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ABSTRACT: Polyoxometalates are known to be inhibitors of a diverse collection of
enzymes, although the specific interactions that lead to this bioactivity are still unclear.
Spectroscopic characterization may be an invaluable if indirect tool for remedying this
problem, yet this requires clear, cogent assignment of polyoxometalate spectra before
the complicating effect of their binding to large biomolecules can be considered. We
report the use of FT-IR and resonance Raman spectroscopies alongside density
functional theory to describe the vibrational and electronic structures of decavanadate,
[V10035]¢". Our computational model, which reproduced the majority of vibrational
features to within 10 cm™', was used to identify an axial oxo ligand as the most likely
position of the acidic proton in the related cluster [HV,,0,5]*". As resonance Raman
spectroscopy can directly interrogate chromophores embedded in complex systems,
this approach may be of general use in answering structural questions about
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polyoxometalate—enzyme systems.

O ver the last 3 decades, polyoxometalates (POMs) have
attracted increasing attention due to their many
applications, including as potent and selective inhibitors of
an impressive variety of enzymes.' > POMs are metal-oxo
clusters, the simplest of which contain ions of a single
transition metal in its highest oxidation state (e.g, V>*, W)
connected via bridging oxo ligands. While these POMs afford
some structural variety, they can also be readily modified by
functionalization of the outer oxo ligands and/or replacement
of one or more metal ions with other d-block or main group
elements.””® Thus, POMs possess an incredible diversity of
charge, size, symmetry, electronic structure, magnetism, and
other properties that are inaccessible to organic compounds.”
The vast chemical space covered by this class of compounds
gives them immense potential as future therapeutics, which can
be uniquely tailored to their biological targets. Indeed, in
recent years, the biological activity of POMs, including their
antibacterial'°~'* and antimicrobial'® properties, has become a
matter of intense scrutiny.

One obstacle toward the rational design of POM-based
drugs is the poor characterization of the interactions between
POMs and the enzymes that they inhibit. Due to the difficulty
in obtaining structural data that reveal the binding geometry of
these inhibitors, published structures are rare,”'* and the
effects of the protein on the POM’s geometric and electronic
structure are largely unknown. It is highly likely that
association with an asymmetric proteinaceous binding pocket
will introduce deformations to an otherwise highly symmetric
POM structure. In the absence of crystal structures,
spectroscopic data (from, e.g, °'V NMR® or EXAFS"
experiments) can provide indirect yet potently insightful
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descriptions of the POM’s environment. Unlike most proteins,
many POMs absorb visible light. Although the UV-—visible
absorption spectrum of a POM is itself of limited use, the
underlying electronic transitions allow for the collection of a
resonance Raman (rR) spectrum in which the chromophore’s
vibrational features are selectively enhanced over those of the
protein. The vibrational spectra of a protein-bound POM
should contain a plethora of information about the changes
incurred to the inhibitor’s structure, making rR spectroscopy a
potentially useful technique for analyzing changes to a POM
without unwanted background noise from the protein to which
it binds.

In order to interpret these spectroscopic shifts, it is first
necessary to have an accurate assignment of the POM’s
vibrational spectra. However, even relatively simple POMs,
such as decavanadate ([V,j0,5]®", Vyo, Figure 1), have
intricate spectra with features that have not been assigned in
detail. Accordingly, we synthesized ammonium decavanadate
and collected its FT-IR spectrum and, for the first time, its rR
spectrum. The former (Figure S1) is consistent with previously
reported results.' While the sharp feature at ~1550 cm™ is
due to the ammonium counterion and the broad high-energy
features are due to at least one O—H stretch (indicating
protonation of one of the POM’s exterior oxo ligands), the
many overlapping features in the so-called “fingerprint region”
cannot be assigned on the basis of this spectrum alone. Thus,
we analyzed it alongside the rR spectrum in the 200—1200
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Figure 1. Ball-and-stick representation of the decavanadate ion, as
seen from the side (left) and top (right). Labels for sets of symmetry-
equivalent vanadium ions (gray) and oxo ligands (red) are included.
Two oxo ligands (Og) in the interior of the POM are unlabeled.

