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ABSTRACT OF THESIS

INTERACTION OF [V02(MA)2]*WITH MODEL MEMBRANES: RELEVANCE TO

INSULIN ENHANCING EFFECTS OF BMOV AND ITS OXIDIZED FORM

Anti-diabetic vanadium-containing compounds and salts reportedly have effects
on the overall organization of the cytoskeleton and the plasma membrane of cells. For
ligand-mediated signaling, appropriate cytoskeletal and membrane lipid organization is
essential for down-stream signaling to occur. A number of vanadium-containing
compounds and salts are of interest because of their effects on these important cellular
structures. Promising results in regulating diabetic symptoms such as glucose and lipid
metabolism have been shown to result from the use of various anti-diabetic vanadium

drugs. Their effects on the cytoskeleton and plasma membrane are reviewed Chapter L

Due to the importance of membrane interactions of vanadium-containing
compounds with insulin-enhancing activity in ligand-mediated signaling, two simple
membrane model systems were used to investigate the interactions of an oxidized
metabolite of bis(maltolato)oxovanadium(IV) with model lipid interfaces. Studies were
carried out using multinuclear NMR spectroscopy with a focus on 'H NMR techniques.
In Chapter I we demonstrate that there were slight changes in 'H NMR spectra

indicating that this BMOV metabolite was able to penetrate the lipid interface. These

m



findings are important in understanding the pharmaeologic mechanism of action of this

anti-diabetic compound in cells and intact animals.

Samantha Kay Schoeberl
Department of Biomedical Science
Colorado State University

Fort Collins, CO 80523

Summer 2010
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CHAPTER I

EXAMINING INTERACTIONS OF VANADIUM COMPOUNDS WITH CELL

CYTOSKELETON, CELL MEMBRANES AND WITH MODEL MEMBRANES

INTRODUCTION

Vanadium-containing complexes and vanadium salts represent a unique class of
compounds that have been used to study cell functions including phosphatase activity
during signal transduction and mechanisms involved in insulin-mediated signaling.
Selected compounds have also been evaluated as pharmacologic agents for treatment of
diabetes (1-14). Because of their broad utility as biologic agents, there have been
numerous reviews of vanadium derivatives (1, 2) and their chemistry (3-8, 13, 15), the
insulin-enhancing properties of vanadium-containing compounds that include effects on
diabetic hyperglycemia and hyperlipidemia (9-11), and the mechanism of action for
vanadium salts in either +4 or +5 oxidation states in in vivo and in vitro systems (11, 12,

14, 16, 17). Here we will focus on some less considered aspects of vanadium’s

> This chapter is currently being prepared as a review article entitled “Do plasma
membrane and cytoskeletal components play a role in the modulation of signal
transduction by vanadium compounds? Examining interactions of vanadium compounds
with cell eytoskeleton, cell membranes, and with model membranes”. The authors of'this
review are: Samantha K. Schoeberl, Debbie C. Crans, Gail R. Willsky, and Deborah A.

Roess.



physiologic functions. These include effects of vanadium compounds on the plasma
membrane and cytoskeleton that lead to modification of ligand-initiated signal
transduction. We will also discuss the use of model systems for evaluating interactions
between vanadium-containing compounds or salts with biologically-relevant membrane

proteins and lipids.

CHEMICAL PROPERTIES OF BIOLOGICALLY-RELEVANT VANADIUM
COMPOUNDS OR SALTS

A range of vanadium complexes and salts have been used in studies examining
vanadium’s effects on the cell membrane and the cytoskeleton. The aqueous chemistry
of vanadium is highly complex and includes protonation, oligomerization and redox
chemistry, and has been described extensively (6). Commonly used biologically-active
forms of vanadium include decavanadate, vanadyl and vanadate salts, as well as

vanadium complexes with varying ligands.

Vanadium Salts

Most biological studies have used vanadium(V) in the form of vanadates
containing sodium salt or, in earlier studies, ammonium salt, or vanadium(I'V) in the form
of vanadyl sulfate (see Figure 1 for vanadate and vanadyl salt formations). Like
decavanadate, the vanadium(IV) salt, vanadyl sulfate (Figure lb), has complex aqueous
chemistry (6). The vanadium(IV) compound is not redox stable in the presence of
oxygen at neutral pH and undergoes oligomerization and polymerization reactions in the

absence of chelating agents. Chelating agents are also necessary for improving



absorption of vanadium salts from the gastrointestinal tract (18) and, once absorbed,

vanadium salts have insulin-enhancing effects by controlling glucose regulation (2, 19).

Decavanadate

Vanadate in its simplest form is a phosphate analog, structurally and
electronically (20). Vanadate oligomer formation is dependent upon the pH of the
solution and its concentration. The colorless vanadate dimer resembles pyrophosphate
structurally and electronically. At physiological pH (6.8-7.2), oligomer forms of
vanadate are evident. For example, at low concentration (1.25 mM) the main oligomers
present are tetra- and monomeric vanadate along with small amounts of di- and
pentameric vanadate. At high concentrations (40 mM), tetra- and pentavanadates are the
main species observed while monomers and dimers are present in negligibly small
amounts.

One specific oligomeric vanadate whose chemistry and biology has been
extensively studied is decavandate (Figure la) (21). Decavanadate is a highly charged
hexa-anion at neutral pH, a compact polyvanadate containing ten vanadium(V) atoms
with geometrie dimensions of 5.4 x 7.7 x 8.3 A (22, 23), and readily forms over a pH
range of 3-6. More alkaline conditions will, however, cause decavanadate fragmentation
into phosphatase-inhibiting vanadate monomers and oligomers (21). Thus, reports
suggesting that decavanadate is a phosphatase inhibitor should include studies with
vanadate monomer which demonstrate that inhibition is not simply the result of

decavanadate but could be due to decomposition into vanadate monomers (21).



Vanadium Coordination Complexes

Coordination complexes that have been used in studies of cell membranes and the
cytoskeleton are shown in Figure 2. In order to study the chemistry of these compounds
in solution or their location in simple model systems, vanadium in the +4 and +5
oxidation states are studied by EPR and NMR spectroscopy, respectively. The chemistry
of these complexes is well described elsewhere (24, 25) and, in general, the
vanadium(IV) complexes are more stable than the vanadium(V) and (III) complexes in
the reducing cellular environments. However, vanadium(V) complexes function as
insulin-enhancing agents (15, 16, 26) with greater efficacy than vanadium(IV) complexes

(19).

A  GENERAL SURVEY OF PHYSIOLOGIC EFFECTS OF VANADIUM
COMPOUNDS

Vanadium derivatives are known to affect cell function in a variety of ways.
Most work with vanadium-containing compounds has examined effects on phosphatase
activity, insulin-like activity in biochemical assays, and effects on gene expression in
diabetic animal models. In vivo and in vitro cellular effects have been extensively

reviewed (1,6, 10, 11, 15, 27-30) and are summarized below.

Phosphatase Inhibition
Vanadium-containing compounds and salts including simple vanadium salts (31,
32), peroxovanadium (33, 34), vanadium(IV) (35), vanadium(V) (34, 36), BMOV (37),

VO(pa)2 (38), a derivative of Vo2(dipic) specifically Vo2(dipic-NH2) (39), and other



vanadium derivatives with natural product ligands have been shown to inhibit a variety of
phosphatases including tyrosine (32, 40-43), and glucose-6 phosphatases (37) that are
also up-regulated in diabetic insulin signaling pathways (44). It is also worth noting that
enzyme solution studies are complicated by the fact that experimental conditions used to
optimize enzyme activity can be less than optimal for compound stability. As a result,
observed effects of vanadium complexes may ultimately be attributed to vanadate or
vanadyl cation alone because assay conditions, i.e., the type of buffer or compound
concentration, have the potential to cause complex-ligand dissociation and may result in

inaccurate interpretation of complex activity (6, 34, 45).

Insulin-Enhancing Vanadium Compounds

Vanadium-containing compounds and vanadium salts have been explored for use
in treating Type I and Type II diabetes. It was soon recognized that vanadium treatment
did not completely replace insulin in insulin-dependent animal models such as the inbred
BioBreeding (BB) rat model for Type 1 diabetes in humans, and was briefly commented
on in a review by Cam and colleagues (17). Because some insulin must be present for
vanadium to be effective, it is now generally accepted that vanadium compounds function
as insulin-enhancing agents.

The detailed mechanism by which insulin action is enhanced by vanadium
compounds remains unresolved. Insulin functions via a hormone-specific plasma
membrane receptor that, upon binding insulin, undergoes autophosphorylation. This
pivotal event, through intermediate signaling molecules, then leads to activation of PI-3K

(44) and activation of further downstream signaling molecules. Vanadium-containing



compounds appear to act selectively on enzymes downstream in the insulin signaling
cascade, specifically targeting protein phosphatases (39, 42, 46-49). Because
complications of Type II diabetes are often associated with the insulin receptor’s inability
to undergo autophosphorylation, one possible target of vanadium compounds is tyrosine
phosphatase IB which specifically dephopshorylates the insulin receptor (50).
Vanadium-containing compounds normalize glucose metabolism, lipid
metabolism, and cholesterol levels in addition to other insulin-enhancing activities. Any
or all of these effects may result from inhibition of phosphatase activity (19).
Vanadium(V) complexes been extensively investigated for insulin-enhancing activity
(15, 16, 26). These compounds may be more efficacious than vanadium(IV) compounds
(19) which, nonetheless, are more stable than the vanadium(V) and (III) complexes in
reducing cell environments. The chemistry of these complexes is well described
elsewhere (24, 25). In animal models of diabetes, vanadium(IIl) complexes with various
maltol-related (19) or dipicolinate ligands (51) have been reported to be stable and
effective at normalizing blood glucose levels in STZ diabetic rats (19, 51). In vivo,
vanadium complexes with (IV) and (V) oxidation states along with vanadium salts
decrease blood glucose and lipid levels in diabetic rats (52) while vanadium salts

normalize diabetic hyperglycemia (53) and enhance insulin sensitivity (53).

Effects of Vanadium Compounds on Gene Expression
Vanadium treatment has marked effects on a wide range of cellular functions
including metabolism, transport, and cytoskeletal remodeling. Long-term exposure to

vanadium compounds also affects gene expression by either down regulating (37, 54-59)



or up-regulating genes that are impacted in diabetic rat models (54, 55 633, 56, 59).
More specifically, various vanadium compounds have been shown to down regulate
cytoskeletal gene expression (Table 1), membranes and transporters involved in
carbohydrate metabolism/transport (Table 2), membranes and transporters involved in
lipid transport/metabolism (Table 3), and down regulate gene expression of the insulin
receptor (Table 4). In STZ-induced diabetic animals, oral administration of vanadium
salts (VOSO4 and NaVOs) and vanadium complexes, such as BMOV and VO(alx)2
results in various transcriptional effects (37, 54-59). In most studies, vanadium treatment
decreased expression of genes as summarized in Tables 1-5. However, a few genes are
expressed at higher levels in diabetic animals (summarized in Table 5) and these are
associated with carbohydrate and lipid metabolism/transport. Vanadium derivatives have
also displayed an effect at the genomic level where vanadate has been shown to alter the
expression of essential enzymes in the liver and kidney that are required for
gluconeogenesis, specifically PEPCK (56, 60).

Vanadate has also been used in diabetic rat models to demonstrate normalization
of ketone levels in rats experiencing ketoacidosis (56). Ketoacidosis is a complication
seen most frequently in Type 1 diabetes mellitus but can occur in patients with Type 2
diabetes as well. When there is not enough intracellular glucose for cellular metabolism,
fat stores are used as an energy source. Diabetic ketoacidosis results when ketones,
produced in large amounts during fat metabolism, appear in higher levels in the
circulation and cause a decrease in blood pH. HMGCo0AS is a regulatory enzyme
involved in the production of ketones in the liver and vanadate blocks the up-regulation

of'this gene (56).



VANADIUM EFFECTS ON THE CYTOSKELETON

The cytoskeleton provides architectural structures that maintain the three-
dimensional shape of a cell, function in cell mobility, support cell organelles, and assist
in the transport of membrane components to and from the plasma membrane. The
cytoskeleton is composed of three major structural components; microtubules,
intermediate filaments, and microfilaments, each of which can be independently affected

by vanadium derivatives.

