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Polyoxometalates function as indirect activators
of a G protein-coupled receptor†
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Deborah A. Roess*ae and Debbie C. Crans *ac

d

The luteinizing hormone receptor (LHR), a G protein-coupled receptor (GPCRs), can initiate signaling in
the presence of some vanadium-containing compounds as a result of vanadium compound interactions
with the membrane lipids and/or the cell membrane lipid interface. The ability of LHR expressed in CHO
cells to initiate signaling in the presence of highly charged and water-soluble polyoxovanadates (POV)
including Na3[H3V10O28] (V10) and two mixed-valence heteropolyoxovanadates, K(NH4)4[H6V14O38(PO4)]
11H2O (V14) and [(CH3)4N]6[V15O36(Cl)] (V15), was investigated here. Interactions of the vanadium
compounds with CHO cells decreased the packing of membrane lipids, drove aggregation of LHR and
increased signal transduction by LHR. Cell responses were comparable to, or in the case of V14 and V15,
greater than those seen for cells treated with human chorionic gonadotropin (hCG), a naturallyoccurring LHR ligand produced in early pregnancy in humans. POV eﬀects were observed for CHO cells
where LHR was expressed at 10 000 or 32 000 LHR per cell but not when LHR was overexpressed with
receptor numbers 4100 000 LHR per cell. To determine which POV species were present in the cell
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medium during cell studies, the speciation of vanadate (V1), V10, V14 or V15 in cell medium was
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V15 and V10 had the greatest eﬀects on cell function, while V1 was significantly less active. However,

monitored using

51

V NMR and EPR spectroscopies. We found that all the POVs initiated signaling, but

because of the complex nature of vanadium compounds speciation, the eﬀects on cell function may be
rsc.li/metallomics

due to vanadium species formed in the cell medium over time.

Significance to metallomics
The following manuscript describes initiation of signal transduction of the luteinizing hormone receptor induced by vanadate and polyoxovanadates.
Polyoxovanadates are generally large hydrophilic water-soluble anions that are not compatible with the hydrophobic lipid environments. Regardless,
decavanadate was reported to initiate signal transduction by the plasma membrane insulin receptor. It is not known whether POVs have similar eﬀects on
other membrane proteins functioning as G protein-coupled receptors. This manuscript describes the initiation of signal transduction by the plasma membrane
luteinizing hormone receptor by these polyoxometalates and demonstrate that highly charged vanadium anions are also able to initiate signal transduction.

Introduction
Polyoxometalates (POM) belong to a large diverse class of
anionic materials that exhibit a wide range of chemical and
a
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physical properties.1–6 They are often salts with highly charged
inorganic anions and both organic and inorganic cations.
Polyoxovanadates (POVs) are a subgroup of POMs containing
vanadium oxides. Mixed-valence POV compounds (MV-POV)
expand the observed chemistry of this class by specifically
supporting redox chemistry that may also facilitate a wider
range of biological effects. POMs are known to interact with
proteins functioning as enzyme inhibitors7–14 and to facilitate
protein crystallization15–18 as well as having other functions
relevant to disease processes.4,5,19–22 The compounds have
been considered as potential treatments for diseases such as
AIDS, cancer, and diabetes.3,19,23,24 POMs are reported to interact
with ribosomes, as demonstrated by X-ray structure,15–17 and with
acid phosphatase A.25,26 In some systems, the POM interaction is

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 18 May 2020. Downloaded on 7/23/2020 5:13:13 PM.

Paper
very favorable as is the case for the activated tyrosine kinase
receptor, pdb code 3gqi.25,26 This receptor, although treated with
vanadate, contained a bound decavanadate in its X-ray structure.25
Although some POMs have been found to penetrate cells,3 POMs,
because of their large structures, are generally believed to exert
their mode of action from the outside of the cell.27 POMs may
also affect chemical reactions mediated by proteins in biological
systems via indirect interactions with other eukaryotic cell
components.28–31
To examine biological eﬀects of POVs on intact cells and,
more specifically membrane proteins involved in transduction
of extracellular signals to the cell interior, we evaluated cellular
responses of the luteinizing hormone receptor (LHR), a member
of the G protein-coupled receptor family.32 G protein-coupled
receptors are a superfamily of more than almost 1000 receptors,
that mediate responses to light, odors, hormones, and neurotransmitters and transmit a signal to the cell interior. These
receptors make up approximately 40% of drug targets.33 LHR,
members of the subgroup of G protein-coupled receptors that
bind a glycoprotein ligand, are involved in reproductive function in both males and females.34 They are structurally related
to rhodopsin, a G protein-coupled receptor for which a crystal
structure together with an associated G protein is available35
and to the more structurally complex b-adrenergic receptor.36
As is the case for follicle stimulating hormone receptors, for
which detailed structural information is available,37 binding of
a glycoprotein hormone at the LHR’s extracellular binding site
initiates transduction of signal across the plasma membrane
where intracellular receptor structures activate G proteins and
intracellular signaling cascades.34 As part of hormonemediated signaling, LHR translocate to cholesterol-rich plasma
membrane microdomains38,39 where locally high concentrations
of LHR result in aggregation of these receptors and initiation of
signal transduction to the cell cytoplasm.40
Here we describe time-dependent, indirect eﬀects of a series
of POV complexes on LHR. Important to these studies, cell lines
are available that stably express human LHR at low, physiologic
numbers, approximately 10 000–32 000 LHR per cell, as well as
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over-express the receptor which leads to receptor crowding and
constitutive receptor aggregation.41 We have previously shown
that treatment of cells expressing physiologically relevant
numbers of LHR with a known antidiabetic vanadium compound,
bismaltolatooxovanadium(IV) (abbreviated BMOV with a formula
[H10VIVC12O7]), or a vanadium(IV) salt, vanadyl sulfate, VIVOSO4,
can like a hormone induce extensive clustering of receptor dimers
resulting in signal transduction by LHR.41 When receptor density
is low, LHR receptor aggregation occurs in response to BMOV or
VOSO4, both of which interact with the plasma membrane lipid
bilayer. Signaling by the LHR receptor appears to occur as a result
of the indirect effects of BMOV or VOSO4 on membrane lipid
packing. However, since the effects of BMOV and VOSO4 are
different,41 this documents the fact that the speciation matters in
this system as well as others differ as has been reported
previously.42,43 It is therefore important to carry out speciation
analysis under the conditions of the GPCR studies in this system
in order to properly interpret the effects of the compounds.43,44
POVs can be homopolyoxovanadates with only vanadiumoxides or heteropolyoxovanadates in which vanadium oxides
are combined with other elements. The anions consist of VO4
tetrahedral or VO6 octahedral components to generate small
oligomers and the compact decavanadate ([V10O28]6 , abbreviated as V10). MV-POVs, in turn, generally combine V(IV) and
V(V) metal ions in VO5 square-pyramidal units to generate
structures that diﬀer from V10 and aﬀect the POVs chemistry.
Specifically, we investigated both classes of POVs including
[Na2(H2O)10] [H3VV10O28{Na(H2O)2}]3H2O (V10), K(NH4)4[H6VIV
2 V
V
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O
(PO
)]11H
O
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)
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V
O
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12 38
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Importantly, V10 contains 10 V(V) atoms with Na+ counterions,
while V14 contains 12 V(V) and 2 V(IV) atoms with K+ and NH4+
counterions with an encapsulated phosphate, and V15 contains
7 V(V) and 8 V(IV) atoms with 6 (CH3)4N+ cations with an
encapsulated chloride. The structures of the POVs used in this
paper are shown schematically in Fig. 1.
Unlike vanadium compounds such as BMOV or other organic
vanadium-compounds, POVs are generally highly charged anions
and, as a result, water-soluble and often lipid-insoluble. Studies in

