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ABSTRACT

PHYSICAL AND CHEMICAL CHARACTERISTICS BEHIND MEMBRANE INTERACTIONS OF SMALL MOLECULES

AND ELECTRON TRANSPORTERS

There are many types of molecules that interact with and within membranes whereas many factors
can dictate how they interact with membranes. Often, the interactions with the membrane interface can
affect the mechanism of action of these molecules. Here, the interactions of small molecules and an
electron transporter with model membranes under varying conditions are described. In the first chapter,
the pH dependence of membrane association of a commonly used food preservative, benzoic acid was
discussed and compared to the mechanism of action of general weak acid preservatives. Next the
interactions of many structurally very similar compounds with model membranes were compared. These
studies outline the importance of both the environment and that by just altering the molecules slightly,
the interactions of the molecules can be changed. Chapter 4 outlines the importance of lipid density on
the interactions of the electron transporter used within the electron transport system of Mycobacterium
tuberculosis (menaquinone-9) to show that menaquinone is capable of membrane transport of protons
and electrons. Together, these studies show how interactions and diffusion across membranes are not
straight forward and more research is necessary to fully understand the interactions of molecules with

cell membranes.
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Chapter 1: Probing Interactions with Membranes

1.1 Cellular Membranes

1.1.1 A Brief History of the Cell Membrane

In the mid to late 1800’s, the existence of an osmotic barrier between the protoplasm of plants and
their environment was established.! Around this time, the osmotic barrier was also described as being
selectively permeable.! In 1899, Overton originally proposed the idea that these membranes consisted of
a lipid/oil (lipid membrane theory).2® The idea that a cell is surrounded by a lipid/oil layer was then
replaced by the mosaic theory (1904, Nathansohn).? 4 The mosaic theory was simply a mixture of lipid/oil
and semipermeable protoplasmic-like parts spread across the cell surface which would allow for
permeation of ions and water.>* Later in 1925, Gortor and Grendel first observed the amount of lipid that
could be extracted from erythrocytes was sufficient to cover twice the surface area of the cell using
Langmuir monolayers suggesting a lipid bilayer surrounded cells (see section 1.2.1.2).%° Then in 1939, a
model of the lipid bilayer membrane surrounded by protein coating on each side of the bilayer was
proposed by Danielli and Davson.?® Following a series of studies that include studying of ion movement
across the bilayer, lipid lateral movement within the bilayer, and protein interactions with the bilayer,
came the current theory for membranes which was presented by Singer and Nicolson as the fluid mosaic
model.> 7 The fluid mosaic model outlines all the characteristics discovered with membranes at the time
as can be seen in Figure 1.1 and the author would like to recommend a review by Lombard for a more
detailed historical account.? Briefly, this model outlines a fluid like bilayer membrane composed primarily
of lipids. Within this bilayer are varying types of proteins that can interact peripherally or integrally with

the bilayer. Lipids may even be glycosylated, thus adding to the complexity of the membrane.® Details



behind the fluid mosaic model have been further explored and added to the model, still the fluid mosaic

model is currently used to teach students about membrane structure.?

Lipid bilayer

Integral protein

© = carbohydrate o = polar head \ = hydrocarbon chain . = protein

Figure 1.1. Schematic of the fluid mosaic model of a cell membrane. This figure was originally from
Lombard.?

1.1.2 Brief Introduction of Structural Components of Cellular Membranes

Since the introduction of the fluid mosaic model, the complexity of the membrane has been
extensively studied.® The 3-5 nm thick bilayer consists of numerous types of lipids that can have varying
functions or even affect the bilayer physical characteristics.2° The lipid composition, protein composition,
and glycosylation of the proteins and lipids can have dramatic effects on the membrane curvature and
elasticity.® 1* Along with all of these characteristics, lipids can form rafts that can affect the local
environments.® 12 Considering the cell membrane consists of about 40 lipids to every protein (varying by
8,10,13

species), this discussion will focus only on the specific single or interlipid interactions.

2



Cell membrane lipids are composed of having a hydrophilic headgroup and a hydrophobic alkyl tail.
Depending on the headgroup and tail composition, characteristics such as lipid shape can be affected.
Lipid shape is defined as the inherent shape of a specific lipid.}* Examples of lipids with specific shapes
include dipalmitoylphosphatidylethanolamine (DPPE, cone, Figure 1.2A), dipalmitoylphosphatidylcholine
(DPPC, cylinder, Figure 1.2B), or lysophosphatidylcholine (LPC, inverted cone, Figure 1.2C).} The specific
shape of the lipids can cause local alterations of the membrane curvature and therefore certain lipids with
a given shape can be found more commonly within particular regions of the cellular membrane.'* One
structural region of the lipids that can affect the lipid shape is the headgroup.}*** Larger headgroups as
compared to their tail size can cause the lipids to have inverted cone shape (LPC). ** Another characteristic
that can affect the shape of the lipid is the interlipid interactions.’**> As shown in Figure 1.2, the only
structural difference between DPPC and DPPE is the choline (RN(CHs)*) and the ethanolamine (RNHs*).
Due to the hydrogen bond donating capability of the ethanolamine, DPPE headgroups can interact closely
with another DPPE molecule headgroup allowing tight packing of the headgroups allowing for the tails to
spread.**> This then causes DPPE to have a conical shape.’**® This is not the case with DPPC (cylinder)
which is known to spread across water interfaces and is utilized within the alveolar membrane of the lungs
for this purpose to allow for easier gaseous diffusion across the alveolar membranes.’*'” Therefore,
headgroup differences can have drastic effects on the lipid shape, how the lipids behave, and therefore
affect the overall membrane structure.

Another alteration of the chemical structure of lipids that can affect the shape of lipids and the cell
membrane, is the hydrophobic tail double bond content (unsaturation). Most of the unsaturations found
within the lipid tails are found to be in the cis conformation.® %1418 The cis conformation, as opposed to
the trans conformation, is more commonly found in biological systems due to that the trans conformation

overall structure does not deviate much from the fully saturated conformation.® 1 1% 18 With the cis



conformation, the tails are forced into angles (affecting the shape of the lipid) that prevent easy stacking
of the lipids, causing an overall spreading of the lipids within the cell membrane (Figure 1.2D).% 111418

Cells can also vary the length of the hydrophobic tail depending on the needs of the cell (Figure 1.2).
The tail length of the fatty acids that make up the hydrophobic tails of the lipids vary in length depending
on temperature.’® ¥ Cells can also vary the structure of the fatty acid tails by instead of having a straight
carbon chain, hydrophobic region of the lipids can consist of isoprene units, cyclopropanes, other
alterations or mixtures.? Through these alterations, the membrane can become more permeable or less
permeable caused by differences in stacking ability of the lipid tails.'* 1¥1° If the lipids can stack easier,
then the membrane is less permeable due to a more rigid cell membrane.* 1&1°

In summary, many structural characteristics of lipids can be adjusted to fit the cell’s needs.?*?2 By
controlling the shape of the lipids, the membrane shape can be altered, the amount of unsaturations

within the tail can expand the lipids within the membrane, and the tail length can allow for easier/more

difficult diffusion of metabolites into the cell.® 1% 1418



Figure 1.2. Chemical structures and shapes of dipalmitoylphosphatidylcholine (DPPC, A and E),
Dipalmitoylphosphatidylethanolamine (DPPE, B), Lysophosphatidylcholine (LPC, C). Chemical structures
of DPPC with one unsaturation beginning on carbon 7 within a palmitate tail (D) and
dilauroylphosphatidylcholine (DLPC, F).

1.2 Molecular interactions with Membranes

There have been many studies describing the cellular membranes themselves, but studying the
specific interactions of molecules with the cell membrane lipids has proven to be much more difficult.?*
%5 Considering that many drug therapeutics currently in use diffuse across membranes, it is important to
understand the details behind the interactions that allow for this diffusion.’** The limited information is
largely due to the complexity of the cell membrane and therefore, it is difficult to study the specific
interactions of small molecules with the membrane interface along with specific chemical and physical

characteristics that lead to these interactions. In efforts to study the membrane interactions of small



molecules with cell membrane lipids, models of the cell membrane have been utilized to simplify the cell
membrane to more manageable systems.
1.2.1 Studying Molecular Interactions with Model Membranes

To study and understand small molecule interactions with cell membranes, there have been many
models developed. A few of the common models used include Black Lipid Membranes (BLM), liposomes,
micelles, reverse micelles (RM), and Langmuir monolayers (Figure 1.3).% 2% BLMs (also known as painted
lipid bilayers) are bilayers that are formed by utilizing a paintbrush and painting an lipid solution in organic
solvent over a small hole.?® When the solvent evaporates, the less volatile lipids are left behind forming a
bilayer spanning the hole.?® BLMs have been used successfully to determine rates of diffusion across
bilayers, but limited information about specific details behind molecular interactions with membranes can
be obtained.? Liposomes are characterized as being of at least a bilayer of lipids with water on the inside
and outside of the vesicle.’® 22 Liposomes are arguably the most relevant model membrane to cell
membranes as they are bilayer vesicles. The use of liposomes have been useful for determining molecular
information behind the interactions of small molecules with the lipids composing the liposome.?* %> These
studies are normally very cumbersome and many techniques are necessary to determine these specific
interactions.?® 2> The micelles are monolayers formed from surfactant/lipid and are highly controllable.
Micelles have been used very successfully in determining the interactions of surfactants/lipids with small
molecules.? 3032 Similarly, RMs (inverted micelles) have been used to determine the interactions of
surfactants with small molecules, but are easier to control and form.3% 33-3¢ Specifically, the characteristics
of the sodium aerosol-OT (AOT) RM has been characterized very well.3”3° Langmuir monolayers are water
insoluble monolayers consisting of lipid or surfactant at an air-water interface.’® Langmuir monolayers
have also been characterized very well and can be utilized to obtain information about how molecules
affect lipid interfaces allowing for information about how the small molecules affect cell membranes.*®*2

By altering the area per molecule of lipid on a given surface, Langmuir monolayers can provide information



on how lipid density alters affects small molecules have on the monolayer.*®*? Considering the models
presented here (Figure 1.3), the following studies to determine a few of the physical characteristics behind
molecular interactions with membrane-like interfaces was conducted utilizing AOT RMs and Langmuir
monolayers. AOT RMs and Langmuir monolayers were chosen because they are well characterized and
can give both molecular information and information about how small molecules affect the cell

membrane interface.

(B) Liposome
(A) Black Lipid Membrane (BLM) (C) Micelle

(D) Reverse Micelle (RM)

(E) Langmuir Monolayer

Figure 1.3. Schematics of a Black Lipid Membrane (BLM, A), a liposome (B), a micelle (C), a reverse micelle
(D), and a Langmuir monolayer (E). The blue represents water, yellow represents hydrophobic
solvent/region, and lipids/surfactants are given in pink.
1.2.1.1 AOT Reverse Micelles

Reverse micelles (RMs) are inverted micelles described as containing a nano-sized water pool
surrounded by surfactant and dissolved in organic solvent (Figure 1.4).3” ** To form this ternary
microemulsion, water, organic solvent and a surfactant are mixed together and upon agitation, the RMs
spontaneously form.3”3% 4 Once formed, RMs, on average, are spheres consisting of a bulk water core, a

more solid Stern layer of the water near the headgroups of the surfactant, the surfactant tail region, and

the organic solvent.?”3% %3 Shown in Figure 1.4 is an RM formed from one of the more commonly utilized



ternary systems which consists of water, the sodium salt of AOT, and 2,2,4 trimethylpentane as the

organic solvent (isooctane).37-3% 4345
(A) Aerosol-OT (AOT) Structure (B) wp 12 RM (C) wp 5RM
R0 7
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Figure 1.4. Chemical Structure of Sodium AOT (A), illustration of a wy 12 RM (B), and an illustration of a wy
5 RM (C). The location of the Na* ions within the Stern layer are given by red circles (B and C), and water
within the Stern layer is given by blue circles. The number of Na* within the Stern layer relates to 80-90%
of the Na* as is consistent with computational studies.*® This figure was adapted from Crans et al.**

RMs have been characterized by numerous methods including spectroscopies such as ultraviolet-
visible (UV-Vis), dynamic light scattering (DLS),**” infrared (IR), and nuclear magnetic resonance (NMR).38
Utilizing these methodologies, RM characteristics have been found to be dependent on a number of
factors, but primarily RMs are altered by changing the water to surfactant ratio (wo =[H.0]/[Surfactant]).3*
39,43, 45,4748 15t by altering the RM wy value, desired characteristics of the RMs can be acquired easily. As
shown in Table 1.1, many characteristics of the RM can be calculated from known values in literature
allowing for a highly controllable system including the volume of the RM (V4), volume of the water pool
(Vw), surface area of the RM (SA:), surface area of the water pool (SAw), AOT per RM surface area
(AOT/SAn), and AOT per water pool surface area (AOT/SAw).3® *° Then by taking the ratio of the AOT per

surface area of the RM to AOT per surface area of the water pool, it is clear that within the larger RM (wg

20) the overall shape of the AOT is shape altered slightly to have more of a conical shape (increasing tail



area per headgroup area). By comparing the varying characteristics of varying wy values of RMs, the

interactions of molecules within the RM interface have been very successfully characterized.33-36: 4445 48-52

The author would recommend a review by De et al. for a more detailed description of RMs.?” Therefore,
the RM interface has been used as a general model for a cellular membrane to study the molecule
interactions of molecules with a surfactant interface.3% 4449

Table 1.1. Size description of RMs within Isooctane.? ®The table outlines the reverse micelles (RM)
hydrodynamic radius (Rn), water pool radii (Rw), aggregation number (average AOT molecule per RM, Nagg),
volume of RM (V4), and volume of water pool (Vy), surface area of the RM (SA.), and surface area of the
water pool (SA) ; Literature value of Ry, Rw, and nagg are from Maitra and Day et al.;*® * Values of Vy, Vy,
SA, SA,, and the number of water molecules were calculated here from values given by Maitra and Day
et al 3%
Wo Rn Rw Nage Vh Vw SAn SAw SAnh per AOT | SAw per AOT (SAn per AOT)

(nm) | (nm) | (nm) | (nm3) | (nm3) | (hm?) | (hnm?) | (nm?/AOT) (nm?/AOT) | /(SAw per AOT)

8 3.2 1.6 72 140 17 130 32 1.8 0.43 4.2
12 3.7 2.2 129 210 45 170 61 1.3 0.47 2.8
16 | 4.2 2.9 215 310 100 220 110 1.0 0.51 2.0
20 | 44 3.5 302 360 180 240 150 0.77 0.50 1.5

1.2.1.2 Langmuir Monolayers

Originally developed by Agnes Pockels, but later named after Irving Langmuir’s version of the
monolayer, Langmuir monolayers are described as single molecule thick films residing on an aqueous
subphase as depicted in Figure 1.5.% %> Langmuir monolayers are formed by the addition of a volatile
organic phospholipid solution to an aqueous subphase in a dropwise manner.*> %3-5 Once added to the
subphase, the volatile organic solvent evaporates and an insoluble monolayer of lipids forms at the air-
water interface with the headgroups of the lipids in the water.*? 5> Langmuir monolayers can be formed
using many types of lipids or even lipid extracts from cells to allow for as close to a cellular membrane
mixture as possible if preferred.>®>” The presence of the lipid monolayer then reduces the surface tension
of water (72.8 mN/m) which can then be measured by a wire probe connected to a balance (Wilhemy

).58

plate method).”® The surface pressure (1) of the monolayer can be calculated by subtracting the surface

tension of water in the presence of lipid (y) from the initial surface tension of water (yo, 72.8 mN/m) as



shown in equation 1.1.%*°° By measuring the area the monolayer covers at specific surface pressures,
expansion or contraction effects on the lipid monolayer by other molecules can be determined. 42>
T=yo—y (L1

The most common experiment used to determine the area of the Langmuir monolayer is the
compression isotherm. As the name implies, a compression isotherm is an experiment where the
Langmuir monolayer is compressed at a specific temperature and at a given rate (usually 10 mm min™ or
less). During this experiment, phase transitions of the lipids can be observed as shown in Figure 1.5. These
phase transitions especially apparent with DPPC since it spreads across the aqueous interface and will
exhibit all of the phase transitions.’®Y” Other lipids may not exhibit these phase transitions due to a limited
amount of spreading across the water interface.'®” The resulting graphs from the compression isotherms
are read from right to left as the area per molecule is decreased (monolayer is compressed). During this
compression, the surface pressure is recorded at specific areas which can give information about the
phase transitions of the lipids.*®*? For example, at about 5 mN/m a phase transition of DPPC from gas
phase to liquid phase can be observed and a collapse of the monolayer occurs at higher pressures.*! During
a compression, the lipids present transition from being in a gas-like state to a liquid-like state, and finally
to a solid-like state with the pressures of 30-35 mN/m being accepted as near biologically related lipid
densities.*> >® The author would recommend the review by Kaganer et al. for a more detailed description
of Langmuir monolayers.>®> As Langmuir monolayers are currently the only method to determine how lipid
density can affect interactions with small molecules and they are composed of any lipid of choice (as long
as they are insoluble in the aqueous subphase), the following studies use Langmuir monolayers as another

model membrane of choice.
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Compression Isotherm Experiment Example
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Figure 1.5. Example compression isotherm of a DPPC Langmuir monolayer. The compression isotherm
graph reads from right to left and has an illustration of the lipids at each phase of the compression
isotherm curve.