Microfllaments and Vanadium Compounds

It has been suggested that vanadium toxicity may be a result of interactions with
actin microfllaments (21, 61-64). Microfilaments provide structural support for the cell,
are involved in cell locomotion, and organize cellular components during cytokinesis
(65). Microfllaments are found in the cytoplasm and have dynamic organization,
assembling and dissembling quickly. Nucleation, the intial step in the formation of
filamentous actin (F-actin) from actin subunits, involves polymerization of globular actin
(G-actin) subunits. There is a lag phase between nucleation and elongation; the time
required for progression from nucleation to elongation is dependent upon the
concentration of monomeric actin within the cell. Once nucleation is complete,
microfllaments elongate unidirectionally due to molecular polarity with polymerization
using ATP-G-actin occurring at the positive end of the microfilament structure. Filament
elongation continues until equilibrium is reached between the monomer assembly rate
and disassembly rate which occurs at a critical concentration Cc. Actin assembly and

disassembly is discussed in more detail in the following sources (65-68).



VanadiumfV) Effects on Microfilaments

Orthovanadate (NaVo4) and metavanadate (NaVOs) are frequently used V(V)
salts in studies of the effects of vanadium on microfilaments. Since the interconversion
of one to the other is pH and concentration dependent, the form of the V salt present at a
given concentration is solely dictated hy the solution in which the experiments are
performed. We will refer to orthovanadate and metavanadate only to indicate which form
was originally used in the experiment.  Other forms of vanadium(V) include

decavanadate and vanadium(V) coordination complexes.

Vanadate

The addition of orthovanadate has been shown to stabilize F-actin at low
concentrations prepared from rabbit skeletal muscle (64), presumably as a result of its
structural homology with Pj and binding affinity. However, addition of 2 mM of
metavanadate to actin had no effect on the structural organization of the microfilaments
from rabbit skeletal muscle that actin was extracted from (62). However, in Caco-2 cell
lines, 1 mM of NaVo3 promoted actin condensation (61). These results show that the
effects of vanadate on microfilaments are dependent upon the biological cell line used for

the experiment although the concentration ofthe salt may also be important.

Decavanadate
Decavanadate has been recently shown to enhance the uptake of glucose in
adipose tissue (69). Although this is beneficial to diabetic patients, decavanadate at high

concentrations has been shown to affect cytoskeletal organization by preventing G-actin



polymerization (21, 62) as do vanadates (70). Decavanadate has been shown to inhibit
the rate of G-actin polymerization by half at approximately 68 pM and inhibit the
elongation of microfilaments at 17 pM of decavanadate (62). Using ~V-NMR
spectroscopy, Ramos and colleagues demonstrated that decavanadate was stabilized upon
addition of G-actin and its half-life increased 5-fold over that without G-actin. ATP
destabilizes decavanadate by decreasing its half-life from 27 to 10 hours in a G-
actin/decavanadate/ATP solution (62). Since ATP binds to G-actin to enable filamentous
structure assembly, ATP may have a greater affinity for G-actin than decavanadate which
suggests why decavanadate is unstable upon ATP addition.

It has been suggested that because decavanadate inhibits G-actin polymerization,
its effects result from interactions with the ATP-binding site on the G-actin monomer.
Since orthovanadate maintains the filament structure due to Vi similarities to phosphate
by maintaining the F-actin-ADP + Vi structure (64) one would predict that, if ATP is not
able to bind G-actin, polymerization to a filamentous structure should decrease. These
studies have not, however, been performed. Nevertheless, it appears that upon the
addition of decavanadate to G-actin, polymerization does not occur and decavanadate
becomes stabilized. Figure 3 illustrates actin polymerization with ATP hydrolysis and
also shows a potential mechanism for how decavanadate and its derivatives may prevent
this polymerization from occurring and how Vi actions may promote polymerization.

In addition to cytoskeletal function, actin filaments, together with myosin
(myosin-II) form the molecular apparatus in muscle cells used in muscle contraction. For
muscle contraction, ATP hydrolysis occurs quickly where myosin ATPases must act on

the myosin-subfragment 1 (myosin-Sl) substrate in order for the myosin-SI to bind to

10



actin. Once the Pj is released, the myosin head moves the actin filament along the
myosin creating a power-stroke movement, a process then repeats itself as long as ATP is
available. Studies from the early 1980’s showed that ATPase activity was inhibited
significantly by binding of vanadate to form an ADP-V-myosin complex (71).
Decavanadate also prevented F-actin from stimulating the ATPase activity on the
subfragment-1 complex on myosin. Additionally, sodium vanadate promoted actin
polymerization by forming an F-actin-ADP-Vi complex that enabled filament
stabilization (21, 61, 70). At concentrations of 50 pM of V|o, decavanadate strongly
inhibited this activity at a concentration of approximately 0.8 pM (63, 642). The
interactions of decavanadate with microfilaments were the most potent of any vanadium

compound described in this review.

Vanadium-Semicarbazone Complexes (V(V)-Salsem)

The cytotoxicity of vanadium-semicarbazone complexes (V(V)-Salsem) was
examined in osteoblast MC3T3-E1 and osteosarcoma UMR-106 cells lines. V(V)-
Salsem altered cell morphology by disrupting actin in the cytoskeleton framework
leading to morphological changes to the plasma membrane. These effects became more
dramatic at high concentrations of the vanadium-containing complex; cell shape was
altered and rearrangement of actin was observed at 100 pM of V(V)-Salsem although
treating osteosarcoma cells with 25 pM V(V)-Salsem produced detectible effects. At 100

pM, some cell nuclei disintegrated as did the plasma membrane (72).

1



Vanadium(IV) Effects on Microfilaments

A number of vanadium derivatives, partieularly vanadyl acetylacetonate
(Vo (acae)2), bis(maltolato)oxovanadium(IV) (BMOV or VO(ma)2), in addition to
vanadate have been shown to have an effect on actin filaments where microvilli became
less organized upon addition of 1 mM of VO(acac)2. Comparison of these vanadium
derivatives and their cytoskeletal effects was also examined on the Caco-2 cells in which
actin filaments were fluorescently labeled using rhodamine-phalloidin. Vanadate (I mM)
caused a greater alteration in the filament structure and actin condensation than did
VO(acac)2 and VO(ma)2 supporting the notion that vanadium complexes utilize the ATP-
binding site on actin and inhibit microfilament formation (61). As with the V(V)
vanadate these experiments with V(V) compounds indicate that the concentration of the
vanadium compound administered play a major role in actin reorganization. These

results could be explained if actin filaments were a site for vanadium to bind (61).

Vanadium(lll) Effects on Microfilaments

A small number of studies have investigated the effects of vanadium(III) on actin
filaments in hepatoma Morris 5123 cells. Low concentrations of vanadium(IIl) promoted
rearrangement of actin filaments to form focal sites in the cell as compared to the more
uniform cytoplasmic distribution of actin filaments in the absence of vanadium(III) (73).
Highly concentrated areas of actin were found near the nucleus and the plasma membrane
after vanadium(III) addition and plasma membrane blebbing was also observed as the
V(III) concentration increased; the most dramatic changes in cells were detected at 100

pM of V(III) (73).
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Intermediate Filaments and Vanadium

Intermediate filaments (IF), which range in diameter from 10-12 nm (74), are
located within the cytoplasm and nuclear envelope where they provide structural support
for the nucleus and other organelles, and form desmosome adhesions between cells (75).
They are comprised of specific proteins, do not require ATP hydrolysis for assembly, and
have cell-specific expression including, as examples, keratins in skin and hair cells,
lamins in the nuclear lamina, and vimentins in muscle cells. There are six different types
of IFs and the proteins that comprise these filaments are associated with over 30 diseases
including dermatologic diseases, hepatic cirrhosis, and inflammatory bowel disease.
Effects of mutations in intermediate filament genes on disease processes have been
reviewed recently (74, 76).

A small number of studies have examined vanadium derivatives and their impact
on IF formation. Orthovanadate treatment prevents complete framework formation of
keratin intermediate filaments (75) and enhances keratin granule formation. This may
occur through orthovanadate-mediated effects on phosphorylation of p38 which
promoted additional keratin granule formation and phosphorylation (77). Interestingly,
Stmad and colleagues treated epithelial cells for 1-10 minutes of light and found that the

keratin microfilaments became resistant to orthovanadate (75).

Vanadium-Microtubule Interactions
Microtubules, approximately 25 nm diameter (78), are hollow tubular structures
composed of alpha-beta tubulin heterodimer subunits. They form part ofthe cytoskeleton

in eukaryotic cells, provide support for cells experiencing tensile stress, and are critical
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for chromosome separation during mitosis. Kirazov and Weiss have shown that there is
concentration-dependent vanadate inhibition of microtubule protein (MTP) assembly
(79). MTP assembly was inhibited by 12% at 100 pM and by 65% at 700 pM vanadate

concentrations that, however, did not alter structural features of MTPs (79).

VANADIUM EFFECTS ON PLASMA MEMBRANE PROTEINS

Membrane proteins are responsible for the majority of membrane-mediated
cellular processes. Among other functions, they act as ligand-specific receptors, facilitate
diffusion of ions and small moleeules across the membrane, serve as ion channels and
provide active transport of selected ions. Vanadium compounds and salts have been
shown to have an effect on membrane protein functions as well as alter the organization
of membrane proteins in the lipid bilayer. Although vanadium can inhibit many
membrane-bound proteins by binding at the active site, many effects of vanadium-
containing compounds or vanadium salts on cell membrane proteins are indirect.
Introduction of vanadium either alters some aspect of cellular function that, in turn, alters
membrane protein function. Alternatively, vanadium modify membrane lipid packing
that impact the distribution of membrane proteins in plasma membrane microdomains.
The change in the loeal lipid environment can alter protein function. This section
describes vanadium effects on the activity of four representative membrane proteins: P-
type ATPases, the insulin receptor, a glucose transport protein and the

transferrin/transferrin receptor, a metal transporting system.
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P-Type ATPases

The P-type ATPases are membrane ATPases or ion pumps for which vanadate
functions as a transition state analogue where the terminal phosphate of ATP is attached
to the protein via an aspartate residue (80). These membrane ion pumps all utilize the
energy from the hydrolysis of ATP to pump various ions across the plasma membrane
against their concentration gradient. Most P-type ATPases are located in the plasma
membrane while some of them are found in intracellular membranes such as the calcium
pump of muscle cells located in the sarcoplasmic reticulum membrane. They have been
characterized into three groups by a comparison of the structural diversity and the type of
cation transported (81). In this classification the Na"", ATPase, GI"" ATPase, and
ATPases are part of the P2 class involving the transport ofions that are not heavy metals.
In a later analysis based on a molecular biology study of the evolution of the substrate
specificity (82) these ATPases are divided into five evolutionary branches which are:
G" ATPase, N@",  ATPase and H", ATPase in type Il and the = Mg"™ ATPases in
an evolutionarily divergent type III.

The effects of lipid variation on the activity of the plant plasma membrane
ATPase has been well studied (83). This enzyme requires lipids for activity and it has
been suggested that modification of the lipid environment by changes in fluidity or lipid
composition could change the activity of the enzyme. With regard to proton pumping,
the boundary lipid theory in which certain lipids in an annulus around the protein have
the largest effect on activity was favored, rather than the bulk lipid theory in which the

enzyme activity is mostly regulated by the changes in the bulk lipid composition.
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The effects of lipid modifications on the activity of the sarcoplasmic reticulum
calcium pump have been studied since the 1980’s. Increasing membrane fluidity caused
increased activity while decreasing membrane fluidity inhibited the activity (84). The
inhibition of this pump by melittin, a 26 residue peptide, was caused by direct binding of
melittin to the membrane lipids as measured by ESR (84).