Fig. 1 Ball and stick representation of anions: metavanadate (V1), decavanadate (V10), phosphotetradecavanadate (V14) and chloropentadecavanadate
(V15). The hydrogen atoms are omitted for clarity. Vanadium atoms are blue, oxygen is red, phosphate is pink, and chloride is green.
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model membrane systems, such as microemulsions, also referred
to as reverse micelles, have been reported.45,46 In studies involving
V10 materials, properties change with the cation although the V10
anion remains in the middle of the water droplet and does not
interact directly with the interface of the nanosized micelle. We
anticipate that the repulsion of the negatively charged surfactant
at the interface with the highly negative charged (six minus) V10
anion is aﬀecting the placement of the anion far from the
interface.45,46 However, the nature of the V10 interactions with
the interface varies with changes in the cation, aﬀecting the
solubility of the diﬀerent V10 materials in microemulsions.47–49
Specifically, the low solubility observed for the sodium salt of V10
is increased 2–3 times with the metforminium salt.49 We attribute
these differences to the interactions of the metforminium
counterions, which penetrate the negatively charged interface of
the reverse micelle. Interactions of V1 and other oligomeric anions
with the interface have also been reported and, for these small
oxovanadates, the changes observed in the oxovanadate species
chemical shifts and their concentration is interpreted to suggest
that these species are located at the interface of the reverse
micelle.50,51
There are several reasons for interest in these compounds
and their eﬀects on cell function. First, most of the vanadium
compounds investigated previously have been able to interact
strongly with the interface or to penetrate the interface.45,47–49
V10 and other water-soluble POMs are located in the aqueous
phase in model systems46,50,52 and this presumably limits
their interactions with hydrophobic lipid molecules in cell
membranes. Although V10 is able to initiate signaling by insulin
receptors, it is not known whether POVs have similar effects on
other membrane proteins functioning as endocrine hormone
receptors. V14 and V15 are of interest in this regard because of
their partial structural similarity with V10. However, because
they are mixed-valence POMs, their chemistry is more complex.
V15 is more stable compared to V14 which undergoes speciation in aqueous solution, representing compounds with very
different properties and the potential for ROS formation and/or
consumption, which have been invoked in the action of several
POMs effects in biological systems.23,27,53,54 Finally, POV
speciation in cell medium must be measured under the conditions
that promote cell growth inhibition because species arising from
the parent compounds may be important for biological activity.
To determine whether a series of POMs aﬀected plasma
membrane lipid packing and aggregation of LHR, we evaluated
time-dependent changes in lipid packing following treatment
of CHO cells with V1, V10, V14, or V15, as well as the aggregation
state and activity of LHR in CHO cells expressing the receptor.
The major question addressed in this work is whether classes of
highly charged vanadium-containing POMs that are watersoluble promote aggregation of LHR and receptor-mediated
signaling. These studies also examined if the indirect eﬀects of
the POMs on membrane lipids persist in cells after removing
the POMs from the cell medium. Persistence of membrane
eﬀects due to POMs reflects high-aﬃnity interactions of these
compounds with membrane lipids, charge interactions with
the membrane’s extracellular matrix or, perhaps, internalization.
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These results suggest a need for further investigation of these
compounds and their mode of action. A time course of eﬀects on
cells and characterization of speciation chemistry in cell culture
medium provided here establish the species present during
activation of LHR signal transduction initiation.

Materials and methods
Materials
The Chinese Hamster Ovary (CHO) cell line, CHO-K1, was kindly
provided by Dr Takamitsu Kato at Colorado State University.
Dulbecco’s Modified Eagle medium (DMEM) and geneticin
were purchased from Corning Cellgro. Penicillin/streptomycin
and L-glutamine solution were purchased from Gemini BioProducts (West Sacramento, CA). Fetal bovine serum (FBS) was
purchased from Atlas Biologicals (Fort Collins, CO). 100 MEM
non-essential amino acid solution, bovine albumin, and NaVO3
were purchased from Sigma-Aldrich (St. Louis, MO). V10 ([Na2(H2O)10][H3V10O28{Na(H2O)2}] 3H2O)55,56 or [{Na6(H2O)20V10O284H2O}n],55,56 V14 (K(NH4)4[H6V14O38(PO4)]11H2O)53 and V15
([(CH3)4N]6[V15O36(Cl)])57 were prepared as described previously.
Trypsin–EDTA (0.25%) was purchased from Fisher Scientific Co
(Pittsburgh, PA). Optimal-MEM was purchased from Life Technologies (Carlsbad, CA), CA35 mm diameter glass-bottom cell culture
dishes were purchased from In Vitro Scientific (Sunnyvale, CA).
Stock solutions of V1, V10, V14 and V15
The 10 mM stock solutions of V1, V10, V14, and V15 were freshly
prepared by dissolving the compounds in water and then
adding phosphate-buﬀered saline (PBS), pH 7.3, containing
1.0 mM CaCl2 and 0.50 mM MgCl2. For homo-transfer fluorescence resonance energy transfer (homo-FRET) studies to assess
LHR aggregation or assays of cAMP, dilutions of V1, V10, V14 or
V15 stock solutions were made into serum-free media (500 mL
of DMEM, 5.0 mL of 100 non-essential amino acid solution,
5.0 mL of penicillin/streptomycin and 5.0 mL of L-glutamine
solution) to obtain cell media containing the POVs at final
concentrations obtained from cell viability studies described
below (10 mM for V1, 2.0 mM for V10, 4.0 mM for V14 and 6.0 mM
for V15). Media containing POVs were prepared immediately
before beginning cell studies.
Assessing the IC50 for V1, V10, V14, and V15 in cell viability assays
To verify the eﬀects of the vanadium compounds on CHO cell
growth and to select appropriate concentrations of these compounds for further cell studies, growth inhibition assays were
carried on using resazurin-based fluorometric assay and serial
dilutions of V1, V10, V14, and V15 stock solutions into DMEM cell
media. This cell viability assay eﬀectively counts the number of
viable cells in a fixed volume of cell media. Approximately
20 000 cells per well were seeded in 96-well plates in 100 ml
serum free media and allowed to attach for 3 h. Cells were then
treated with 1.0, 5.0, 10, 50 or 100 mM of V1, V10, V14 or V15
together with 10% resazurin for 3 h to obtain a baseline value
for the number of cells. This was designated as time 0. A separate

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 18 May 2020. Downloaded on 7/23/2020 5:13:13 PM.

Paper

Metallomics

population of cells was similarly treated with each compound for
12 h before the addition of 10% resazurin for an additional 3 h
(t = 15 h). After the incubation with resazurin, fluorescence
measurements at time 0 and after 15 h were made to assess cell
number. An excitation wavelength of 530 nm was used with the
measurement of emission at 590 nm. To establish control rates of
cell growth, the estimated number of live cells at time 0 and the
estimated number of cells after exposure to V1, V10, V14, and V15 at
t = 15 h were expressed as a ratio of values at t = 15/t = 0 and
expressed as a percentage of control cell numbers for untreated
CHO cells. Inhibitory concentrations at which 50% of cells died
(IC50) for CHO cells treated with V1, V10, V14 or V15 were calculated
by fitting curves to log values for each vanadium compound.
Values shown are the average of triplicate responses from three
separate experiments using nonlinear regression with three parameters. Results were graphed using GraphPad Prism 8. The
concentrations of V1, V10, V14 or V15 used in subsequent cell
experiments were less than or approximately equal to the IC25
values for each compound (Table 1). These concentrations were
eﬃcacious without causing high levels of cell death over the time
course of cell studies.
V1, V10 or V15 eﬀects on membrane lipid order
These studies used an environmentally sensitive styryl dye,
di-4-ANEPPDHQ, to evaluate the extent of lipid packing in the
cell membrane. Membranes containing a high fraction of lipids
with double bonds in their fatty acids tend to be more disordered. Reducing the number of double bonds in membrane
phospholipids or adding cholesterol to the membrane tends to
increase lipid packing. The fluorescent dye used in these
studies, di-4-ANEPPDHQ, was tested initially in model membranes where it demonstrated an approximately 60 nm shift
in fluorescence emission when the lipid used formed a more
disordered, i.e. less densely packed, membrane at 20 1C.
A mixture of cholesterol and dipalmitoyl-phosphocholine produced a more ordered membrane and increased dye emission
at 570 nm. The technique that we use depends on evaluating
the emission ratio at 620 nm and 535 nm and looking for shifts
in the emission ratio with cell treatment. This is a wellestablished method58–61 and one that we have used previously
in studies using vanadium or chromium compounds to treat
viable cells.28,29,41
To evaluate the eﬀects of POVs on membrane lipid order,
untransfected CHO cells were grown to 80–90% confluence in

