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The biological activity of vanadium complexes, namely, as
insulin enhancers, is well known. We report a combined X-
ray crystallography, electron paramagnetic resonance, and
density functional theory study of the interaction of vana-
dium picolinate complexes with hen egg white lysozyme

Introduction

Vanadium is a transition metal that has been implicated
in the last decades in the fields of medicine and pharma-
cology owing to its physiological role as insulin-enhancer,[1]

anticancer,[2] and antiparasitic agent.[3] Moreover, vana-
dium has been found to take relevant roles in some nitroge-
nases and haloperoxidases, and a few single-crystal X-ray
structures are available for several of the vanadium halo-
peroxidase enzymes.[4]

To have a physiological role, vanadium needs to be first
transported in the blood and then taken up by the cells.
This process is most likely conducted by plasma proteins
such as human serum transferrin (hTF) and human serum
albumin.[5] It is known that hTF is the prevailing vehicle
for vanadium transport. In normal serum, only about 30%
of the total binding sites are occupied by iron;[6] this means
that there are available sites for other metal ions, without
the need to replace tightly bound FeIII.[5a,5c,7] It was demon-
strated that if vanadium is administered in the form of a
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(HEWL). We show that the VIVO(pic)2 complex covalently
binds to the COO– group of the side chain of Asp52 of HEWL.
The long VIV=O bond obtained in the X-ray study is ex-
plained to be due to reduction of VIV to VIII during exposure
of the crystals to the intense X-ray beam.

complex, for example, VIVO(carrier)2, in which carrier is an
organic ligand, often the doses needed to achieve the same
therapeutic effect are significantly lower. Among the several
VO complexes exhibiting insulin-enhancing properties,
VIVO(maltolato)2 and derivatives have been extensively
studied from the chemical and pharmacological points of
view[1b,8] as has VIVO(picolinato)2

[9] and VV–dipicolinato
compounds.[10] In particular [VO(picolinato)2(H2O)]
(Scheme 1) was shown to be a strong inhibitor of fatty acid
mobilization and effective in the treatment of rats affected
by diabetes induced with streptozotocin.[9,10] If V is intro-
duced in the blood stream in the form of a VIVO(carrier)2

complex, these carrier ligands may also participate in the
transport of vanadium in blood.[5] The mode of action of
this metal is not well understood and is still the subject
of much debate.[1b,8,11] Particularly, the interaction of these
complexes with serum, membrane, or cytosolic proteins is
an important aspect, as it controls their ADME (absorp-
tion, distribution, metabolism, and excretion) properties
and efficacy.

Scheme 1. Structural formula of a vanadium complex formed by
the picolinato– (pic–) ligand.

Hen egg white lysozyme (HEWL) has been used as a
model protein for X-ray crystallography, similar to what has
been done for other metal-based drugs.[12] In this work, we
studied the interaction of VIVO(pic)2 (pic = picolinato–
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anion) with HEWL and present the first X-ray structure of
a VIVO compound covalently bound to a protein, which can
be relevant to understand the pharmacological action of
this and other prospective drugs.

Results and Discussion

HEWL crystals prepared upon soaking with a solution
of VIVOSO4/picolinic acid (molar ratio of 1:3) diffracted be-
yond a resolution of 1.28 Å (see the Supporting Infor-
mation; PDB code 4c3w). Analysis of the electron density
map of the HEWL structure revealed a strong peak at the
active site of the enzyme, close to the Asp52 residue, at
which a VIVO(pic)2 moiety could be modeled with an occu-
pancy of 0.65. An anomalous electron density map was also
calculated and a strong peak for V was clearly observed
(Figure S1, Supporting Information).