In order to examine the effects of the specific annulus of lipid surrounding the P-
type ATPases and effects of the bulk fluidity properties specific photolabeling probes
have been designed. This procedure is more sensitive than the ESR analysis and was
tested in the plasma membrane and sarcoplasmic reticulum calcium pump along with the
Na'", ATPase. The two C¥" ATPases had similar amounts of molPC/mol protein.
The alpha subunit of the Na", K" ATPase had more lipid bound per protein, while the
beta subunit displayed much less lipid bound per subunit than the calcium pumps. The
use of a photoactivatable phospholipid probe of the sarcoplasmic reticulum and plasma
membrane calcium pumps demonstrate that there are two different E1 conformations of
the enzymes, one that is auto-inhibited and has contact with more lipids, while the other
one is always active and shows a more compact transmembrane structure (85).

In detailed kinetic analysis of enzyme activity, ion movement and formation of
phosphoprotein products after the modification of specific residues of the P-type
ATPases there is evidence that E2 conformation effects modifying both activity and V
binding occur. This has been shown for the conserved Thr 214 in Domain A of the Na"",
Ka"” ATPase (86) and with the Asp 706 and Glu 183 in the catalytic site of the G\

ATPase in the sarcoplasmic reticulum (87). These experiments demonstrate that the
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activity of P-type ATPases are directly related to conformational changes in the protein
induced by modifications of'the active site.

These results that the activity and structure of the P-type ATPases are altered by
changes in the lipid environment imply that there may be more vanadium influence on
activity in addition to binding at the active site of the ATPases. Vanadium addition to
plasma membranes could modify the activity of these enzymes by changing properties of

the membrane lipids causing significant conformational changes to occur in the enzyme.

Insulin Receptors

Despite insulin-like activity by selected vanadium-containing compounds, there is
little evidence suggesting a direct effect of most vanadium compounds on insulin binding
to its receptor. Although we have shown that binding of insulin is not affected by the
presence of BMOV (P. Winter et al., manuscript in preparation), Kwong et al. (88)
evaluated effects of a panel of peroxovanadates on insulin binding to placental membrane
insulin receptors and identified effects of some peroxovanadium compounds on high
affinity, low capacity insulin binding sites. Interestingly, compound-specific increases or
decreases in insulin binding required a membrane environment.

Longer exposure to vanadium compounds has also been reported to affect the
total number of insulin receptors expressed by cells. A V(IV) complex, VO(saltris)2
increases insulin receptor numbers in the plasma membrane in RBL-2 H3 cell as well as
activating downstream signaling proteins associated with insulin-mediated signaling (34,

89, 90).
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GLUT4 Transporters

Insulin-mediated signaling leads to insertion of the GLUT4 transporter in the
plasma membrane of muscle and fat cells. This transporter is responsible for facilitated
diffusion of glucose into cells where phosphorylation of glucose helps to maintain the
glucose concentration gradient. Oxovanadium and vanadyl derivatives (91, 92) have
been shown to enhance the translocation of GLUT4 proteins from intracellular
compartments to the plasma membrane cellular systems as have other vanadium-
containing compounds (91, 93-95). In 3T3-L1 adipocytes, GLUT4 receptors were
tracked using immunofluorescence staining as they progressed through the cell in
response to VO(alx)2 or VOSO4. While translocation of GLUT4 to the membrane was
observed upon addition of either 50 nM insulin or 50 pM VO(alx)2, 50 pM VOSO4 was

less effective (93).

Transferrin and Transferrin Receptors

Transferrin and its receptors participate in iron transport in the blood and uptake
of iron by cells expressing the transferrin receptor. More recently, there have been
reports of vanadium transport by transferrin suggestive of interactions between vanadium
and transferrin (96-98). Although this issue has not been resolved, vanadium derivatives
in the blood dissociate into their ions and it appears that these vanadium ions interact
with transferrin. Two vanadyl ions have been shown to bind to the iron binding sites on
the transferrin protein due to the stronger chelating properties of transferrin compared to
maltol ligands. Willsky and colleagues used EPR methods to evaluate interactions

between BMOV and VOSO4 with human apotransferrin and showed that vanadyl ions
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from BMOV and VOSO4 were the interacting species (97). Liborion et al. showed
preferential binding of vanadyl ions from VOSO4and BMOYV bind in the Fe(IIl) sites on
the serum transferrin protein subunit following breakdown of BMOV to vanadyl ions
(96) and suggested that transferrin was providing vanadyl ion transport in vivo.
Similarly, in rat adipocytes, vanadate has been shown to be bound to transferrin (98).
Effects of vanadium-containing compounds and salts on the transferrin receptor
are due to either transferrin receptor localization to the plasma membrane, effects on
transferrin receptor expression, or transferrin receptor transport to the plasma membrane.
Addition of vanadate to adipocytes increased the number of transferrin receptors which
increased receptor binding capacity for transferrin and iron uptake into the adipocytes, an
effect similar to that of insulin on iron transport (98). There are also suggestions that, in
response to chronic vanadate exposure, there is a relatively rapid initial decrease in
binding capacity but that after eighteen hours, the transferrin receptor binding affinity
increases (49). In addition, iron transport by the transferrin receptor is not prevented by

vanadate (98).

EFFECTS OF VANADIUM ON MEMBRANE LIPIDS

As described in the Singer-Nicolson model (99), plasma membranes are made up
of a lipid bilayer in which contains membrane proteins, glycolipids and glycoproteins.
Membrane lipids are a highly diverse group of molecules which, because of their
structural differences, tend to form small microdomains that concentrate particular
subclasses of lipids. These microdomains have large variations in size and composition

and can undergo both, diffusion in the plane ofthe membrane and reorganization.
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One class of microdomains that has received considerable attention are lipid-
containing rafts. Lipid rafts have high concentrations of cholesterol, sphingomyelin and
glycosylphosphatidylinositol (GPI)-anchored proteins (100-102) relative to the bulk lipid
membrane and can have interactions with actin filaments making up the underlying
cytoskeleton (103). Rafts are defined biochemically based on the properties of
membrane fragments separated based on buoyant density in sucrose gradients. As
suggested by their name, raft fragments “float” in these gradients. The higher buoyancy
of membrane rafts appears to result from their high cholesterol content; cholesterol
contributes to packing of the phospholipids and makes these cholesterol-enriched
microdomains resistant to solubilization by cold non-ionic detergents such as Triton X-
100. Cholesterol-enriched microdomains can also be contrasted with the “bulk” plasma
membrane where phospholipids are more loosely packed and thus more fluid (104).
Molecules capable of binding cholesterol, including cyclodextrins (CD), disrupt these
microdomains and typically produce a more uniform distribution of raft-associated
proteins within the plasma membrane (105).

Rafts may play a fundamental role in the function of some membrane proteins.
Rafts can contain high concentrations of membrane proteins necessary for celt signaling
such as G-proteins (106) and adenylate cyclase (107), and this has led to the suggestion
that these structures serve as signaling platforms in the plasma membrane. This has
certainly been the case for insulin-mediated signaling via its receptor which results in the
dynamic association of the insulin receptor with these plasma membrane microdomains
(108). Thus, it has been clearly shown that raft localization together with insulin-receptor

phosphorylation is required for subsequent interactions between the phosphorylated
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receptor and downstream signaling molecules. This includes phosphorylation of insulin
receptor substrate-1 (IRS-1) which is recruited to the insulin receptor and uptake of
glucose via the GLUT4 transporter. Ifthe insulin receptor cannot access functional rafts,
insulin binds its receptor but downstream signaling by insulin receptor is compromised.
This may be due to disruption of insulin receptor autophosphorylation (108) or
uncoupling of the phosphorylated insulin receptor from downstream signaling events
including IRS-1 phosphorylation by insulin receptor (109). The importance of raft
microdomains can be demonstrated by disrupting rafts by depleting membrane
cholesterol or by excluding the insulin receptor from rafts (108).

Rafts have also been implicated in other aspects of insulin receptor function.
Muller and coworkers have shown that rafts, in response to glimeperide, one of the
sulfonylurea drugs, concentrate a number of GPI-linked molecules involved in signaling.
These signaling molecules also redistribute in rafts with low and high cholesterol content
following exposure of adipocytes to glimepiride (110) and this hydrophobic interaction
has been implicated in glimepiride function. Although glimepiride acts primarily through
stimulation of the insulin secretion from pancreatic beta cells through closing an ATP-
sensitive potassium channel, it interacts with membranes in a non-saturable fashion (111)
and initiates IRS-1 phosphorylation in adipose cells (112) as well a redistribution of
downstream signaling molecules localized in raft sub-populations (110).  IRS-1
phosphorylation in response to glimepiride is significantly decreased when membrane
cholesterol is depleted, implicating membrane rafts in some aspect of glimepiride
signaling. Thus, interactions of lipophilic compounds with the plasma membrane may

result in initiation of cell signaling by these compounds. In addition, Chamberlain and
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Gould (113) suggest the intriguing possibility that membrane rafts may serve as platforms
for both insulin signaling and for trafficking ofthe GLUT4 transporter, thus linking these
events in the same membrane micro-environment. Insertion of GLUT4 may require other
proteins that are constitutively located in rafts or translocate to rafts upon
phosphorylation (114, 115).

Vanadium compounds affect the distribution of insulin receptors in the plasma
membrane. We have shown that brief or overnight treatment of RBL-2H3 cells with
BMOV or with 100 nM insulin similarly affects the distribution of the insulin receptor in
membrane microdomains (Winter et al., manuscript in preparation). The number of
insulin receptors found in raft domains increases significantly in experiments using
discontinuous sucrose gradient ultracentrifugation methods to separate raft and non-raft
membrane fragments and identification of the insulin receptor on Western blots with an
anti-insulin receptor antibody. Tracking the motions of individual insulin receptors on
living RBL-2H3 cells using quantum dot-tagged antibodies similarly demonstrates that
either BMOV or insulin treatment restricts the motions of insulin receptors to small
compartments.

The mechanism involved in driving relocation of insulin receptors into membrane
rafts is not known. However, increasing hydrophobicity has been shown to enhance the
biological activity of vanadium-containing compounds and, as discussed below for model
membranes, interactions between hydrophobic vanadium compounds and the plasma
membrane seems likely. Like cholesterol, vanadium compounds may alter lipid packing
and produce a redistribution of membrane lipids and affect formation or dissociation of

microdomains preferred by membrane proteins. Patented vanadium compounds with
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alkyl groups containing up to 12 carbons are highly hydrophobic and more effective than

vanadium salts (116).

VANADIUM DERIVATIVES INTERACTING IN MEMBRANE MODEL SYSTEMS
Model membranes consisting of one or a few well characterized lipids have been
used to evaluate possible interactions with vanadium-containing compounds. These
interactions can be between the lipid interfacial region of a microemulsion, or
hydrophobic portions of amphipathic lipids such as when a vanadium complex penetrates
the lipid interface during passive diffusion into the cell. Several studies have investigated
the interaction of vanadium complexes and vanadium salts with lipid interfaces using
both natural lipids and synthetic surfactants (117-120) to determine whether compounds
with insulin-enhancing properties in animal systems can penetrate lipid interfaces. Model
systems investigated included microemulsions comprised of water in oil (reverse micelle)
or oil in water (micelle) systems even though more complex systems could also form.
Within these microemulsion systems, various vanadium complexes (V(V)-dipic, (E.
Gaidamauskas et ah, manuscript in review) (117) and BMOV (118 602) as well as

vanadium salts (vanadate, vanadyl sulfate) have been investigated (121).

Vanadium Salts and Model Systems

Studies with the simple vanadium salts have been reported mainly in the
AQOT/organic solvent/H20 system (121). Generally the vanadates are found in the water
pool more or less associated with the interface depending on the size of the reverse

micelle and the specific oxovanadate (23, 118). The vanadates are found to be effective
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probes for pH because of their protonation reactions and their oligomerization reactions
that are very sensitive to pH (23). A range of studies have been carried out with these
systems focusing on how they impact the water pool and interact with the lipid interface
and the data support the concept that a pH gradient is established with the water pool
being more acidic near the membrane surface than in its core.