1.4  Studies of the Subsequent Chapters

Within these studies, physical and chemical characteristics behind membrane interactions of small
molecules are explored. Chapter one explores the membrane interactions of a common food preservative
as a function of pH.3* Chapter three shows that even small structural differences can affect the specific
interactions with interfaces using small aromatic amides and hydrazides. Then in chapter four, the
interactions of an electron transporter with phospholipids is explored as a function of phospholipid
density. Finally, Chapter five discusses future studies and the direction the author believes these studies
should resume.

In chapter one, the pH dependence of the membrane interactions of small molecules is discussed in
terms of the weak acid preservative, benzoic acid. The interactions of benzoic acid and benzoate with
model membrane systems was characterized to understand the molecular interactions of the two forms

of a simple aromatic acid with the components of the membrane. The RM microemulsion system based

11



on AOT allowed determination of the molecular positioning using *H 1D NMR and H-'H 2D NMR
spectroscopic methods. Benzoic acid and benzoate were both found to penetrate the membrane/water
interfaces; however, the benzoic acid was able to penetrate much deeper into the hydrophobic tail region
of the AOT RM microemulsion. This data would suggest that benzoic acid is much more readily able to
traverse a cellular membrane. The Langmuir monolayer model system, using DPPC, was used as a generic
membrane lipid for a cell. Compression isotherms of monolayers demonstrated a pH dependent
interaction with a lipid monolayer and confirmed the pH dependent observations shown in the reverse
micellar model system. These studies provide an explanation for the antimicrobial activity of benzoic acid
while benzoate is inactive against microorganisms.34

Pyridine based small molecule drugs, vitamins, and cofactors are vital for many cellular processes, but
little is known about their interactions with membrane interfaces and is discussed in chapter two. This
study explores how minor differences in small molecules (isoniazid, benzhydrazide, isonicotinamide,
nicotinamide, picolinamide, and benzamide) affect their interactions with model membranes. Langmuir
monolayer studies of DPPC or DPPE, in the presence of the molecules listed, show that isoniazid and
isonicotinamide affect the DPPE monolayer at lower concentrations than the DPPC monolayer,
demonstrating a preference for one phospholipid over the other. The Langmuir monolayer studies also
suggest that nitrogen content and stereochemistry of the small molecule can affect the phospholipid
monolayers differently. To obtain determine the molecular interactions of the simple N-containing
aromatic pyridines with a membrane-like interface, 'H 1D NMR and 'H-'H 2D NMR techniques were
utilized to obtain information about position and orientation of the molecules of interest within AOT RMs.
These studies show that all six of the molecules reside near the AOT sulfonate headgroups and ester
linkages in similar positions, but nicotinamide and picolinamide tilt at the water-AOT interface to varying
degrees. Combined, these studies demonstrate that small structural changes of small molecules can affect

their specific interactions with membrane-like interfaces, and specificity toward specific cells.>®
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Chapter four discusses how lipid density and varying lipid types can affect the interactions with the
Mycobacterium tuberculosis electron transporter, Menaquinone-9 (MK-9). Despite quinones from
different organisms having varying structures, they are all thought to move within their respective
electron transport systems similarly. All quinones within the electron transport chain are commonly
illustrated as moving through the bilayer in a circular motion. This is even true with the electron
transporter, MK-9, even though little information about the interactions of MK-9 with phospholipids is
known. In this study, the interactions of MK-9 with common phospholipids, DPPC and DPPE, were
determined using Langmuir monolayer techniques. Through the compression isotherm mixed monolayer
studies, ideal area calculations, normalization to phospholipid content, and compression modulus
calculations, these studies show that MK-9 does get partially compressed out of the monolayers, but not
to the extent as has previously been reported. Brewster Angle Microscopy (BAM) studies were able to
confirm most of the observations make through the surface pressure measurements. These studies
specifically show that MK-9 does become partially compressed out of the Langmuir monolayers in a
manner that would be consistent with the interactions of other quinones with lipids.

The summary, implications, and direction the author believes to be the next steps in these studies are
presented in chapter five. Through the previous studies in chapters two through four, a few of the physical
and chemical characterisitcs behind molecular interactions with membrane interfaces were explored.
Though chapter one, the effects of pH on the membrane interactions of were determined, small structural
differences affecting membrane interactions were explored in chapter three, and lipid density affects
were determined for an electron transporter in chapter four. These studies have implications far and wide
in the food industry, drug industry, and the mechanism behind electron transport within the bilayer of
cells. There are many avenues for future studies from the studies presented here, but some of the most
interesting would be to measure the pK, of a few weak acids within the membrane interface using

Langmuir monolayers, use insertion profiles of Langmuir monolayers at varying pH values to show that
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the membrane interface affinity of molecules change as a function of pH, and computational studies of

qguinone interactions with membranes.
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Chapter 2: pH Dependence for Cellular Uptake: Weak Acid Food

Preservatives

2.1 Weak Acid Food Preservatives as Antimicrobials

There are many methods used for food preservation that are in use today.?? Of them, the weak acid
preservatives are some of the most widely utilized in food and beverages to prevent the growth of
microorganisms.2* The weak acid preservative class (E200-E299) includes weak acids such as acetic acid,
formic acid, and benzoic acid (HB). Weak acid preservatives only have antimicrobial activity when in an
acidic environment (below their pK.).}? This has been shown through numerous experiments where
consistently the weak acids become more able to diffuse across cell and organelle membranes as the pH
of the media is decreased.” > This is likely due to the differences in the interactions of the charged
conjugate base and uncharged acid with the membrane interface.?*?°

To combat weak acid preservatives, the adaptation of Saccharomyces cerevisiae (S. cerevisiae) has
been well characterized in relation to larger weak acids such as benzoic acid (HB).2* 71! Considering that
the acid is uncharged and the conjugate base is negatively charged, it’s thought that the neutral acid can
diffuse across the cellular membrane. Once across the membrane, the HB dissociates into the conjugate
base (benzoate, B) and a proton within the higher pH cytosol.® 8 After this dissociation, the intercellular
environment pH decreases and an accumulation of toxic B', and an upregulation of the transcription factor
Pdri2 occurs.t*'” pdr12 codes for an ABC transporter (Pdrl12) that exports carboxylic acids.'>’
Simultaneously, an ATPase that exports protons is upregulated (Pmal) to restore the homeostatic pH of
the cytosol.” 1 After Pdr12 exports B into the cytosol with a low pH, B reprotonates and HB forms. This

event then leads to the final step of what has been described as a futile cycle and has been described in

detail using HB and B as the weak acid preservative by Piper et al. shown in Figure 2.1.%%° Although the
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details behind how HB affects microorganisms such as S. cerevisiae have been studied in detail, little
information is available about the differences between the interactions of HB and B with the cell
membrane.

Therefore, this chapter aims to determine if there are differences in interactions with membrane
interfaces between HB and B". Using HB and B~ as models for the weak acid food preservative class, we
hypothesize that HB and B interact with membranes differently with interfaces which allows for the
preferential entry of HB into the cell. Specifically, HB can penetrate deeper into a membrane interface
than B, which will prefer to stay within water. To test this hypothesis, we used reverse micelles in
conjunction with *H NMR techniques and surface pressure compression isotherms of Langmuir
monolayers comprised of dipalmitoylphosphatidylcholine (DPPC) as discussed in greater detail in the

previous chapter or within the published manuscript.?

Extracellular Space (low pH)

A A
Passive
ATP ADP Y ATP ADP
HA .
1 H
A } H*

A

Cytosol (neutral pH)
Figure 2.1. Diagram representing the “futile” cycle described by Piper et al. for S. cerevisiae with more
solid arrow outlining the importance of passive diffusion for weak acid uptake into the cell®>% A, H*,

HA, ATP, and ADP represent, the conjugate base of the acid, proton, weak acid, adenosine triphosphate,
and adenosine diphosphate respectively.
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2.2 Materials and Methods

2.2.1 Materials

Most reagents were used without further purification including HB (Sigma-Aldrich, 299.5%), 2,2,4-
trimethylpentane (isooctane, Sigma-Aldrich, 299.0%), deuterium oxide (D,O, Cambridge Isotope
Laboratories, 99.9%), 1,2-dipalmitoyl-sn-glycero-3- phosphocholine (DPPC, Avanti Polar Lipids Inc., >99%),
d6-dimethyl sulfoxide containing tetramethyl silane (ds-DMSO, Cambridge Isotope Laboratories, 99.9% +
0.05% TMS), activated charcoal (Sigma-Aldrich, 8-20 mesh), methanol (Omnisolve, 99.9%), 3-
(trimethylsilyl)- propane-1-sulfonic acid (DSS, Wilmad), hexane (Fisher Scientific, 99.9%), and isopropanol
(EMD, 99.8%). Bis(2-ethylhexyl)- sulfosuccinate sodium salt (AOT, Aldrich, 99.8%) was purified using
activated charcoal and methanol to remove acidic impurities as described previously.?! Briefly, 50.0 g AOT
was dissolved into 150 mL of methanol. Then 15 g activated charcoal was added to the mixture. This
suspension was stirred for 2 weeks. After mixing, the suspension was filtered to remove the activated
charcoal. The filtrate was then dried under rotary evaporation at 50 °C until the water content was below
0.2 molecules of water per AOT as determined by *H NMR spectroscopy. All pH measurements were
conducted using a Thermo Orion 2 Star pH meter equipped with a VWR semimicro pH probe. When
conducting the NMR experiments, deuterium oxide was used in the presence of aqueous solutions and
the pH was adjusted to consider the presence of deuterium (pD = 0.4 + pH).2! The pD is customarily
referred to as pH and therefore we refer to pD as pH.22®> NaOD and DCI solutions were prepared by
dissolving NaOH or HCl into D,0.
2.2.2  Preparation of Aqueous Solutions of HB and B~ for 'H 1D NMR Experiments

The aqueous stock solution was prepared by dissolving HB (0.031 g, 0.25 mmol) in D20 (25.0 mL). This
10 mM solution was then separated into 2 mL aliquots. The pH of each of the aliquots was adjusted using

NaOD or DCI (1.0 and 0.1 M) to prepare a range of pH values.

20



2.2.3 Preparation of AOT-Isooctane Stock Solutions and Reverse Micelle Microemulsions of HB
and B for 'H 1D NMR Experiments

The 750 mM AQT-isooctane stock solution was prepared by dissolving sodium AOT (8.34 g, 18.8 mmol)
in isooctane (25 mL). Specific volumes of the AOT stock solution was added to specific volumes of the
aqueous stock solutions of HB or B~ and vortexed until clear to form reverse micelles of wy values of 20,
16, 12, and 8 (wo = [H,0]/[AOT]).
2.2.4 'H 1D NMR Experiments with Reverse Micelle Microemulsion and D20 Samples

IH NMR experiments were performed using a 400 MHz Varian NMR spectrometer using a 45° pulse
at 25°C. The aqueous samples were referenced to an external DSS sample at the same pH. The pH of the
reverse micelles was assumed to be the same as the aqueous solutions. Reverse micelle samples were
referenced to the isooctane methyl peak (0.904 ppm) as previously reported.” *H 1D NMR spectral data
were analyzed using MestReNova NMR processing software version 10.0.1. Chemical shifts of proton H,
for HB and B~ were then transferred to OriginPro version 9.61 where the chemical shifts were graphed as
a function of pH. A best fit sigmoidal curve was fit to the data points and the pH corresponding to the
maximum of the derivative of the best fit curve allowed for the determination of the pK, of HB in both the
aqueous and reverse micelle solutions.
2.2.5 Preparation of B~ Containing Reverse Micelles for 1H-'H 2D NOESY NMR Experiments

To prepare the 200 mM B™ aqueous stock solution, HB (0.0050 g,0.040 mmol) was dissolved into 2 mL
of doubly deionized (DDI) H,O as the pH was adjusted to 7.8 using HCl and NaOH (1.0 and 0.1 M). The 750
mM AOT stock solution was prepared by dissolving sodium AOT (0.333 g, 0.750 mmol) into 1 mL of 95%
isooctane/5% di.-cyclohexane (v/v). The wp 16 reverse micelles were then prepared by dissolving 215 uL
of B aqueous stock solution into 785 uL AOT stock solution for a final concentration for 43 mM B in the

overall reverse micellar microemulsion.
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2.2.6 Preparation of HB Containing Reverse Micelles for 'H-'H 2D NOESY NMR Experiments

To prepare the 200 mM HB sample, HB (0.0053 g, 0.043 mmol) was added to 215 uL of D,0. To this
suspension, 785 uL of 750 mM AOT stock solution in isooctane was added to the suspension. The AOT
stock solution was prepared as previously described in section 2.2.5. The mixture was then vortexed until
all HB was dissolved, and the mixture turned clear.

2.2.7 'H-'H 2D NOESY NMR Experiments of B~ or HB Containing RMs

The H-'H 2D NOESY NMR spectra were obtained using a 500 MHz Varian NMR at 25 °C. The
experiments were conducted using a standard pulse sequence with 32 scans per transient, 200 transient
pairs in the f1 dimension, 200 ms mixing time, and the NMR was locked onto di; -cyclohexane. The
spectrum was referenced to the isooctane methyl peak at 0.904 ppm as previously reported and the data
was processed using MestReNova NMR processing software. The *H-'H 2D NOESY spectrum was worked
up by first mildly phasing the spectrum in both the f1 and f2 dimensions then subjecting the spectrum a
90° sine? weighting function. Then a 3™ order Bernstein polynomial baseline. After baselining, the
spectrum was then subjected to a cozy-like symmetrization function.

