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ABSTRACT: EXAFS and XANES experiments were used to
assess decavanadate interplay with actin, in both the globular
and polymerized forms, under different conditions of pH,
temperature, ionic strength, and presence of ATP. This
approach allowed us to simultaneously probe, for the first
time, all vanadium species present in the system. It was
established that decavanadate interacts with G-actin, triggering
a protein conformational reorientation that induces oxidation
of the cysteine core residues and oxidovanadium (V')
formation. The local environment of vanadium’s absorbing
center in the [decavanadate—protein] adducts was determined,
a V=S¢, coordination having been verified experimentally.
The variations induced in decavanadate’s EXAFS profile by the
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presence of actin were found to be almost totally reversed by the addition of ATP, which constitutes a solid proof of
decavanadate interaction with the protein at its ATP binding site. Additionally, a weak decavanadate interplay with F-actin was
suggested to take place, through a mechanism different from that inferred for globular actin. These findings have important
consequences for the understanding, at a molecular level, of the significant biological activities of decavanadate and similar
polyoxometalates, aiming at potential pharmacological applications.

1. INTRODUCTION

Vanadium is a trace element widely distributed in plants and
animals. While its essential role for humans is still not fully
understood, vanadium compounds are known to be involved in
a variety of biological activities and responses (e.g., insulin
mimetic, osteogenic, cardioprotective, antitumoral)l_3 and are
therefore the object of intense research, namely regarding
potential pharmacological applications. The biochemical role of
this type of system is determined by the oxidation state of
vanadium, which in turn depends on the intracellular redox
potential: V'V (vanadyl or, according to IUPAC,
oxidovanadium(IV)), VO*, henceforth denoted VO (Table
1), occurs under normal metabolic conditions, while VV
(orthovanadate, VO,*", hereafter denoted VO4) is present in
oxidative environments. However, not all biologically relevant
properties can be attributed to these oxovanadate forms, as they
are also determined by the nature of the ligand(s) coordinated
to the vanadium center(s).

Decavanadate, in particular, is a Lindqvist-type isopolyox-
ometalate (POM) comprising ten distorted-octahedral
vanadium(V) centers, in a highly condensed crystal structure*
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(V10045%", henceforth designated V10). It displays three types
of vanadium atoms, previously identified by 'V nuclear
magnetic resonance v NMR):5 four equivalent atoms in
the border of the equatorial plane (V,), four equivalent axial V
centers above and below the major equatorial plane (Vg), and
two equivalent vanadiums in the middle of the equatorial plane
(Vc) (Figure 1). Although protonation changes the overall
charge and polarity of the decavanadate anion, it does not
significantly alter the shapes of the different classes of vanadium
atoms within this compact oxoanion.®

Decavanadate is known to interact with a wide range of
biomolecules, includin§ actin,/~"' and exerts numerous
physiological roles.”*'>'*"* Furthermore, decavanadates are
used in catalysis, prevention of corrosion, and smart glasses and
are also applied in protein crystallization.'*”"” Regarding the
induction of protein crystals, decavanadate (like other
POMs'”"®) fulfills important requisites such as high solubility
and stability under most crystallization conditions. In addition,
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Table 1. Samples Analyzed in the Present Study

oxidation
physical state of
sample composition state V center name”
metavanadate (NaVO,) solid S+ VO3s
decavanadate (V,70,5%") solid S+ V10s
oxidovanadium (vanadyl, solid 4+ VOs
VOSO,)
decavanadate (0.4 mM), pH  aqueous S+ V10-4
4.0 solution
decavanadate (0.4 mM), pH  aqueous S+ V10-4-RT
4.0, room temp solution
decavanadate (0.4 mM), pH  aqueous S+ V10-7
7.5 solution
decavanadate (0.4 mM), pH  aqueous S+ V10-7-RT
7.5, room temp solution
orthovanadate (Na;VO,), pH  aqueous S+ VO4
10.5 solution
oxidovanadium+cysteine aqueous 4+ VO-Cys
solution
decavanadate (0.4 mM) aqueous V10-ATP
+ ATP (2 mM) solution
decavanadate (0.4 mM) aqueous V10-G
+ G-actin (20 M) solution
decavanadate (0.4 mM) + G-  aqueous V10-G-KClI
actin (20 uM) + KCI (100 solution
mM)
decavanadate (>0.4 mM) + G- aqueous V10excess-G
actin (20 uM) solution
decavanadate (0.4 mM) + G-  aqueous V10-G-RT
actin (20 M), room temp solution
decavanadate (0.4 mM) + G-  aqueous V10-G-KCI-RT
actin (20 uM) + KCI (100 solution
mM), room temp
decavanadate (>0.4 mM) + G- aqueous V10excess-G-RT
actin (20 M), room temp solution
decavanadate (0.4 mM) + G-  aqueous V10-G-ATP
actin (20 uM) + ATP (1 solution
mM)
decavanadate (0.4 mM) + G-  aqueous V10-G-ATP-RT
actin (20 uM) + ATP (2 solution
mM), room temp
decavanadate (0.4 mM) + F-  aqueous V10-F
actin (20 uM) solution

“All samples are at 37 °C, except when marked RT (room
temperature). A 1:10 dilution was carried out for each sample (from
4 mM for V10 and from 40 mM for all other species tested).