Combined, these studies show that some vanadium derivatives can readily penetrate
the lipid interfaces and diffuse through the membrane. The role of the ligand for these
complexes is critical because while the complex can penetrate the membrane, the simple
salt in the absence of ligand do no penetrate the lipid interface. Studies carried out with
vanadium complexes show that the ligand becomes separated from vanadium upon
administration to diabetic animals (144). However, prior to separation from the ligand
the vanadium complexes are eapable of penetrating the lipid membrane; a mode of action
that is not available to the salts, unless biotransformation complexes the salts. These
considerations do not eliminate transport through protein channels but could act in

addition to such mode of action.

V(V)-dipic (|[V02dipic]') and Model Systems

A water in oil microemulsion comprised of the anionic synthetic surfactant, AOT,
an organic solvent, and water has been used to examine the ability of V(V)-dipic to
penetrate the anionic lipid interface (119). The structure of an AOT reverse micelle is
found in Figure 4a. These systems were prepared from a solution of AOT in D1
cyclohexane and aqueous V(V)-dipic dissolved in D20. ID and 2D 'H-'H NOESY

experiments were conducted to examine if interaction of AOT and V(V)-dipic was

24



occurring (119), where the results of the 2D 'H-"H NOESY show diagonal cross peaks
and this indicates that the protons on the V(V)-dipic are near the protons in the methylene
and methyl groups at the end of the AOT side chains, thus demonstrating that the drug
penetrated the lipid interface even at this high concentration of complex (119). Since
V(V)-dipic is an anionic vanadium complex, the location of this complex might have
been expected to be in the water phase; however, the NOESY experiment indicates that
the average complex location is interacting with the AOT sidechains that are presumed to
be deep in the hydrophobic lipid interface.

Reverse micelles formed using the cationic surfactant, CTAB, combined with an
alcohol (1-pentanol), an organic solvent (cyclohexane), and aqueous V(V)-dipic were
also investigated (117 640). This quaternary system contains a positively charged head
group which is likely to attract the negatively charged V(V)-dipic. Results from this
study show that V(V)-dipic interacts presumably through Columbic forces with the
cationic surfactant and is located at the aqueous interface. Studies using micelles were
also carried out with the anionic ligand, dipic (E. Gaidamauskas, et al., in press). The
V(V)-dipic complex was also found to associate with the micelle even though there was
no confinement of the complex. This result suggests that the ligand and presumably the
complex have an affinity for the interface as was reported for the reverse micelle, but
details have not yet been reported (E. Gaidamauskas, et al., in press).

Combined, these studies show that although V(V)-dipic has a negative charge, it
is able to penetrate a negatively charged lipid interface and is placed in the hydrophobic
tails of the RM system. Although one might anticipate that this polar complex would

remain in the polar water pool, it is stabilized near the tail ends of'the anionic surfactant.
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BMOV in its oxidized form, [V02(ma)2]’and Model Systems

Studies have also been conducted investigating the behavior of BMOV’s oxidized
form, [V02(ma)2]' bis(maltolato)dioxovanadium(V)) in reverse micellar and micellar
systems using 'H NMR spectroscopy (118). Aureliano and colleagues showed that
changes in the spectroscopic signature of [Vo2(ma)2]' are located at the polar end of the
anionic surfactant, AOT (118). Therefore, any penetration of the [V02(ma)2]' is limited
to the polar head group of the lipid interface. Likewise, 'H NMR has been used to
investigate [V02(ma)2]’ and its interaction with CTAB micelles. This thesis investigates
the penetration of [V02(ma)2]' in CTAB reverse micelles analyzed via ~'V-NMR
spectroscopy where signals where significantly broadened when compared to aqueous
stock solution of [V02(ma)2]’ (further described in Chapter II). These results were
interpreted as the [Vo2(ma)2]° being associated with the interface but not deeply
embedded in the lipid interface as described in detail in Chapter II. Studies with both the
model system and the membrane Ca-ATPase preparation show that the [V02(ma)2]' is
associated with the membrane system, confirming the possibility that such interaction
may take place in vivo and potentially affect the action of these compounds (118). See

Figure 4b for CTAB micelle structure.

CONCLUDING REMARKS

This review provides a summary of the current literature discussing the effects
vanadium compounds and salts on the structural components of the cell, specifically the
organization of the cytoskeleton and plasma membrane. These articles demonstrate the
diverse effects that vanadium compounds have on cellular function which can, in turn,

affect ligand-mediated signaling and impact the activity of cellular enzymes. They also
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suggest that it is important to investigate not only the chemistry and potential hydrolysis
of various compounds in vitro, but to also investigate such compound function in various

animal models and in model membrane systems.

To investigate interaction of vanadium compounds and salts with membrane
interfaces (as discussed in Chapter I), NMR spectroscopy methods and two simple
membrane model systems have been used together with an anti-diabetic compound in its
oxidized form, [V02(ma)2]' (discussed in Chapter II). We hypothesized that because this
compound is negatively charged and, if placed in a positively charged model system, will
interact with the model lipid. Our results in Chapter II of this thesis will help enhance

our understanding of the mode of action of [Vo2(ma)2]’ in such systems.
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Table 1: Vanadium compounds shown to down regulate gene expression of cytoskeletal components. Gene expression in in

vivo diabetic animal models using various gene methods and animal models.

Gene Symbol

Actn2

Actr3

Fine

Myh3

Synel
Tpm5

Tubalc

Gene Name

actinin alpha 2

actin-related protein 3
homolog

filamin ¢, gamma

myosin heavy chain

synaptic nuclear envelope 1
tropomyosin 5

tubulin, alpha 1C (tubulin,
alpha 6)

________ r—A L1 1.

Compound

VO(alx)2*

VO0(alx)2

VO(alx)2

VOSO4*

Vo(alx)2
V0SO4

VO0(alx)2

Animal Model

ddY mice

ddY mice

ddY mice

Wistar rats

ddY mice

Wistar rats

ddY mice

Method

Microarray

Microarray

Microarray

Microarray;
RT-PCR

Microarray
Microarray

Microarray

Reference

(55)

(35)

(55)

(54

(55)
(54

(55)



Table 2: Vanadium compounds shown to down regulate gene expression of membrane proteins involved in carbohydrate
metabolism/transport. Gene expression in in vivo diabetic animal models using various gene methods and animal models.

Gene Symbol ~ Gene Name Compound  Animal Model Method Reference

Carbohydrate transport/metabolism
Cebpa CCAAT/Enhancer-binding protein  Na3V04'~ SD rats NB" (56)
(C/EBP), alpha

Fbp2 Fructose bisphosphatase 2 VO(alx)2 ddY mice Microarray (55)
— Glucose-6-Phosphatase BMOV* Wistar rats RT-PCR 37)
Lyz Type 1 and II of lysozyme C VOSO4 Wistar rats Microarray (54)
Ogt 0-linked N acetylglucosamine VO(alx)2 ddY mice Microarray (55)
transferase
PEPCK Phosphoenolpyruvate BMOV; Wistar rats SD RT-PCR; NB (37, 56, 59)
carboxykinase NaVOs"; rats; Wistar rats
NaVvo03
Phkal Phosphorylase kinase alpha 1 VO(alx)2 ddY mice Microarray (55)
Siat9 Ganglioside GM3 synthase VOSO4 Wistar rats Microarray (54)
GLUT? transporter
GLUT2 Glucose 2 transporter Na3Vvo04 SD rats; Wistar NB (59)
rats

a b D C d 1 em.1_ A




Table 3: Vanadium compounds shown to down regulate gene expression of proteins for lipid transport/metabolism. Gene

expression in in vivo diabetic animal models using various gene methods and animal models.

Gene Symbol

Gene Name

Lipid transport/metabolism

Acaca
Acsl3

Aqp7
Apoe
Cptla
Decrl
Fabp3
Fabp4
Fasn
Hmgcs2
Hmgcs2

Lipe
Ppap2b

Slc27al

Acetyl-CoA carboxylase
Acyl-CoA synthetase long-chain
family member 3

Aquaporin 7

Apolipoprotein E

Carnitine palmitoyltransferase 1

Mitochondrial 2,4-Dienoyl-CoA
reductase

Fatty acid binding protein 3
Fatty acid binding protein 4
Fatty acid synthase™
Mitochondrial 3-Hydroxy-3-
methylglutaryl-CoA synthase
Mitochondrial 3-Hydroxy-3-
methylglutaryl-CoA synthase
Lipase (testicular isoform)
Phosphatidic acid phosphatase
type 2B

Fatty acid transport protein

tissues; “*cardiopulmonary bypass rat model.

Compound  Animal Model

NaVOa
VO(alx)2

VOSO4
VOSO4
VOSO4
VOSO4
VO(alx)2
VOSO4
NaVOs
VOSO4
Na3v04

VOSO4
VO(alx)2

VOSO4

Wistar/CPB rats

ddY mice

Wistar rats
Wistar rats
Wistar rats

Wistar rats

ddY mice
Wistar rats

Wistar/CPB™ rats

Wistar rats

SD rats

Wistar rats
ddY mice

Wistar rats

b

Method

NB
Microarray

Microarray
Microarray
Microarray;
RT-PCR
Microarray;
RT-PCR
Microarray
Microarray
NB

Microarray/RT-

PGR

Northern blot

Microarray
Microarray

Microarray

Reference
(57)
(55)
(54)
(54)
(54)
(54)
(55)
(54)
(57)
(54)
(56)

(54)
(55)

(54



Table 4: Vanadium compounds shown to down regulate gene expression of proteins involved with insulin signaling. Gene

expression in in vivo diabetic animal models using various gene methods and animal models.

Gene Symbol ~ Gene Name

Irsl Insulin receptor substrate 1

Irs2 Insulin receptor substrate 2

Dokl Docking protein 1

Grb2 Growth factor receptor-bound
protein 2

Ptpnll Protein tyrosine phosphatase non-
receptor type 11

Ppplca Protein phosphatase 1, catalzlic

subunit, alpha

Compound  Animal Model

NaVOa

NaVOa

NaVOa

NaVv03

NaVOa

NaVOa

Wistar rats

Wistar rats

Wistar rats

Wistar rats

Wistar rats

Wistar rats

Method

Microarray
Microarray

Microarray;
RT-PCR

Microarray

Microarray;
RT-PCR

Microarray;
RT-PCR

Reference
(58)
(58)

(58)

(58)

(58)

(58)



to

Table 5: Vanadium compounds shown to up regulate gene expression of membrane proteins involved in carbohydrate and
lipid transport/metabolism. Gene expression in in vivo diabetic animal models using various gene methods and animal models.