Table 1

25 cm2 culture flasks and then incubated with 1.0 mL trypsin–
EDTA (0.25%) for 3 min. Cells (0.5 mL) were seeded into six
35 mm glass-bottom Petri dish. After 12 h, cells were washed
twice with 1 PBS (pH 7.3) then incubated in medium containing
either V1, V10 or V15. One dish was immediately labeled with
200 mL of 1.5 mM di-4-ANEPPDHQ stock solution for 15 min,
washed and immersed in a 1 PBS buffer for imaging using a
Zeiss Axiovert 200M inverted microscope.41 The remaining
dishes were incubated with V1, V10, or V15 in media for 10 h.
At the indicated times, dishes were removed from the incubator,
cells were washed once, resuspended in medium free serum and
imaged at time 0, 1, 2, 6, and 24 h after labeling with di-4ANEPPDHQ using a Zeiss Axiovert 200 M inverted microscope
equipped with a 63  1.2 NA water objective and an Andor
Du897E EMCCD camera. Cell samples were illuminated with an
arc lamp with a 480/30 or 495/20 excitation filter. Fluorescence
emission was collected simultaneously in channel 1 using a 535/
40 nm filter and in channel 2 using a 620/40 nm filter. MetaFluor
software was used to observe and image cells during experiments.
Background correction for each image and fluorescence intensity
ratio of 620 nm/535 nm calculations were performed using
Image J. In some experiments examining effects of V1 or V15 on
membrane lipid order, cells at t = 0 and 6 h were washed two
additional times (designated 2 and 3) prior to measurements
of membrane lipid order. The goal of these experiments was
to assess the degree of association of V1 or V15 with the cell
membrane.
Polarized homo-fluorescence resonance energy transfer
measurements
The extent of LHR aggregation was evaluated using polarized homotransfer fluorescence resonance energy transfer (homo-FRET)
methods and performed as previously described using CHO cell
lines expressing either 10 000, 32 000, 122 000 or 560 000 LHR
per cell in their plasma membranes.41 These human LHR were
tagged on their intracellular C-terminus with a covalently linked
enhanced yellow fluorescence protein to provide a fluorescence
signal (hLHR-eYFP).41 FRET between hLHR-eYFP occurs to a
significant extent when donor eYFP and acceptor eYFP moieties
attached to LHR on its intracellular domain are within 2–10 nm of
each other.62 Under those conditions, polarized excitation of one
YFP molecule leads to energy transfer and non-polarized emission
by the second YFP molecule. The degree of polarized emission is a
measure of the relative number of molecules in close proximity to

Calculated values for the IC50 in Chinese Hampster Ovary (CHO) cells treated with V1, V10, V14, and V15

V-Compound

IC50 per
V-compound (mM)

V1
V10
V14
V15

56.5
3.2
6.1
8.2






7.5
0.6
0.8
3.2

IC50 per vanadium
atoma (mM)
56.5
32
84
123






7.5
6.0
11
48

IC25 per
V-compound (mM)

Selected concentration for each
V-compound based on IC25b (mM)

20.0
1.6
3.4
5.5

10.0
2.0
4.0
6.0

a
This column shows the concentration of vanadium atoms in the form of the indicated compound needed to produce the observed IC50. b The
concentration selected for use in cell studies was less than or approximately equal to the compound’s IC25 to minimize cell death over the time
course of the experiment while maintaining eﬃcacy.

This journal is © The Royal Society of Chemistry 2020

Metallomics, 2020, 12, 1044--1061 | 1047

View Article Online

Published on 18 May 2020. Downloaded on 7/23/2020 5:13:13 PM.

Metallomics
one another as has been described for microscope- and flow
cytometer-based applications.63–65
Briefly, cells were grown to 80–90% confluence in 25 cm
culture flasks in DMEM medium and then incubated with
1.0 mL trypsin–EDTA (0.25%) for 3 min. Cells (0.5 mL) were
plated in 35 mm glass-bottom Petri dishes. After 12 h, the cells
were washed twice with 1 phosphate buffer, saline (PBS;
pH 7.3) and then treated for 10 h with either 10 mM V1,
2.0 mM V10, 4.0 mM V14 or 6.0 mM V15. Cells were then washed
once to remove the vanadium compounds, resuspended in
serum-free medium and imaged using homo-FRET methods
immediately (t = 0) or after 1, 2, 3, 6 or 24 h. Homo-FRET images
were collected using a Zeiss Axiovert 200 M inverted microscope
with an Andor Du897E EMCCD camera and MetaMorph
software. Arc lamp illumination passing through a verticallypolarized filter provided polarized excitation. Approximately
16 images were acquired at a rate of one image per min with
a 15 s exposure time. This exposure typically bleaches the eYFP
tag covalently attached to the C-terminus of the LHR to B10%
of its initial fluorescence intensity. A Princeton Instruments
Dual View image splitter created side-by-side images of fluorescence polarized parallel or perpendicular to the excitation
polarization. Backgrounds were subtracted from fluorescence
emission images and a g-factor was calculated to correct
for efficiency differences in instrument optics as previously
described.66 The g-factor constitutes the instrument-specific
correction for different detection sensitivities for verticallyand horizontally-polarized fluorescence. The intrinsic anisotropy
of a single eYFP fluorophore is 0.38.66 About 5–7 cells were
examined from each Petri dish and at least 30 cells were examined
for each treatment. We assumed monomeric LHR tagged with
eYFP exhibited this value and set to 0.38 the apparent anisotropy
upon complete bleaching. Homo-FRET results were expressed
as mean  SEM. Statistical evaluation of mean differences in
untreated and treatment groups was analyzed by one-way ANOVA
followed by the Tukey multiple comparison test and Student’s
t-test to compare between two groups using R version 3.3.1.
P values o 0.05 were considered statistically significant.
Measurements of intracellular cAMP levels using the ICUE3
reporter
Fluorescence assays of intracellular cyclic adenosine monophosphate (cAMP) were made using a cAMP reporter ICUE3
expressed in CHO cells from an ICUE3 plasmid provided by
Dr Jin Zhang.67 ICUE3 has a single cyclic nucleotide-binding
domain and is based on the Epac probe, Epac1 149–881. It is
fused to an enhanced cyan fluorescent protein (CFP) and a
circularly-permuted Venus cpV-L194.67 In the absence of cAMP,
the probe is folded with CFP close to the Venus eYFP which
gives rise to substantial energy transfer from CFP to eYFP and
sensitized emission from eYFP. cAMP binding unfolds the
probe, reducing FRET and causing an accompanying increase
in CFP emission and a decrease in eYFP sensitized emission.
After transfection of CHO cells with the ICUE3 plasmid, images
were acquired with PBS to establish baseline levels of intracellular cAMP. Then the cell media was exchanged with solutions
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containing 100 nM hCG, 10 mM V1, 2.0 mM V10, 4.0 mM V14 or
6.0 mM V15 for 15 min. Both before and after cell treatment,
images were acquired used a 63  1.2 NA water objective in a
Zeiss Axiovert 200M inverted microscope with an Andor Du897E
EMCCD camera, arc lamp excitation with a 436DF20 excitation
filter and two emission filters, 480DF40 for CFP and 535DF30, for
eYFP and eYFP sensitized emission (YFPSE) due to energy transfer
from CFP. All filters were from Chroma Technology. Images were
acquired at 60 s intervals using MetaFluor software. After background subtraction from fluorescence images, data were analyzed
using Image J software to calculate the emission intensity ratios
CFP/YFPSE. For each Petri dish, 2–5 cells were observed, and data
were collected from at least 15 cells for each treatment.
Spectroscopic investigation of vanadium species
The nature of the V-species in solution was determined using
both vanadium nuclear magnetic resonance (51V NMR) and
electron paramagnetic resonance (EPR) spectroscopy. These
analyses are non-trivial for two reasons; soluble vanadium(V)
species exchange rapidly68 in contrast to the much slower
exchanging POVs,69 and because biological studies are done
in complex buﬀers43,44 where conversion between oxidation
states of the vanadium can occur.70–73 Our experiments and
analysis are based on a vast literature of vanadium speciation
chemistry which included studies elucidating the different
vanadium(V) species74–77 as well as vanadium(IV) species,74,78–81
and support the assignments of the known species we see as
hydrolysis products. V1 and V10, are compounds with vanadium in
oxidation state V(V), while V14 and V15 are mixed-valence POVs and
present both V(V) and V(IV) in their compositions. However, under
the conditions used in cell studies, the vanadium oxidation state
can undergo redox chemistry to form a mixture of vanadium(V)
and (IV) complexes. It is therefore important that the vanadium(IV)
species are monitored using EPR spectroscopy and the vanadium(V)
species are monitored using 51V NMR spectroscopy. V1, V10, V14,
and V15 samples were prepared at 1.0 mM concentrations in serumfree media as described below for both 51V NMR and EPR analyses.
In the 51V NMR studies, solutions containing V1 and the
polyoxovanadates, V10, V14, and V15, were used to characterize
the vanadium(V) species formed in DMEM media. Spectra were
recorded at ambient temperature using a Bruker spectrometer
at 78.9 MHz for 51V and 400.13 MHz for 1H. The 51V NMR
spectra were recorded at several time-points (0, 3, 10, 24 h) to
determine whether there were changes in the speciation during
a 24 h interval. The parameters used for the 51V NMR studies
were similar to those reported previously.41,82 51V NMR spectra
for the V1, V10, V14, and V15 samples were recorded using
an external reference of Na3VO4 (100 mM, pH 12.8, signals at
535 (V1) and 559 ppm (V2)) and the values are referenced
against VOCl3.68
EPR spectroscopy was used to characterize the vanadium(IV)
species formed in DMEM media. Spectra were recorded at
ambient temperature using a Bruker ESR-300 spectrometer
operating in X-band and previously described methods reducing the microwave absorbance of the aqueous solution.82 The
solutions, prepared at 1.0 mM concentrations, were recorded in
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1 mm glass capillary tubes that were placed in 2 mm quartz
tubes. A powder sample of 2,2-diphenyl-1-picrylhydrazyl (DDPH,
g = 2.0037) was used as an external standard. The spectra were
recorded at 9.84 GHz frequency and 0.6325 mW microwave power
with modulation frequency 100.00 kHz, modulation amplitude
10.00 G, time constant 5.12 ms, sweep width 2000.00 G, sweep
time 5.24 s, resolution of 2048 points and sixteen scans with a
central field at 3511.20 G. The EPR spectra were recorded at 0, 3, 6,
10 and 24 h time points.