cm™ range (Figure 2). Notably, each peak in the FT-IR
spectrum was found to be slightly lower in energy than the
corresponding rR feature, possibly due to collection of the
former using solid KBr pellets at room temperature and the
latter with an aqueous solution flash-frozen in liquid N, (see
the Experimental and Computational Methods section).
Accordingly, the rR spectrum in Figure 2 includes a uniform
blue shift of 15 cm™. Because of the high resolution of the rR
spectrum at low energy and the complementary nature of the
two spectra, they allowed identification of 11 distinct
transitions (Table 1).

To assign these features, we optimized the geometry of Vi,
at the PBE0/def2-TZVP'”'® level of theory and used the

resulting structure to compute the POM’s FT-IR and Raman
spectra. Figure 2 compares these spectra to their experimental
counterparts and demonstrates excellent agreement between
experiment and theory. The computed spectra predict 9 of the
11 features observed experimentally with a mean absolute error
of less than 12 cm™'(Table 1), with the exceptions of the pair
of high-energy features at 972 and 1001 cm™', which will be
discussed later. We note that these results are consistent with a
previously reported simulated Raman spectrum, which was
used to distinguish V;y from other vanadate oligomers (e.g,
[V,0,]*, [V,0,,]*) but was not otherwise discussed in
detail.””

The strong performance of our computational model
allowed us to use it to assign the vibrational spectra of V.
Given the POM’s high degree of symmetry and the number of
bridging ligands, reducing each vibrational mode to a simple
assignment is nontrivial. However, we find that high-frequency
modes (700 cm™' and higher) contain primarily V—O
stretching character. At slightly lower frequencies, O—V—-0O
and V—O—V bending motions are pronounced, with some
fully delocalized, symmetric breathing modes represented in
the Raman spectrum. Below 400 cm™, the high density of
states and complicated normal modes preclude any meaningful
assignment of features. Despite the complexity of these
vibrations, we are encouraged by the ability of our computa-
tional methods to faithfully reproduce both the frequencies and
the relative IR and Raman intensities.
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Figure 2. Experimental rR (gray) and FT-IR (orange) spectra and computed FT-IR (blue curve, yellow sticks) and Raman (red curve, green sticks)
spectra of Vy,. Vertical dashed lines indicate the positions of maximum Raman intensity or minima of FT-IR transmission in the experimental

spectra. The spectra are offset vertically for clarity.
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Table 1. Experimental and Predicted Vibrational
Frequencies of Ammonium Decavanadate

experimental  computed
experimental energy energy difference
method (em™) (em™) (em™) assignment”

FT-IR, IR 1001 1053° +52 V,—0,, V,—Og
symmetric stretches

FT-IR, rR 972 997" +25 V,—0, symmetric
stretch

FT-IR 854 8577 +3 Op—V;-0p
symmetric stretch

FT-IR, 1R 839 835" —4 Op—V;—0p,
VI_OS_VZ
asymmetric
stretches

FT-IR, rR 749 748" -1 V,—05—V,
asymmetric stretch

R 591 617¢ +12 Op—V,—0Og bends;
V, rocks

R 534 54194 +7 breathing

FT-IR, R 470 478° +8 0c—V3—0g bend

FT-IR 420 4307 +10 0g—V;—0g wag; V,
twists

R 322 331° +9

R 251 261° +10

“Animations for each assigned normal mode are available as web-
enhanced objects 1, 2, and 3. bPosition determined with the
computed FT-IR spectrum. “Position determined with the computed
Raman spectrum. “The position of peaks that appear as shoulders in
simulated spectra are identified with the frequency of the most intense
transition that contributes to the feature.