Gene Symbol ~ Gene Name

Carbohydrate transport/metabolism

Ckmt2 Mitochondrial creatine kinase
GK Glucokinase

mRNA

L-PK L-type pyruvate kinase

TAT Gluconeogenic gene

Lipid transport/metabolism
Fasn Fatty acid synthase

Scdl Stearoyl-coenzyme A desaturase 1

Compound  Animal Model

VOSO4

NaVOa

NaVv03

NaVOs

VO(alx)2

VO(alx)2

Wistar rats
SD rats; Wistar
rats

SD rats; Wistar
rats

SD rats

ddY mice

ddY mice

Method

Microarray;
RT-PCR

NB

Microarray

Microarray

Reference

(54

(56)

(56, 59)

(56)

(55)

(55)



NaVvVO-, HZO 0 9)

¢ I Non-covalent association:
! 0 v<C; 0

"
Na3vo4_ HO HoA O(I){ ‘O cation = Na”

pH dependent

(@)

Ho 15703 (D Non-covalent
VOSO, ’ association:

1 “OHj
OH, Anion = SOd*'

(b)

Figure I: Vanadium salt formation in either a +4 or +5 oxidation state, (a) pH
dependence on some forms of vanadium salts using the sodium cation where sodium
metavanadate or orthovanadate (NaVOs or Na3V 04, respectively) are added to an
aqueous solution. Additional oligomers are pH dependent and are described in (25). A
few of'the salts that form are vanadate(V) in its protonated and deprotonated form as well
as decavanadate. (b) vanadyl(IV) formation by adding vanadyl sulfate to an aqueous
solution. Structures from this figure were inspired by (6, 22, 23).
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(a) (b) (d)

O/AAO/)ANH2
(ONO)
® (8) (h)
H2 H2
4s-x-s-"
/ o
® 0)

Figure 2: Structures of vanadium IV and V complexes. The abbreviation, name, and
chemical formula of each structure discussed in this review are shown, (a) BMOV,
bis(maltolato)oxovanadium(IV), [C12H1007V]; (b) BMOV(ox), bis(maltolato)-
oxovanadium(V), [C"HioOgV]'; (c) V4dipic, pyridine-2,6-dicarboxylato-
oxovanadium(I'V), [CyHyNOyV]'; (d) VSdipic, pyridine-dicarboxylato-
dioxovanadium(V), [C7H3N06V]'; (e) VSphen; oxodiperoxo(l,10-phenanthrolin)
vanadate; [Ci2H&N205V]'; (f) V5-salsem, Vo2(salicylaldehyde semicarbazone),
[C&H8N304V] (122); (g) VO(alx)2, bis(allixinato) oxovanadium(IV), [C2qH3409V]; (h)
V(acac)2; bis(acac)oxovanadium(IV); [CidH1O5V]; (i) V(III)-L-cysteine,
[C6H10N204S2V] ; (j) VO(pa)2; bis(picolinato)oxovanadium(IV), [C12H10N206V] (38); (k)
V(ma)3; tris(maltolato)vanadium(III); [C18H1509V].
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Figure 3: Vanadium’s effects on actin polymerization process. This model demonstrates
actin polymerization that has been represented in a number of science textbooks,
indicating that this model is well accepted in the scientific community (123). The two
literature models represent simplified diagrams that illustrate vanadium’s interaction and
effects with regulating actin polymerization. The illustrations above were generated from
results and conclusions provided by (21, 61-64).
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Figure 4: Structure of'an aerosol-OT (AOT) reverse micelle system. AOT reverse
micelles are composed of a surfactant, a non-polar solvent and an aqueous solvent
typically containing the drug of interest.
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Figure 5: Structure of CTAB micelles. CTAB micelles are composed of a surfactant and
an aqueous solvent usually containing the drug of interest. These micelle structures are
composed of only two components, a surfactant and an aqueous solvent typically
containing the compound of interest.
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CHAPTERIr

ANTI-DIABETIC DRUG METABOLITES INTERACTING WITH MODEL
MEMBRANE SYSTEMS; OXIDIZED BMOV IN CTAB MICELLES

AND REVERSE MICELLES

INTRODUCTION

Understanding the interaetions of drugs and their derivatives with plasma
membranes is critical in evaluating the effectiveness of drug activity. We were interested
in studying interactions of an oxidized metabolite of the anti-diabetic vanadium
containing drug, bis(maltolato)oxovanadium(IV), abbreviated BMOV (Figure 6a), with
membranes using a simple model membrane system (Figure 6a) (124). This study is
motivated by recent reports suggesting that, in addition to the known inhibition of
tyrosine phosphatases (39, 125-127), lipid interactions may impact the action of'this class

of anti-diabetic agent (12, 128).

~This chapter is adapted from a manuscript in preparation to be submitted to the
Journal o fBiological Inorganic Chemistry. Samantha K. Schoeberl, Debbie C. Crans,
Bharat B. Baruah, Ernestas R. Gaidamauskas, Deborah A. Roess (2010). “Anti-diabetic
drug metabolites interacting with model membrane systems: oxidized BMOV in CTAB
micelles and reverse micelles”.
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The oxidized form of BMOV, abbreviated [V02(ma)2]’, (Figure 6b) is a
vanadium(V) compound which readily forms upon administration of BMOV to rats in
their drinking water (129). The structure of BMOV involves redox and hydrolytic
processes and the effects of BMOV and metabolites have been considered independently
in both in vivo and in vitro studies (130). The focus of this work was to investigate how
the oxidized vanadium compound, [Vo2(ma)2]' and the resulting hydrolysis products of
vanadate and its oligomers as well as its ligand, maltol (Figure 6c) interact with
membrane interfaces.

Cellular membranes are complex structures because of their heterogeneous
composition of proteins and a diverse mixture of lipids. As an alternative to studying
interactions of pharmacologic agents with poorly defined plasma membranes, model
systems can be used. There are, however, both advantages and limitations to these model
systems. Vesicle systems offer the advantage of maintaining the parent lipid bilayer
structure and permit the study of a semi-stable system (131). Monolayer systems can be
studied and include Langmuir monolayers (132), micelles (Gaidamauskas et al., in press)
and reverse micelles (RMs); (21, 117).

Amphiphilic molecules that mimic lipid-lipid interactions can be used to model
different aspects of the cell membrane (21, 23, 117, 119, 120, 133). Signal transduction
typically occurs along the amphiphilic membrane layer and, therefore, structural
similarities to model lipids including phosphatidylcholine has been considered (131).
When using a positively charged surfactant, cetyltrimethylammonium bromide (CTAB);

(Figure 7), for model studies, these interactions can be investigated and similar
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interactions with complex membrane lipids inferred. This is particularly important when
studying interactions between lipids and negatively-charged drugs.

Vanadium itself, in the +5 oxidation state is an effective probe for multinuclear
NMR spectroscopy. Spectroscopic studies can investigate possible interactions of the
drug with a CTAB micelle (Figure 8). The compound could potentially reside in the
aqueous regions (a), the stern layer (b), or deep in the hydrophobic tail region (c) of the
micelle. Alternatively in RMs, the drug could reside in the aqueous water pool (a), the
interfacial region (b), or deep in the hydrophobic tail region (c). In Figure 9, the 'H NMR
spectra of the components for CTAB micelles and reverse micelles are shown. As
illustrated in Figure 9, the chemical shift range for the complex is free for observation by
'H NMR spectroscopy which allows for less complicated means for analyzing chemical
shifts.

In this study, we were interested in examining whether one of the oxidized
metabolites of the anti-diabetic drug BMOV penetrates membrane interfaces formed by
CTAB. BMOV is a neutral drug and is generally believed to readily penetrate
membranes. However, a recent study demonstrated that a negatively charged vanadium
compound readily penetrates into the surfactant interface of model systems (119). The
question addressed in this work will be how oxidized BMOV, [V02(ma)2]", which is also
negatively charged, interacts with two simple model systems created from surfactant with

positively charged interfaces.
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MATERIALS AND METHODS
Reagents

All chemical reagents were reagent grade and were used as received without
further purification, unless indicated. NaVOs" anhydrous (Aldrich, 99.9%); Maltol,
CaHa03 (Aldrich, 99%); Cetyltrimethylammonium bromide (CTAB), CigH42NBr (Sigma,
99%); filtered deuterium oxide, D20 (Spectra Stable Isotopes); sodium deuteroxide, 30
weight % solution in D20 (Aldrich, 99+ atom % D); deuterium chloride, 35 weight %
solution in D20 (Aldrich, 99 atom % in D); HPLC grade, submicron filtered
cyclohexane, C8H 2 (Fisher Scientific); 1-pentanol (Aldrich).

CTAB was purified using anhydrous ethanol, the precipitated product was dried
under vacuum overnight and stored in a dessicator containing anhydrous calcium sulfate
solids (Drierite) until use (134). BMOV and [V02(ma)2]' was synthesized as previously

described (135).

Aqueous Stock Solution Preparation

A representative sample consisting of 200 mM NaVOa stock solution was
prepared by adding 0.609 g to 15 mL D20 in a 25 mL volumetric flask. The stock
solution was then placed on a hot plate where constant mixing occurred until the solution
was dissolved, which took approximately 1-2 hours to dissolve on low heat
(approximately 35°C. The solution was then removed from the hot plate to cool. After
cooling, the pH of the solution was measured (pH ranged from 7.8-8) and was not

adjusted. Additional D20 was added to bring the volume to 25 mL. The solution was
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then placed into a glass vial capped with a tephlon cap and with para film for storage at
room temperature.

[V02(ma)2]’ was prepared from a 200 mM NaV o3 aqueous stock solution where a
representative sample solution consisted of 100 mM NaVOa and 200 mM maltol in a D20
solution as described previously (135).

A representative 200 mM maltol stock solution was prepared by adding 0.126 g of
maltol to a 5 mL volumetric flask with 3 mL of D20. The solution was placed on a hot
plate with a stir bar on low heat (approximately 35°C) until the maltol dissolved. The
solution was then removed from the hot plate to cool. After cooling, the pH of the
solution was recorded and adjusted if needed. D20 was then added to a final volume of 5
mL. An important observation of maltol/D20 solution is that if aqueous maltol solution
experiences a dramatic temperature change, the maltol will immediately precipitate and
the solution will change from colorless to a white, non-transparent solution.

[V02(ma)2]' stock solution was prepared by adding 2.5 mL of 200 mM NaVOs
stock solution to solid 0.126 g or 200 mM of solid maltol in a 5 mL volumetric flask.
The solution was then placed on low heat (approximately 35°C) on a stir plate with a stir
bar until dissolved. Once dissolved, the solution was removed from the heat until it
cooled. The addition of D20 was then added to a final volume of 5 mL and pH adjusted
as needed. It is important to note that bIecause of maltol’s hydrophobicity, it does not
dissolve into D20; however, upon the addition of NaV o3, maltol quickly dissolves and a
slight-yellow appearance is immediately observed. The yellow appearance is distinctly

different from the intense yellow color observed from decavanadate in aqueous solution.
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Micelle Sample Preparation

CTAB micelle solutions were prepared by dissolving solid CTAB (Sigma, 99%
purity) and [Vo2(ma)2]' or maltol in deuterium oxide (D20). Samples were then
incubated at 35°C until a transparent solution was observed and were held at 35°C in a
warm water bath until they were analyzed via ~ NMR. Once in the NMR, the samples
were equilibrated for approximately 10 minutes at 35°C before they were analyzed. An
example of sample concentrations is 50 mM of 99.9% purity CTAB dissolved in D20; 2
mM of aqueous [Vo2(ma)2]’ was then added to CTAB and D20 and then placed in 35°C
incubator until the sample was transparent and the sample remained at this temperature

until analysis via NMR.

Reverse Micelle Sample Preparation
A representative 1 mL sample of a RM (wq = 4) preparation is described. A 5:1

ratio of l-pentanol:CTAB solution (136, 137) was prepared by weighing out 0.1 M of
CTAB in a 3 mL tephlon capped glass vial. 1-pentanol was added with a glass syringe to
0.1 M of CTAB. Next, 938 pL of eyclohexane was added to the CTAB and 1-pentanol
solution. At this point, the solution within the 3 mL glass vial displays a cloudy-white
appearance. A 7.23 pL volume ofaqueous stock solutions (containing probe and D20) of
0.1 M [Vo2(ma)2]’ or 0.2 M maltol were then added and the solution and mixed until the

solution was transparent.

43



Preparation of Samples at Various pH
A Thermo Scientific orion 2-star pH benchtop meter and a VWR symphony gel
epoxi semi-micro pH electrode 14002-766 were used to measure pH values of various

samples.

Sample Characterization
Dynamic Light Scattering

Dynamic light scattering (DLS) and conductivity measurements were used to
characterize CTAB micelles. Samples being analyzed via DLS experimentation were
prepared, as described above, and filtered through a 0.2 pM disposable sterile nylon
syringe filter prior to placing samples in a DLS 12 pL cuvette with a 8.5 mm center
height. Prior to placing samples in the Dyna-Pro Titan DLS instrument, appropriate
parameters (temperature, acquisition time, and laser power) were adjusted for appropriate
CTAB micelle characterization. Representative CTAB micelle samples include a range

from 50-250 mM of CTAB micelles in DI H20 without [V02(ma)2]’.

Conductivity with CTAB Micelles

Conductivity samples were ran above the critical micelle concentration {cmc) for
CTAB micelle formation of 1 mM concentration of CTAB. Conductivity samples were
also ran above and below the Krafft Temperature (Tk) of CTAB, which is 23 = 3°C (138).
CTAB micelle samples were made with and without the addition of 2 mM [V02(ma)2]'

and instead of using D20 as mentioned previously, samples were prepared with DI water.
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Samples were made by following the micelle sample preparation method described above

with varying concentrations of CTAB (8-40 mM).