Results
Published on 18 May 2020. Downloaded on 7/23/2020 5:13:13 PM.

Concentration-dependent eﬀects of V1, V10, V14, and V15 on cell
viability
Initial studies were performed to evaluate concentration dependent eﬀects of V1, V10, V14 or V15 on CHO viability. The goal of
these studies was to identify the IC25 and IC50, i.e. the concentrations of vanadium compounds that caused 25% and 50%
reduction in cell viability for CHO cells treated with each
vanadium compound for times that approximated the incubation time used in measurements of cell function (Table 1). V1,
V10, V14, and V15 decreased CHO cell viability over the 15 h
timescale of this experiment, Fig. 2. All IC50 concentrations for
V1, V10, V14 or V15 were greater than 1.0 mM but less than the
IC25. It is noteworthy that V10 was most eﬀective in reducing cell
viability followed by V14 and V15. V1 had the least eﬀect on cell
viability in these studies. Concentrations of 10 mM for V1,

Metallomics
2.0 mM for V10, 4.0 mM for V14 and 6.0 mM for V15 were selected
for use in subsequent experiments. These concentrations were
less than or approximately equal to the IC25 for each compound
and were concentrations where, under experimental conditions,
475% of cells remained viable over the duration of the experiment.
Eﬀects of V1, V10 or V15 on lipid order in CHO cell plasma
membranes
Previous studies in selected eukaryotic cell lines have shown
that V-compounds capable of interacting strongly with
membrane lipids45,47–49 affect lipid order and, as a result, lipid
packing in the cell membranes. Most of the vanadium compounds
investigated previously have been able to interact strongly with the
interface or penetrate the interface.45,47–49 Because V10 and other
water-soluble POMs are located in the aqueous phase in model
systems,46,50,52 their ability to interact with hydrophobic lipid
molecules in cell membranes is presumably limited. Thus, the
function of these experiments was to assess whether these watersoluble compounds affected membrane lipid order, a property that
appeared important in the function of more hydrophobic
vanadium compounds.29,41 Following a 10 h pre-incubation of
CHO cells with V1, V10 or V15 lipid packing was decreased when
compared to untreated cells as indicated by an increase in the ratio
of emission of di-4-ANEPPDHQ at 640/545 nm (Fig. 3a). After
washing cells once to remove excess V1, V10 or V15 from the cell
medium, lipid packing was monitored over 24 h. By 24 h, lipid
packing had returned to baseline values suggesting that, under
these conditions, V1, V10 or V15 effects on membrane lipid order

Fig. 2 Eﬀect of V1 (a), V10 (b), V14 (c), and V15 (d) on CHO cell viability. The dashed line at 50% viability was used to establish the IC50 for each of these
compounds.
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Fig. 3 (a) Membrane lipid order in CHO cells treated with V1, V10, and V15.
Cells were preincubated with V1, V10 or V15 for 10 h and then washed once
to remove the vanadium compounds from the cell medium. The extent
of lipid packing as indicated by the emission ratio at 640/545 nm following
excitation of the fluorophore with 488 nm light was monitored over
24 h. Increased emission at 640 nm relative to emission at 545 nm is
indicative of a decrease in lipid order. In (b) and (c), the eﬀects of repeated
washing at time 0 and time 6 h on lipid fluidity for cells was assessed in (b)
for V1 and in (c) for V15. A second and third wash appeared to increase lipid
order and is indicated on the graphs by 2 and 3 labels, respectively.
No return to the value seen for untreated cells was observed in any of the
washed cells.