2.2.8 Reverse Micelle Sample Preparation for Dynamic Light Scattering

HB (0.012 g, 0.10mmol) was dissolved into 10 mL of DDI H,0 to prepare a 10.0 mM stock solution. The
pH of the of aliquots (5 mL) of HB was adjusted to 3.0 and 7.0 with HCl and NaOH (1.0 and 0.1 M). The 100
mM AOT stock solution was prepared by dissolving sodium AOT (8.89 g, 20.0 mM) into 200 mL isooctane.
The reverse micelles were prepared then by adding specific volumes of DDI H,0 or HB solution at specific
pH values to specific volumes of AOT stock solution and vortexed until clear to prepare reverse micelles
sizes of wp 20, 16, 12, and 8.

To prepare the 200 mM samples of HB, 0.0035 g (0.029 mmol) of HB was dissolved into 5 mL of w, 16
reverse micelle solution by vortexing until the solution was clear. To prepare the 200 mM B solution,

0.049 g (0.40 mmol) of HB was dissolved in 2 mL of DDI H20 while the pH was adjusted to 9.0 using HCI
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and NaOH (1.0 and 0.1 M). Then 5 mL of wy 16 reverse micelle solution was prepared by mixing the 200
mM B~ solution with 100 mM AOT solution.

The 1 cm x 1 cm glass cuvettes used for the dynamic light scattering (DLS) measurement were cleaned
by first rinsing 3 times with isooctane followed by rinsing three times with the sample solution to be
measured. The cuvettes were then filled with 1 mL of a reverse micelle sample and capped with a Teflon
cap. ldentical results were obtained whether samples were filtered or not as has previously been done.
Each sample was made in triplicate and measured according to section 2.2.9.

2.2.9 DLS Measurements of Reverse Micelle Solutions

DLS measurements were conducted using a Zetasizer nano-ZS. Each measurement consisted of a 700
s equilibration time at 25 °C followed by 10 acquisitions consisting of 15 scans for each acquisition. The
data was analyzed using Zetasizer software and the values reported are the average of triplicate samples.
2.2.10 Langmuir Monolayer Studies

Langmuir monolayers of dipalmitoylphosphatidylcholine (DPPC) were prepared using a Kibron
UTroughXS (59 mm wide and 232 mm long) The subphase consisted of 25 mL of DDI H,0 or 1.0 mM HB
(0.0031 g, 25 umol) at pH 7.0 or 3.0. The pH was adjusted using HCl or NaOH (1.0 and 0.1 M). The
phospholipid 2.7 mM stock solution of DPPC consisted of 2.7 umol DPPC dissolved in 1 mL of n-
hexane/isopropanol (3:2, v/v). DPPC stock solution was applied to the surface of the subphase (7 uL, 19
nmol) in a dropwise manner. This was then allowed to equilibrate 10 minutes. The trough barriers were
then compressed at a constant rate of 35 mm min?. Surface Pressure was monitored throughout
compression via the Wilhemy plate method where a wire probe was used in place of a plate. The surface
pressure is calculated using equation 1 where 1t is the surface pressure, y, is the surface tension of water

without lipid present (72.8 mN/m), and y is the surface tension in the presence of lipid.?* 2°

T=Y,—Y (1)
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The results of each measurement are reported as an average of three trials. The compression modulus

of each average was calculated as previously reported using equation 2 where C;! is the compression

modulus, A is the area per molecule, and 1t is the surface pressure.?* 2526

1 _ g (dm
¢t =-4(3) @)
2.3 Results and Discussion
2.3.1 H NMR Spectra of Aqueous HB and B
Ha @] Ha (@]
=4.65
Hc H .
on PKa 0
Hb Ha Hb Ha
Hc Hc
Benzoic Acid (HB) Benzoate (B_)

Figure 2.2. Chemical Structures of HB and B~ with labeled protons for *H NMR interpretation. The pK, of
HB is from Wehry et al. and is the pK, in D;0.%

With the only structural difference between HB and B being the protonation state (Figure 2.2), a
titration of HB/B™ was conducted in D,0 to determine if it was possible to see chemical shift differences
using *H NMR (Figure 2.3). Below pH 3.6, the chemical shifts of the aromatic protons of HB/B™ do not shift.
Between pH 3.6 to 6.0 the three HB/B™ aromatic proton peaks shift (Ha (-0.17 ppm), Hy (-0.14), and Hc (-
0.07 ppm)). Above pH 6.0, the chemical shifts of the aromatic protons of HB/B" do not change. The
chemical shifting pattern is interpreted as HB being the only species present below pH 3.6, B” being the
only species above pH 6.0, and varying mole fractions of HB and B™ between pH 3.6 and 6.0. As the pH
increases from 3.6 to 6.0 the ratio of HB to B" decreases. Using this curve, it was possible to determine

that the pKa value in D0 was 4.7 which is in agreement with the reported literature value of 4.65. 2728
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Figure 2.3. Titration from pH 1.2 to 9.3 of 10 mM HB/B" in D,0. *H NMR peaks are labeled with according
the HB/B" structures in Figure 2.2.

2.3.2 H NMR of HB and B~ in Reverse Micelles

Considering there is a difference between the HB and B aromatic proton chemical shifts, it is then
possible to independently study HB and B~ with the reverse micelle model membrane. For an initial study
to place HB and B” within a model membrane, HB or B- were added to varying sizes of reverse micelles to
determine how the varying environment of the differently sized reverse micelles (wo 20, 16, 12, and 8)
affect the chemical shifts of the aromatic protons of HB or B".

The HB aromatic proton peaks all have different chemical shifts than what was found in the varying
RM samples as shown in Figure 2.4. From the D,0 sample to the RM sample with the least amount of D,0
(wo 8) the peak corresponding to H, shifted downfield (+0.6 ppm) and the peaks corresponding to H. and
Hp shifted upfield (-0.3 ppm and -0.2 ppm respectively). The upfield shifting of Hy, and H. proton peaks is
consistent with a reduction in solvent polarity.? The downfield shifting of the H, proton peak is likely

caused by a difference in hydrogen bonding of the carboxylic acid with D,0 and the AOT interface. When
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considering the peak broadness, the HB aromatic proton peaks are sharpest when HB is in the D,0 sample,
and the peaks become sharper as the RMs are smaller. This is consistent with HB residing within the AOT
aliphatic chains, otherwise the peak sharpness would be similar to that of D,0.2* Although the reverse
micelle microemulsion is a heterogeneous environment, it is conceivable that HB forms dimers under
these conditions causing the shifting that is observed.3*3! The samples contain few HB molecules (1.1
molecules or fewer on average) requiring a high affinity to form dimers within the RM microemulsion (see

Table 2.1).2%32
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Figure 2.4. 'H 1D NMR spectra of 10 mM HB (pH 1.2, A) and B (pH 9.3, B) aromatic protons inside RMs of
varying w, values (left of spectra) and D,0O. *H NMR peaks are labeled with according the HB/B" structures
in Figure 2.2.

The B aromatic proton peaks have a very different shifting pattern than that found with HB, as Shown
in Figure 2.4. The shifting of all the aromatic B~ proton peaks were more gradual from the D,O sample to
the RM with the least amount of D,O (wp 8) where H, shifts downfield (+0.1 ppm), and H, and Hc shift
upfield (-0.1 ppm and -0.1 ppm respectively). Within the larger of the RMs (wp 20), the B- chemical shifts
are similar to that found in D;0, but then shift as the RM size is reduced suggesting placement of B near

the Stern layer of the RM. The peak broadness is of the B- aromatic proton peaks is also similar to that

found in D,0 for the wy 20 RM sample supporting the finding that B resides within the water.
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2.3.3  H NMR Titrations of HB Within Reverse Micelles

In order to explore the pH dependence of HB with the RM model membrane further, titrations within
RMs of varying sizes were conducted. Figure 2.5 depicts the titration of HB within wy, 16 RMs and
compared to HB and B in aqueous solution. As the pH decreased within the RM samples, the peak
corresponding to H, shifts gradually downfield (+0.2 ppm) in a similar manner as with the D,O samples.
This similarity is consistent with B- becoming protonated at lowering pH values. The slight downfield shift

of the H, peak also suggests a placement near the Stern Layer.
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Figure 2.5. Titration from pH 1.2 to 9.3 of 10 mM HB/B" in w, 16 reverse micelles with 10 mM HB/B D,0O
spectra at pH 1.2 and 9.3 for comparison. *H NMR peaks are labeled with according the HB/B structures
in Figure 2.2.

In contrast, The Hc and Hy, peaks at high pH values (ex. 9.3) have similar chemical shifts as the D,0

sample, but shift upfield (-0.10 ppm, instead of downfield in D;0O) as the pH is lowered. Considering a

protonation of B* causes a downfield shifting as shown in the D,0 titration, this upfield shifting pattern is
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most likely due to a difference in placement of B and HB within the RM interface (Stern Layer vs AOT
aliphatic tails respectively). This shifting pattern is consistent within many sizes of RM as shown in Figure
2.6. In summary HB/B" are positioned in a pH dependent manner, where B- would prefer the Stern layer

and HB is closer to the RM aliphatic tails.
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Figure 2.6. Chemical shifting of HB/B" aromatic protons peaks as a function of pH for H, (A), Hy (B), and H.
(C) in RMs of w, values of 8, 12, 16, and 20. The chemical shifting of HB/B™ aromatic protons in the D,O
spectra were added for comparison. *H NMR peaks are labeled with according the HB/B" structures in
Figure 2.2.

The titrations also allowed for the determination of the pK, of HB within the RM interface. Considering
that the chemical shift of the H, peak is most affected by the protonation state of HB/B™ and consistently
shifts in a similar manner in RM and aqueous samples, the H, chemical shift was used to calculate pK,. The
pKa values determined to be 4.0 (wp 20), 4.1 (ws 20, 16), and 3.7 (wp 8). The pK, values decrease from the
D,0 sample to RM samples (-0.6 to -0.9) which is most likely due to an interaction with the AOT interface
or characteristic of the reverse micellar interface, supporting an interaction of HB/B with the RM
interface.

2.3.4 H-'H 2D NOESY NMR of HB and B~ Within Reverse Micelles
To confirm the *H 1D NMR study findings, more information was sought using *H-'H 2D NOESY NMR

for direct information about placement of HB and B* within the AOT RM interface. For both HB and B’, the

concentration was raised to 200 mM within the RM water pool (43 mM overall) to compensate for the
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lowered sensitivity of the experiments as compared to the *H 1D NMR experiments. Partial *H-H 2D

NOESY NMR spectra are shown in Figure 2.8 to focus on the region of interest.

AOT or isooctane
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Figure 2.8. 'H-'H 2D NOESY NMR spectra of 200 mM HB (A) and B (B) in w, 16 RMs. Both Spectra were
run using the standard *H-'H NOESY NMR pulse sequence and spectra were processed as described in
section 2.2.7. Correlations between off-diagonal peaks and diagonal peaks are indicated by lines. *H NMR
peaks in the f1 dimension are labeled with according the HB/B structures in Figure 2.2.

In Figure 2.8, off-diagonal cross peaks between H, and Hyp/H. for both HB and B can be observed and
is expected considering the corresponding protons are within the same aromatic ring. When just
considering HB (Figure 2.8A), very small off-diagonal cross peaks between H, and Hy/H. with the peak
corresponding to the AOT/isooctane methyl can be observed at 0.9 ppm in the f2 dimension. This finding
would be consistent with a placement of HB within the aliphatic regions of the RM microemulsion. Moving

to B (Figure 2.8B), small off-diagonal cross peaks between the aromatic proton peaks of B and H,0 can

be observed at 4.6 ppm in the f2 dimension. This is consistent with placement of B within the water pool.
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It is important to note that the spectra were extensively worked up to be able to obtain the observed
peaks through the noise level. This most likely introduced some artifacts like the one observed at about
1.2 ppm and 1.4 ppm in the f2 dimension in Figure 2.8B. Although the spectra had to be extensively
worked up, the data does support the findings of the *H 1D NMR experiments where B resides within the
water, and HB resides within the aliphatic region.

2.3.5 DLS of RMs Containing HB or B

For further characterization of the RM microemulsion system, DLS was used to determine if RMs were
forming and of appropriate size in the presence of the concentrations of B and HB used for the NMR
studies. As shown in Table 2.1, the hydrodynamic radius, radius of the water pool, the polydispersity, the
aggregation number, and the average molecules per RM are given. Overall, it seems that there may be a
slight decrease in hydrodynamic radius when 200 mM B- is present within wy 16 RMs (12.4 molecules per
RM) but more information should be acquired before making any conclusions. Otherwise, the size of the
RMs were consistent in the presence of HB/B  and was consistent with literature values.®® This would
suggest that any kind of alteration to the RM structure caused by the presence of HB/B™ is minor and is

not observed within this study.
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Table 2.1. Comparing Sizes of RMs of Different wo Values with and without HB/B?2The table outlines the
contents of the reverse micelles (RM), their relative observed hydrodynamic radii (Rn), water pool radii
(Rw), polydispersity index (PDI), aggregation number (nagg), and molecules per reverse micelle as calculated
using the aggregation number (# AOT/RMs); Literature value is from Maitra.>

wo RM content Rh (nm) Rw(nm) PDI Rn reported Tage HB/B per RM
(nm)®
20 Water 4.7 +/-0.2 3.6+/-0.2 0.3+/-0.1 4.4 302 0
10 MM B 4.4 +/-0.3 3.3+/-0.3 0.6+/-0.1 1.1
10 mM HB 4.5 +/-0.4 3.4+/-0.4 0.4+/-0.1 1.1
16 Water 4.1+/-0.1 3.0+/-0.1 0.3+/-0.1 4.2 215 0
10 MM B 4.4+/-0.8 3.3+/-0.8 0.4+/-0.1 0.6
10 MM HB 4.0+/-0.3 2.9+/-0.3 0.4+/-0.1 0.6
200 mM B- 3.8+/-0.1 2.7+/-0.1 0.3+/-0.1 124
200 mM HB 4.4 +/-0.7 3.3+/-0.7 0.4+/-0.1 12.4
12 Water 3.9+/-0.4 2.8+/-0.4 0.3+/-0.1 3.7 129 0
10 MM B 3.7+/-0.2 2.6+/-0.2 0.3+/-0.1 0.3
10 MM HB 3.5+/-0.3 2.4+/-0.3 0.4+/-0.2 0.3
8 Water 3.7+/-0.9 2.6+/-0.9 0.9+/-0.1 3.2 72 0
10 mM B 3.6+/-0.8 2.5+/-0.8 0.2+/-0.1 0.1
10 mM HB 6.6 +/-1.0 2.5+/-1.0 0.2+/-0.1 0.1

2.3.6  Langmuir Monolayers of the Phospholipid DPPC in the Presence of HB/B"

To determine the interactions of HB/B™ with a phospholipid interface, DPPC, compression isotherms
of Langmuir monolayers were used. In order to differentiate between the interactions of HB from B~ with
DPPC, the aqueous subphase was prepared at pH 2.9 when studying HB and pH 7.0 when studying B~.2"28
In the presence of B (Figure 2.9A), the DPPC monolayer decreases the area per molecule between the
surface pressures of 5 mN/m and 25 mN/m. Conversely, the presence of HB increases the area per
molecule between the same surface pressures. This data suggests that B~ had a condensing effect on the
DPPC monolayer when the DPPC monolayer was in liquid phase, while HB did the opposite, showing a

protonation state dependence on the interactions with the phospholipids.
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Figure 2.9. Compression isotherm surface pressure measurements of DPPC monolayers as a function of
area per molecule (A) with the subphase consisting of either DDI H0 or 1 mM HB/B at pH 7.0 or 2.9. The
compression moduli (B) were calculated from the compression isotherm data using equation 2 with the
maximum compression modulus indicated by the arrows.