Vanadium adopts a distorted octahedral geometry cova-
lently bound to Asp52, with a bidentate coordination to
two pic– anions and an Ooxido atom (Figure 1). The V=O
bonds typically vary between 1.57 and 1.65 Å.[14] In the
present case, the VIV=O bond length determined by X-ray
analysis is quite long (1.82 Å), whereas that of VIV–O
(Asp52) is relatively short (1.89 Å). Asn46 is found close to
the complex, and it interacts with the Ooxido atom through
a hydrogen bond. This interaction could be responsible for
the anomalous distance observed. However, X-ray-induced
reduction owing to the very intense beam used for data col-
lection is a more plausible explanation. Partial reduction of
the metal from the +4 oxidation state to the +3 oxidation
state, which occurs during radiation exposure, may explain
the large distance between V and Ooxido. This type of phe-
nomenon has been reported for metalloenzymes,[15] and in
the present case it would correspond to a progressive
change during radiation exposure from a VIV=O bond to a
VIII–O bond with concomitant elongation of the bond
length. To test this hypothesis, model refinement was con-
ducted by using different slices of the collected data for fur-
ther comparison with the final model.

Figure 1. Structural representation of the VIVO(pic)2–Asp52 frag-
ment of the HEWL–VIVO(pic)2 adduct. Bond lengths between V
and the donor atoms are indicated (see also text). Picture was pre-
pared by using Pymol.[13]

Table 1 shows the measured distances between V and all
donor atoms: for the complete data set, the first 350 images,
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the first 500 images, and also the last 500 images collected.
Even though the obtained completeness for the studied sub-
sets is not ideal, it is clear that pronounced changes occur
during data collection, specially for the V=O bond. Hence,
whereas in the early stages of data collection (initial 35 %
of the dataset used) the distance between the metal and the
Ooxido ligand is 1.76 Å, this value increases by the end of
the data collection (final 50 % of the data used) up to
1.85 Å. These differences suggest that V is reduced during
data collection. Large distances previously obtained for
VV=O bonds in other vanadium–protein studies[16] may
have also resulted from reduction induced by radiation. Re-
garding the V–O(pic) bond lengths determined, these are
very similar (2.04 and 2.05 Å) although the one involving
the O atom trans to the Ooxido ligand is rather short.[14]

Table 1. Distance between V and the coordinating ligands for the
complete data set, the first 350 images, the first 500 images, and
the last 500 images collected.

Bond Distance [Å]
Images Images Images Images
1–1000 1–350 1–500 501–1000

V=O 1.82 1.76 1.78 1.85
V–Asp52 1.89 1.91 1.90 1.93
V–N (pic1) 2.09 2.13 2.11 2.10
V–O (pic1) 2.05 2.05 2.03 2.07
V–N (pic2) 2.15 2.16 2.19 2.11
V–O (pic2) 2.04 2.02 2.01 2.04

To confirm the oxidation state of V, electron paramag-
netic resonance (EPR) experiments of the HEWL–V adduct
crystals were undertaken. The spectra obtained at room
temperature with a suspension of the crystals in buffer
(Figure S2) and for the same suspension frozen at 77 K
(Figure 2) exhibited a hyperfine pattern; this confirms the
presence of a monomeric VIVO-bound species with a dxy

1

ground-state configuration, and the following spin Hamil-
tonian parameters (the g factors and the hyperfine structure
constants, A) were obtained:[17] (1) for the spectrum at
77 K: gx = 1.985, gy = 1.985, gz = 1.951, Ax =
–57.6! 10–4 cm–1, Ay = –57.8 !10–4 cm–1, Az =

Figure 2. First derivative X-band EPR spectrum of a suspension in
buffer of pH ≈ 4.5, frozen at 77 K, of the HEWL–VIVO(pic)2 ad-
duct crystals.
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–164.5 !10–4 cm–1; (2) for the spectrum measured at room
temperature: giso = 1.975 and Aiso = –92.4! 10–4 cm–1. The
parameters reported for VIVO(pic)2(H2O) (Scheme 1) are:
gz = 1.945, Az = –165!10–4 cm–1.[18]