had decreased steadily over this time. Interestingly, cells treated
with V1, which had the least effect on cell viability when compared
to other POVs, exhibited the least effect on lipid packing in these
studies. This compound is also the material that is interacting the
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most with the interphase, based on model studies,50 and could
thus be anticipated to internalize.
To evaluate the extent of V1 or V15 association with the
membrane, cells were washed two additional times at 0 and
6 h before assessing lipid packing in some experiments (Fig. 3b
and c, respectively). These studies were not done with V14
because, as shown below, this compound decomposed very
rapidly and results would, for this reason, be diﬃcult to
interpret meaningfully. Because POVs are not hydrophobic
and V10 does not appear to insert in the lipid interface of reverse
micelles,9,46,52 one could anticipate that V15, in particular, would be
readily washed from the extracellular surface of the cell. However,
neither at time 0 nor time 6 h did additional washings result in a
return to baseline values for lipid order suggesting that at least
some V1 or V15 remained tightly associated with the cell membrane,
had undergone chemistry with surface proteins or was internalized.
Because large POMs with high superficial charges, such as V15,
are not readily interacting with hydrophobic interfaces and
membranes, this observation would suggest that the eﬀects of
these compounds on the membrane fluidity and/or the initiated
signaling resulted in some changes that did allow for membrane
interaction or internalization of the POV. If membrane proteins
underwent conformation changes resulting from interactions with
V1 or V15, this result would be observed although hydrolysis and
internalization would be more likely, particularly for V1.
Eﬀects of V1, V10, V14 or V15 pretreatment on LHR aggregation were examined using CHO cell lines stably expressing
10 000 LHR, 32 000 LHR, 122 000 LHR or 560 0000 LHR per cell,
Fig. 4. When cells expressed 10 000 or 32 000 LHR per cell,
preincubation of cells with 10 mM V1, 2.0 mM V10, 4.0 mM V14
or 6.0 mM V15 produced extensive aggregation of LHR under
conditions that also decreased lipid order in CHO cell membranes. Interestingly, V14 and V15 had a greater eﬀect on LHR
aggregation than did hCG, the naturally occurring ligand for
human LHR which has been, to date, the most eﬀective molecule
used to aggregate the receptor. This includes other gonadotropins capable of binding the LHR and other vanadium
compounds.41,83 In contrast to results for cells expressing either
10 000 or 32 000 LHR per cell, overexpression of LHR was associated with constitutive aggregation of the receptors as has been
previously observed.41 For cells expressing 560 000 LHR per cell,
there was no further aggregation of LHR when cells were treated
with hCG or pre-treated with V1, V10, V14 or V15 despite the
decrease in lipid order caused by V1 or these POVs.
Eﬀects of V1, V10, V14, and V15 on cAMP levels in CHO cells
There appears to be a comparatively simple relationship
between receptor clustering as demonstrated in homo-FRET
studies of LHR anisotropy and intracellular levels of cAMP,
Fig. 5.41,84 Receptors that are extensively clustered, either from
the binding of hCG, exposure of cells to V1 or POVs, or overexpression of LHR, are also actively signaling. When considering
cells expressing 10 000 LHR per cell, this relationship is apparent.
Untreated receptors exhibit high values for initial anisotropy and
have low basal levels of intracellular cAMP as indicated by the
ratio of CFP/YFPSE which is low. Treating cells with either 100 nM
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When cells overexpress LHR, as for example, when cells express
122 000 or 560 000 LHR per cell, the addition of 100 nM hCG, V1 or
POVs has little or no eﬀect on intracellular cAMP levels which are
already high. These receptors are pre-clustered and, as a result,
constitutively active.
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Fig. 4 Values for the initial anisotropy measured for eYFP covalently
linked to LHR using polarized homo-FRET methods. Smaller values for
initial anisotropy are indicative of LHR aggregation. Pre-treatment of cells
with V1, V10, V14 or V15 decreased values for initial anisotropy for receptors
on cells expressing 10 000 or 32 000 LHR per cell. V1 had less eﬀect on
LHR aggregation than did hCG. The eﬀects of V10, V14, and V15 were
comparable to hCG or greater than the eﬀect of hCG on LHR aggregation.
When cells expressed non-physiologically high numbers of LHR per cell,
receptors were extensively aggregated. For cells expressing 122 000 LHR
per cell, hCG, V10, V14, and V15 caused a small increase in receptor
aggregation while V1 had no statistically significant eﬀect on receptor
clustering. There was no statistically significant eﬀect of hCG, V1 or POVs
on receptor clustering when cells expressed 560 000 LHR per cell suggesting that highly over-expressed LHR are extensively clustered and that
receptors are not aﬀected by changes in lipid order.

Fig. 5 The eﬀects of LHR numbers per cell on intracellular cAMP levels in
the absence (control) or presence of 100 nM hCG or on cells treated with
V1, V10, V14 or V15. ICUE3 was used as a cAMP reporter molecule. When
there is an increase in intracellular cAMP, cAMP binds to ICUE3, reduces
energy transfer between CFP and YFP (YFPSE) upon exposure of ICUE3 to
435 nM light and increases the CFP/YFPSE ratio. In the absence of cAMP,
there is increased energy transfer from CPF to YFP, an increase
in sensitized emission by YFP, and a reduction in the CFP/YFPSE ratio.
Data shown are the mean and S.E. of 25–43 individual measurements
depending on the treatment.

hCG or V1, V10, V14 or V15 for 15 min increases intracellular cAMP.
Exposing CHO cells to these various molecules also causes
anisotropy values to decrease, indicating LHR clustering. Basal
levels of intracellular cAMP in untreated cells increase with
increasing numbers of LHR per cell and these increased levels of
cAMP per cell are associated with decreasing initial anisotropies.

This journal is © The Royal Society of Chemistry 2020

The speciation and stability of V1, V10, V14 or V15 and the
respective oxidation products were monitored in DMEM media
since it was not possible to monitor compound stability in the
cell membrane (Fig. 6–9). In Fig. 6, the 51V NMR and EPR
spectra of 1.0 mM of V1 in media are shown. The left panel
shows the dissolution of 1.0 mM of NaVO3 which is mainly
present as V1 + VP (where VP corresponds to the phosphate–
vanadate complex formed in solution) with some dimeric
H2V2O42 (V2) and tetrameric V4O124 (V4) forming at pH 7.4.
The right panel shows the EPR spectra observed from the
same sample and demonstrates that a very low amount of
vanadium(IV) is forming in this solution from the added
vanadium(V). This shows that the addition of V1 to CHO cells
does lead to the formation of large amounts of vanadium(IV)
species as has previously been reported in yeast.85 However, over
the course of the incubation, the vanadium(IV) signal decreases
and, at 24 h, none is observed suggesting that the low level
of V(IV) is indeed observed. The reoxidation to vanadium(V),
not detectable by EPR, was presumably caused by the oxygen
presented in the air and diffusing into the sample.
In Fig. 7 the 51V NMR and EPR spectra of 1.0 mM of V10
added to the media is shown. These spectra show that the
simple oxovanadates form immediately, but that some V10
persist up to about 10 h. In addition, some V(IV) is observed
during the period V10 is present in solution, but at 24 h when
V10 is no longer present in the media, the amount of V(IV) is also
significant reduced.
In Fig. 8, the 51V NMR and EPR spectra of 1.0 mM of V14 in
DMEM media at pH 7.4 is shown. The left panel is showing the
51
V NMR spectra of 1.0 mM of V14 and the speciation is
documenting that a little V1 + PV with trace amounts of V10 is
present at the initial hour (0 h). Since the V14 cluster contains
12 V(V) and 2 V(IV) atoms, the 51V NMR spectrum initially has a
low intensity of vanadium(V) signals because the presence
of vanadium(IV) atoms in the structure makes the MV-POV
compound undetectable by the 51V NMR spectroscopy. After
3 h of incubation, the concentration of vanadium(V) in solution
has increased, V2 and V4 have formed and there is no longer
evidence of V10. By 24 h, the V14 sample is likely completely
oxidized and hydrolyzed and only the small vanadium(V) oligomers are present. In Fig. 8 (right) the EPR spectra of 1.0 mM of
V14 is shown and is consistent with the mixed-valence oxometalate reported previously.53 The spectrum of the V14 registered at room temperature contains a single line with g = 1.8999
and Dp–p = 18 G, due to the delocalization of the two electrons
from the two reduced V-atoms in the V14 structure.86 The EPR
spectrum for the V14 persists beyond the 6 h but is absent at
the 10 h time point. The shoulder in the spectrum indicates
the formation of a second species, which could be the V14
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Fig. 6 The 51V NMR (left) and the EPR spectra (right) are shown as a function of time after the CHO cells have been incubated with 1.0 mM of NaVO3, V1,
for 34 h at pH 7.4. Only one spectrum is shown for the 24 h and 34 h since identical spectra are observed. The observed signals at d = 555, 570 and
575 ppm were assigned to V1 + PV = H2VO4 , V2 = H2V2O72 and V4 = V4O124 , respectively. The peak at 513 ppm is to the most intense signal of V10
and can sometimes be observed first in spectra where the low concentration of V10 is present.