Figure 1. Structural representation of the decavanadate crystal
(adapted from ref 5). The gray and red spheres represent vanadium
and oxygen atoms, respectively. Three types of vanadium atoms are
depicted: four at the left and right (blue, V,), four at the top and
bottom (green, V), and two at the center (brown, V(). Note also a set
of four oxygen atoms coordinating unusually with three vanadium
centers each (highlighted in yellow), as well as two buried oxygens
coordinating six vanadium atoms (highlighted in pink).

decavanadate is known to interact effectively with several
proteins, through either electrostatic or hydrogen bond type
interactions. However, these specific close contacts have yet to
be clarified at the molecular level.”'""

In addition to the Lindqvist type, other types of POMs
display recognized activities against virus and bacteria and more
recently toward several types of tumor cells.”’">* This putative
antineoplastic activity is still ill understood, the effect of POMs
on the inhibition of tumor proliferation being possibly due to
the inhibition of certain enzymes associated with cancer (such
as alkaline phosphatases, ecto-nucleotidases, and kinases).””!
Regarding the inhibition of virus activity by decavanadate, it has
been found to occur either by interaction with proteins in a
spatially selective manner”* or by prevention of the virus—host
cell binding.” In addition to the success of V10 as an
antibacterial and antivirus agent, it presents other health-
beneficial roles, the antidiabetic capacity being one of the most
widely explored.'** Decavanadate is also a strong enzyme
inhibitor (e.g., regarding alkaline phosphatase, adenylate kinase,
P-type ATPases, ABC ATPases, F-actin stimulated myosin-
ATPase, and ribonuclease activities),”>'”'**”** acting through
noncovalent interactions that are supposed to be favored by the
existence of an ATP binding site within V10 or a V10 back-
door binding site.”*'>**~*° This exceptional versatile inhibitory
activity is thought to be directly related to a high oxidation
ability."”

Actin is one of the most abundant proteins in the cellular
medium (namely, as part of the cytoskeleton), being associated
with crucial biological processes such as muscle contraction, cell
adhesion, division, and migration (e.g, in cancer meta-
stasis).’”** Globular monomeric actin (G-actin) assembles
into F-actin polymers (fibrous species), both forms being in
equilibrium within the cell. It was recently found that
decavanadate interacts with G-actin at its ATP binding site,
inducing an oxidation of the core Cys,”**** as opposed to the
oxidation of two cysteine residues from five upon interaction
with F-actin (the exposed Cys-374 and one core Cys).”>* This
decameric vanadate is the only polyoxovanadate known to
promote such an oxidation in actin, with a concomitant V10
reduction from VY to V'V/vanadyl. This process, however, was
found (by electron paramagnetic resonance (EPR) and NMR
studies) to be prevented by the presence of ATP, which
interferes with the V10—protein interplay.”** In addition, it was
observed that actin polymerization (from globular to fibrous
actin) is strongly inhibited upon decavanadate interaction with
the protein globular form,” which can trigger cytoskeleton
damage that may be associated with male infertility*® as well as
to prevention of cell mi%ration and invasion (e.g,, in glioma and
other types of cancer).”’ Furthermore, this interplay leads to
decavanadate stabilization, thus suggesting that V10 interacts
with specific locations within the protein, protecting this
decameric species against conversion to the structurally and
functionally distinct lower oxovanadates (vanadium monomer,
dimer, or tetramer). The detailed knowledge of the molecular
basis of decavanadate—actin interplay'® and its involvement in
the G-actin polymerization process is therefore expected to lead
to a better understanding of the cellular processes associated
with cell proliferation, adhesion, and migration, namely
mechanisms responsible for cancer progression and meta-
stasis,” > thus providing valuable clues for the rational design
of improved metal-based anticancer agents. Although the
number of studies on vanadium has doubled in the past
decade,”®'” reports on vanadium—actin interplay at a
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molecular level are still scarce and insufficient to explain its
significant biological consequences.

The present work reports a simultaneous EXAFS (extended
X-ray absorption fine structure) and XANES (X-ray absorption
near-edge structure) study aiming at an accurate assessment of
decavanadate interaction with G-actin, including a full
characterization of the V10—actin binding sites. EXAFS and
XANES have proved to be suitable techniques for obtaining
detailed local structure information,**™* namely on vanadium
in protein active centers,” and are thus expected to yield
reliable information on the exact number and type of neighbor
atoms around vanadium, as well as on the metal’s oxidation
state, in decavanadate—actin adducts (for both the G and F
forms), particularly regarding: (i) interaction mode(s), (ii)
decavanadate reduction (upon Cys oxidation), (iii) relationship
between this interplay and potential conformational changes
around the metal (that may explain V10’s inhibitory effect
toward actin polymerization), and (iv) effect of ATP on the
V10—actin coordination. The advantage of the EXAFS and
XANES techniques to tackle V10—actin interactions is that they
allow probing all vanadium species present in the system
simultaneously, while the experimental conditions are varied
(regarding pH, ionic strength, temperature, and presence of
ATP), in an innovative way. Actually, to the best of our
knowledge, this is the first study of decavanadate interaction
with actin carried out by EXAFS/XANES.