NMR Spectroscopy Techniques
‘H NMR Spectroscopy of CTAB Micelles

Varian Inova 400 dual full-band (’H to “~*‘Rh) NMR spectroscopy instrument was
utilized to obtain *H NMR spectroscopy measurements of CTAB micelle and RM
samples. Micelle and RM samples were prepared by following the stock solution
preparations shown previously. Similarly, aqueous stock solutions consisting of the
probe of interest in D20 were prepared using similar methods as described above. The
pH of the stock solution was adjusted as needed using the methods above. NMR
instrumentation was first referenced using a DSS/D20 mixture where the DSS peak was
set to 0.000 ppm prior to running any NMR samples. Aqueous samples were referenced
using the DSS/D20 external referencing standard before aqueous samples were ran on the
NMR. The micelle samples were referenced using either an external capillary NMR tube
containing deuterated benzene (d-CAD6)/TMS mixture or using DSS/D20 referencing
standard. The d-CeDe peak position was referenced to 7.157 ppm and the DSS peak
position was referenced to 0.000 ppm.

CTAB micelle samples that were temperature sensitive were analyzed via the
Varian Inova 300 dual full-band ('"H to ***Ag) NMR spectroscopy instrumentation using
the variable temperature feature set at 35°C. Samples were allowed to equilibrate in the

instrument at that temperature for approximately 10 minutes prior to analysis.
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VNMR Spectroscopy o fReverse Micelle Samples
Varian Inova 300 using MV NMR probe was used for CTAB RM samples containing
[Vo2(ma)2]‘ comparing [Vo2(ma)2]' in D20 with various Mo sizes. A VOCI3referencing

standard was used prior to sample analysis.

2D-NOESY NMR Spectroscopy ofReverse Micelle Samples
Varian Inova 500 was used for CTAB RM samples containing 400 mM maltol in
a Wo=20 RM. RM sample and aqueous samples was prepared using procedure described

above.

RESULTS AND DISCUSSION
NMR Results of [V02(ma)2]' in Aqueous Solution

BMOV hydrolyzes into vanadium(IV) and maltol and reduces to [Vo2(ma)2|' in
aqueous solutions (135, 139). Although a detailed speciation study has been reported for
[Vo2(ma)2]’, these studies were conducted using 'V NMR spectroscopy. Little, if any,
information is available using ~ NMR studies in this system. Since we are focusing on
studies with [Vo2(ma)2]‘, we recorded the 'H NMR spectra of [Vo2(ma)2]’ as a function
of pH, and the data is shown in Figure 10. These data show that the complex hydrolyzes
at pH value greater than 7. The observed pattern of complex hydrolysis as a function of

pH is in accord Pettersson’s group (139).
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Interaction of [¥o2 (013)2]' with CTAB micelles

We used 'H NMR speetroscopy to probe the loeation of the [V02(ma)2]' by
exploring the effects on chemical shifts in different environments. If [V02(ma)2]'
complex penetrated into the CTAB micelle, then the protons located on the non-polar end
of the CTAB molecule would have a larger change in chemical shift than protons on the
polar head region of CTAB. This was further investigated by looking at the chemical
shifts of CTAB above and below the critical micelle concentration {cmc) at which CTAB
micelles form in solution. We used maltol ligand and [V02(ma)2]’ complex to examine
whether such interactions were occurring; results support that interaction is occurring for
both compounds.

Given the pH dependence of [V02(ma)2] speciation, we investigated the
interaction of this complex with CTAB micelles at pH 7, §, and 9. CTAB forms micelles
in aqueous solution above 35°C and above the cmc concentration ranging from 0.86 mM
(140) to 0.96 mM (141), where below this value, CTAB exists in its monomeric form that
is distributed in aqueous solution. One series of 'H NMR spectra of 2 mM [V02(ma)2]’,
and 50 mM CTAB are shown in Figure 11 at pH values of 7.4, 8.2, and 9.1. The "H
NMR spectra shows how the proton chemical shifts of [V02(ma)2]' change as a function
of pH and, when compared to the results of proton chemical shifts in an aqueous solution,
information on the changes in the environment of the complex is obtained. The protons
that correspond to the appropriate peaks for [Vo2(ma)2]’ are labeled, “Ha and “Hb, and
show different shifts which provide support on the details of the location of [Vo2(ma)2]‘.
No change was observed at the different pH values for the [V02(ma)2]'; however, placing

the complex in the presence of CTAB did result in an upfield ehemical shift. Since this
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change is not significantly observed for the [Vo2(ma)2]’below the cmc, we eonclude that
the observed effect is due to [Vo2(ma)2]'interaction with the interfaee of'the mieelle.

To confirm the studies shown in Figure 11 in which [Vo2(ma)2]' is shifting in the
presence of CTAB, we investigated the effects that this probe had on CTAB chemical
shifts as the concentration of CTAB was varied. If the probe penetrates the CTAB
interface, one would expect some ehanges in the CTAB chemical shifts. In Figure 7, we
show the labeling of CTAB. As shown in Figure 12a we see that the chemicals shift for
the alpha and "~(CH3)3 protons are the parts of the CTAB molecule with greatest
changes (Figure 12a). However, since some of'these effeets can be due to CTAB micelle
formation, we compared these chemical shifts to that of CTAB micelle formation in the
absence of probe. This is shown in Figure 12b. Comparing the shifts in Figure 12a and
12b we see that the major ehange is only with the alpha proton. This information
suggests that the [Vo2(ma)2]' complex is only interacting with this proton.

In addition to upfield chemical shifting as [Vo2(ma)2]’ was placed in a CTAB
micelle that was illustrated in Figure 11, we observed hydrolysis of [Vo2(ma)2|'as the pH
was varied. Therefore, we integrated the CH3 group of both complex and maltol and
were able to successfully determine the ratio of complex hydrolysis comparing aqueous
with micelles at pH levels below, near and above the pKa of maltol of 8.27 (135, 139).
Results showed that in aqueous solution, [Vo2(ma)2|' does not hydrolyze as a change of
pH indicating that the complex is stable at different pH values in aqueous solution.
However, when [Vo2(ma)2]' is placed in a CTAB micelle solution, the pH becomes more
favorable for deprotonation of maltol where complex hydrolysis is occurring and maltol

peaks are presented in the '"H NMR spectra shown in Figure 11. In Table 6, we show the
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ratio of complex hydrolysis as a function of pH in comparing aqueous samples with

micelles. To determine the ratio of complex hydrolysis, equation 1 was used:
[complex]

[complex] + [ligand] equation 1

At a pH of around 9 for micelles, there is only 25% complex present in solution

while 91% complex is present in aqueous solution. For micelle samples, as the pH

decreases, there is more complex present in solution than maltol. Therefore, pH has an

effect on the stability of the [V02(ma)2]' in the presence of CTAB and no effect when in

an aqueous solution consisting only of D20.

Characterization o fMicelles via Conductivity Studies

Conductance of micelle solutions was used to characterize the cmc for the
particular system being investigated. Changes in conductivity of the sample as the
concentration of the surfactant was varied allowed one to determine the cmc of the
surfactant. Studies have been conducted that examine the cmc of CTAB and they have
seen a drastic change in conductance at approximately 1 mM of CTAB (140, 141). In
addition to determining the cmc of the surfactant, conductivity has also been used to
determine the Krafft temperature (Tk) of various surfaetants, specifically CTAB (138)
where the Tk has been identified at 26°C (142). Based on current literature values and
trends of drastic changes in conductance at the cmc for CTAB, we hypothesized that if
we are properly making CTAB micelles in solution, we will see similar trends above the

cmce of CTAB and near the Tk of CTAB.
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Conductivity characterization of micelles above cmc at temperatures above and
below the Tk of 26°C (142) with and without 2 mM of [V02(ma)2]' were performed.
Since temperature and concentration are such key contributors of the conductivity of
samples and are important factors in proper CTAB micelle formation, two different
temperatures, 20°C and 30°C, were explored at different CTAB concentrations. The
selected temperatures are above and below the Tk at which micelles begin to aggregate
and form micelles. Figure 13 shows that as the concentration of CTAB increases the
conductivity of the sample increases. Also, as the temperature is increased, conductivity
increases slightly as well.

To investigate [V02(ma)2]’ effects on conductivity of the micelle samples, the
conductance of samples containing probe and no probe was compared. Our results
showed that when [Vo2(ma)2]'was added to the system, the conductivity increased.

Based on 'H NMR results from [V02(ma)2]’ in aqueous samples and CTAB
micelles, we then investigated the probe’s effect on chemical shifts of CTAB. Based on
slight changes in the alpha group on CTAB when [V02(ma)2]' was present, we were able
to diagram two proposed models of [Vo2(ma)2]' interaction with the micelle interface
and its penetration into the polar head region of the CTAB micelle, also called the stem

layer (133) (Figures 14a and b).

Interaction of the Ligand, Maitol, with CTAB Micelles
Based on the previous results, we hypothesized that, if maitol ligand deeply
penetrates into the micelle, the protons located on the nonpolar end of the CTAB

molecule should have a larger change in chemical shift than the protons on the polar head
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region of CTAB. This hypothesis can be further investigated by looking at the chemical
shifts of CTAB above and below the erne.

Since [V02(ma)2]’ hydrolyzes to form vanadate and maltol, we examined the
effects of CTAB on maltol. However, at neutral pH, the complex is stable and only small
amounts of maltol is observed, so additional spectra were recorded. Because effects due
to exchange between complex and ligand had to be ruled out, and therefore spectra were
also recorded of maltol at the higher pH values. Maltol is known to deprotonate as the
pH increases and as compounds deprotonate, there is upfield chemical shift in 'H NMR
spectroscopy (143). In literature, proton chemical shifting of compounds when placed in
micelle or RM systems have suggested that penetration of the probe occurs into the
interfacial layer of the system (117, 118). Therefore, one question that can be asked is
whether the upfield chemical shifting observed is due to penetration into the micellar
interface or deprotonation of maltol. We first examined maltoTs interaction with CTAB
micelles using pH values above, near, and below the pKg value for maltol which is at a
value of 8.4 (139). It is important to examine maltol above its pKa because the
compound is deprotonated above this pH and any ehemieal shift that is observed in
micelles will not be due to deprotonation, but rather penetration into the micelle interface.

As mentioned previously, [V02(ma)2]' hydrolysis occurs; therefore, it is important
to investigate the ligand, maltol, without vanadium in solution. One 'H NMR series of 4
mM maltol in aqueous and CTAB micelles at a concentration of 50 mM CTAB is shown
in Figure 15 at approximate pH values of 7, 8 and 9 (Figure 15). The 'H NMR spectra
shows that below maltol’s pKa, there are no significant chemical shifts identified in

aqueous samples, but that upfield shifts are observed when maltol is placed into a
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micelle. Above its pKg, aqueous maltol shifts upfield which demonstrates deprotonation
as shown in Figure 10. Further upfield chemical shifting is observed when maltol is
negatively charged and placed into a CTAB micellar solution. Figure 16 shows two

possibilities of maltol interaction with micelles based on the results described above.

Interaction of oxidized BMOV, [V02(ma)2]‘, with CTAB/I-Pentanol/Cyclohexane/
D20 Reverse Mieelles

In addition to the studies of [V02(ma)2]’ with micelles, the interactions with
CTAB/l-pentanol reverse micelles (RMs) was examined using 'H NMR spectroscopy.
The effects of different RM sizes on chemical shifts and the effects of pH was
investigated to gauge the location of the complex. If [V02(ma)2]’ is penetrating into the
RM interface, the protons located on the complex will have a change in chemical shift as
the environment changes from aqueous to RM. However, if the interaction is strictly
with the interface, changes should reflect how deeply penetration is as the size of the RM
is modified.

Because of the changes in speciation with pH of [V02(ma)2]', the interactions of
[V02(ma)2]' with a series of different sized RMs was explored both at neutral and basic
pH. The [V02(ma)2]' complex is most stable near neutral pH and hydrolyzes in samples
outside the stability window. No changes were observed in the complex chemical shift at
varying pH; however, the presence of a signal upfield to the [V02(ma)2]’ report on
complex hydrolysis and the formation of protonated maltol (Figure 10).