Fig. 7 The 51V NMR (left) and the EPR spectra (right) are shown as a function of time after the CHO cells have been incubated by 1.0 mM of the sodium
decavanadate salt, V10, for 34 h at pH 7.4. Only one spectrum is shown for the 24 and 34 h since identical spectra were observed. The signals with d (ppm)
are assigned to V1 + PV = H2VO4 in rapid equilibrium with the VP-complex ( 559), V2 = H2V2O72 ( 570), V4 = V4O124 ( 575), V5 = V5O155 ( 584) and
to the three signals of V10 = V10O286 ( 421, 495 and 511).

containing only one V(IV) or to the aqueous V(IV) mononuclear
species. Considering that the g-value for the VOSO4 sample,87
previously reported, is similar to the species observed for the
reduced parts in the V1 sample in media, we conclude that the
observed signal can be potentially attributed to a vanadium(IV)
formed as an adduct with a component of the media and is not
the free vanadyl cation (VO2+) in aqueous solution or the
partially oxidized POV. This finding is in agreement with
previous observations.53 These spectra suggest that the V14,
responsible for the EPR signal, is disappearing and by 10 h is
mainly gone. This also shows that the addition of V14 to the
CHO cells does result in some interaction of the intact MV-POV
for at least 6 h before it has been completely hydrolyzed and
oxidized, and no longer observed after 24 h. Combined, these
results show that the V14 structure is intact only for the first
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hour of the experiments and that the vanadium(IV) is oxidized
during the incubation and after 24 h there is no V(IV) left to
be observed by EPR spectroscopy. Importantly, this means
vanadium(IV) is only found at early timepoints in the experiment.
In Fig. 9 the 51V NMR and EPR spectra of 1.0 mM of V15 in
DMEM media are shown. The left panel is showing the 51V
NMR spectra of 1.0 mM V15 and the speciation shows that little
V1 + PV with trace amounts of V2 and V4 is present at pH 7.4
initially (0 h). Since the V15 cluster contains 7 V(V) and 8 V(IV)
atoms, the 51V NMR of this MV-POV will present no signal, as
was observed for V14. Intact solutions of V15 will contain
low concentrations of vanadium(V) species as seen at initial
times. However, after 3 h of incubation, the concentration of
vanadium(V) in solution has increased and V1 + PV, V2, and V4
have formed. No evidence for V10 or oxidized V15 was seen in
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Fig. 8 The 51V NMR (left) and the EPR spectra (right) are shown as a function of time after the CHO cells have been incubated by 1.0 mM of
K(NH4)4[H6V14O38(PO4)]11H2O, V14, for 34 h at pH 7.4. Only one spectrum is shown for the 24 h and 34 h since identical spectra are observed. The signals
with d (ppm) are assigned to V1 + PV = H2VO4 in rapid equilibrium with the VP-complex ( 560), V2 = H2V2O72 ( 571), V4 = V4O124 ( 575),
V5 = V5O155 ( 584) and to the three signals of V10 = V10O286 ( 425, 499 and 516).

Fig. 9 The 51V NMR (left) and the EPR spectra (right) are shown as a function of time after the CHO cells have been incubated with 1.0 mM of
[(CH3)4N]6[V15O36(Cl)], V15, for 34 hours at pH 7.4. The signal at 559 ppm was assigned as V1 + PV = H2VO4 in rapid equilibrium with the VP-complex.
And the signals at 570, 575 and 584 ppm were attributed to V2 = H2V2O72 , V4 = V4O124 , and V5 = V5O155 , respectively. The speciation observed in
these solutions show that V15 is mostly intact at the beginning of the incubation because very little vanadate is observed. Some of the V15 remains intact at
the end of the incubation period examined. No evidence for the formation of V10 was observed.

any of these samples. A fully oxidized V15 has been previously
described by single-crystal X-ray diﬀraction and by 51V NMR
spectroscopy (d = 507, 531, 584 and 597 ppm); however,
it is not very stable in solution. Therefore this is not expected to
form;88 the intensity of signals of V15 decreased and V1 and V10
formed at pH 3.5. In the present work, the DMEM medium is
buﬀered at pH 7.4, providing V1 and other small oligomers
stable at this pH (see Fig. 9). At longer incubation periods, the
amounts of vanadium(V) oxovanadates increase, but even by
24 h, the speciation distribution of V1 + PV and oligomers is
consistent with a much lower concentration of vanadium(V) in
solution compared to the spectra of V14 at similar pH
(see Fig. 8). The EPR spectra of V15 registered at ambient
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temperature also presented a single line centered g = 1.9022
and with Dp–p = 19 G characteristic of the MV-POV.57,86 Since
the presence of vanadium(IV) in the EPR spectra is also decreasing,
together this suggests that the intact V15 isomer is present but the
low concentrations of any oxidized V15-anions immidiately hydrolyze forming complexes with media components as suggested for
the V14 system.

Discussion
POMs are large polyanionic materials that have the potential to
undergo both hydrolysis and redox chemistry. Although stable
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and unreactive polyoxometalates have been reported to penetrate cellular membranes,3 many of these compounds exert
their action from the outside of the cell,27 results consistent
with those described here. Reports of formation of V10 inside
yeast cells have placed this POV in acidic cytoplasmic vesicles
and resulted in extrusion of V10 from yeast cells.85,89 Studies in
yeast (S. cerevisiae) documented that vanadate entered the cells
much slower than the aqueous vanadium(IV).85 Additional
studies showed that the vanadate species responsible for the
main inhibition of growth is the vanadate tetramer (V4),90
and that decavanadate entered in the form of mononuclear
vanadium and then converted to V10 in the acidic lyposomers.91
As shown with Mycobacterium smegmatis and with Mycobacterium
tuberculosis, V10 is much more eﬀective that V1 in inhibiting
bacterial growth.42 However, the large and charged V10 is found
to hydrolyze smaller species upon exerting this eﬀect. As a result,
V10 is not likely to penetrate the charged membrane or interact
directly with the membrane interface.
In order to obtain more information on these systems, we
were interested in exploring responses of a G coupled-protein
receptor, LHR, to V10 and structurally related POVs. To this end,
a series of POVs with very diﬀerent chemical and physical
properties were investigated. The selected POVs represent two
classes of water-soluble POMs, namely a homopolyoxometalate
(V10) and two mixed-valence polyoxometalates (V14 and V15).
The properties of these POVs are complementary, such that
these studies will provide information on the biological
responses of POMs with a wide spectrum of properties. V1
is the simple vanadate that is known to be a phosphatase
inhibitor. V10 is a cluster formed from vanadium(V) atoms.
V14 and V15 are redox active POVs, the latter stable in aqueous
solutions while the former is not. They are versatile agents and
in addition to hydrolyzing they have been reported to engage in
processes involving reactive oxygen species (ROS) in E. coli,27,54
and other biological system.72,92–95 Considering the large
number of POMs available and the wide range of properties
possible,2,20,27 we chose POMs with properties complementary
to the V10 system that represent the multivalence of polyoxometalate compounds.
A motivating factor for these studies investigating the POV’s
eﬀects on eukaryotic cells expressing LHR was the observation
that V10 activates the protein kinase receptor FceR.30 This
receptor is a protein kinase receptor as is the insulin receptor
(IR) which was also found to be activated with vanadium
complexes.28,29 Although both the FceRI and the IR are protein
kinase receptors, signaling through diﬀerent pathways than
those used by LHR, a GPCR membrane protein, all three
receptors use lipid rafts as signaling platforms where cholesterol, a key component of rafts, is present in high concentration. LHR receptors, like serotonin receptors,96 another
member of the GPCR receptor family, may require cholesterol
for the receptor function. Previous studies with the insulin
receptor demonstrated that V10 had similar eﬀects to those of
BMOV.28–30 In response to selected POMs, CHO cells expressing
low numbers of LHR (10 000 LHR per cell) exhibit changes in
lipid packing that are associated with aggregation of LHR and
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an increase in intracellular cAMP levels. When receptor numbers are high and non-physiological (560 000 LHR per cell),
V-compound effects on membrane lipid order are not reflected
in either changes in LHR aggregation or intracellular levels of
cAMP. Removing extracellular V15 by washing the cell does not
fully affect lipid packing by these compounds, suggesting that
only some V-compounds are readily available for removal; this
opens the possibility that some V-compounds remain tightly
associated with the cell membrane.
Before considering the eﬀects of the three POVs and V1 we
examined the stability and speciation of these compounds in
aqueous stock solution and in media. These measurements
were done using 51V NMR and EPR spectroscopy and compared
to species formed in Table 2. Specifically, a summary of signals
observed under the condition of the assays and in aqueous
solutions at pH 7.4 are listed. The summary reflects the fact
that the V10 concentration is decreasing rapidly; at the 0 h time
point, 80% is present whereas less than 5% V10 is present at
24 h. Similarly, V14 is partially decomposed at t = 0 and none is
present at t = 24 h. In contrast, V15 is present at 0 and 24 h in
DMEM with a trace amount of a V(IV)-species at t = 0, persisting
at trace levels until 24 h. Since VO2+ dimerizes and is not
observable by EPR spectroscopy at pH 7, this signal reflects
some complexation between a V(IV) compound and a media
component. Considering the presence of phosphate and
buﬀers in the assay is possible to assign this to a V(IV)-media
species, indicating that the hydrolysis of the vanadiumcompounds and reduction of V(V) takes place in the media at
the beginning of cell treatment. Similarly, an NMR signal for V1
is not observed in the media but the sum of V1 and a
phosphate–vanadate complex (PV) is observed. The V1 and PV
signals are rapidly exchanging under these conditions. The
resulting signal is abbreviated V1 + PV. Thus, speciation of
the V-compounds in the media differs from that in aqueous
solution because media components can readily form complexes with the V-compounds. Therefore, it is important to
measure the spectra of the V-species formed over the time
course of the cell experiments. All three POVs are present in the
media at the beginning of cell treatment but, after 24 h, V15
is the only POV in significant amounts in solution although
slow decomposition of V15 had started. Interestingly, no V10
formation in solution was observable indicating that any effects
on cell function by V15 cannot be attributed to V10.
The three POVs and V1 appear to interact with the membrane
lipids and decrease lipid packing, an eﬀect that was diminished
over 24 h or, for V1 and V15 by additional washing of cells. At any
time during recovery from V-compound exposure, increased lipid
disorder over baseline values appeared to aﬀect the extent of LHR
aggregation when LHR is expressed at physiologically relevant
receptor numbers, i.e. 10 000 LHR per cell. There are no eﬀects
of lipid disorder on LHR aggregation when receptors are overexpressed in CHO cells and receptor crowding has occurred. The
association of the POV with appropriately associated lipids may
not require covalent binding; noncovalent interactions may be
suﬃcient. These results are consistent with the MV-POV acting as
intact entities and not through the formation of V10. For V15 this is
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Table 2 Summary of speciation data obtained using 51V NMR and EPR spectroscopy for aqueous and cell media DMEM at t = 0 and 24 h incubated with
1.0 mM of V-atoms of the listed compounds
51