The data obtained along this study was interpreted in light of
the available results already gathered by the authors for this
system, by spectrosc03pic techniques such as °'V NMR, EPR,
UV /vis, and Raman.”*>73% These results allowed us to achieve
an unprecedented characterization, at the molecular level, of the
vanadium oxidation state and coordination sphere content in
each actin site where interaction takes place. This will pave the
way for future studies on V10 interaction with other proteins,
where it also exerts significant biochemical effects but no
definite knowledge of the binding process is available (e.g,
myosin, where it prompts ATPase inhibition).”*"*

2. MATERIALS AND METHODS

2.1. Chemicals. All chemicals used were reagent grade.
Ammonium metavanadate was purchased from Riedel de Haen
(Germany), while acrylamide, adenosine S-triphosphate disodium salt
(ATP), KCl, MgCl,, and sodium dodecyl sulfate (SDS) were supplied
by Sigma-Aldrich Quimica S.A. (Sintra, Portugal).

2.2. Actin Isolation and Purification. G-actin was extracted from
rabbit skeletal muscle following the procedure of Pardee and
Spudich.”® The protein was obtained with a 99% purity (assessed
through densitometry analysis upon SDS-polyacrylamide gel electro-
phoresis).** G-actin (42.3 kDa) concentration was determined
spectrophotometrically by the method of Gordon and co-workers, "
using the relationship €,'* = 0.63 mg™ ml cm™. The absorbance
value at 290 nm was used, since this is a more reliable measure of
protein concentration when ATP levels in the sample and blank are
not precisely matched. A 200 uM G-actin stock solution was prepared.

F-actin formation was induced by addition of 100 mM KCl, 1 mM
MgCl,, and 1 mM ATP to a G-actin solution, at room temperature.

2.3. Sample Preparation. The solid samples for the EXAFS and
XANES experiments were prepared as self-supported pellets using
cellulose powder as a blank, the thickness being optimized to obtain an
edge jump close to 1.

Vanadate is known to easily oligomerize to decavanadate upon
acidification in aqueous solution, and once V10 is formed, it can persist
for weeks® before decomposing to other vanadate oligomers such as
tetra- and divanadate and monomeric vanadate.”®'> Hence,
decavanadate solutions were obtained by adjusting the pH of

ammonium metavanadate (40 mM) (NH,VO;) to 4.0, an orange-
yellow color (characteristic of the decameric species) being
developed.”*"> Decavanadate stock solutions were kept at 4 °C. For
the samples prepared at pH 7.5, 2 mM Tris-HCI was used as a buffer.

A VV—Cys solution was made by adding decavanadate (4 mM) to
solid cysteine (at a 1:1 stoichiometry), which rapidly reduced V10,
yielding a blue color indicative of the presence of V*.

Upon addition of KCI (to a final concentration of 100 mM) to the
decavanadate (0.4 mM)/G-actin (20 4M) samples, a certain degree of
protein aggregation occurred (after ca. 1.5 h). This can be explained by
the interaction of the negatively charged decavanadate anions with
cationic amino acid residues within the protein, prompting a
neutralization of charges and thus favoring the coalescence of the
[V10—G-actin] adducts.

2.4. EXAFS and XANES Experiments. X-ray absorption experi-
ments (simultaneous EXAFS and XANES) were performed at the B18
beamline of the Diamond Light Source.*® The measurements were
carried out using the Cr-coated branch of collimating and focusing
mirrors and a Si(111) double-crystal monochromator. The size of the
beam at the sample position was ca. 1 mm X 0.5 mm.

Samples were measured both in the solid state and in aqueous
solution (in standard liquid cells, containing ca. 0.5 mL), at room
temperature and at 37 °C. For the solid samples the data were
acquired in transmission mode, with ion chambers before and after the
sample filled with appropriate mixtures of inert gases to optimize
sensitivity (I, 140 mbar of N, and 860 mbar of He, resulting in an
overall efficiency of 10%; I, 100 mbar of Ar and 900 mbar of He, with
80% efficiency). The EXAFS spectra at the V K edge (5465 eV) were
obtained from 200 eV before the edge up to 850 eV after the edge
(corresponding to 15 A™' in k space), with a constant step size
equivalent to 0.25 eV. EXAFS data on the solutions were collected in
fluorescence mode, by means of a 36-element solid-state germanium
detector. Data were normalized using the program Athena*” with a
linear pre-edge and polynomial postedge background subtracted from
the raw In(I/I;) data. Figure S1 in the Supporting Information
contains the raw experimental data (k*y(k)), evidencing the high S/N
quality of the collected data.

The fit of the experimental EXAFS data was performed by using the
program Artemis, which is based on the FEFF code® for the
theoretical calculation of the scattering path intensities and phases
contributing to the EXAFS signal.

In the fitting procedure for V10s, interatomic distances have been
calculated for the four different V sites in the system and then grouped
if their difference was <0.05 A. Coordination numbers were calculated
by weighted average considering how many times similar bond lengths
were found for each crystallographic site and then weighted by the
number of V atoms in each site. Debye—Waller factors keep into
account the thermal and static disorder of surrounding atoms for each
“shell”. A higher value of ¢* corresponds to higher disorder. The same
So’ and E, values were used for all scattering paths of the
photoelectron. Residual differences between experimental data and
simulations could be explained by the fact that we did not take into
account any multiple scattering path of the photoelectron due to the
limited number of parameters that can be used in the fit (number of
variables, 20; independent points, 24) as a consequence of the R range
(1-3.2 A) and k range (2—14 A™") used.

