). As first
observed, the strength of the ligand determines the preference
of penta- or hexa-coordinated structures; in particular, for the
complex VO(dhp), at 298 K only the square pyramidal species
exists in aqueous solution, while the complexes VO(ma), and
VO(pic), prefer the octahedral geometry, cis-VOL,(H,0), where
the water molecule bound in the equatorial plane can deproto-
nate producing the corresponding mono-hydroxido species cis-
[VOL,(OH)]-
the literature.

. This is in agreement with the data reported in
3850 When the complex exists as cis-VOL,(H,0),
the increase in temperature allows us to reveal the presence of
a minor species, trans-Oh, due to the significant decrease in
the EPR linewidth. The presence of the ¢rans-Oh complex is
indicated by the small value of A, or 4,.>>** It must be pointed
out that the equilibria between the spy, cis-Oh and trans-Oh
species could be more common than what is believed in the
literature. They have been discussed some years ago for picoli-
3943 observed for dhp?® and for maltol, even if
in the latter case the authors were not able to distinguish
between VO(ma), and trans-[VO(ma),(H,0)] species.®”

The amount of solvent-coordinated complexes depends

nate derivatives,

also on the ionic strength of the solution, which can be
changed when buffers or salt are added. On the other hand,
cooling the solutions down to 120 K causes the shift of the
equilibria towards the octahedral species, which has been
already observed with other V'YO>* complexes.**®°

When the interaction with 1-methylimidazole, a model for
the side chain His coordination, was investigated, it was
observed that no coordination occurs at 298 K when the V
complex has a spy geometry, such as VO(dhp),, while the for-
mation of the mixed species cis-[VOL,(MeIm)] seems always to

be favored by decreasing the temperature, where the com-
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plexes are present as cis-[VOL,(H,O)] species and MeIm can
easily replace the coordinated water molecule.

These effects can be related to the type of interaction
observed with a protein (Mb in this study). In particular, the
results obtained with all the three examined complexes
provide strong evidence that the interaction with Mb is favored
at low temperatures. This must be considered in the interpret-
ation of the data. However, depending on the ligand, protein
and stabilization through secondary interactions, such as
hydrogen bonds and van der Waals contacts, a small amount
of the adducts can also be formed at room temperature; for
example, the adduct formed by cis-VO(pic), with lysozyme was
crystallized at 293 K and its structure is solved with the
binding of Asp52-COO in one of the equatorial sites.*®

DFT calculations permit us to evaluate the relative stability
of different species in solution at different temperatures and
can represent a valuable method to demonstrate this trans-
formation, even if the stabilization of the amino acid side
chains must be taken into account. The results confirm that
this behavior is probably due to the lower stability at 298 K of
the mixed species compared to 120 K.

Therefore, even if EPR spectra at 120 K are more easily
interpretable, the lowering of the temperature can shift the
equilibria and stabilize species which do not exist or exist in
low amounts under physiological conditions (310 K).
Therefore, EPR spectra at 298 K (or at 310 K) are surely helpful
to have a more complete and realistic picture of the interaction
of V complexes with proteins or other bioligands.

Considering these results, often EPR spectroscopy is not
enough to characterize completely a V"VOL,-protein system
and an integrated approach, based on the application of other
techniques, such as ESI-MS, CD and ESEEM/ENDOR spec-
troscopy, XRD plus several computational techniques, such as
docking, QM/MM and MD methods, is strongly
reCOmmel’lded.Zs’25’26’29’31’32’62

The importance of this study is not limited to the vanadium
solution chemistry since the same considerations can be
extended to other metal complexes, such as Cu(u) and other first-
row transition elements. Therefore, it is essential to consider the
behavior of potential metallodrugs under different experimental
conditions (including temperature, ionic strength, solvents, etc.)
when their interaction with biological molecules is investigated.
This fact becomes fundamental even when the results of various
techniques are compared, especially when obtained under
different experimental conditions.
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