To determine how the presence of HB or B™ can affect the compressibility of the phospholipid, the
compression modulus of each average compression isotherm was calculated and shown in Figure 2.9B.
The maximum compression modulus (Cs1) was increased in the presence of B, but HB had no effect on
the maximum compression modulus. Generally, an increase in compression modulus is consistent with a
decrease in compressibility (more difficult to compress).2>26 Therefore, the presence of B-causes the DPPC
monolayer to become more difficult to compress in the solid phase (above 25 mN/m) presumably through
charge repulsion with the phosphates of the DPPC and B". This data suggests that despite the charge on
B, it still interacts with the DPPC interface even at physiological phospholipid densities (30-35 mN/m)3*
and there is a pH dependence on the interactions of HB/B™ with a phospholipid interface.

2.3.7 Comparing Interactions of HB and B” with RMs and Langmuir Monolayers

The interactions of HB and B~ with model membranes were characterized using different methods to
evaluate the effect that the protonation state has on the interactions of HB/B~ with model membrane
interfaces. The 'H 1D NMR and H-'H 2D NOESY NMR studies with RMs repeatedly show a pH dependent

placement within the RM system where B™ can be positioned near the Stern layer of water and HB can be
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positioned within the AOT aliphatic tails. The DLS experiments were able to show that the placement of
B~ and HB did not affect, or minimal effect on the RM structure. A pH dependent interaction of HB/B" was
also shown using DPPC Langmuir monolayers further confirming that the protonation state of HB/B  is a
deciding factor in its membrane interface interactions.
2.3.8 Comparing HB/B~ Membrane Interactions to Previous Studies

It is known that weak aromatic carboxylic acids interact with interfaces in both the anionic and neutral
protonation states.?®> Even the doubly deprotonated dipicolinate was found to reside within the AOT
interface instead of the RM water pool.2® This study shows that B~ did not reside as deeply in the RM
interface as anionic dipicolinate species which is likely due to differences in specific interactions with the
AOT sulfonate headgroups.?> 3¢ The HB natural species was found to reside at least as deep into the AOT
aliphatic region as the dianionic dipicolinate species and similar to benzyl alcohol.? 3637 Previously, HB
and B had been shown to interact with the interfaces of anionic and cationic micelles but the specific
molecular detail and the difference in the preferred placement within the interface were not explored.®

Phenols have been shown to exhibit a time dependent protonation caused by hydrogen bonding with
the AOT.3® Similar observations were not observed with HB/B~. We hypothesize this difference originates
in the structural difference of phenol and benzoic acid molecules. A possible result of this difference could
be that phenolates are residing deeper into the AOT interface than benzoate. Deep penetration into the
interface would result in an increase in the pK, value of the phenol because the protonated form would
be the more stable form. The pK, for benzoic acid changes only a modest amount and not as dramatic as
the change in the pK, value for phenol. The fact these compounds are impacted differently by the reverse
micelle is consistent with a fundamentally different placement and interaction with the interface. We
show here that HB is able to penetrate into a surfactant interface much deeper than the corresponding

anion B~, but that both compounds penetrate the surfactant/lipid interface.
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2.3.9 Biological Implications

As a common preservative, it is important to investigate the interactions of HB with membranes.
Especially considering that HB is able to preserve foods and drinks from both bacterial and eukaryotic cell
growth. Generally, the data presented within this chapter suggests that HB is able to penetrate a
membrane interface much more easily than B". This is most likely due to the difference in charge between
HB and B- which is supported by the observation that weak acid preservatives are more useful for food
and drink preservation below their pK, values (4.2 for HB in H,0).%2 Below the pK, value, the dominant
species is HB, and therefore is able to cross penetrate the membrane of a cell. Once inside the cytoplasm
(higher pH) the HB will deprotonate thus lowering the pH of the cytoplasm.

When relating to the biological effects of HB on S. cerevisiae, it is important to consider the futile
cycle.* 9 As described earlier, the futile cycle reforms HB outside of the cell.> ® *This would be
detrimental to the cell as HB is able to penetrate the membrane interface, as shown in this study.
Therefore, there must be another method of resistance that S. cerevisiae employs to be able to cope for
the presence of the weak acid preservative beyond excreting the weak acid conjugate base.” > To our
knowledge, there is limited information about any further mechanisms of resistance.

Weak acid preservatives don’t just protect food and beverages from eukaryotic species, but also
bacterial species at low pH.*® Generally, Gram-negative bacteria have a higher resistance to weak acid
preservatives than Gram-positive bacteria [minimum inhibitory concentration (MIC) 100 mg/mL vs 1,600
mg/mL respectively].*’ The low pH value of the food that HB/B~ would allow for most of the HB/B" to be
in the HB form. When HB approaches the membrane from the outside of the bacterial cell in an acidic
environment, it can readily penetrate the membrane and reach the neutral cytoplasm. Deprotonation of
HB in the higher pH environment will provide a proton which will reduce the cytoplasmic pH as is
commonly observed for uncouplers.**** These considerations may explain the relative intrinsic resistance

of Gram-negative bacteria to HB as compared to Gram-positive bacteria. The Gram-positive bacteria have
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one membrane (Figure 2.10A), whereas the Gram-negative bacteria have two membranes (Figure 2.10B
and 2.10C). Since HB deprotonates after passing through the first membrane, it will not be able to
penetrate the second membrane (Figure 2.10). If the periplasmic space acidifies, then HB could diffuse
through both membranes and reach the cytosol in the Gram-negative bacterium as illustrated in Figure
2.10, illustrating how the Gram-negative bacteria ultimately succumb to such compounds at higher

concentration than Gram-positive bacteria.*® **
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Figure 2.10. lllustration of HB diffusing across generalized Gram-positive (A) and Gram-Negative (B, C)
membranes. The Gram-negative membranes show a dependence on protonation state for HB/B to be
able to cross the second membrane when the periplasm is at higher pH (B) and at a lower pH (C).

2.4 Summary and Conclusions

We find that HB and B~ have very different placements at the water membrane-like interface in two

different model membrane systems which supports our hypothesis that HB and B- interact differently with
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membrane interfaces. HB penetrates deeply while B~ will reside at the Stern layer in an AOT
microemulsion system. This placement is supported by the Langmuir monolayer studies where pH
dependence for the interactions with DPPC was determined, documenting that these results can be
extended to interfaces prepared by common membrane phospholipids. These interactions are primarily
attributed to the differences in charge (i.e., protonation state) and result in distinct interactions with the
surfactant itself. In summary, we show here that the protonation state of a weak aromatic carboxylic acid
can alter its interactions with a surfactant/lipid interface and that these observations can explain the

properties of a very common food preserving agent, HB (HB).%°
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Chapter 3: Structural Importance of Small Molecules for Membrane

Interactions

3.1 Structure Leads to Function

Small molecules (<500 Daltons) have been the cornerstone for medical treatment, supplements, and
preservatives, with many diffusing through the cellular membrane to reach their target.!® One such
example is a very successful first line anti-tuberculosis drug, isoniazid (INH, Figure 1), which has been
shown to diffuse across the membrane of Mycobacterium tuberculosis, where INH is then able to reach
the target, KatG.%7 Similar to INH, the method of entry into a cell for many small molecules has been
studied in detail,®12 but there is a lack of information pertaining to the specific interactions of small
molecules with the membrane interfaces. This lack of information is in large part due to the difficulty of
determining the specific interactions of molecules with the lipids that make up the membranes, and the
complexity of the biological membranes themselves.’*** The specific small molecule-lipid interactions of
a series of small aromatic compounds were studied here (Figure 3.1) to understand how small molecules
are taken into cells, how they affect the membrane, and may elucidate aspects of the small molecule’s
mode of action.

Many of these small molecules used to treat diseases such as tuberculosis, contain a pyridine as their
main structural component.’®*8 The presence and placement of nitrogen within the pyridine ring has great
effects on these small molecules and their inter- and intramolecular interactions. For example, the amide
group of picolinamide (PIC) is ortho to the pyridine nitrogen allowing for intramolecular hydrogen bonding
(Figure 3.1).22! This increases the molecule’s hydrophobicity and allows it to penetrate a membrane
interface deep enough to affect the packing of the phospholipid tails.?*22 This behavior is not observed

for nicotinamide (NIC, meta) nor isonicotinamide (iNIC, para) since the amide and pyridine nitrogen are
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not in proximity for intramolecular hydrogen bond formation.*2° Despite this difference, Olsson et. al.
were able to show that NIC tightly binds to plasma membrane extracts of human leukemic K-562 cells (Kq
between 3.2 and 12.7 uM).° Because such small differences in structure have such profound effects on
inter- and intramolecular interactions, we hypothesize here that these molecules may interact with a
membrane interface differently despite having similar structures as shown in Figure 3.1. To test this
hypothesis, Langmuir monolayer and RM studies were conducted to determine the interfacial interactions

of the small molecules in Figure 3.1 with model membrane interfaces.

Ho O H, O H, O
H H H
) | e |~||H ¢ hllH ) NH,
No _~ NH, NH,
Hp Hp Ha Hp Ha
H, H. Hc
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Isonicotinamide (iNIC) Nicotinamide (NIC) Picolinamide (PIC)

Figure 3.1. Structures of isoniazid (INH), benzhydrazide (BHZ), isonicotinamide (iNIC), benzamide (BA),
nicotinamide (NIC), and picolinamide (PIC), with protons labeled for *H NMR peak labeling. The protons
in the *H NMR spectra has H, as the most downfield *H NMR peak, H, the next one, etc.

3.2 Materials and Methods
3.2.1 Materials

Most materials were used without further purification. Benzamide (BA) (99%), PIC (98%), NIC (98%),

iNIC (99%), INH (299%), benzhydrazide (BHZ) (98%), isooctane (2,2,4 trimethylpentane, 99.8%), methanol
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(299.9%), activated charcoal (99.5%), chloroform (299.5%), deuterium oxide (99.9%), 2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt (DSS, 97%), monosodium phosphate (299.0%), disodium phosphate
(299.0%), sodium hydroxide (=298%), and hydrochloric acid (37%) were all purchased from Sigma Aldrich.
DPPC (299%) and DPPE (99%) were purchased from Avanti Polar Lipids. Sodium AOT (aerosol OT, bis(2-
ethylhexyl)sulfosuccinate sodium salt, 299.0%) was purchased from Sigma Aldrich and was purified
further as has been reported previously to remove any acidic impurities.?® Briefly, 50.0 g AOT was
dissolved into 150 mL of methanol to which 15 g activated charcoal was added. This suspension was stirred
for 2 weeks. After mixing, the suspension was filtered to re move the activated charcoal. The filtrate was
then dried under rotary evaporation at 50 °C until the water content was below 0.2 molecules of water
per AOT as determined by *H NMR spectroscopy. The pH was adjusted through-out this study using
varying concentrations of NaOH or HCl dissolved/mixed in either D,0 or H,O depending on experimental
requirements. NaOH or HCl dissolved in D,0 is referred to as NaOD or DCl respectively.
3.2.2 Preparation of Langmuir Monolayers

Phospholipid stock solutions were prepared by dissolving DPPC (0.018 g, 0.025 mmol) or DPPE (0.017
g, 0.025 mmol) in 25 mL of 9:1 chloroform:methanol (v:v) for a final concentration of 1 mM phospholipid.
The aqueous subphase consisted of 50 mL of 20 mM sodium phosphate buffer (pH 7.4) and varying
concentrations of hydrazide of amide (10, 1.0, 0.10, or 0 mM hydrazide or amide). Sodium phosphate
buffer (20 mM, pH 7.4) instead of double deionized H,O (DDI H,0) was used as the sub-phase for the
compression isotherms for better pH control (Figure A5.1).30 Before addition of the phospholipid
monolayers, the surface of the subphase was cleaned using vacuum aspiration and to make sure the
surface was clean, the surface pressure of a compression isotherm of just the subphase (no phospholipid
present) was measured (surface pressure was consistently 0.0 +/- 0.5 mN/m throughout compression).
To prepare the phospholipid monolayer, 20 uL of phospholipid stock solution (20 nmol of phospholipid,

112 A*/molecule) was added to the surface of the subphase in a dropwise manner using a Hamilton
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syringe. The film was allowed to equilibrate for 15 minutes. The resulting phospholipid monolayer was
then used for the compression isotherm experiments.
3.2.3 Compression Isotherm Surface Pressure Measurements of Langmuir Monolayers

The phospholipid monolayer was compressed from 2 sides with a total speed of 10 mm/min (5
mm/min from opposite sides) using a Kibron uTroughXS equipped with a Teflon ribbon
(polytetrafluoroethylene, hydrophobic barrier). The temperature was maintained at 25 °C using an
external water bath. The surface tension of the subphase during each com-pression was monitored using
a wire probe as a Wilhemy plate. The surface pressure was calculated from the sur-face tension using
equation 1 where 1t is the surface pressure, yo is the surface tension of water (72.8 mN/m), and y is the
surface tension at a given area per phospholipid after the film has been applied.

T=Y—Y (1)

Each compression isotherm experiment consisted of at least 3 replicates and the averages with
standard deviations of the area per phospholipid at every 5 mN/m was calculated using Microsoft Excel.
The worked-up data were transferred to OriginPro Version 9.1 to be graphed. From the averages of the
compression isotherms, the percent difference from the control of each sample at 5mN/m, 30 mN/m, and
35 mN/m were calculated. The compression moduli were calculated using OriginPro Version 9.1 from the
compression isotherm average results using equation 2, where Cst is the compression modulus, A is the

surface area, and 1t is the surface pressure.

r=-a(2) 2
3.2.4 Preparation of RMs for Dynamic Light Scattering (DLS)

RMs were prepared as has previously been reported.?® To prepare the 100 mM AOT stock solution,
2.2 g of purified AOT (4.9 mmol) was dissolved into 50 mL isooctane. The 10 mM aqueous stock solutions
of amide or hydrazide were prepared by dissolving 50 umol of amide or hydrazide into 5 mL DDI H20 and

then the pH was adjusted to pH 7.0. To prepare the RM solutions, specific volumes of the AOT stock
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solution and aqueous solution were added for a total of 5 mL to form RM sizes of wy 8, 12, 16, and 20
where wp = [H,0]/[AOT]. Upon mixing the AOT stock solution with agueous solution, a white aggregate
formed at the water-isooctane interface. Then the mixture was vortexed until clear (~30 s), consistent
with the formation of RMs.?
3.2.5 Parameters for DLS Analysis

Once the glass cuvettes (1 cm x 1 cm) had been washed with isooctane and RM sample (3 times each),
the cuvettes were filled with 1 ml of sample, and analyzed using a Zetasizer nano-ZS. The wavelength of
light used was 632.8 nm and scattering was obtained at an angle of 173°. Each sample was equilibrated
for 700 s at 25 °C then run for 10 scans per acquisition for 15 acquisitions. Each sample was run in
triplicate, and the hydrodynamic radii (Rn) and polydispersity index (PDI) were averaged with the standard
deviations reported in Table S1.
3.2.6 Preparation of Aqueous solutions for RM studies

The aqueous solutions for the compounds of interest shown in Figure 3.1 were prepared in a similar
manner as with HB in chapter one except for nicotinamide which the concentration was doubled to 20
mM for the stock solution (50 mmol).
3.2.7 Preparation of RMs and 'H 1D NMR Spectroscopy

The RMs were prepared and 'H NMR spectra were acquired in a similar manner as in chapter one
except titrations were only conducted within the wy 16 RMs for each of the molecules in Figure 3.1. The
resulting spectra were processed in a similar manner as in chapter one.
3.2.8 Preparation of RMs for 'H-'H 2D NOESY and ROESY NMR Spectroscopy

The 750 mM AOT stock solution was prepared by dis-solving 0.34 g AOT (0.76 mmol) in 1 mL of
isooctane. To form the RM (wp 12), 839 plL of AOT stock solution was added to 161 pL of D,O and vortexed

until clear. This suspension was then mixed with 32 umol of amide or hydrazide for an average
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concentration of 200 mM amide or hydrazide within the RM water pool (32.2 mM overall). The mixture

was vortexed until the solid dissolved into the RM microemulsion.
3.2.9 Parameters for Recording *H-'H 2D NOESY and ROESY NMR Spectra

The *H-'H 2D NOESY and ROESY experiments were con-ducted using a 400 MHz Varian NMR at 26 °C
with 16 scans per transient and 256 transient pairs in the f1 dimension. The *H-'H 2D NOESY spectrum
was acquired using a standard pulse sequence with a mixing time of 200 ms and a 1.5 s relaxation delay.
The H-'H 2D ROESY spectra were acquired using a standard pulse sequence with a 200, 100, or 0 ms
mixing time and a 1.5 s relaxation delay. The resulting spectra were analyzed using MestReNova Version
10.0.1 by subjecting the spectra to a 90° sine? weighting function with a first point at 0.50. The spectra
were then phased and baselined using a third order Bernstein polynomial baseline. Each spectrum was

referenced to the isooctane methyl peak at 0.904 ppm in both dimensions.?