All XANES fits have been performed in the —8 to +60 eV range
excluding the pre-edge peak to avoid influence of geometry in the fit.
V10s, VO4, VO3, and VO-Cys were used as standards (not VO,
because it is very similar and would cause a high correlation between
fit parameters).

3. RESULTS AND DISCUSSION

3.1. Characterization of Vanadate Species. Solid
sodium metavanadate (NaVO;, VO3s, V), solid decavanadate
(V1005°7, V10s, VY), orthovanadate in aqueous solution
(Na;VO,, VO4, V¥) and solid vanadium sulfate (VOSO,,
oxidovanadium, VOs, V) were used as reference samples,
while a solution of [oxidovanadium + cysteine] (VO-Cys) was
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taken as a model of vanadium coordination to cysteine through
its sulfur atom (V'Y—S,, coordination) (Table 2 and Figure S2
in the Supporting Information).

Table 2. Results of EXAFS Fits for Standard Samples

standard CN“ dist (A) CN dist (A) CN dist (A)
vo® 1 1.61(2) 4 2.00(2) 1 2.1(1)
VO3© 2 1.65(1) 2 1.80(1)
vo4? 1 1.67(4) 3 1.71(1)

“CN denotes coordination number. The fit was performed on the first
shell of the EXAFS signal with coordination numbers fixed and all
other parameters free. YFor VO, the total CN is 6 with distances
distributed as 1 short, 1 long, and 4 similar. “For VO3, the total CN is
4 with distances distributed as 2 short and 2 long. 9For VO4, the total
CN is 4 with distances distributed as 1 short and 3 long.

A good agreement between simulated and experimental data
was obtained for solid decavanadate, upon fitting the presently
measured EXAFS results on the basis of the reported structure
for crystal decavanadate®” (Table 3 and Figure 2).

Table 3. Selected Bond Distances (in A) for Decavanadate
(Outer and Inner Coordination)

bond CN* (A" Ry R?
V(K)-0, 12 0.005(2) 1.65 1.59(2)
V(K)-0, 1.6 0.013(5) 1.83 1.77(2)
V(K)-0, 0.8 0.013(5) 1.92 1.86(2)
V(K)-0, 1.6 0.013(5) 2.03 1.97(2)
V(K)—-Os 0.8 0.01(1) 228 2.3(1)
V(K)-V, 2.8 0.008(1) 3.10 3.11(2)
V(K)-V, 1.8 0.015(6) 3.16 3.35(4)

“CN denotes coordination number. *Debye—Waller factor. “Original
distances.* dV—ligand distances refined by the EXAFS fit: * = 1139;
reduced y* = 282; R factor 0.039. The passive electron reduction factor
So> = 0.8 and the edge energy shift E, = —9.0 eV were optimized to
same value for all listed scattering paths.

Regarding vanadium interactions with cysteine, comparison
between the EXAFS profiles for solid oxidovanadium (VOs)
and its adduct with cysteine (VO-Cys) reveals slight differences
in the first coordination shell: vanadium coordination with
cysteine’s sulfur atom results in an increase of the first shell
intensity at a distance similar to the V—O bond length, without
any change in the oxidation state of vanadium (V") (Figure 3).
This is proposed to be due to an extra coordination of the
vanadium center to cysteine’s sulfur atom.

3.2. Characterization of Decavanadate Solution
Equilibrium. Regarding the vanadate species in aqueous
solution under different conditions of pH and temperature, the
EXAFS data evidenced that the profiles for V10-4 (0.4 mM
V10, pH 4, 37 °C) and V10-7-RT (0.4 mM V10, pH 7.5, room
temperature) are similar to that of the solid sample (V10s,
oxidation state V), while the results obtained for V10-7 (0.4
mM V10, pH 7.5, 37 °C) are different from those of solid
decavanadate (Figure 4) and resemble those of orthovanadate
(VO4, VY). According to the XANES data presently gathered
(Table 4), this V10-7 solution contains 81.3% of orthovanadate
(VY) and 18.7% of the reduced species oxidovanadium (V'V),
meaning that in the absence of protein all decavanadate species
have been decomposed and the solution turns from yellow to
colorless. The same should be expected for this solution in the
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Figure 2. k>-weighted, phase-uncorrected FT modulus of the V K-edge
EXAFS spectra for the solid decavanadate reference: comparison
between experimental data (black line) and fit (red line). The
contributions from single scattering paths to five different oxygen
distances and two different V distances are also shown.

presence of ATP but is not observed. Thus, the combined effect
of pH and temperature triggers a change in vanadiurhs
oxidation state (from V¥ to V') and a subsequent structural
reorganization.