The 51V hyperfine coupling tensor A was calculated by
DFT methods (see the Supporting Information), and the
results are shown in Table 2. From the X-ray structure of
the HEWL–VIVO(pic)2 adduct crystals, only the residues at
less than 8 Å from V were considered. On the resulting
structure (V–HEWL in Table 2), the 51V (Aiso, Ax, Ay, and
Az) hyperfine coupling constants were calculated. The pro-
tonation state of Asp52 (V–HEWLH, Table 2) and the effect
of the VIV=O bond length on the 51V A tensor (VVO–
HEWL, Table 2) were also studied by DFT methods. The
value of Az

calcd. calculated by using the coordinates of the
X-ray structure (V–HEWL) is very far from the experimen-
tal one, which is due to the large distance found for the
V=O bond relative to usual bond lengths (1.82 vs. 1.57–
1.65 Å).[14] If this was indeed the case, the V–HEWL ad-
duct, as determined by the X-ray study, would resemble a
non-oxido VIV complex (with a V–O bond), for which low
Az values are expected.[19] The spin Hamiltonian param-
eters with the same coordinates but with the carboxylate
side group of Asp52 protonated (V–HEWLH) were also cal-
culated but did not bring much improvement in the predic-
tion of Az, as only a slight increase in |Az

calcd.| was achieved.

Table 2. Calculated and experimental parameters for the HEWL–
VIVO(pic)2 adduct and related structures.[a]

Aiso- Ax
calcd. Ay

calcd. Az
calcd. Az

exp. Dev.
calcd. [%][b]

V–HEWL –84.5 –48.7 –56.8 –148.1 –164.5 –10.0
V–HEWLH –86.9 –50.8 –58.5 –150.6 –164.5 –8.4
VVO–HEWL –93.6 –58.2 –61.9 –160.7 –164.5 –2.3
VIVO(pic)2- –96.5 –62.0 –64.1 –163.5[21] –165.0[21] –0.9
(H2O)[18]

[a] All values measured in 10–4 cm–1. [b] The % deviation of |Az
calcd.|

from |Az
exp.|, expressed as 100! [(|Az

calcd.| – |Az
exp.|)/|Az

exp.|].

Given that the critical point was the VIV=O distance
(1.82 Å, see Figure 1), an optimization of the position of
Ooxido was performed by freezing the positions of all other
atoms with the COO group of Asp52 in the deprotonated
form; a distance of 1.601 Å for V=O was obtained. The
calculation of 51V Az on this structure (VVO–HEWL,
Table 2) gave good results: a deviation of –2.3% was ob-
served, in agreement with the values reported for similar
simulations.[20] The value for Az of –160.7 !10–4 cm–1 for
VVO–HEWL also agrees with that calculated for cis-
[VIVO(pic)2(H2O)] (–163.5!10–4 cm–1),[21] and the lower
value is compatible with the replacement of a water mo-
lecule with a COO donor.[22] Moreover, the lower value of
|Ax

calcd. – Ay
calcd.| obtained for VVO–HEWL relative to that

obtained for V–HELW or V–HEWLH is in very good
agreement with the experimental EPR spectrum (Figure 2).
In conclusion, these results indicate that in the crystal the
VIV=O bond of the V–HELW adduct has its usual length.
The long V=O bond obtained from the X-ray data is thus
due to partial reduction induced by the intense X-ray radia-
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tion used during the collection of the X-ray data, as already
discussed.

To further confirm that the VIV species responsible for
the EPR signal is the bound complex and not free
VIVO(pic)2(H2O), several days after the measurement of the
spectrum of HEWL–VIVO(pic)2 shown in Figure S2 (always
keeping the samples at ≈6 °C), the spectrum were remea-
sured before and after dilution (1:3) with harvesting buffer
(pH ≈ 4.5) of the suspension of the HEWL–V adduct crys-
tals. The intensity of all EPR spectra was roughly the same;
this indicates that the EPR signal is due to protein bound
VIVO(pic)2–Asp52 and that this complex species, if bound
to the protein in the crystals, is quite stable to hydrolysis
and to oxidation. In fact, in the absence of any interaction
with HEWL, the oxidation of VIVO(pic)2(H2O) would be
relatively fast at this pH.[14,18] Thus, EPR definitely con-
firms the presence of VIV in the VIVO(pic)2–Asp52 adduct
crystals, with a VIV=O bond length close to 1.60 Å, as also
predicted by DFT simulations.