Anions monitored

Signals observed by

Compound & time/conditions

V1 (%)

V2 (%)

V4 (%)

V5 (%)

V10 (%)

VV14 (%)

V1 (81.9)
PV (81.5)

V2 (16.4)
V2 (12.0)

V4 (1.64)
V4 (6.50)

—
—

—
—

—
—

V1 (80.0)
PV (80.0)

V2 (16.0)
V2 (12.0)

V4 (4.00)
V4 (8.00)

—
—

—
—

—
—

V1 (14.6)
PV (7.54)

V2 (10.7)
V2 (2.11)

V4 (17.6)
V4 (1.05)

V5 (0.21)
—

V10 (56.9)
V10 (89.3)

—
—

V1 (13.7)
PV (20.6)

V2 (10.5)
V2 (12.6)

V4 (28.4)
V4 (56.7)

—
V5 (5.37)

V10 (47.3)
V10 (5.00)

—
—

V1 (26.4)
PV (44.9)

V2 (12.9)
V2 (11.3)

V4 (19.6)
V4 (14.0)

—
V5 (3.14)

V10 (18.8)
V10 (27.0)

VV14 (22.2)
—

V1 (17.4)
PV (14.4)

V2 (11.8)
V2 (11.3)

V4 (17.3)
V4 (66.9)

—
V5 (7.36)

V10 (9.20)
—

VV14 (44.3)
—

V1 (31.1)
PV (73.0)

V2 (24.9)
V2 (16.0)

V4 (44.0)
V4 (10.9)

—
—

—
—

V1 (30.5)
PV (44.6)

V2 (23.8)
V2 (16.9)

V4 (45.6)
V4 (36.0)

—
V5 (2.67)

—
—

—
—
—
—
—

NaVO3/t = 0
Aqueous
Media
NaVO3/t = 24
Aqueous
Media
V10/t = 0
Aqueous
Media
V10/t = 24
Aqueous
Media
V14/t = 0
Aqueous
Media
V14/t = 24
Aqueous
Media
V15/t = 0
Aqueous
Media
V15/t = 24
Aqueous
Media

V NMR or EPR spectroscopies
V15 (%)
—
—
—
—
—
—
—
—
—
—
—
—
ND
ND
ND
ND

Compounds examined are NaVO3 as V1; [Na2(H2O)10][H3V10O28{Na(H2O)2}]3H2O as V10; K(NH4)4[H6V14O38(PO4)]11H2O as V14 and
[(CH3)4N]6[V15O36(Cl)] as V15; any form of reduced vanadium is listed as V(IV), so for V15 the V(IV) correspond to the sum of the V(IV) in the MVPOV and in mononuclear V(IV) soluble in the media; — not present; PV stands for vanadium–phosphate complex in rapid equilibrium with V1
(H2VO4 ); trace – barely detectable; ND – not detectable by the techniques. Aqueous solution 51V NMR and EPR spectra are presented in the ESI.
The % were calculated using the 51V NMR spectra signal integrals and are an approximation, considering the systems contain V(V) and V(IV) species.

particularly clear because part of V15 is intact at the end of the
incubation. The migration of LHR from the bulk membrane,
the site of POV or V1 interactions with membrane lipids, to the
membrane microdomains with more densely packed lipids eﬀectively concentrates receptors. This concentration of receptors in
membrane microdomains, as demonstrated for BMOV or VOSO4,
produces LHR aggregation and activation of receptors, which then
signal intracellularly.41 Although it appears that the POVs and V1
are cleared from the membrane in approximately 24 h, it is
not clear what happens to the V-compounds over this time.
We have monitored the POVs and V1 in the media using both
EPR and 51V NMR spectroscopies but cannot monitor events in
the cell membrane.
Because speciation of these compounds is complex and
time-dependent, the interactions between these various vanadium
compounds and CHO cell membranes are likely to vary with time.
This makes modeling of vanadium compounds more complex and
dependent on the vanadium species available. Fig. 10 shows
various proposed mechanisms involved in vanadium compound
interactions with cells that could potentially lead to the eﬀects of
these compounds on LHR signaling. At any time, because multiple
species form, it is unlikely that only one type of interaction is
occurring. Rather, some species may interact with cells as shown in
(a), while others are interacting through mechanisms summarized
in (b) and (c). Fig. 10a demonstrates the interactions occurring for
compounds, like V14 and V15, that can interact with extracellular
structures but, due to their hydrophobicity, are less likely to insert
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in lipid bilayers. It is not known from these experiments whether
these compounds can suﬃciently perturb membrane structures or
drive the concentration of LHR in membrane microdomains that
provide locally favorable conditions for LHR signal transduction.
However, speciation of these compounds may be suﬃcient to
produce vanadium-containing compounds that are more lipophilic
(b) and thus more likely to interact with the lipid bilayer. Such
lipophilic compounds may, at least in part, be responsible for the
changes in lipid packing that are observed in cells and for LHR
concentration in membrane rafts. Lipid bilayer interactions of
lipophilic species and internalization of these V-compounds is
attractive from a functional perspective given that phosphatase
targets for these compounds are found in the cell cytoplasm.48
More importantly, membrane transport via an unidentified mechanism may be available for transport of these compounds into the
CHO cell interior. For many compounds functioning as drugs, the
ability to transit the plasma membrane, enter the cell cytoplasm
and then target intracellular functions or structures, is critical to
their action.97 Transport of V-compounds across a membrane
would likely depend on available membrane transporters that
could be adapted for the transport of these V-compounds.96 In
the case of the erythrocyte membrane, the addition of DIDS
stopped the internalization of some organic V-compounds.98,99
Alternatively, lipoidal diﬀusion is commonly considered as an
alternative explanation for drug movement across membrane
barriers (reviewed in ref. 100 and 101). Drugs proposed to use
lipoidal transport display, in monolayers, approximately equal rates
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Fig. 10 Models for the alternative modes of action of the vanadium compounds on cell membranes where cells express 10 000 LHR per cell, a
comparatively low receptor density. (a) V-Compounds interact with CHO cell membranes and are not internalized; (b) V-compounds impact the lipid
bilayer followed by POV hydrolysis and internalization of the resulting species; or (c) POVs exert the eﬀects through an electron transfer process.