Hence, it was shown that decavanadate started to undergo
decomposition after about 1 h at pH 7.5 and 37 °C, as opposed
to room temperature, for which only V10 was detected for the
whole acquisition period (ca. 7 h). Decavanadate solutions had
been previously shown (by 'V NMR spectroscopy) to be
stable and very homogeneous at room temperature, containing
no other vanadate species under these conditions.”*"*

The EXAFS region of the vanadium K-edge spectra of
decavanadate (both in the solid state and in aqueous solution)
was found to be fitted to two shells: from 0.8 to 1.6 A,
associated with V—O bonds in the first coordination sphere
(1.5-2.3 A), plus a more distant shell from 1.8 to 2.8 A,
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Figure 3. EXAFS Fourier transform y(k) data for solid oxidovanadium
(VOs) and its adduct with cysteine (VO-Cys).
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Fourier transform [k3. y (k)]

R (A)

Figure 4. EXAFS Fourier transform y(k) data for several vanadate
species in solution: decavanadate at pH 4, 37 °C (V10-4), pH 7.5, 37
°C (V10-7), and pH 7.5, room temperature (V10-7-RT);
orthovanadate (VO4); oxidovanadium (VO). The profile for solid
V10 is also shown (V10s).

corresponding to V-V distances in the outer coordination
layer (2.5—3.5 A) (Table 3).

Table 4 contains the XANES results for V10 solutions at 37
°C and pH 4 (V10-4) or 7.5 (V10-7), with comparison of these
with the data obtained for the standard samples decavanadate
(V10s, VV), orthovanadate (VO4, VV), and metavanadate (VO
3s, VV). It is clearly shown that pH strongly influences the
solution equilibrium, causing the appearance of orthovanadate
instead of decavanadate on going from pH 4 to 7.5. However, it
does not seem to significantly affect the oxidation state of the
vanadium center, since only 18.7% of oxidovanadium (V')
occurs at pH 7.5, whereas no metavanadate (VV) is detected.

Regarding the effect of temperature on the solution
equilibrium (at physiological pH), it was found that a change

from 37 °C to room temperature induces the appearance of
V10 (VY, up to 54.7%), coupled with a marked reduction of
orthovanadate, VO4 (VV, 81.3 to 16.9%), and a small increase
in VO-Cys (V!, 18.7 to 28.4%) (Table 4), mainly reflecting a
V10 decomposition to monomeric vanadate (VO4) (for the
same vanadium oxidation state).

3.3. Interaction of Decavanadate with Actin. Deca-
vanadate solutions were also analyzed in the presence of actin
(20 M) in either the monomeric G (V10-G) or polymerized F
form of actin (V10-F). Regarding the interaction of the V10
polyoxometalate with monomeric G-actin, it is easily inferred
that, although the EXAFS profiles of V10s and V10-G-actin at
37 °C were found to be identical up to 1.4 A (2.0 A phase
corrected), a significant difference was observed around 2.5 A
(2.9 A phase corrected) (Figure SA), suggesting that
decavanadate’s interaction with the globular protein affects
mostly the outer sphere of coordination. The V10-G sample
contains a mixture of V10 (VY, 29.3%), orthovanadate (V",
53.5%), and oxidovanadium (V", 17.1%), as confirmed by the
XANES measurements (Table 4). Moreover, no V10
interaction with G-actin was detected at room temperature,
the EXAFS profile for V10-G-RT being identical with that from
decavanadate (Figure SB).

In addition, the presence of an excess of decavanadate in the
[V10—G-actin] samples in aqueous solution (at 37 °C) was
verified to lead to a slight shift of the EXAFS signal in the first
coordination sphere to lower coordination distances, probably
reflecting a small structural rearrangement around the
vanadium center (V10-G vs V10,,..-G, Figure SC). An excess
of the decavanadate species is also clearly detected (mainly
around 2.5 A, 2.9 A phase corrected).

It was previously reported that, upon decavanadate
interaction with G-actin, oxidation of the G-actin core cysteines
takes place simultaneously with vanadyl formation,”**** but no
quantitative data could be obtained. The current study
corroborates this type of interplay through the detection, by
XANES, of two oxidation states of the vanadium center in
V10—G-actin: V¥ (deca- and orthovanadate, 82.8%) and VIV
(oxidovanadium, 17.1%) (Table 4), only 29.3% of decavanadate
(VV) remaining in solution after interaction with the protein.
Actually, the XANES signal detected at ca. 5485 eV is ascribed
to the oxidovanadium species (Figure 6), in accordance with
reported studies.”” "> This reduced species is suggested to be
formed upon decavanadate binding to one or two Cys residues
within globular actin,”**** as confirmed by comparison of the
EXAFS profiles presently obtained for V10-G and VO-Cys,
which show similar strong signals in the first coordination shell
ascribed to S-bound oxidovanadium (Figure SA), the slight shift
to a lower coordination distance in the [V10—G-actin] adduct
evidencing a structural reorganization prompted by decavana-
date’s interaction with the protein.