This model represents an important step forward for the
eventual biophysical application of vibrational spectroscopy to
the problem of enzyme inhibition by POMs. While such
applications are outside of the scope of the present work, we
used our vibrational assignments to approach the question of
the protonation of V. It has previously been established that
under acidic conditions V;, accepts one proton to form
[HV,(0,5]%7, or HV,.”° While this is known to be the origin
of the O—H stretch observed at ~3000 cm™" in the FT-IR
spectrum of ammonium decavanadate, the site of protonation
has not been conclusively determined.'®

The presence of a proton suggests a plausible reason for the
discrepancies between experimental and computational
frequencies for the stretching modes at ~1000 cm™". That is,
Figure 2 displays experimental spectra of HV,y but computed
spectra of Vy,; despite their general agreement, the specific
differences between them provide evidence of where the acidic
proton binds to decavanadate. As the high-energy vibrational
states in both the computed IR and rR spectra include V,—O,
stretching character, we propose that the proton in HV, is
bound to one of the four equivalent O, ligands. To test this
assignment, we optimized the proposed structure of HV,,
using the same computational methods as our other model
(Figure S2) and computed its FT-IR spectrum. As expected,
the conversion of an oxo ligand to a hydroxo ligand results in a
significant increase of the corresponding V,—O,(H) bond
length from 1.596 to 1.784 A. The weak trans influence
exhibited by the hydroxo ligand leads to a decrease in the V,—
Og bond length, from 2.223 to 1.993 A, a change that
indirectly influences the entire POM geometry.

These changes in molecular structure also impact the
computed FT-IR spectrum (Figure 3). While the spectra of V,
and HV), are quite similar for transitions under 700 cm™, the
loss of symmetry upon protonation changes the width and
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appearance of higher-energy features. In particular, two low-
energy shoulders are new to the HV), spectrum due to
transitions at 718 cm™ (v49) and 976 cm™ (o). Both of
these features couple the V—O—H bend to motions of the
POM. Meanwhile, the high-energy transitions at ~1000 cm™,
assigned to the V,—O, stretch in Vo, show additional
broadening in the HV,, spectrum. This is consistent with
the indirect distortions caused by protonation as the three
unprotonated O, ligands now have unique V,—O, bond
lengths varying from 1.578 to 1.609 A, resulting in a range of
stretching frequencies. These observations (the presence of
multiple peaks around 1000 cm™; the broadening of midrange
features) are consistent with the experimental spectra of HV,,
(Figure 2).

Further evidence that O, is the site of protonation comes
from our model's description of the POM’s electronic
absorption spectrum. While to our knowledge we are reporting
the first resonance Raman spectrum of Vjy, others have
reported its FT-Raman spectrum, acquired with an off-
resonant excitation wavelength of 1024 nm.'” In both the
off-resonant spectrum and our computed Raman spectrum
(Figure 2, red trace), the V,—O,(H) stretching modes clearly
have the highest Raman intensity, an order of magnitude
higher than the peaks found at 750 cm™" and below. However,
in our rR spectrum (Figure 2, gray trace), we find these
features to be much more similar in intensity. This is consistent
with TD-DFT calculations that we have performed, which
predict the lowest-energy absorption feature to conceal a
manifold of nearly degenerate electronic transitions (Figure
S3). An electron density difference map (EDDM) of the most
intense transition within this manifold identifies significant
ligand-to-metal charge transfer character, consistent with the
formal d° electron configuration of the V** ions (Figure 4).
Notably, the EDDM shows contributions from all oxo ligands
except for O, and Og. The intensity of any mode is enhanced
in rR spectroscopy only if the electronic transition at the
excitation wavelength perturbs the potential energy surface
along that coordinate. As the O,-based molecular orbitals do
not contribute significantly to the electronic transition, it is
reasonable that the intensity of the V,—O, stretch will not
show the same enhancement as the normal modes involving
the other oxo ligands.