3.3 Results and Discussion

3.3.1 Interactions of Aromatic Hydrazides with Langmuir Monolayers

Surface pressure compression isotherms of DPPC and DPPE were measured to model phospholipids
commonly found in eukaryotic and bacterial membranes.?*?” The minor structural difference in the lipid
headgroup results in significant differences in the properties of the resulting lipid monolayer. DPPE has a
conical shape and packs much more tightly compared to DPPC which has a cylindrical shape. This is
thought to be due to the hydrogen bonding capability of DPPE (ethanolamine head group) that DPPC
(choline headgroup) is lacking.®% For these reasons, both DPPC and DPPE zwitterionic phospholipids
were used to form Langmuir monolayers to study the interactions of small molecules with phospholipid
interfaces.

Surface pressure compression isotherms of DPPC or DPPE were initially conducted in the presence of
INH or BHZ hydrazides (Figure 3.2 A-D). The area per phospholipid of the DPPC monolayer in the presence

of 10 mM INH increased, until 20-25 mN/m. The area per phospholipid of the DPPE monolayer in the
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presence of all concentrations of INH tested increased until 25-30 mN/m. In the presence of 10 mM BHZ,
the area per phospholipid of the DPPC monolayer increased until 15-20 mN/m and the area per
phospholipid of the DPPE monolayer was unaffected. Briefly, INH affected the area per phospholipid of
both monolayers but at all concentrations only for the DPPE monolayer, while BHZ only affected the area

per phospholipid of the DPPC monolayer.
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Figure 3.2. Compression isotherms of DPPC (left column) or DPPE (right column) in the presence of INH (A
and B) or BHZ (C and D). The solid black curves correspond to the control films without any hydrazide
present. The other curves correspond to 10 mM hydrazide (red dashed line), 1 mM (blue dotted line), and
0.1 mM (green dashed and dotted line) present in the 20 mM sodium phosphate buffered subphase (pH
7.4). Each curve is an average of at least 3 trials with standard deviations. The R group for each
phospholipid includes the phosphate, glycerol, and fully saturated Cse tails.
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To determine if the compressibility of the monolayers was affected, the compression modulus was
calculated from the average compression isotherms (Figure 3.3 A-D). In the presence of 10 mM INH, the
compression modulus of the DPPC monolayer decreased and all concentrations of INH tested, caused a
decrease in the compression modulus of the DPPE monolayer. The presence of 10 mM BHZ decreased the
compression modulus of the DPPC mono-layer and increased the compression modulus in the presence
of 1 mM BHZ. All concentrations tested of BHZ present increased the compression modulus of the DPPE
monolayer. In summary, INH decreased the compression modulus of both DPPC and DPPE monolayers,
but only the DPPE monolayer was affected at all concentrations tested. BHZ decreased the compression
modulus of the DPPC monolayer and with 1 mM BHZ present; the compression modulus of the DPPE

monolayer increased.
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Figure 3.3. Compression moduli of DPPC (left column) or DPPE (right column) in the presence of INH (A
and B) or BHZ (C and D). The solid black curves correspond to the control films without any hydrazide
present. The other lines correspond to 10 mM hydrazide (red dashed line), 1 mM (blue dotted line), and
0.1 mM (green dashed and dotted line) present in the sodium phosphate buffered subphase (pH 7.4).
Each curve is an average of at least 3 trials.

Generally, an increase in area per phospholipid of a monolayer indicates an uptake of the small
molecule causing the monolayer to spread, and a decrease in area per phospholipid indicates either
solubilization of lipid or a reorganization to allow for tighter packing of the phospholipid monolayer. A
decrease in compression modulus has been commonly interpreted as an increase in compressibility and
vice versa.3®3! INH did increase the area per phospholipid of both the DPPC and DPPE monolayers
indicating an uptake into the phospholipid monolayers, but did so at lower concentrations present for

DPPE. A similar trend was observed with the decrease of compression moduli in the presence of INH. This

suggests that INH has a higher affinity for DPPE than DPPC, indicating that INH would interact more
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favorably with the ethanolamine than the choline head group. This is presumably due to hydrogen
bonding with the ethanolamine head group which would disrupt the intermolecular hydrogen bonding
between individual DPPE molecules of the DPPE monolayer.?®%° BHZ affected the area per phospholipid
of only the DPPC monolayer at 10 mM and decreased the compression modulus suggesting that at high
concentration, BHZ is taken into and allows for easier compression of the DPPC monolayer. At 1 mM for
DPPC and all concentrations tested for DPPE; BHZ does not affect the area per phospholipid but increases
the compression modulus showing that the BHZ did not spread the phospholipids, but did cause the
monolayer to be more difficult to compress than the control monolayers. This suggests that BHZ is
reorganizing the phospholipid tails, but more information would be needed for confirmation. In summary,
INH was shown to prefer the ethanolamine head group and allowed for easier compression than the
control phospholipid monolayers, while BHZ allowed for easier compression and spread the DPPC
monolayer when 10 mM was present in the subphase, but otherwise caused the phospholipid monolayers
to be less compressible without affecting the area per phospholipid.
3.3.2 Interactions of Aromatic Amides with Langmuir Monolayers

To determine if the amides in Figure 3.1 interact with phospholipid interfaces differently, the surface
pressure compression isotherms of DPPC and DPPE were conducted in the presence of BA, PIC, NIC, and

iNIC, shown in Figure 3.4 and compression moduli are given in Figure 3.5.
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Figure 3.4. The resulting surface pressure compression isotherms of DPPC (left column) and DPPE (right
column) in the presence of BA (A and B), PIC, (C and D), NIC (E and F), iNIC (G and H) at concentrations of
0 mM (black solid line), 0.1 mM (green dashed and dotted line), 1.0 mM (blue dotted line), and 10 mM
(red dashed line) in the 20 mM sodium phosphate buffered subphase (pH 7.4). Each curve is an average
of at least 3 trials with standard deviations. The R group for each phospholipid includes the phosphate,
glycerol, and fully saturated Csg tails.
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Figure 3.5. The resulting compression moduli of DPPC (left column) and DPPE (right column) in the
presence of BA (A and B), PIC, (C and D), NIC (E and F), iNIC (G and H) at concentrations of 0 mM (black
solid line), 0.1 mM (green dashed and dotted line), 1.0 mM (blue dotted line), and 10 mM (red dashed
line) in the 20 mM sodium phosphate buffered subphase (pH 7.4). Each curve is an average of at least 3
trials.
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First, the compression isotherm experiments using BA were conducted as a nitrogen deficient
comparison. The presence of 10 mM BA, the DPPC monolayer exhibited an increase in pressure below 15-
20 mN/m and then above 15-20 mN/m, exhibited a slight decrease in area per phospholipid. The DPPE
monolayer increased in area per phospholipid until 15-20 mN/m. The compression modulus of the DPPC
monolayer decreased in the presence of 10 mM and 0.1 mM BA and increased when 1.0 mM was present.
Concentrations of 10 mM and 0.1 mM BA also decreased the compression modulus of the DPPE
monolayer. This data suggests that BA can spread the phospholipids of both DPPC and DPPE until higher
pressures, but it can still affect the compressibility of the phospholipid monolayers showing that BA still
does interact with the monolayer at higher pressures.

In the presence of 10 mM PIC, the DPPC and DPPE monolayers exhibited an increase in area per
phospholipid as compared to the control monolayers until 35-40 mN/m. Also, depending on the
concentration of PIC within the subphase, the compression modulus either decreased for DPPC (10 mM),
increased (1 mM), or no effect was observed (0.1 mM). The DPPE monolayer compression modulus was
increased only by the presence of the 0.10 mM PIC. The increase in area per phospholipid of DPPC and
DPPE in the presence of PIC suggests that PIC is spreading the lipids; but depending on the concentrations
of PIC, the compressibility of the phospholipid monolayers is affected. The dependence of the
compressibility on the concentration may be due to counter-acting effects where a large amount of PIC
(10 mM) increases compressibility solely because PIC exists in excess within the monolayer, so it is
compressed out of the monolayer. At lower concentrations (1 mM for DPPC and 0.10 mM for DPPE), PIC
caused the monolayers to be-come more rigid and less compressible. Briefly, PIC did increase the area per
phospholipid of both phospholipid monolayers, and had varying effects on the compression moduli of the
phospholipid monolayers.

The DPPC and DPPE monolayers in the presence of NIC both exhibited an increase in area per

phospholipid. All concentrations of NIC tested increased the area per phospholipid of DPPC above 10
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mN/m. The DPPE monolayer was affected in a concentration dependent manner where 10 mM NIC
increased the area per molecule the most. The presence of 10 mM NIC caused an increase in area per
phospholipid of DPPE across at all surface pressures below collapse (55 mN/m). There was not much of
an effect of NIC on the compression modulus on the DPPC monolayer; however, there was a decrease in
the compression modulus for the DPPE monolayer at all concentrations of NIC tested. The presence of
NIC caused a spreading of both phospholipid monolayers but only affected the compressibility of the DPPE
monolayer allowing it to become more compressible than the control monolayer.

Unlike the other molecules tested, iNIC had no effect on either the DPPC nor the DPPE monolayer
area per phospholipid. The presence of 10 and 1.0 mM iNIC did however decrease the compression
modulus of the DPPE monolayer but did not have much of an effect on the compressibility of the DPPC
monolayer. This suggests that iNIC has a higher affinity for DPPE than DPPC and allows the DPPE
monolayer to be more easily compressed without spreading the phospholipids.

By comparing the interactions of all the molecules of interest with DPPC and DPPE monolayers, it is
clear that not all of the small aromatic compounds interact with the phospholipid monolayers in the same
manner (Table 3.1). Out of the six compounds tested, INH and iNIC exhibited more of an effect on the
DPPE mono-layer than the DPPC monolayer suggesting a preference for the ethanolamine head group
more so than the choline head group. This is most likely due to the ethanolamine’s greater hydrogen
bonding capacity than choline, allowing for intermolecular interaction. When comparing PIC, NIC, and the
iNIC, the data is consistent with PIC and NIC affecting the phospholipid monolayers similarly, but iNIC had
the least effect on the phospholipid monolayers. As shown in Table 1, NIC and PIC were the only
compounds to significantly increase the area per phospholipid of the DPPC and DPPE monolayers at
physiologically relevant surface pressures (30-35 mN/m),3? whereas iNIC did not have much of an effect
on the area per phospholipid. Of all the compounds, BA was the only molecule to cause a decrease in area

per phospholipid for DPPC at higher surface pressures (above 15-20 mN/m, Table 1) suggesting that BA

53



was the only compound tested that either reorganized DPPC to condense further or assist in the solvation
of the DPPC. Interestingly, BHZ did not have the same effect as BA, but still interacted with the
phospholipid monolayers causing the phospholipids to spread. In summary, INH and iNIC both exhibited
a preference for DPPE over DPPC, PIC and NIC affect the phospholipid monolayers similarly even at high
pressures, BA reorganizes the DPPC monolayer or helps solubilize the DPPC, and BHZ does interact with
both monolayers causing spreading of the phospholipids.

Table 3.1. Percent Difference of Monolayer Surface Area in the Presence of Small Aromatic Compounds.?
aSurface pressures were chosen based on initial curve (5 mN/m) and physiological relevance (30-35

mN/m).32 Significance of the percent difference was determined using a Student’s T test with *p < 0.10
and **p <0.05.

Compound Surface Pressure DPPC DPPE
(mN/m)
% Difference from % Difference from

Control Control

INH 5 7.36 12.25

30 0.89 3.61

35 0.10 3.22

BHZ 5 38.84 1.06

30 1.86 2.02

35 1.14 1.95

BA 5 6.21 16.19
30 -2.20* -0.92

35 -2.19%* 1.46

PIC 5 2.41 7.65
30 3.32* 3.65**
35 2.47** 3.44**

NIC 5 3.42 13.33
30 3.01** 4.08**
35 2.77** 3.62%*

iNIC 5 1.22 3.32

30 1.03 1.87

35 0.55 1.89

3.3.3 Placement of Small Aromatic Hydrazides and Amides Within the AOT RM

Molecular information on the specific interaction and placement of the compounds with respect to a
membrane interface was sought using AOT RMs and NMR spectroscopy.?* 3337 To this end, the 'H NMR

spectrum of each small aromatic compound was acquired in D20 and varying sizes of RM. By varying the
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sizes of the RM (wy), small changes in the RM microenvironment occur. Comparing the chemical shifts of
the N-containing compounds caused by varying environmental differences, it is possible to place the
compounds within the RM.?* 3337 The following paragraphs describe the chemical shifting and our

placement of compounds as a result of the observed chemical shifting patterns.
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Figure 3.6. 'H 1D NMR spectra obtained using a 400 MHz Varian NMR of INH, iNIC, BHZ, BA, NIC, and PIC
in D20 and varying sizes of RMs (wy) given on the left of each stack of spectra. See Figure 3.1 for labeled
structures corresponding to peak labels.