of flux across the monolayer in either direction. These compounds
have ‘‘intrinsic permeability’’ in cell lines expressing membrane
transporters used for passive diﬀusion.
It is also possible that select vanadium species interact with
extracellular components impacting the lipid bilayer and, more
important, these interactions are followed by POV hydrolysis
and internalization of the resulting POV species (see Fig. 10b).
POV compounds such as V10 have been explored in animal
studies as glucose-regulating drugs for oral use.14,102,103 In
accordance with Lipinski’s rules104,105 describing requirements
for an ideal drug capable of crossing membranes, small and
neutral compounds, such as BMOV, can penetrate membranes29
unlike the POVs described here. In addition to interacting with
membrane surfaces, if suﬃciently hydrophilic, vanadium compounds, such as BMOV, may also dissolve in the hydrophobic core
of the bilayer. VOSO4, on the other hand, readily penetrates
interfaces over the course of a few minutes and is internalized
using available cation transporters.85 If the POVs or V1 are transiently associated with membrane lipids and then internalized, as
was reported for BMOV or VOSO4, the resulting removal from the
cells by washing would appear to be slow. Considering the known
locations of the POVs being outside the cells, it was surprising that
V15 was not readily removed by additional cell washes. Importantly,
V1 was also not readily removed, presumably reflecting the possibility that it is internalized. It is, however, possible that the V15 and
the two other POVs internalize after hydrolysis.
Finally, the propensity of V14 and V15 to engage in processes
related to formation of ROS due to their large size and charges,
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as well as the possibility that they act without membrane
penetration, allow us to test whether compounds with properties that diﬀer from simple vanadium coordination complexes
are able to induce signal transduction by LHR, presumably as a
result inactive to active conformational changes. Interestingly,
some V(IV), albeit at trace levels, formed initially at the beginning of growth in all samples including samples treated with
V1, V10 and V(IV)-containing V14 and V15. V(V) conversion to V(IV)
is accompanied by abstraction of electrons and, in the process,
generates ROS. This has been documented in multiple systems
treated with vanadium(V) compounds as well as vanadium(IV)
compounds that generate an electron upon oxidation to
vanadium(V). It is interesting to consider that conformational
changes and G-protein activation in LHR leading to signal
transduction may involve ROSs. The POVs are significantly
diﬀerent than all the other vanadium compounds that have
been reported to aﬀect lipid organization or activation of the
LHR or insulin receptors because the potential for direct
interactions of POVs with LHR is reduced. In these studies,
we considered whether a ROS-mechanism might impact some
of the necessary steps in place of, or in addition to, a potential
mechanism as a phosphatase inhibitor or a direct interaction
between the lipids and the compounds causing changes in LHR
conformation, promotion of LHR aggregation, and subsequent
signaling. Demonstration that a large vanadium compound
that is less likely to act as a phosphatase inhibitor gave
credence to alternative mechanisms. However, as noted above,
none of these mechanisms are happening exclusively simply
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because of the complex nature of vanadium compound speciation and the multitude of cellular environments with proteins,
nucleic acids, lipids and other metabolites.
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Conclusions
These studies demonstrate that the interactions of three POVs
and V1 with the eukaryotic cell plasma membrane directly
decrease the packing of membrane lipids and, as an indirect
eﬀect, drive aggregation of LHR, a G protein-coupled receptor
in CHO cells. LHR continues to be aggregated when lipid order
is decreased in the presence of V10 and V15 in the cell medium
and even after the V1 or V15 have been removed. Importantly,
these eﬀects are only observed on cells where LHR protein
density is low; when LHR is overexpressed, receptor density is
high and the receptors are constitutively aggregated regardless
of V10, V14 and V15 eﬀects on membrane lipid packing. In the
case of other small V-compounds that are known to traverse
membranes, we anticipate that they are taken up by cells and
appear in the cell cytoplasm. However, this process is considerably more complex for V10, V14, and V15 that are large molecules
with high charges and not likely to readily traverse membranes.
Indeed, studies with model membranes and V10 show that it
resides away from the interface in the aqueous layer. Although
these POVs may hydrolyze and internalize as smaller vanadatecontaining molecules in such cases, one would not anticipate
that the most stable POV derivative would be the most eﬀective
compound. The speciation studies showed the presence of
vanadium(IV) compounds and thus documented the potential
for at least partial involvement of ROS and electron transfer
processes in cells. These studies document the ability of a wide
range of vanadium compounds to initiate signal transduction
including compounds that do not readily transverse membranes
and further investigation of these eﬀects are warranted.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
DA would like to thank King Faisal University and the Saudi
Arabian Cultural Mission for her fellowship to study at
Colorado State University. KP and GGN thank the Coordenação
de Aperfeiçoamento de Pessoal de Nı́vel Superior (CAPES) and
CAPES/PrInt program for the scholarship supporting KP’s visit
to Colorado State University. DCC and DR thank Colorado State
University for support. DCC also thank the Arthur Cope Scholar
Foundations administered by the American Chemical Society
for partial support. We also thank Dr Chris Rithner for assistance in obtaining spectroscopic measurements in the Central
Instrument Facility. We thank Professor Sandra Eaton for
helpful discussions on recording and interpretation of EPR
spectra.

This journal is © The Royal Society of Chemistry 2020

Metallomics

References
1 N. Chahin, L. A. Uribe, A. M. Debela, S. Thorimbert,
B. Hasenknopf, M. Ortiz, I. Katakis and C. K. O’Sullivan,
Electrochemical primer extension based on polyoxometalate
electroactive labels for multiplexed detection of single nucleotide
polymorphisms, Biosens. Bioelectron., 2018, 117, 201–206.
2 M. T. Pope and A. Müller, Polyoxometalate chemistry: an
old field with new dimensions in several disciplines,
Angew. Chem., Int. Ed. Engl., 1991, 30, 34–48.
3 J. T. Rhule, C. L. Hill, D. A. Judd and R. F. Schinazi, Polyoxometalates in medicine, Chem. Rev., 1998, 98, 327–358.
4 M. Stuckart and K. Y. Monakhov, Polyoxometalates as
components of supramolecular assemblies, Chem. Sci.,
2019, 10, 4364–4376.
5 A. Bergeron, K. Kostenkova, M. Selman, H. A. Murakami,
E. Owens, N. Haribabu, R. Arulanandam, J.-S. Diallo and
D. C. Crans, Enhancement of oncolytic virotherapy by
vanadium(V) dipicolinates, Biometals, 2019, 32, 545–561.
6 B. E. Petel and E. M. Matson, Conversion of NO x 1 (x= 2,
3) to NO using an oxygen-deficient polyoxovanadate–
alkoxide cluster, Chem. Commun., 2020, 56, 555–558.
7 H. Stephan, M. Kubeil, F. Emmerling and C. E. Müller,
Polyoxometalates as versatile enzyme inhibitors, Eur. J. Inorg.
Chem., 2013, 1585–1594.
8 S. Ramos, M. Manuel, T. Tiago, R. Duarte, J. Martins,
C. Gutiérrez-Merino, J. J. Moura and M. Aureliano, Decavanadate interactions with actin: inhibition of G-actin
polymerization and stabilization of decameric vanadate,
J. Inorg. Biochem., 2006, 100, 1734–1743.
9 N. Samart, J. Saeger, K. J. Haller, M. Aureliano and D. C.
Crans, Interaction of decavanadate with interfaces and biological model membrane systems: Characterization of soft
oxometalate systems, J. Mol. Eng. Mater., 2014, 2, 1440007.
10 J. Breibeck, N. I. Gumerova, B. B. Boesen, M. Galanski and
A. Rompel, Keggin-type polyoxotungstates as mushroom
tyrosinase inhibitors-A speciation study, Sci. Rep., 2019,
9, 5183.
11 A. Sap, L. Vandebroek, V. Goovaerts, E. Martens, P. Proost
and T. N. Parac-Vogt, Highly selective and tunable protein
hydrolysis by a polyoxometalate complex in surfactant
solutions: a step toward the development of artificial
metalloproteases for membrane proteins, ACS Omega,
2017, 2, 2026–2033.
12 T. J. Paul, T. N. Parac-Vogt, D. Quiñonero and R. Prabhakar,
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