In Figure 17, the '"H NMR spectra are recorded of 100 mM stock solutions of

[VO2(ma)2]' pH 7.0 in 200 mM CTAB with I-pentanol in cyclohexane using a
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water:surfactant ratio that defines that size of the RM, termed the W The size of the
RM can be determined by equation 2.

Wo=([H20]/[CTAB]) equation 2
Wo values ranged from 6 to 20. In Figure 17 the entire spectrum window ranging from
-0.0Sppm to 9 ppm is shown (left). The signals assigned to [V02(ma)2]’ and free maltol
are decreasing in intensity as the Mo size decreases and thus reflect the smaller size of
aqueous water pool. As a result of this observed change in intensity, an insert is included
focusing just on the Ha and Hb proton signals for the [V02(ma)2]’ complex and the
product of hydrolysis, maltol (right) (Figure 17).

As WMo size decreases, [V02(ma)2]' protons shift slightly upfield when comparing it
to aqueous solution at a physiological pH of 7. The small chemical shift changes for the
complex indicate that the protons on [Vo2(ma)2|' are located in a polar environment
similar to bulk water. These data suggest that if [V02(ma)2]' interacts with the lipid
interface, the interaction must be a weak interaction or is countered by potential interface
interactions. It is also possible that the complex may be located in the water pool of the
RM system, or that the environment at the lipid interface has similar polarity to that of
water. Examples currently exist for several of these possibilities (23, 117-120). If the
complex is located in the water pool and it is approaching the interface as the RM size
decreases, a large change would be observed with decreasing Wg However, our data
supports that only a modest change in chemical shifting as the Mo size decreases is

observed (Figure 17).

To further explore this system, the NMR spectra were recorded of solutions

containing 100 mM [V02(ma)2]'and 100 mM CTAB. As shown in Figure 18 and Table
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8 the ~'V NMR spectra indicate that the signals for [Vo2(ma)2]’ show a slight downfield
shift as the W& decrease (Figure 18 and Table 8). These observations are in accord with
the previous studies reported for [Vo2(ma)2]’ in AOT/isooctane (118). In addition, larger
downfield shifting for ~'V NMR has been reported recently for [Vo2dipic]' in CTAB/«-
pentanol/cyclohexane RMs (117) and for Vio in AOT/isooctane RM (23). No change in
AV NMR chemical shift was observed with [Vo2dipic]' in AOT/isooctane RMs (119).
The most significant change in the [Vo2(ma)2]' signal upon placement in the RM is the
increasing line width as the Mg decreases. This significant change in linewidth for 'V
NMR studies as the Mg decrease is generally associated with immobilization of a
vanadium complex. In aqueous solution, vanadium complexes are able to rotate freely in
solution and this is represented by the sharp 'V NMR peak at -496 ppm. Similar
observations of peak linewidth compared to that in aqueous solution might also be
observed and the data would suggest that the complex is located in the aqueous pool and
approaching the interface as the Mg decrease. This dramatic change in line width was
previously observed for Vjo in AOT/isooctane RMs (23, 120). The spectra shown in
Figure 18 are in contrast to observation with [Voadipic]' in CTAB/1-
pentanol/cyclohexane RMs, where no change was found as the Mg changed and the
linewidth was above 1100 Hz for all the Mg samples investigated (117). Several other
systems have been reported in which changes in the line widths were found as the Mg
decreased, these include the Vio in AOT/isooctane RMs (23, 120) [Vo2(ma)2] in
AOT/isooctane (118). In fact, these studies do suggest that complex is associated with
the water pool, and that decreasing the W& size will promote the complex to approach the

interface due to the decrease in water pool size.
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To compare chemical shifts of [Vo2(ma)2]'at a pH of 9.7 with previous results at
pH 7, a Mo series consisting of 100 mM [Vo2(ma)2]', 200 mM CTAB, and 1-pentanol in
cyclohexane as a function of pH were recorded through 'H NMR techniques. Figure 19
shows the "H NMR spectra at pH 9.7 where the entire spectrum ranging from -0.05 to 9
ppm is shown on the left and a spectra to the right provide focus on the Ha and Hb
protons for both, [Vo2(ma)2]'and maltol (Figure 19).

Results show that as Mo size decreases, the protons in [Vo2(ma)2]‘ shift very little
when comparing them to aqueous solution at pH 7 (Figure 17). The small chemical shift
changes indicates that the protons on [Vo2(ma)2]’ are located in a polar environment
similar to bulk water. The small shifts at pH 9.7 support the observations made at pH 7,
and are consistent with the recognition that no change in the complex is observed as the
pH is changed from neutral to more basic. However, as shown for samples at pH 7,
hydrolysis of [Vo2(ma)2|' is also observed as the Mo size decreases and free maltol ligand
is formed in these solutions; clearly shown by the decrease in peak intensity of
[Vo2(ma)2]' and the increase in maltol ligand intensity. To better interpret this data,
studies were carried out only with the maltol ligand as described below.

Since the [Vo2(ma)2]'protons (“Ha) are not shifting as the g size decreases this
indicates that the Ha protons on the complex are remaining in the same environment as
bulk water. This would be possible if the proton was near/in the waterpool or in the
interface of the RM. The Hb proton on the complex are shifting upfield as the Mo size
decreases, which suggests that it is penetrating into the interface layer of the RM. The
methyl group located on the complex is not shifting as the Mo size changes and has the

same chemical shift as [Vo2(ma)2]' in D20 which suggests that the methyl group is
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located in the aqueous water pool ofthe RM. This conclusion was supported by the 'V
NMR studies, that show that the line width of [Vo2(ma)2]’ increase as the water pool is
smaller, and is consistent with the complex being associated with the changed

environment in the water pool as illustrated in a schematic drawing in Figure 21.

Interaction of Maltol with CTAB/I-Pentanol/Cyclohexane Reverse Micelles

Our next task was to investigate the interaction of maltol and its behavior in
CTAB/I-pentanol/cyclohexane RMs to confirm the interpretations made with the
[Vo2(ma)2]' complex, and the accompanying hydrolysis of complex in RMs. The pKa for
deprotonation of maltol at 8.7 (139) results in upheld chemical shift changes because the
change in maltol protonation states. In Table 7, the Ha proton shifts 0.1 ppm, the Hb
proton 0.2 ppm and the CH3 proton 0. ppm as pH change from 7 to 9.7 in aqueous
solution.

In Figure 20 the chemical shifts of each proton in maltol are compared to that in
aqueous solution. Focusing on CH3 on maltol first the upheld shifts are 0.05 ppm at all
pH values examined. At pH 7.0, at all Wq sizes (4-20) there is a large upheld shifi for the
Hb proton when comparing it to aqueous stock solution. However, the Ha proton show
no significant shifting upon placement in the CTAB/l-pentanol/cyclohexane RM. At pH
9.7, at large Wy sizes (16 and 20) there is no significant shift for the Hb proton when
comparing it to aqueous stock solution at pH 9.7. However, when the W size is smaller
(4-10), there is an upheld chemical shift from the aqueous stock solution as the Mg size
decreases. However, the “Ha proton exhibit a downfield chemical shift upon placement
in the CTAB/I-pentanol/cyclohexane RM, and this shift does not change with the Mo size

ofthe RM. Combined, these data show that the chemical shifting of the maltol ligand in

56



the absence of vanadium complex is identical to that observed in the presence of
complex.

In describing the orientation of maltol in the RM system, it is important to
examine the shifting of each proton of maltol. At pH 7, below the pKa, the “Hb on maltol
has an upfield chemical shift whereas “Ha has no significant shift from aqueous. This
suggests that “Ha is not interacting with the lipid interface and is located in the aqueous
water pool. The methyl group is displaying an insignificant change in the chemical shift
when comparing it to aqueous, which indicates that it is remaining in the aqueous water
pool ofthe RM or a similarly polar environment as the “Ha proton. Since the “Hb proton
does not approach the aqueous sample in regard to its chemical shift, this suggests that it
is located in a different environment than the water pool. When comparing the chemical
shifts of “Ha of maltol, it approaches the chemical shifts of the aqueous maltol/D20
sample, which implies that it is located in a polar environment similar to aqueous
solution.

There are two contributing factors that are associated with a chemical shifting of
maltol, deprotonation or penetration into the RM system. These factors become more
confusing when we discuss different levels of penetration in regard to upfield vs.
downfield chemical shifting. When protons shift downfield, the proton is penetrating
deep into the hydrophobic region of the RM. However, when the proton is located near
the aqueous or head group of the RM, an upfield shift occurs. Deprotonation of
compounds display upfield chemical shifting while the compound is deprotonating (143).
When we examined whether maltol was capable of penetrating into the RM system,

deprotonation and penetration were both potential contributing factors. Therefore, we
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examined the pH above, near, and below the pKg of maltol. When examining pH 9.7 at
which maltol is deprotonated, any upfield chemical shifting cannot be explained as
deprotonation, but rather penetration. At lower Mo sizes of 4-10, the “CHa and “Hb on
maltol display a further upfield chemical shift than the aqueous sample of completely
deprotonated maltol (pH 9.7). *'Ha displays very interesting results because at pH 9.7,
there is a downfield chemical shift which would suggest that “Ha is penetrating into the
lipid interface. There is no significant chemical shift of “Ha at pH 7, except at g 4. No
significant chemical shift from aqueous would suggest that “Ha is remaining in the water
pool of the RM. Figure 22 shows an example of how maltol is interacting with the RM
based on our findings. In addition. Table 9 provides numerical data showing upfield

chemical shifts of maltol as a function of W size.

DISCUSSION
Complex and Maltol in CTAB Micelles

Recent studies have shown that upfield chemical shifts of compounds of interest
indicate that the compound resides deep in the cationic micelle system (near the
hydrophobic tail region of CTAB). Our studies were conducted above and below the pKa
of 8.63 in micelles and aqueous solution. Because of an upfield shift in aqueous maltol
as the pH increases above the pKa, deprotonation of the ligand is occurring. In the
literature, upfield chemical shifting represents deprotonation of the compound being
investigated, such as maltol (143). When maltol is placed in CTAB micelles there is an
upfield chemical shift of the protons consistent with penetration of the probe into the
micelle. Therefore, the protons located on maltol show an upfield chemical shift;

therefore the free ligand must be penetrating into the micelle and displays a similar
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behavior to that of [Vo2(ma)2]'. Also as the ligand becomes deprotonated, there is a
greater upfield chemical shift which implies that, as the ligand becomes more negatively
charged, the electrical environment of the proton changes from more polar (aqueous
solution) to more non-polar (interaction with model system). Since CTAB is positively
charged, one would expect the molecules to be attracted to one another and this is evident
through the upfield chemical shifts of the protons on the deprotonated maltol.

When looking at chemical shifts for 'H NMR studies, penetration and
deprotonation can be occurring in the samples. In order to determine if the shifting is due
to deprotonation or location in the micelle, chemical shifts of CTAB must be further
examined. CTAB does not show a significant shift from pH 7 to pH 9 when [Vo2(ma)2|'
and its hydrolyzed product, maltol, are placed in solution. This indicates that, even
though maltol becomes more electronegative as the pH increases, there is no preference
in regard to its location based on its charge. One would expect that the more negative a
compound is, the more likely it would be attracted to the positively charge surfactant;
likewise, more upfield shifting would indicate further penetration into the hydrophobic
region of the CTAB micelle. While we see further upfield shifting, we can conclude that
it is due to deprotonation and not to further penetration into the micelle.