The H NMR spectra of INH and iNIC are presented as stack plots of *H NMR spectra in D,0O at the
bottom and the RM microemulsions with the smallest RMs as the top spectrum (wp 8). In the INH spectra,
the H, doublet peak shifts slightly downfield from the D,O spectrum at 8.67 to 8.71 ppm in the wp 20
spectrum and then gradually shifts upfield to 8.70 ppm in wy 8 spectrum. The doublet H, peak for INH
shifted gradually downfield from 7.69 ppm in D,O to 7.80 ppm in the wp 8 spectrum. A similar shifting

pattern was observed with iNIC. The peak corresponding to the doublet H, for iNIC barely shifts from 8.70

ppm in D20 to 8.74 ppm in the wy 20 spectrum and then a slight upfield shift to the w, 8 spectrum at 8.72
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ppm. The doublet peak corresponding to Hy shifts gradually downfield from 7.76 ppm in the D,0 spectrum
to 7.86 ppm in the wy 8 spectrum. The downfield shifting of both H, and Hy, peaks of INH and iNIC from
the D,0 spectrum to the wy 20 spectrum is consistent with a more charged (deshielded) environment such
as near the sulfonates of the AOT.3® The upfield shifting pattern of H, of both compounds is consistent
with the reduction of a charged environment as the RM sizes are reduced suggesting that H, is more
toward the hydrophobic region than Hy.3® Together this data suggests that both INH and iNIC reside near
the AOT headgroups with the pyridine nitrogen facing toward the AOT tails and the amide/hydrazide
toward the water pool similar to benzoate and phenyl biguanide.?> 3’

Next, the interactions of the benzene based hydrazide and amide, BHZ and BA, with the AOT RM
interface are described by *H NMR. The doublet corresponding to H, for BHZ shifted from 7.74 ppm in the
D,0 spectrum to 7.94 ppm gradually as the RM sizes were reduced to the wp 8 spectrum. The triplets
corresponding to Hy and H. for BHZ are at 7.62 ppm and 7.52 ppm respectively in the D,0 spectrum and
then coalesce in the RM spectra while gradually shifting upfield to 7.38 ppm in the wy 8 spectrum. The
peak corresponding to H, for BA shifts from 7.83 ppm in D,O gradually to 7.99 ppm in the wy 8 spectrum.
The peaks corresponding to H, and H. of BA in the D,O spectrum are at 7.64 ppm and 7.53 ppm
respectively and then coalesce in the RM spectra and gradually shift upfield until 7.40 ppm in the wy 8
spectrum. The down-field shifting pattern of H, of both BHZ and BA from D,O spectrum to the wy 8
spectrum is consistent with the RM interface. The upfield shifting pattern of H, and H. of both BHZ and
BA is consistent with a deep placement within the RM interface toward the AOT tails. Using this data, it is
possible to place BHZ and BA within the water-AOT interface with the benzene ring of both compounds
placed a little more toward the AOT tails than INH and iNIC, and with the amide/hydrazide toward the
water pool. This is similar to, but not quite as deep within the interface as what has been previously found

for benzoic acid.?®

56



The position and orientation of NIC within the RM was explored by itself unlike the previous
compounds. The doublet corresponding to H, for NIC shifted gradually downfield from 8.94 ppm in the
D,0 spectrum to 9.10 ppm in the wy 8 spectrum. The Hy doublet shifts from 8.72 ppm in the D20 spectrum
to 8.74 ppm in the wp 20 spectrum, and then shifts upfield to 8.71 ppm in the wy 8 spectrum. The H.
doublet shifts from 8.27 ppm in the D,O spectrum gradually to 8.34 ppm in the wp 8 spectrum, and the Hqg
peak is the only peak for NIC to gradually shift up-field from 7.62 ppm in the D,0 spectrum to 7.52 ppm
in the wy 8 spectrum. The downfield shifting for the Hq and H, peaks for NIC are consistent with placement
toward the water-AOT interface. The H. peak initially shifted downfield and then slightly upfield
suggesting a placement near the water-AOT interface but more toward the AOT tails than Hg and Ha. The
H, peak was the only peak that consistently shifted upfield suggesting the deepest placement (toward
AQT tails) of all the NIC protons. This data is consistent with NIC residing near the water-AQT interface
with NIC tilted at the interface. This position would have H, pointing toward the water pool and the amide
tilted more toward the AOT headgroups. A similar finding was determined for the ortho-fluorobenzoate
anion at the micellar interface.®®

Finally, the placement and orientation of PIC within the RM samples was determined. The H, doublet
for PIC shifts slightly upfield from the 8.63 ppm in the D,0 spectrum to 8.60 ppm in the wy 8 spectrum.
The peaks corresponding to Hy, and H. are overlapping in the D,0 spectrum but then separate within the
RM samples with Hy shifting downfield gradually from 8.04 ppm in the D,0 spectrum to 8.24 ppm in the
Wo 8 spectrum and Hc gradually shifts upfield from 8.02 ppm in the D0 spectrum to 7.98 ppm in in the wp
8 spectrum. The Hq peak for PIC gradually shifts upfield from 7.64 ppm in the D,0 spectrum to 7.45 ppm
in the wy 8 spectrum. The upfield shifting pattern of Ha, He, and Hqg peaks is consistent with the protons
being placed toward the AOT tails. The downfield shifting pattern of Hy is consistent with it being placed

more toward the AOT interface. This data is consistent with PIC residing near the AOT headgroups, with
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only Hy being near the AOT head-groups and the other protons toward the AOT tails causing a tilt of the
molecule within the interface.

In summary, this data shows that these N-containing molecules interact differently with the AOT RM,
but reside at similar positions within the water-AOT interface. INH and iNIC were shown to reside within
the AOT interface with the pyridine nitrogen facing toward the AOT tails and the hydrazide/amide toward
the AOT head groups. BHZ and BA were shown to reside deeper toward the AOT tails than INH or iNIC but
with the same orientation. PIC was shown to reside at the AOT interface as INH and iNIC, but slightly tilted
at the interface with the nitrogen of the pyridine and the amide facing toward the AOT head group and
water pool. NIC was also shown to be tilted with the proton between the amide and pyridine nitrogen
facing the water pool. Generally, each molecule resided in similar positions, but the pyridine nitrogen to
amide orientation did affected the overall molecular orientation at the water-AOT RM interface. This
finding is similar to what has been shown for fluorobenzoate derivatives with micelles.®
3.3.4 H-'H NMR of Hydrazides and Amides Within the AOT RM Interface

More information was sought to confirm the placement and orientation based on 'H 1D NMR
experiments, there-fore through space *H-'H 2D NOESY and ROESY experiments were conducted.? 3436
Both H-'H 2D NOESY and ROESY spectra with a 200 ms mixing time and higher concentration of BA was
acquired to explore which experiment would provide the best signal to noise ratio. With the ROESY data
producing a better signal to noise ratio than the NOESY for these samples, other ROESY spectra were
sought using 100 or 0 ms mixing times. The 0 ms mixing time serves as a negative control to confirm no
magnetization transfer was observed between magnetically different protons.

A portion of the H-'H 2D ROESY NMR spectra for INH within wp 12 RMs are shown in Figure 3.7. The
spectra of INH within the wy 12 RM microemulsion show a diagonal with two, negative, blue peaks
corresponding to the H, and Hy peaks of INH at 7.71 ppm and 7.77 ppm respectively. The positive, red, off

diagonal cross peaks corresponding to H, and Hy, are observed in the spectra of 200 and 100 ms mixing
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time whereas no cross peaks were observed in the 0 ms mixing time spectrum as would be expected. In
the 200 ms mixing time spectrum for INH, an off diagonal cross peak corresponding to H, on INH and the
methyl peak of either AOT or isooctane at 0.90 ppm on the f2 axis. In the 100 ms mixing time spectrum,
off diagonal cross peaks for both H, and Hy, at 0.90 ppm on the f2 axis were observed and correspond to
the AOT or isooctane methyl peak. Considering that the previous *H 1D NMR experiments have shown
that INH and iNIC reside within the water-AOT interface, INH is most likely residing near the AOT ethyl CH;

protons with the CHs protons tilted toward the interface (see Figure A3.1 for AOT assignments).
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Figure 3.7. *H-'H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of INH using 200 ms (A),
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the

diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure
3.1 and Figure A3.1.

The H-'H 2D ROESY NMR spectra of the wy 12 RM microemulsion with iNIC also indicated an
interaction with the AOT interface similar to INH. Along the diagonal shown in Figure 3.8, two, negative,
blue peaks corresponding to iNIC protons H, and Hy at 8.70 ppm and 7.80 ppm respectively. Positive, red,

off diagonal cross peaks between H, and Hy in the 200 and 100 ms mixing time spectra are observed.
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Finally, no cross peaks were observed in the 0 ms mixing time spectrum. In the 200 ms mixing time
spectrum, positive, red, off diagonal cross peaks with H, and Hy, of iNIC are observed at 1.30 ppm and 0.90
ppm on the f2 axis corresponding to the AOT CH; and an isooctane or AOT CHs peak, respectively. These
peaks were not observed in either the 100 ms nor 0 ms mixing time spectra. Due to iNIC’s insolubility in
isooctane and its similar placement determined by the *H 1D NMR studies, these results support the
interpretation that iNIC interacts within the RM water-AOT resides at the interface near the sulfonate

headgroups of the AOT similar to the vanadium dipicolinate complex.?®
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Figure 3.8. H-'H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of iNIC using 200 ms (A),
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure
3.1 and Figure A3.1.

The H-H 2D ROESY spectra of RMs containing BHZ and BA (Figure 3.9) were very similar. In the
following these compounds will be discussed concurrently. As can be seen on the diagonal of the spectra
of BHZ, there are two negative, blue peaks at 7.97 ppm and 7.43 ppm corresponding to H, and Hy/H.
respectively. Within the 200 and 100 ms mixing time spectra, positive, red, off diagonal cross peaks are
observed between the H, and Hp/H. peaks whereas no cross peaks are observed for the 0 ms mixing time
spectrum. In the 200 ms mixing time spectrum positive, red, off diagonal cross peaks at 1.30 ppm and 0.90
ppm on the f1 axis corresponding to the AOT CH, peak, the AOT CHjs, or isooctane CH; peak and H, and
Hw/Hc can be observed. In the spectrum using 100 ms mixing time the same off diagonal peaks are

observed except for the off diagonal cross peak at 1.30 ppm on the f1 axis and 7.97 ppm on the f2 axis

corresponding to the AOT CH; and the H, protons respectively. These cross peaks were also observed for
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BA where the only differences in the spectra were from the placement of the BA negative, blue peaks on
the diagonal at 7.92 ppm for H, and 7.39 ppm for Hs/H.. This data suggests that BHZ and BA are both
positioned nearby the AOT ethyl with the hydrazide/amide facing the water pool consistent with the H

1D NMR studies.
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Figure 3.9. 'H-'H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of BHZ (A) or BA (B) using
200 ms (1), 100 ms (2), and 0 ms (3) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated
by the diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to
Figure 3.1 and Figure A3.1.
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The H-'H 2D ROESY spectra of PIC, within RMs were acquired to confirm placement and orientation
within the RM water-AOT interface. Figure 3.10 shows the *H-'H 2D ROESY NMR spectra of PIC within wp
12 RM microemulsion acquired using 200, 100, and 0 ms mixing times. Observed in each of these spectra
are negative, blue peaks along the diagonal corresponding to H, (8.60 ppm), Hy (8.19 ppm), H¢ (7.99 ppm),
and Hq (7.47 ppm). In the spectra acquired using 200 and 100 ms mixing times, there are positive, red, off
diagonal cross peaks between the peaks corresponding to the PIC peaks whereas no off diagonal cross
peaks are observed in the spectrum acquired using a 0 ms mixing time. In the 200 ms mixing time
spectrum, positive, red, off diagonal cross peaks at 0.90 in the f1 dimension corresponding to all the PIC
peaks observed. The same positive, red, off diagonal cross peaks are observed using 100 ms mixing time
with the exception of the off diagonal cross peak at 0.90 ppm in the f1 dimension and 7.99 ppm in the f2
dimension corresponding to H¢ of PIC. This confirms that PIC resides within the AOT interface and does

interact with the CHjs of the ethyl of AOT.
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Figure 3.10. H-'H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of PIC using 200 ms (A),
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure
3.1 and Figure A3.1.

The placement and orientation within RMs of NIC was explored using *H-'H 2D ROESY NMR in the wp
12 RM spectra shown in Figure 3.11. The peaks on the diagonal are negative, blue peaks corresponding to
H. (9.02 ppm), Hy (8.68 ppm), Hc (8.29 ppm), and Hq4 (7.50 ppm). Positive, red, off diagonal cross peaks
between the NIC aromatic protons can be observed in the spectra acquired using 200 ms and 100 ms
mixing times but not for the 0 ms mixing time spectrum. Positive, red, off diagonal cross peaks
corresponding to AOT peaks can be observed at 0.90 ppm in the f1 dimension and at 9.02 ppm, 8.68 ppm,
8.29 ppm, and 7.50 ppm in the f2 dimension. These peaks suggest that all the aromatic protons of NIC
reside near a methyl. Three other positive, red, off diagonal cross peaks can be observed at 1.30 ppm in

the f1 dimension and at 8.68 ppm, 8.29 ppm, and 7.50 ppm in the f2 dimension corresponding to the CH,

AOT peak and Hy, He, and Hq. This data is consistent with NIC residing at the same position within the RM
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interface as the other probe molecules but H, is not in proximity to the CH; of the AOT ethyl. By rotating
the C-C bonds of the ethyl of AOT, the CHs of the ethyl can reach further than the CH; suggesting that H,
is in a position away from the CH,. This would suggest a tilt in the NIC at the water-AOT interface

supporting the interpretation of the *H 1D NMR spectra.
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Figure 3.11. *H-'H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of NIC using 200 ms (A),
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure
3.1 and Figure A3.1.

In summary, the *H-H 2D ROESY NMR spectra of wy 12 RMs containing the compounds of interest did
support the results from the *H 1D NMR spectra. The placement of each of these molecules using data
from both the 1D and 2D NMR experiments is illustrated in Figure 3.12. First of which, INH and iNIC both
can be positioned near the AOT ethyl. Since iNIC exhibited interactions with the CH, of the ethyl of AOT,
iNIC is placed slightly deeper toward the tails of the AOT than INH. BHZ and BA both can be placed at the

same position and slightly deeper than iNIC. The 2D NMR of PIC confirmed that it does reside within the

inter-face of the water pool and AOT while the 1D NMR suggested a tilt at the water-AOT interface. Briefly,
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all the molecules resided near the water-AOT interface however, PIC and NIC exhibited a tilted orientation

within the interface (see Figure 3.12).
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Figure 3.12. Pictorial representation of the placement of INH, iNIC, BHZ, BA, PIC, and NIC within the RM
as determined through 1D and 2D H NMR studies. It is important to note that this system is highly
dynamic and therefore these are average positions/orientation within the AOT interface based on the 1D
and 2D NMR data presented in this study.

3.3.5 pKz Measurement of the Hydrazides and Amides Within the AOT RM

To explore how the AQT interface affects the small aromatic molecules, the pK, values of the small
aromatic molecules were determined. The pH within the RM water pool is not just simply the —log[H*] as
is normally used in the United States to calculate pK, in aqueous solutions.?® The pH value within the RM
water pool is much more complicated. Depending on the charge of the head group surfactant used to
form the RM microemulsion, a proton gradient can form.*** The AOT RMs used in this study have a
negative charge and therefore can cause an increase in proton concentration at the interface.*? The pK
of molecules have also been known to change within varying environments, such as the difference in pK,
values of a specific amino acid depends on whether or not it is in the center or on surface of a protein,

therefore the RM may affect the small aromatic molecules’ pK, value.*?
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The pK, values of the aromatic small aromatic molecules in D,O and in wy 16 RMs are shown and
compared to literature and calculated values in Table 3.2 The pK, for BA was not determined in this study,
because of BA’s low pK, value. The pK, of each of the probe molecules in D;O are all very similar to both
the predicted pK, values and the experimentally determined pK, values.* The small differences between
the pK, values found in this study and the experimental studies in aqueous solutions is most likely caused
by differences in ionic strength, temperature, and differences caused by H,O (reported pK, values) or D,0
(this study). Within the RMs, the pK, of each molecule lowered beyond measurement. This would support
an interaction with the AOT itself or an effect of the high ionic strength of the interface.?® #2447 Either
possibility supports that the molecules reside within the RM interface.