In summary, we have reported the rR spectrum of
ammonium decavanadate for the first time. This spectrum, in
conjunction with the FT-IR spectrum, was used to validate a
theoretical model generated with density functional theory.
This model was then used to assign major features in the
experimental spectra, identify the previously unknown site of
protonation in HV,, and characterize the electronic transition
probed in the rR experiment. The success of this combined
theoretical and experimental approach strongly motivates
similar study of enzyme-bound V,, rR spectroscopy is
particularly promising for this application because only V,
vibrations—and not those of the protein itself—will couple to
the electronic transition and show enhanced intensity. The
specificity of rR spectroscopy allows for the targeted
examination of the chromophore without generating noise
from its environment. As such, this method is distinct from
previous approaches that have used FT-Raman spectroscopy to
identify secondary structural features with characteristic
fingerprints.”** The rR spectrum presented in Figure 2 was
produced from a ~3 mM solution, and its high resolution
suggests that spectra could be collected for enzyme-bound V,,
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Figure 3. Computed FT-IR spectra of Vy, (blue curve; yellow sticks) and HV,, (brown curve; purple sticks). The spectra are offset vertically for
clarity. Features due to normal modes 99 and 110 in HV,, are identified and discussed in the text.

Figure 4. TD-DFT-computed EDDM of the highest-intensity
electronic transition in the visible range of the V,, absorption
spectrum. Regions shown with blue and red mesh indicate electron
gain and loss during the transition, respectively.

even if lower concentrations are required. As a result of this
work, any observed perturbations to the V;, rR spectrum that
occur upon binding to a protein can be used to identify the
portion(s) of the POM that directly interact with its target.
Similarly, this information may also be used to test and validate
atomistic models of the complete protein/POM complex.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS
Ammonium decavanadate was synthesized by following the

procedure of Sanchez-Lombardo et al.'® All materials were
purchased from Sigma-Aldrich and used as supplied. In brief,
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ammonium metavanadate (2.854 g) was dissolved in 22.5 mL
of deionized water (>2 mQ-cm). The pH of the solution was
then lowered to ~3 by addition of 6 M HCL. Addition of 15
mL of 95% ethanol resulted in an orange—yellow precipitate
that was isolated by vacuum filtration. An aqueous solution of
the product (~4 mM) was characterized by electronic
absorption spectroscopy using a Thermo Scientific Evolution
300 UV—vis spectrophotometer and a quartz cuvette with a 1
cm path length. A 3'V NMR spectrum (Figure S4) was also
collected using a JEOL 300 MHz ECX NMR and found to be
consistent with previous reports.16

Solid samples for FT-IR spectroscopy were prepared by
pressing ~0.0S g of ammonium decavanadate into a KBr pellet;
FT-IR spectra were collected by averaging eight scans with a
Nicolet 380 FT-IR spectrophotometer. Samples for rR
spectroscopy were made by flash-freezing drops of a 3.2 mM
aqueous solution of ammonium decavanadate in liquid
nitrogen to form frozen pellets. The pellets were kept in a
finger dewar filled with liquid nitrogen for the duration of data
collection. A COHERENT Inova Sabre DBW2S5 argon ion
laser was used with an excitation wavelength of 485 nm. The
laser power at the sample was 30 mW. Light scattered at a
~135° angle was dispersed by a triple monochromator (Acton
Research SpectraPro) with a 1200 g/mm grating and detected
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with a liquid-N,-cooled CCD camera (Princeton Instruments
Spec-100BR).

All computations were carried out using ORCA, version
4.0.0.2.>> The geometry of decavanadate was initially
optimized at the PBEQ/def2-SVP level of theory, with the
optimized structures further refined using the more robust
def2-TZVP basis set. Vibrational frequencies and the polar-
izability tensor for the final structures were calculated at the
same level, which was also used for the time-dependent DFT
calculation of the V;, absorption spectrum. In all computa-
tions, the conductor-like polarizable continuum model
(CPCM)** was used to implicitly model an aqueous
environment. Animations of key normal modes were visualized
in sz_ogadro 1.2.0 in order to assign the vibrational spectra of
V0.
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