Hence, upon V10 interaction with G-actin under physio-
logical conditions, an oxidovanadium(IV) signal was clearly
detected by EXAFS and a progressive shift of the edge was
observed by XANES on going from decavanadate (V10s) to the
V10—protein adduct (V10-G) and oxidovanadium (VOs),
which is proof of V10-cysteine binding associated with
vanadium reduction. The intensity increase observed in the
lower edge peak of the XANES profile is indicative of a loss of
symmetry, from V10 to [V10—G-actin] (Figure 6) and possibly
to a decrease in vanadium coordination, since this pre-edge
intensity was shown to be determined by the size and geometry
of the molecular cage surrounding the vanadium absorber.>’
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Table 4. XANES Results for the Vanadate Samples in Aqueous Solution Presently Studied”

species (%)

sample V10s S+ VO-Cys 4+ VO4 5+ VO3s 5+ R factor red. y*
V10-4 (pH 4, 37 °C) 93.9 0 0 6.1 0.0016 0.00011
V10-7 (pH 7.5, 37 °C) 0 18.7 81.3 0 0.0375 0.00253
V10-7-RT (pH 7.5, room temp) 54.7 284 16.9 0 0.0073 0.00035
V10-F (+F-actin, 37 °C) 63.1 224 14.5 0 0.0015 0.00009
V10-G (+G-actin, 37 °C) 29.3 17.1 53.5 0 0.0021 0.00013
V10-G-KClI (+G-actin/KCl, 37 °C) 39.1 27.6 334 0 0.0079 0.00035
V10,,-G (+Geactin/V10, 37 °C) 404 243 353 0 0.0023 0.00013
V10-ATP (+ATP, 37 °C) 70.6 12.1 10.1 72 0.0010 0.00007
V10-G-ATP (+G-actin/ATP, 37 °C) 14.0 382 47.8 0 0.0061 0.00035
V10-G-RT (+G-actin, room temp) 522 22.7 25.2 0 0.0019 0.00015
V10-G-KCI-RT (+G-actin/KCl, room temp) 54.7 31.0 143 0 0.0026 0.00019
V10uee-G-RT (+G-actin/V10, room temp) 54.6 252 202 0 0.0032 0.00023
V10-G-ATP-RT (+G-actin/ATP, room temp) 35.1 474 17.5 0 0.0028 0.00018
“Figure S3 in the Supporting Information.
A — V10s B — V10s C — V10s
— VO-Cys — V10-G-RT — VI10-G
— VO4 — VO G

-4
SA — V10-G

Fourier transform [K3. y(Kk)]
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2
R (A)

Figure 5. EXAFS Fourier transform y(k) data for several vanadate species in solution, in the presence of G-actin: (A) [decavanadate—G-actin] at 37
°C (V10-G), orthovanadate (VO4), [oxidovanadium—cysteine] (VO-Cys), and solid decavanadate (V10s); (B) [decavanadate—G-actin] at room
temperature (V10-G-RT) and solid decavanadate (V10s); (C) [decavanadate—G-actin] at pH 7.5, 37 °C (V10-G) and [decavanadate,,...,—G-actin]

at 37 °C (Vloexcess—G)‘

Additionally, the shift to lower frequency detected in the
features assigned to V10s and VI10-G reflects a distinct
structural organization due to decavanadate’s coordination to
the protein (in its globular form). The maximum frequency of
the V10-G peak is identical with that of VO-Cys, unveiling
decavanadate coordination to Cys (with a consequent Cys
oxidation and V10 reduction).

In sum, the local environment of the vanadium absorbing
center within the [V10—G-actin] adduct (in aqueous solution)
was determined by EXAFS, and the V—S,, coordination was
verified experimentally at 1.52 A for V—O in the first
coordination sphere (in comparison to 1.78 A for V=S in the
reference sample VO-Cys). This decavanadate interaction with
the globular form of actin was found to be very sensitive to
temperature: although it is clearly observed at physiological
temperature, it does not occur to a significant extent at room
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temperature. Actually, the EXAFS results obtained for V10-G-
RT (V10 + G-actin at room temperature) are identical with
those obtained for solid V10 and are distinct from the profile
for V10-G (Figure 7).

Regarding decavanadate’s interplay with the fibrous form of
the protein, it was verified to be quite weak, as reflected in the
EXAFS profile obtained for V10-F (V10 + F-actin at 37 °C) in
comparison to V10s and V10-G (Figure 7). In fact, the former
(V10-F) displays an increase in the first shell second peak, as
well as a signal at ca. 1.7 A (2.0 A phase corrected) that might
reflect some type of interaction between the polyoxovanadate
and the polymerized protein. This is corroborated by the
XANES data presently gathered (Table 4), 63.1% of V10
having been measured in the presence of F-actin, the other
species in solution being oxidovanadium (22.4%) and
orthovanadate (14.5%). Interestingly enough, the EXAFS
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Figure 6. XANES profiles evidencing decavanadate reduction upon
interaction with G-actin via Cys residues: [decavanadate—G-actin]
solution at 37 °C (V10-G), oxidovanadium (VOs), and solid
decavanadate (V10s).

V10s
V10-G

V10-G-RT
VI10-F

o

Fourier transform [k3. x(k)]
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Figure 7. EXAFS Fourier transform y(k) data profiles showing
decavanadate interplay with actin: [decavanadate—G-actin] at 37 °C
(V10-G) and room temperature (V10-G-RT), [decavanadate—F-
actin], at 37 °C (V10-F), and solid decavanadate (V10s).

feature at about 1.7 A (2.0 A phase corrected) currently
detected for V10-F was also present in the V10-G-ATP-RT
sample ([V10—G-actin] + ATP at room temperature) (Figure
8), which allows us to suggest that decavanadate is possibly
interacting weakly with F-actin through coordination to oxygen
center(s) (as in ATP binding), as opposed to cysteine sulfur
atoms as in G-actin. These observations are not in total
accordance with previous NMR studies,”” which were unable to
expose this specific kind of interaction.