Table 3.2. pK, Values of the Hydrazides and Amides of Interest in Aqueous and RM Solutions.? ®The table
above outlines the pK, values determined using the method outlined in Appendix IV. The pK, of the amine

protons for INH and BZH are given by*. The predicted pK, values are from http://www.chemicalize.org.
The reported pK, values are from Maitra.*®

Compound Predicted pK, Reported pK,** pKa in DO pKain w, 16 RM
INH 34,24* 3.5, 1.9* 33 <1
BHz 2.8% 3.0* 2.8* <1
BA -0.4 N.A. N.A. N.A.
PIC 2.2 2.1 2.4 <1
NIC 3.6 3.3 3.7 <1
iNIC 3.5 3.6 3.9 <1

3.3.6 DLS of RMs Containing Aromatic Hydrazides and Amides

DLS was used to determine that RMs formed. In addition to confirming that the RMs form, we also
demonstrated that the sizes of the systems measured were consistent with that reported in the literature
(Table 3.3).%® Furthermore, the measurements were done to investigate whether the addition of the
compound alter the overall structure of the RMs studied. As shown in Table 3.3 no differences in sizes of

RMs with and without the aromatic hydrazides and aromatic amides were observed.*
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Table 3.3. Size Parameters for RMs of Varying wp Values.? ®The table outlines the content of the RM, the
observed hydrodynamic radius (Rn), polydispersity index (PDI), the reported water pool radius (Rw),
aggregation number (number of AOT per RM on average, nag), and the average number of probe

molecules per RM. Literature values are from Maitra et al.*

wo | RM Contents | Ri(nm) PDI Rn Reported* | Rw Reported* | 1.e* | Probe/RM
(nm) (nm)

20 H,O 40+/-0.8 | 0.4+/-0.2 4.4 3.5 302 0
INH 47+/-04 | 0.1+/-0.1 1.1
BHZ 46+/-0.3 | 0.2+/-0.1 1.1
BA 45+/-0.8 | 0.2+/-0.1 1.1
PIC 45+/-0.2 | 0.2+/-0.1 1.1
NIC 43+/-0.3 | 0.3+/-0.1 1.1
iNIC 45+/-0.5 | 0.4+/-0.2 1.1

16 H,O 3.9+4/-0.3 | 0.3+/-0.1 4.2 2.9 215 0
INH 44+/-03 | 0.1+/-0.1 0.6
BHZ 5+/-1 0.2+/-0.1 0.6
BA 43+/-0.2 | 0.2+/-0.1 0.6
PIC 41+/-03 | 0.2+/-0.1 0.6
NIC 40+/-0.2 | 0.2+/-0.1 0.6
iNIC 40+/-0.3 | 0.3+/-0.1 0.6

12 H,0 3.8+/-0.2 | 0.2+/-0.1 3.7 2.2 129 0
INH 39+/-0.2 | 0.1+/-0.1 0.3
BHZ 3.7+/-0.1 | 0.2+/-0.1 0.3
BA 3.4+/-0.3 | 0.4+/-0.2 0.3
PIC 3.8+/-0.1 | 0.2+/-0.1 0.3
NIC 3.8+/-0.1 | 0.2+/-0.1 0.3
iNIC 3.5+/-0.3 | 0.3+/-0.1 0.3

8 H,O 3.2+/-0.3 | 0.3+/-0.1 3.2 1.6 72 0
INH 3.4+/-0.2 | 0.2+/-0.1 0.1
BHZ 43+/-0.6 | 0.2+/-0.1 0.1
BA 3.3+/-0.3 | 0.3+/-0.1 0.1
PIC 3.4+4/-0.2 | 0.2+/-0.1 0.1
NIC 3.7+/-1.6 | 0.3+/-0.1 0.1
iNIC 3.3+4/-0.2 | 0.2+/-0.1 0.1

3.3.7 Evaluation of Findings of Langmuir Monolayer Studies and AOT RM Studies

Studies in model systems are done to obtain information that may not be accessible in studies of the
biological membranes. The two model systems used in the studies here both have advantages and
limitations. Regardless, it is important to note that there are substantial differences between the AOT
interface and a phospholipid interface. The differences in structure, curvature, surfactant/lipid density,

and head group charge (negative vs. zwitterionic respectively), may impact the interactions of the
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molecules under investigation with regard to their interaction with interfaces.}* 3% 4546 Although these
differences exist, there are similarities between how the molecules of interest interact with the AOT
interface and the phospholipid interface. By comparing the findings of the RM experiments with
phospholipid Langmuir monolayer experiments, the combination can shed light on crucial differences
behind the interactions of molecules with the surfactant or lipid interfaces.?® 3¢

Interestingly, all the molecules studied here were found to reside near the head group of the AOT
surfactant interface. The RM studies provide information about how small structural changes in the
aromatic amide or hydrazide can affect compound placement and orientation at a surfactant interface.
This finding, albeit on a different type of interface, is consistent with the results reported in computational

2122 3long

studies of NIC and PIC with phosphatidyl-choline and phosphatidylethanolamine phospholipids
with experimental studies with INH interacting with a liposome consisting of phosphotidylcholine.*° We
found that the distance of amide to the pyridine nitrogen and the molecular orientation of the amide can
impact the interactions with the water-AOT interface. Similarly using computational methods in studies
by Borba et al. and Martini et al. specific hydrogen bonding with NIC and PIC were found using
phosphatidylcholine and phosphatidylethanolamine phospholipids.?*?? Although the findings in our
studies with the RMs do not directly demonstrate the specific interactions with the phospholipid
headgroups found in these computational studies, but the locations identified in our studies of the small
aromatics N-containing molecules with the sulfonate head group of AOT were comparable, that is placing
the drug near the interface.

Conversely if the small aromatic compounds interacted primarily with the phospholipid tails, then the
head group would not have affected the overall interactions with the phospholipids and the area per
phospholipid would have been affected similarly between DPPC and DPPE. Since this was shown to not

be the case in the Langmuir monolayer studies, the molecules of interest most likely also reside near the

phospholipid head groups as found in the AOT RM experiments. The difference in interaction with DPPC
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vs. DPPE was especially evident with INH and iNIC (see Figure 3.2 and Figure 3.4). The previous study by
Marques et al. was able to determine a dissociation constant (K4) of INH with
dimyristoylphosphatidylcholine (DMPC) supported bilayers to be 0.031 umol by plasmon waveguide
resonance.*> 5! With the observation that INH most likely prefers DPPE to DPPC, the K4 of INH with DPPE
would most likely be lower than that found by Marques et al. More studies are needed to determine the
exact values and whether the difference in tail length would affect the Kq.

The Langmuir monolayer studies also support the interpretation that the orientation of the amide to
pyridine nitrogen affect the phospholipid interface. This result was apparent from the differences in
compression isotherm area per phospholipid caused by the presence of iNIC compared to NIC and PIC.
NIC and PIC affected the monolayers similarly, in contrast to iNIC that affected the monolayers differently.
INIC was more similar to INH where it preferred DPPE, but iNIC did not spread the lipids like NIC and PIC
did. The similar overall effects on the phospholipid monolayers by PIC and NIC were most likely caused by
different molecular interactions that happen to have similar outcomes as supported by a difference in
tilting at the RM interface. To summarize, the specific structural characteristics of these compounds can
influence their interactions with phospholipid and surfactant interfaces in a comparable manner.

When combining the information from these two model membrane systems, a few conclusions about
the placement and interactions of the molecules of interest with surfactant and phospholipid interfaces
can be made. The RM experiments show that despite a similar placement of all the molecules of interest
within the water-AOT interface, the orientation of the pyridine nitrogen to the amide can affect the
specific orientation of the whole molecule of interest within an interface. This tilt of PIC and NIC suggests
that within other interfaces, such as a phospholipid interface, the small difference between these
molecules can allow for differences in the interactions with a phospholipid monolayer. Although, those
interactions will likely not be the same as determined from the RM experiments.?! The phospholipid

Langmuir monolayer studies build on this idea by also supporting the expectation that the specifics behind
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the interactions of the head group of the phospholipid with the molecule of interest can affect binding
such as what was observed with INH and iNIC. To summarize, the hypothesis that small differences in
structure can lead to differences in the interactions of these small molecules with membrane interfaces,
was supported by these observations.

Although this study focused exclusively on monolayers, the observations gathered can cautiously be
used to provide some projections about how these molecules might pass through a bilayer membrane.
With each molecule studied here, they all resided within the water-AOT RM interface and interacted
differently with phospholipids containing the same tail but different head groups. Together, these
observations would support a head group based interaction of the drugs in contrast to interactions with
the choline, phosphate, or glycerol of phospholipids. Therefore these compounds may not passively
diffuse through a bilayer membrane like weak acid preservatives (ex. benzoic acid and formic acid) or
protonophores (ex. carbonyl cyanide m-chlorophenyl hydrazine).® 1 2 |f the molecules are able to
traverse a membrane by passive diffusion, then it would be expected that the molecules would reside
deeper within the RM tails/organic solvent.?® The data obtained in this study does not support passive
transport of these small aromatic compounds.

Other methods for crossing a bilayer has been extensively studied using different cations and anions.
In these method, cations or anions are transported through forming a complex with phospholipids and
then flip with the phospholipid across the bilayer, or through a hydrophobic pore that may form allowing
traversing of ions.>>>® Some of these mechanisms have been studied through computational studies, and
Borba et al. was able to show that the binding of PIC and NIC to the phosphatidylcholine or
phosphatidylethanolamine head groups can cause con-formational differences in the phospholipid tails.?
Considering that all of the molecules within this study inter-acted with the headgroups of AOT and the
phospholipids, it is feasible that at least some of these molecules may affect the phospholipid tails as well.

If these molecules affect the phospholipid tails then such interaction might aid in the crossing of the drugs
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across the phospholipid bilayer. Additional studies are needed to determine if these small molecules
passively diffuse across bilayers, but these studies provide the framework to build a more in depth

understanding of small molecule interactions with membrane interfaces.

3.4 Summary and Conclusions

We found that the interactions of INH, BHZ, BA, PIC, NIC, and iNIC, all interact with phospholipid and
surfactant interfaces with the phospholipid/surfactant head groups, but have different effects on
phospholipid interfaces. The phospholipid Langmuir monolayer studies show a difference in interaction
of the small molecules that were not only dependent on the structure of the small molecules but also the
phospholipids themselves. All the molecules tested reside within the water AOT surfactant interface of
RMs with the amide/hydrazide facing toward the water pool except of NIC and PIC. NIC and PIC resided
at the interface but were tilted with the amide of NIC facing more away from the water pool than the
amide of PIC. In summary, we show here that interactions of small aromatic molecules with lipid
surfactant interfaces are not straight forward and that structural changes of the small aromatic
compounds can alter their affinity for different phospholipid interfaces, how they affect different

phospholipid interfaces, and the specifics behind the interactions with these interfaces.>’
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Chapter 4: Membrane Phospholipid Density and Its Effects on Electron

Transporters

4.1  Electron Transport and Quinones

Quinones have vital roles in biological systems, and of those roles, the most recognized is them as
proton and electron carriers of electron transport systems.’” As shown in Figure 4.1, three of the most
commonly discussed quinones are ubiquinone (UBQ), menaquinone (MK), and plastoquinone (PQ).
Despite structural differences in electron transport systems and between these three quinones, they all

are commonly illustrated as moving through the bilayer in a cyclic motion (Figure 4.1).%-®

(A) Schematic of Mitochondrial Inner- (B) Schematic of Mycobaterium Tubercuiosis (C) Schematic of Chloroplast Electron
Membrane Electron Transport System Q-Loop Electron Transport System Q-Loop Transport System Q-l oop
Complex Complex Succinate Dehydrogenase
t P = MNADH Dehydrogenase Il Cylochrome bey-ag; Super Complex Psil cvtbgf

N 20 aH 2H"
izo,

Ubiquinone (UBQ) Menaguinone (MK) Plastoquinone (PQ)
Figure 4.1. Partial schematic of electron transport systems of mitochondria (A), gram positive bacteria

with menaquinone (B), and of the chloroplast (C) outlining the importance of each specific quinone within
each system. This Figure was adapted from Kurosu et al. and Rochaix."®

For this cyclic motion to occur, quinones are either highly mobile through the membrane, or the
translocation is facilitated by proteins. Considering the high hydrophobicity of the quinones, it is likely
that they are mobile through the lipid bilayer and therefore, their interactions with lipids have been
explored in detail.*> 7'® Quinn et al. and Hoyo et al. have both shown using Langmuir monolayer

techniques that UBQ and PQ both interact similarly with phospholipid interfaces.’® ® The tail length was

found to affect the collapse pressure of monolayers formed using UBQ of varying isoprene tail lengths (1-
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10 isoprenes), which was attributed to aggregation of UBQ.'* ® These studies were also able to show that
at higher pressures (>15 mN/m) of mixed phospholipid monolayers with UBQ or PQ, both quinones are
compressed out of the monolayer into the tails of the phospholipids.'**> 18 This finding is consistent with
a computational study by Kaurola et al. where UBQ was found to be able to traverse the bilayer but prefer
to reside within the hydrophobic region of the bilayer.’® Despite the detailed knowledge of the
interactions of UBQ and PQ with phospholipid interfaces, there have been few studies that explore the
interactions of MK with phospholipid interfaces.?-2!

Unlike UBQ and PQ, MK analogs are more commonly thought of as being a part of the vitamin K family
of compounds.? 22 Additionally to being used for vitamins, MK has an important role in the electron
transport system of Mycobacterium tuberculosis, with the main electron transporter being MK-9 (H2), or
menaquinone with nine isoprene units and a saturation at the B isoprene position (second isoprene from
the quinone).! MK-9 contains a more hydrophobic headgroup than the other quinone electron
transporters mentioned in Figure 4.1, but the majority of the structure (isoprenoid tail) is very similar with
only the length and saturation of the isoprenoid tail being varied.” % ® Considering the similar structures
and depictions within biological systems, here we hypothesize that MK-9 (without [ isoprene saturation)
interacts with phospholipids in a similar manner as UBQ and PQ with phospholipid interfaces.® & 1¢
Specifically, MK-9 will interact with a phospholipid interface in a pressure dependent manner. 616

Previously, Langmuir monolayers have been used to explore the interactions between lipids,
quinones, hydrophilic molecules with lipids, and proteins with lipids.% 1113182327 gpecifically, compression
isotherm experiments of Langmuir monolayers of mixed lipids can give information about the specific
interactions between the components of the monolayer.® 1113 18 23 |n this study, the interactions of the
electron transporter, MK-9, with the phospholipids dipalmitoylphosphatidylcholine (DPPC) and
dipalmitoylphosphatidylethanolamine (DPPE) were examined using Langmuir monolayer techniques to

determine if MK-9 interacts with phospholipid interfaces in a similar manner as the other electron
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transporters shown in Figure 4.1. In conjunction with Brewster angle microscopy (BAM), a visualization of
the monolayer allowing for observations of morphological differences can elucidate how the MK-9
interacts with the phospholipids. Using compression isotherms of Langmuir monolayers of MK-9,
phospholipids, mixed monolayers, and BAM this study aims to describe the interactions between MK-9

and common phospholipids found biological membranes.