Several experiments were also done by circular dichroism
(CD) and EPR spectroscopy with buffered acetate solutions
at pH 4.5. Figure 3 shows the obtained CD spectra. As the
lysozyme does not absorb in the 400–1000 nm range, its CD
spectrum corresponds to the baseline; thus, the ∆ε values
measured with a solution containing HEWL and VIVO-
(pic)2(H2O) correspond to a very weakly induced CD spec-
trum in which the d–d bands of VIVO are clearly seen owing
to binding of VIV to the chiral donor atoms of the lysozyme.
The pattern of the CD spectrum measured is similar to that
measured for the monodentate coordination of the COO–

group of the amino acids to VIVO,[23] and the very low ∆ε
values obtained are compatible with the coordination of an
amino acid side group such as an O carboxylate. With solu-
tions containing VIVOSO4 and HEWL, no CD bands were
detected in the 400–1000 nm range.

Figure 3. CD spectra measured in the visible region for solutions
containing HEWL (0.7 mM, grey line) and HEWL/VIVOSO4/pic
(0.7:0.7:1.5 mM, black line) in acetate buffer (0.1 M, pH 4.5), with
an optical path length of 4 cm.

The EPR spectrum measured at 77 K with the solution
of HEWL/VIVOSO4/pic used to record the CD spectrum of
Figure 3 is very similar to that measured with the suspen-
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sion of HEWL–VIVO(pic)2 crystals, but it differs from the
spectrum measured with the frozen solution of HEWL and
VIVOSO4 in acetate buffer at pH 4.5, for which the follow-
ing spin Hamiltonian parameters were obtained: gx, gy =
1.982, gz = 1.943, Ax, Ay = –64.7!10–4 cm–1, Az =
–175.9! 10–4 cm–1. These parameters suggest monodentate
equatorial coordination of a COO– group of the protein to
VIVO.

Conclusion

In summary, scientists have dedicated much attention to
V complexes owing to their biological activity, namely, as
insulin enhancers. To further understand its transport in
blood serum and its interactions with membrane or cyto-
solic proteins, the interaction of VIVO(pic)2 with HEWL
was studied by X-ray crystallography. Our results showed
that the VIV ion of VIVO(pic)2 can covalently bind to the
COO– group of the Asp52 residue of HEWL by substitut-
ing the equatorial water molecule; this is the first example
of VIV–protein binding confirmed by single-crystal X-ray
diffraction. For the HEWL–VIVO(pic)2 adduct, a relatively
strong EPR signal was observed, and this confirmed the
presence of VIVO species; DFT results allowed the binding
of the carboxylate of the Asp52 residue of HEWL to the
VIVO(pic)2 moiety to be confirmed and allowed for the pre-
diction that the VIV=O bond is in fact ≈1.60 Å in the
soaked crystals. However, in the refined crystallographic
structure a relatively long bond was found between the
metal and the Ooxido donor (1.82 Å). As explained above,
the reduction of VIV to VIII during the beam exposure was
corroborated by analysis of subsets of the diffraction
images. This is a relevant finding, as similar reduction might
explain anomalous structural data previously reported in
VV-containing proteins.

VIVO carrier–protein adducts might form with trans-
ferrin, albumin,[5] or other proteins such as membrane or
cytosolic proteins. We proved herein that VIVO carriers can
bind strongly to proteins, as observed for HEWL, but more
data is required to better understand the interaction of
VIVO carrier compounds with serum proteins, particularly
if this may promote the uptake of vanadium into cells. Elu-
cidation of these processes is relevant for the development
of complexes as putative therapeutic agents.

Supporting Information (see footnote on the first page of this arti-
cle): Additional data for the HEWL–V adduct (X-ray crystallogra-
phy and EPR) and DFT calculations.
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