The variations induced in decavanadate’s EXAFS profile by
the presence of G-actin, at 37 °C, were found to be almost
totally reversed by adding ATP to the [V10—protein] adduct,
except for the radial distance region between 2 and 3 A
(corresponding to vanadate’s outer coordination layer, 2.4—3.4
A), for which these structural changes were not completely
reversed by the presence of the nucleotide (Figure 9A). XANES
analysis allowed us to assess that ATP (at physiological
temperature) induced a decrease of the V10 phase (to 14%), in

— VI10-G-ATP-RT
— VI10-F

Fourier transform [k3. y (k)]

: : :
0 2 4

R ()

Figure 8. EXAFS Fourier transform y(k) data profiles for
[decavanadate—G-actin] + AT at room temperature (V10-G-ATP-
RT) and [decavanadate—F-actin] at 37 °C (V10-F).

agreement with the appearance of oxidovanadium (V', 38.2%)
and orthovanadate (VV, 47.8%) (Table 4). In turn, when the
results measured at room temperature for [V10 + G-actin] both
with and without added ATP were compared, while the general
structure of decavanadate was still present, since no interaction
between the polyoxametalate and the protein occurs at this
temperature, the rise of a second peak in the first shell signal
was clearly shown, at a greater distance relative to the V-0
bonds in decavanadate (Figure 9B), which may be a direct
confirmation of the formation of a new bond. This constitutes
solid proof of decavanadate interaction with G-actin at its ATP
binding site that appears to be hindered by the preferred
coordination of the nucleotide which seems to be favored at
physiological temperature. This behavior had been previously
suggested by the authors upon studies by NMR, EPR, and
fluorescence spectroscopies.9’33”3’4

It may then be concluded that the presence of ATP
drastically affects decavanadate—G-actin interactiosn, in differ-
ent ways depending on the temperature: while at room
temperature there is an effect in the first coordination shell, at
physiological temperature only the second shell is disturbed,
possibly due to the formation of other vanadate species.

Furthermore, comparison between the solutions V10-G-ATP
([V10—G-actin] + ATP, 37 °C) and V10-ATP (V10 + ATP, 37
°C) allowed us to assess a possible coordination between
decavanadate and ATP in the absence of the protein, which is
proposed to justify the observed increase in the first shell
intensity of V10-ATP relative to V10 (Figure 10, around 1 A),
which is possibly due to a higher number of V—O bonds at a
bond length of ca. 1.5 A. However, this should be a weak
decavanadate—ATP interaction, in light of the XANES results
(Table 4), the major species present in solution still being
decavanadate (70.6%). In addition, only in the presence of actin
was there a variation in the second coordination shell of the
vanadium center, reflecting a distortion of the original
decavanadate structure.

3.4. Interaction of Decavanadate with G-actin under
Polymerization Conditions. The effect of decavanadate on
the G- to F-actin transition process was assessed upon addition
of KCI (to a final concentration of 100 mM) to a V10 (0.4
mM)/G-actin (20 uM) solution to yield the V10-G-KCl and
V10-G-KCI-RT samples, respectively, at 37 °C and room
temperature. Even under these polymerization conditions, there
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Figure 9. EXAFS Fourier transform y(k) data profiles, evidencing the
effect of ATP on decavanadate interaction with G-actin for
[decavanadate—G-actin] (V10-G), [decavanadate—G-actin] + ATP
(V10-G-ATP), and solid decavanadate (V10s): (A) at 37 °C; (B) at
room temperature.

was no evidence of V10—F-actin formation, as clearly shown in
Figure 11.

The presence of the salt, however, was found to have a
definite structural effect for the samples at 37 °C, partially
disrupting the [V10—G-actin] adduct (Figure 12A). In
addition, it was shown to have an effect on vanadium’s
oxidation state: without KCI more orthovanadate (V¥) was
present, while in the presence of KCl less of this species was
detected, an increase of about 10% in V10s (V¥) and VO (V%)
being observed (Table 4). At this physiological temperature all
of the structures present in solution were found to be different:
[V10—G-actin], showing no second shell signal, [V10ues—G-
actin] (containing an excess of V10), with an EXAFS profile
similar to that of decavanadate, and [V10—G-actin] + KCI,
displaying an intermediate behavior.

At room temperature, in turn, the effect of the salt seemed to
be negligible, so that V10-G-RT and V10-G-KCI-RT yielded an

— V10s
— V10-G-ATP
— VI0-ATP

Fourier transform [k3. y(K)]

R (A)

Figure 10. EXAFS Fourier transform y(k) data profiles, at 37 °C,
showing a possible coordination between ATP and G-actin:
[decavanadate—G-actin] + ATP (V10-G-ATP), [decavanadate—
ATP] (V10-ATP), and solid decavanadate (V10s).

— V10-G
— V10-G—KCl
— VI10-F

Fourier transform [k3. x(Kk)]

Figure 11. EXAFS Fourier transform y(k) data profiles at 37 °C,
evidencing the effect of KCl on the G- to F-actin transition:
[decavanadate—G-actin] (V10-G), [decavanadate—G-actin] + KCI
(V10-G-KCl), and [decavanadate—F-actin] (V10-F).