The aqueous maltol solutions shift upfield when the pH is increased and it has
been concluded in other literature that it is due to deprotonation of the probe. Although
this may be the case, there is still an upfield shift when comparing aqueous solutions with

micelle solutions, indicating penetration of ligand.
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Maltol in CTAB Reverse Micelles

The protons on the maltol ligand shift differently depending on protonation state
and thus support a slight readjustment of the probe location upon changes in charge. The
small chemical shifts indicate that the Hb protons, upon deprotonation of maltol, are in a
polar environment similar to bulk water whereas the Ha proton may be penetrating the
hydrophobic interface region. This differs from observations with the neutral and
protonated probe in which the Ha proton remains in the polar interface region and the Hb
might be penetrating the lipid interface. The two proposed orientations are shown in
Figure 23. Undoubtedly, the positively charge CTAB interface favors interactions with
negatively charged counterions such as deprotonated maltol. Thus, it is not clear why the
neutral maltol ligand simply does not deprotonate to form a similar arrangement. Many
factors could be invoked such as the H-bonding to the OH group in the stern layer and the

interactions between CTAB and maltol that we have seen for micelles is favorable.
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Table 6: Ratio of2 mM [Vo2(ma)2]’ hydrolysis in 50 mM CTAB micelles and aqueous
solution as a function of pH. Ratios above 0.5 indicate that there is more complex
present than free maltol ligand.

pH 7 pH 8 pH 9
Micelle 0.66 0.63 0.25
Aqueous 0.91 0.91 0.91
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Table 7: Maltol, [V02(ma)2]', and CTAB chemical shifts as a function of pH.

Probe Chemical Shifts CTAB Chemical Shifts

Probe pH Ha Hb CH3 fCTABL, mM  "N(CH3) a-CH2 P-CH2 8-CH2(CH2),i (0-CHs3
- 7.2 : : : 0.2 3.07 3.27 1.75 1.26 0.84

7.2 : : : 10 3.16 3.38 1.76 1.29 0.87
: 7.2 : : : 20 3.16 3.39 1.76 1.29 0.87
Maltol 7.4 6.43 7.89 2.26 50 3.13 3.38 1.72 1.24 0.82
Maltol 8.0 6.39 7.84 2.29 50 3.13 3.38 1.72 1.24 0.82
Maltol 9.3 6.32 7.69 2.26 50 3.13 3.37 1.71 1.24 0.82
Maltol 7.0 6.51" 7.99 2.37 0 : : : : :
Maltol 9.7 6.40 7.85 2.32 0
Maltol 10.3 6.40 7.83 2.31 0
Maltol 10.8 6.34 7.79 2.28 o : : : : :
[Vo2(ma)2]'* 6.9 6.45 7.95 2.35 50 3.13 3.39 1.72 1.24 0.82
[Vo2(ma)2]-> 7.9 6.45 7.95 2.35 50 3.13 3.39 1.72 1.24 0.82
[Vo2(ma)2]-* 9.0 6.45 7.96 2.35 50 3.13 3.38 1.72 1.24 0.81
[Vo2(ma)2]-" 9.1 6.48 7.99 2.39 50 3.16 3.39 1.76 1.28 0.86
[Vo2(ma)2]' 7.0 6.51" 8.06 2.42 0 , , , , ,
[Vo2(ma)2]- 9.7 6.53 8.06 2.42 0
[Vo2(ma)2]- 10.3 6.53 8.05 242 0
rVo2(ma)2x 10.8 6.5 8.03 2.39 0

*These samples were ran using a DSS/D20 referencing standard set at 0.000 ppm using Inova 400 NMR spectroscopy; " Micelle
samples were ran using a TMS/d-benzene external referencing standard using Inova 300 NMR spectroscopy; ®roton chemical shifts
of [Vo2(ma)2]' and maltol are not easily distinguishable due to signal overlapping.



Table 8:
Wo
size
Stock
Stock
20
20

20

10

NV NMR chemical shifts and linewidth values in RM systems.

8, ppm Linewidth Probe Surfactant Cosurfactant Reference
(Hz) |
-496.90 486 +8 [Vo2(ma)2]- - - This work
-495.6 420+3 [Vo2(ma)2l - - (118)
-493.71 1075 +41  [Vo2(ma)2|' CTAB 1-pentanol This work
-495.2 630 +6 [Vo2(ma)2]- AOT - (118)

-529.8 1160+30 [Voadipic]' CTAB Amyl alcohol (117)

-496.07 ’ [Vo2(ma)2]' CTAB 1-pentanol

linewidth values were not recorded at this W& size.
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Table 9: Chemical shift values of maltol protons as a function of o size. Samples were
prepared at a pH value of 8.27.

Maltol Chemical Shifts

Ho Size Ha Hb CH3
4 6.43 7.71 2.30
6 6.45 7.74 2.30
8 6.45 7.75 2.31

10 6.45 7.75 231

20 6.45 7.77 2.32
Stock 6.47 7.95 2.36
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(a) BMOV

(b) Oxidized BMOV, abbreviated [Vo2(ma)2|'

Figure 6: Structures of BMOV (a), oxidized BMOV abbreviated [Vo2(ma)2]'(b) and
maltol (c).
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Figure 7: Structures of cetyltrimethylammonium bromide (a) and 1-pentanol (b).
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Figure 8: Diagram ofpossible drug location in CTAB micelles (a) and reverse micelles

(b).
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Figure 9: 'H NMR spectra illustrating chemical shifts of various components used
in this study. Peak assignments for various components are included. A: (a) d*-

cyclohexane (CaD12) and TMS; (b) 1-pentanol chemical shifts represented by Px; (c)
CTAB (represented by greek alphabet), 1-pentanol, D20, and CeD”; (d) CTAB, 1-
pentanol, D20 and CéH12 B: ‘Hb and “Ha represent protons located on [V02(ma)2]‘ and
“Ha and "Hb represent protons located on maltol.
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Figure 10: Aqueous samples containing [Vo2(ma)2]' in D20 as a function of pH. The
HDO peak that appears around 4.8 ppm was removed from the spectra for simplistic
purposes. Proper peak labeling is shown where * represents complex ([Vo2(ma)2]') and »
represents maltol ligand, (a) '"H NMR spectra of complex and maltol chemical shifts as a
indicates that [Vo2(ma)2|' and free maltol ligand peaks are
overlapping and thus, not able to be distinctly identified separately.
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Figure 11: Chemical shifts of2 mM [V02(ma)2]' and maltol protons as a function of pH
in a D20 aqueous solution and 50 mM CTAB micelle samples. Micelle samples were
referenced with internal DSS standard at 0.000 ppm and aqueous stock samples were
referenced with external DSS/D20 at 0.000 ppm.
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Figure 12: Comparison of CTAB chemical shifts vs. CTAB concentration with and
without [VO;(ma);]. The CTAB peaks were all referenced with deuterated benezene and
TMS. The TMS peak was set to 0.000 ppm and benezene was stationary throughout all
the samples at 7.16 ppm. The values in brackets on the far right of the graph represent
the difference in chemical shifts as the CTAB concentration was varied. (a) Ad, ppm =
850 mM CTAB — 00,04 mv cTan. CTAB micelle samples were all adjusted to a pH value of 9
and were analyzed at 35°C. (b) A8, ppm =820 mm cTaB — O0.01 mm cTAB: Samples were
analyzed at 35°C; data was recorded and graph was generated by Dr. Ernestas
Gaidamauskas, in review. The graph was modified for comparison for this work.
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Figure 13: Comparison of CTAB micelle conductance above the cmc and above/below
the Tk. 20 mM [Vo2(ma)2|‘aqueous stock was used to make samples and a total
concentration of 2 mM of [Vo2(ma)2]’was held constant as the CTAB concentration was
varied.
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(b)

Figure 14: Two proposed hypotheses of [Vo2(ma)2]’ penetration into the polar region of
the CTAB micelle interface, (a) shows entire [Vo2(ma)2]'in stem layer; (b) shows partial
penetration of [Vo2(ma)2]’ into interface.
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Figure 15: *HNMR spectra showing chemical shifts of maltol protons comparing
aqueous with micelles. Samples were prepared from 4 mM maltol in D20 and 50 mM

CTAB and are at pH values of 7, 8 and 9.
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Figure 16: Two proposed possibilities of maltol penetration into stem layer of the
micelle, (a) Deprotonated form of maltol and its level of penetration, (b) Protonated
form of maltol and its penetration into the micelle.
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Figure 17: 'H NMR spectra of RM samples with varying W& size at pFl 7 (left). Samples
were prepared from 100 mM [V02(ma)2]' and 200 mM CTAB. (right) 'H NMR insert of
RM samples with varying }g size at pH 7 focusing on the complex and free maltol
signals. RM samples were referenced using internal CaHi2which was referenced to 1.44
ppm. Aqueous samples were referenced externally using a different NMR tube that
contained DSS/D20 (0.000 ppm).
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Figure 18: ~V NMR spectra ofa 100 mM CTAB/l-pentanol/cyclohexane/D20 RM
sample containing 100 mM [V02(ma)2]’in D20 at pH 8.6.
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Figure 19: '"H NMR spectra showing 200 mM CTAB/I-pentanol/cyclohexane/D20 RMs
at pH 9.7. Samples contained 100 mM [V02(ma)2]’ (left), (right) insert of the NMR
spectra 6.0 to 8.5 ppm from the spectra shown focusing on the protons located on
complex and free maltol ligand. The aqueous samples were referenced externally using a
different NMR tube containing DSS/D20 (0.000 ppm) and RM samples were referenced

using internal C6H|2at 1.44 ppm.
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Figure 20: Chemical shifts of Ha, Hb and CH3 for maltol in the presence of [Vo2(ma)2|’
Signals for maltol in 200 mM CTAB RMs at pH values of approximately 7, 8, and 9.7.
The RM samples were referenced using internal CeH” at 1.44 ppm. Maltol and D20
sample was referenced using an external NMR tube that contained DSS and D20,
referenced to 0.000 ppm.
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Figure 21: Four proposed models of [Vo2(ma)2] interaction with the CTAB RM system
based on interpretation of multinuclear NMR techniques. Half of the complex is
penetrating (a); complex is interacting with polar head group (b); complex is completely
in non-polar region (c); and complex is remaining in bulk water until the Mg size restricts
its movement (d).
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Figure 22: A proposed model for maltol location in CTAB/I-pentanol/cyclohexane/ D20
RM interface.
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CHAPTER III

CONCLUSIONS AND FUTURE PLANS

Conclusions

Based on multinuclear NMR results on two model membrane systems, micelles
and reverse micelles and using a cationic surfactant to represent the phosphatidylcholine
head group found within cellular membranes, we hypothesize that a negatively charged
oxovanadium(V) compound [Vo2(ma)2]' penetrates into the positively charged interface
ofthese model membranes. The complex does not shift on aqueous solution NMR
spectra as a function of pH. However, when the complex is placed in a micellar solution,
an upfield chemical shift is observed for all protons located on the complex. Therefore,
the environment that the protons are located in must be different from that in aqueous
solution. In addition, experiments with CTAB RM systems enabled us to demonstrate
that, although there is slight shifting in the protons as the g size of the RM decreased,
there was still a chemical shift. This suggests that the complex is interacting with RM
weakly. A similar observation was made from "'V NMR spectroscopy obtained as a
function of Mg size and agree with other literature studies. Free maltol ligand is a much
more difficult compound to work with due to its tendency to undergo changes in charge
as a function of pH. Therefore, upfield chemical shifting can be the result of either
deprotonation or penetration and careful studies that examine the effect of maltol on these

systems at very high pH values should be performed. For micelles, we concluded that
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protonated or deprotonated maltol penetrates into the polar region of CTAB. However,

slight changes in the proton locations on maltol are observed.

To complete these studies, it would be worthwhile to examine maltol without any
complex in CTAB micelles as a function of CTAB concentration. This study would
clarify whether free maltol interacts with the micelle in the absence of'a complex. It is
predicted that maltol will cause a change in CTAB chemical shifts above the cmc. In
addition, conductivity studies should examine samples that are below the cmc to verify
with literature values. It is predicted that there will be a very noticeable change in
conductance both below and above the cmc and above it. A more thorough interpretation
comparing chemical shifts ofthe drug of interest in micelles and reverse micelles will
also provide a better understanding of exact location of complex and maltol in these

systems (Figures 23 and 24).
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Figure 23: Chemical shifts ofthe hydrolyzed product of [V02(ma)2]', maltol in RM and
micelle systems. 100 mM and 2 mM of [V02(ma)2]’were used in RM and micelle

solutions, respectively.
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Figure 24: Chemical shifts of [V02(ma)2]' in RM and micelle system. 2 mM and 100
mM [V02(ma)2]' in micelle and RM samples, respectively.
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