EXAFS profile identical with that of solid decavanadate (Figure
12B).

3.5. Mechanism of Decavanadate Interaction with G-
actin. Previous studies™’~”'>*%333%5%55 have suggested that
the decavanadate anionic species may interact with proteins via
hydrogen bonds, by electrostatic means, or even through
covalent binding. The current EXAFS and XANES study
allowed us to unequivocally observe a V10 interaction with G-
actin (via cysteine binding) and detect the subsequent
distortion of the original geometry of the polyoxometalate.
The synchrotron-based X-ray techniques presently used are
able to accurately interrogate a complex system such as the one
under study, containing a protein and several vanadium entities
in solution, and to enable monitoring all of these species
simultaneously while varying the experimental conditions
(namely regarding temperature, pH, ionic strength, and
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Figure 12. EXAFS Fourier transform y(k) data profiles, evidencing the
effect of KCl on V10—G-actin interaction, for [decavanadate—G-actin]
(V10-G), [decavanadate—G-actin] + KCl (V10-G-KCl), [decavana-
date excess—G-actin] (V10..-G), and solid decavanadate (V10s):
(A) at 37 °C; (B) at room temperature.

presence of ATP). This is a unique and innovative way of
tackling decavanadate—actin interplay at a molecular level,
which will greatly contribute to clarify the significant biological
roles of this POM.

Upon decavanadate incubation with G-actin a vanadyl signal
was observed, identical with that measured for the VO-Cys
(VIV—SCYS) reference sample, evidencing decavanadate reduction
upon protein interaction, suggested to be due to oxidation of
the protein core cysteines as previously described.” Indeed, the
thiol groups (—SH) of the cysteine residues are the sites most
prone to oxidation within the peptide chain, which renders
them very suitable biomarkers of redox changes (and
consequent conformational rearrangements) experienced by a
given protein. In the presence of ATP, G-actin retains all Cys
residues in their native redox state, whereas in the presence of
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V10 one of the cysteines located in the hgrdrophobic core of the
globular protein undergoes oxidation.””* Upon decavanadate
interaction with G-actin, the cysteine that is exposed to the
solvent, the so-called “fast” cysteine (Cys-374), remains in its
reduced form,”* suggesting that the V10 binding site (at the
ATP binding location) is too far away to induce its oxidation.
Furthermore, the number of cysteine residues exposed to the
solvent in globular actin is reported to depend on the presence
and nature of the bound nucleotide,’® whereas it was
demonstrated that ATP removal triggers a slow structural
transition of the protein that exposes one second thiol group
(from Cys-10) to the solvent.””

4. CONCLUSIONS

A combined EXAFS and XANES study of the decavanadate—
actin interplay, under different conditions (pH, temperature,
ionic strength, and presence of ATP), allowed an innovative
quantitative assessment of the V10 anion interaction with this
protein (in both the globular and polymerized forms), as well as
the detection of distinct vanadium species and oxidation states
in solution upon protein interaction (decavanadate (VV),
orthovanadate (VV), and oxidovanadium (VV)).

In light of these data, it was established that decavanadate
interacts with globular actin at its ATP binding site, a V—Sc,,
coordination having been verified for the first time. This
triggers a protein conformational reorientation that induces
oxidation of the cysteine core residues and subsequent
oxidovanadium (V") formation (evidencing decavanadate
reduction upon protein interaction), these changes being
proposed to compromise functional activity. The presently
revealed high effect of decavanadate on actin is proposed to be
due to the fast equilibrium between this vanadium cluster and
the biomolecule. The oxidation state of the vanadium center in
the V10—G-actin adduct was identified, both V¥V and V¥V
species having been detected by XANES. The local environ-
ment of vanadium’s absorbing center in the [V10—protein]
adducts was unequivocally assessed, for the different conditions
tested, as well as the parameters of the nearest coordination
shell around V": namely, the number and type of neighbor
atoms (oxygen, sulfur, and/or vanadium) and their distance
from the selected center. V10—G-actin coordination was shown
to be hindered by the presence of ATP in solution (possibly
because both species compete for the same binding site). In
contrast to G-actin, decavanadate interplay with the fibrous
form of the protein (F-actin) seems to occur through a different
mechanism, suggested to be via the oxygen atoms at the protein
ATP binding site.

The results thus gathered constitute a major step forward
aiming at the elucidation of this biologically relevant system,
which is still poorly understood at the molecular level.
Decavanadate—actin coordination has been up to now mostly
probed by spectroscopic techniques such as NMR and EPR,
which could not yield the detailed information presently
obtained simultaneously for the whole range of chemical
components that the system encompasses.

The detailed knowledge of the molecular basis of
decavanadate—actin interplay and its involvement in the G-
actin polymerization process will hopefully allow a better
understanding of the wide range of vanadium’s biological
activities as well as the mechanism of action underlying
decavanadate’s antibacterial and antitumor activities. Further-
more, the present experiment paves the way for future studies
on polyoxometalate interactions with several other proteins
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where no precise knowledge of the mechanisms underlying the
binding process exists. These findings have important
consequences for developing relevant pharmacological applica-
tions of V10 and other POMs with strong oxidation capability
(and therefore with a higher inhibitory activity).
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