4.2 Materials and Methods

4.2.1 Materials

The following chemicals were used without further purification. DPPC (>99%) and DPPE (99%) were
purchased from Avanti Polar Lipids. MK-9 (298%) was purchased Santa Cruz Biotechnology. Chloroform
(299.5%), methanol (299.9%), monosodium phosphate (299.0%), and disodium phosphate (299.0%), were
all purchased from Sigma Aldrich.

4.2.2 Preparation of Langmuir Monolayers

Phospholipid stock solutions were prepared by dissolving 18 mg (0.025 mmol) DPPC or 17 mg (0.025
mmol) DPPE into 25 mL of 9:1 chloroform:methanol (v:v) for a final concentration of 1 mM. The stock
solution of MK-9 was prepared by dissolving 3.9 mg of MK-9 (0.005 mmol) into 5 mL of 9:1
chloroform:methanol (v:v) for a final concentration of 1 mM MK-9. The subphase for the monolayers for
compression isotherm experiments consisted of 50 mL of 20 mM sodium phosphate buffer (pH 7.4).
Before addition of the stock solution to the subphase, the subphase was cleaned using aspiration and with
the barriers near the center of the trough. After aspirating the subphase surface, the barriers were spread
and the cleanliness of the subphase surface was determined by conducting a compression isotherm
experiment without MK-9 or phospholipid present. By cleaning the subphase with the barriers close to
the center of the trough, the reproducibility of the compression isotherm measurements was greatly
increased. The subphase was considered clean when the surface pressure was consistently 0.0 +/- 0.5

mN/m throughout compression without lipid present. To form the pure monolayers of phospholipid or
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MK-9, 20 pL of stock solution (20 nmol) was added to the subphase (112 A%/molecule) in a dropwise
manner using a 50 uL Hamilton Syringe. To prepare the mixed monolayers of MK analog and phospholipid,
specific volumes MK analog and phospholipid from the stock solutions were mixed to prepare solutions
containing 25:75, 50:50, and 75:25 mole fractions of MK-9 to phospholipid. Then 20 uL (20 nmol) of the
mixed solutions were added to the subphase in a similar manner as the pure monolayers. Once the pure
solutions or mixed solutions were added to the subphase, the applied solution was then allowed to
equilibrate for 15 minutes to allow for solvent evaporation and spreading of the phospholipids and MK-9.
4.2.3 Surface Pressure Compression Isotherms of Pure and Mixed Monolayers

Once the monolayers were prepared, they were compressed from 2 sides at a total rate of 10 mm/min
(5 mm/min from each side) using a Kibron pTroughXS equipped with a Teflon ribbon (hydrophobic
barriers). The temperature of the subphase was kept constant at 25 °C using an external water bath.
During each compression, the surface tension was monitored using the Wilhemy plate method where a
wire probe was used as the Wilhemy plate. The surface pressure was calculated from the surface tension
using Equation 4.1 where 1t is the surface pressure, yo is the surface tension of water without monolayer
present (72.8 mN/m), and y is the surface tension of water with monolayer present.

T=Y~Y (4.1)

4.2.4 Analysis of the Surface Pressure Compression Isotherms

The compression isotherms were conducted in triplicate and averaged with standard deviations of
the area per molecule (phospholipid and MK-9) every 5 mN/m. Using the compression isotherm curves,
the ideal area was determined using equation 4.2 where A; is the ideal area, xu« is the mole fraction of MK
analog, xp. is the mole fraction of phospholipid, Aux is the area per molecule of the pure MK-9 monolayer
at a specific surface pressure, Ap, is the area per molecule of the pure phospholipid monolayer at a given
surface pressure.?®?° The ideal area curves were then compared to the actual data by calculating a percent

difference of the area per molecule at specific surface pressures.
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A = xyxAuk + XpLApL (4.2)
The area per molecule of the mixed monolayers compression isotherm curves were then normalized
to the amount of phospholipid present within each monolayer (area per molecule excluding MK-9) as has
been previously reported.!® ?*3° The compression moduli were calculated from the average compression
isotherm curves using Equation 4.3 where Cs! is the compression modulus, A is the area per molecule,
and 1t is the surface pressure.!® 2325 The data were analyzed using OriginPro Version 9.1.

¢t =-4(%) (4.3)

4.2.5 Brewster Angle Microscopy (BAM) of Pure and Mixed Langmuir Monolayers
BAM experiments were conducted using a Biolin Scientific (NIMA) medium sized Langmuir Blodgett
trough (364 cm x 75 cm) equipped with a MicroBAM (resolution of 12 um) and delrin bariers (hydrophilic).
The MicroBAM was equipped with a 30 mW laser emitting 659 nm laser light that was p-polarized. The
subphase consisted of ~200 uL of 20 mM sodium phosphate buffer (pH 7.4). The surface of the subphase
was cleaned in the same manner as with the compression isotherm experiments (section 4.2.2). The pure
and mixed lipid solutions were prepared in the same manner as for the compression isotherm
experiments. The amount of pure and mixed lipid solution added to the surface of the subphase varied
between 40 and 100 pL (40-100 nmol) to ensure full compression of the monolayer. Once the lipid
solutions were added to the surface of the subphase, they were allowed to equilibrate for 15 minutes
before compression at a total rate of 10 mm/min from two sides (5 mm/min from opposite sides). During
compression, the surface pressure was monitored using the Wilhemy plate method with a platinum plate
as the Wilhemy plate. Beginning at a surface pressure of 1 mN/m, BAM images were collected every
second until end of compression (collapse of monolayer or end of trough). These experiments were
conducted in triplicate to ensure the observations of the monolayer morphologies were consistent at
specific surface pressures. The images presented here are for 10 mN/m, 20 mN/m and 30 mN/m of the

pure phospholipid and mixed monolayers. In appendix VIl (DPPC) and VIII (DPPE, Figures A7.1 and 8.1
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respectively), the images for the surface pressures ranging from 10 mN/m to 40 mN/m are given every
2.5 mN/m. Given in appendix VI are images of a time dependent equilibration of an MK-9 monolayer after
compression (Figure A6.1).

4.3 Results and Discussion

4.3.1 Compression Isotherms of Pure and Mixed Monolayers of MK-9 and Phospholipids
Compression isotherms of pure and mixed monolayers of MK-9, DPPC, and DPPE were conducted to
probe for interactions between the MK-9 and common phospholipids (Figure 4.2). The DPPC compression
isotherm curve exhibits the characteristic gas-liquid phase transition at 4 mN/m and a collapse pressure
at 45 mN/m similar to findings in literature.?92% 25263132 The DPPE compression isotherm collapses at 45
mN/m and the curve is similar to reported findings.3% 3 The MK-9 compression isotherm curve exhibits a
collapse at 9.5 mN/m which is similar to the low collapse pressures of UBQ, PQ, and vitamin K; under inert
atmosphere 111318203134 The |ow collapse pressure is likely due to the limited hydrogen bonding capacity
of MK-9 and therefore it has limited interactions with the water interface. This would limit the observed
surface activity of MK-9. The large isoprenoid tail could also allow for aggregation as was observed with

ubigquinone limiting interactions with the water surface.’> 18
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Figure 4.2. Compression isotherms of mixed and pure monolayers of MK-9 and DPPC (A) or DPPE (B). The
compression isotherm curves correspond to the pure MK-9 monolayer (solid black line), 75:25 MK-9:
phospholipid monolayer (dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted
green line), 25:75 MK-9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid

monolayer (dashed red line). The ratios correspond to mole fractions of MK-9 to phospholipid of the
monolayers.

When mixing MK-9 with DPPC or DPPE, some alterations of the compression isotherm curves from
the pure phospholipid compression isotherm curves can be observed in Figure 4.2. The gas-liquid phase
transition of the DPPC compression isotherm curve is not present in the mixed monolayers (present at 4
mN/m for DPPC monolayer). The lack of this phase transition, is consistent with either MK-9 disordering
the DPPC phospholipids causing a prevention of a phase transition or having a condensing effect on the
DPPC thus the DPPC would begin the compression in the liquid phase.?* 3 For the DPPE and MK-9 mixed
monolayers, the compression isotherm curves exhibit a decrease in slope of the curves below 15 mN/m
from the DPPE control monolayer curve. This difference is consistent the presence of MK-9 spreading the
DPPE phospholipids more so than observed in the pure DPPE monolayer. Further analysis of the slope of
the DPPE curves is provided in the compression modulus section (section 4.3.4). Above 15-20 mN/m, the
mixed monolayers of MK-9 and either phospholipid decreases in area per molecule by what seems to be
a fixed amount as the MK-9 content is increased and an analysis of this phenomenon is conducted in

section 4.3.3. This trend is similar to observations by Quinn et al. with UBQ.'® In summary, the presence
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of MK-9 prevents the gas-liquid phase transition of DPPC, the DPPE curves seem to have a decrease in
slope, and the area per molecule of the mixed monolayer curves decrease in fixed intervals according to
the MK-9 composition.
4.3.2 Ideal Area vs. Actual Area Comparison

To determine if MK-9 and DPPC or DPPE are interacting in a way that is causing a condensing or
expanding effect, the ideal curves were calculated and compared to the experimental compression
isotherm curves. Due to the low collapse pressure of MK-9, the ideal curves do not go above 9.5 mN/m as

shown in Figure 4.3.
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Figure 4.3. Compression isotherms of pure monolayers of MK-9 and DPPC (A), DPPE (B), or the ideal area
curve (solid light blue line). The compression isotherm curves correspond to the pure MK-9 monolayer
(solid black line), 25:75 MK-9:phospholipid monolayer (1, short dash and dot blue line), 50:50 MK-
9:phospholipid monolayer (2, dashed and dotted green line), 75:25 MK-9: phospholipid monolayer (3,
dotted purple line), and the pure phospholipid monolayer (dashed red line). The ratios correspond to mole
fractions of MK-9 to phospholipid of the monolayers.

As shown in Figure 4.3 (A1-3), the MK-9 and DPPC compression isotherms exhibit varying condensing

or expanding effects from ideality. The 25% and 50% MK-9 (25:75 and 50:50 MK-9:DPPC, mole fractions)
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monolayers may exhibit an increase in area per molecule above 4 mN/m while the 75% MK-9 monolayer
exhibited a decrease in area per molecule below 4 mN/m. The possible expansion effects of the
monolayers consisting of 25% or 50% MK-9 are likely due to DPPC spreading the MK-9 molecules more,
inhibiting as much aggregation as when the monolayer consists of pure MK-9 (See Figures 4.7 and A6.1).
This interpretation is made with hesitation as the deviations of the data are very close to the ideal area
curve. The spreading of DPPC is not likely as DPPC spreads very well across the aqueous interface and
therefore it would be difficult to spread the DPPC further.3¢3” The condensing effect of the 75% MK-9
monolayer from ideality below 4 mN/m is likely due to the phase transition within the ideal curve. This
observation would be consistent with MK-9 preventing the gas-liquid phase transition of DPPC at 4 mN/m.
As shown in Figure 4.4, the percent difference from the ideal area of each curve exhibits an increase at 4
mN/m suggesting that all MK-9 mole fractions tested prevent or reduce the gas-liquid phase transition of
DPPC. These observations are consistent with MK-9 reorganizing the DPPC tails, and DPPC possibly

preventing aggregation of the MK-9.
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Figure 4.4. The percent difference of area per molecule from the ideal curve at specific surface pressure
of the mixed monolayers of MK-9 and DPPC (C) or DPPE (B). The graphs depict the percent difference in
area of the 75:25 MK-9:phospholipid (dotted purple line), 50:50 MK-9:phospholipid(dashed and dotted
green line), or 25:75 MK9:phospholipid (small dashed and dotted blue line)

The mixed monolayers of MK-9 and DPPE also had variable expansion or condensing effects from the

ideal curves. The 25% MK-9 monolayer exhibited a slight increase in area per molecule, the 50% MK-9
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monolayer exhibited a large increase in area per molecule, and the 75% MK-9 monolayer exhibited a slight
decrease in area per molecule from the ideal curves (Figures 4.3 and 4.4). The increase in area at 50% or
less MK-9 mixed monolayers is likely due to the presence of the MK-9 disrupting the packing of the DPPE.
The 75% MK-9 monolayer exhibited a small decrease in area per molecule which is likely caused by the
small amount of DPPE causing a greater amount of packing for the MK-9 than just MK-9 by itself. The 25%
MK-9 curve is very close to ideality suggesting limited interaction between DPPE and MK-9.
4.3.3 Normalization to Phospholipid Content

Due to the collapse pressure of the MK-9 monolayer compression isotherm, the ideal area calculations
were unable to give information about the interactions of MK-9 and the phospholipids above 9.5 mN/m.
Therefore, more information about the interactions of MK-9 with phospholipids was sought by
normalizing each monolayer to the phospholipid content as shown in Figure 4.5.28 In this instance,
normalizing the compression isotherms to the phospholipid content is simply ignoring the MK-9 content

of the monolayers for the area per molecule calculations (area per phospholipid in Figure 4.5).
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Figure 4.5. Compression isotherms of pure monolayers of MK-9 and DPPC (A) or DPPE (B) normalized to
the phospholipid content. These curves ignore the presence of MK-9 for the calculation of the area per
molecule. The compression isotherm curves correspond to the 75:25 MK-9: phospholipid monolayer
(dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted green line), 25:75 MK-
9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid monolayer (dashed
red line). The ratios correspond to mole fractions of MK-9 to phospholipid of the monolayers. MK-9

monolayer compression isotherm curves are not present as there was no phospholipid present within the
monolayer.

When the MK-9 mole fraction is increased, the isotherms shift toward a greater area per phospholipid.
None of the mixed monolayers exhibited MK-9 being compressed completely out of the monolayer which
would have been shown by overlapping normalized isotherm curves.’® UBQ has previously been shown
to be compressed out of the monolayer by Quinn et al.® As shown in table 4.1, the difference in the area
per phospholipid when MK-9 is present from the control monolayer decreases when the surface pressure

is above 20 mN/m. This is consistent with partially compressing MK-9 out of the monolayer.
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Table 4.1. Percent Difference in Area per Phospholipid of Normalized Mixed Monolayers from Pure
Phospholipid Monolayers.?

Surface DPPC DPPE

Pressure | 5coiMK-9  50% MK-9  75% MK-9 | 25%MK9  50%MK9  75% MK-9

(mN/m)
5 21.6 38.1 68.5 8.7 59.9 1285
10 18.0 35.2 69.8 7.6 50.4 112.5
15 13.1 29.3 61.6 6.9 41.3 97.3
20 8.5 23.1 53.7 6.4 34.0 83.3
25 6.4 19.2 46.7 6.2 30.1 74.9
30 5.2 17.0 42.2 5.9 27.2 68.7
35 43 15.9 37.1 5.7 25.2 64.0
40 4.7 13.7 N.A 5.4 18.3 58.0

4.3.4 Compression Moduli of Mixed and Pure Monolayers of MK-9 and Phospholipids

For further confirmation that MK-9 is not being completely compressed out of the mixed monolayers

but still affect the monolayers at higher pressures, the compression moduli of the mixed and pure

monolayers were compared (Figure 4.6). The compression moduli were also compared to determine if

the presence of MK-9 causes the monolayers to be compressed more easily.
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Figure 4.6. Compression moduli of pure monolayers of MK-9 and DPPC (A) or DPPE (B). The compression
moduli curves correspond to pure MK-9 monolayer (solid black line), 75:25 MK-9: phospholipid monolayer
(dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted green line), 25:75 MK-
9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid monolayer (dashed
red line). The ratios correspond to mole fractions of MK-9 to phospholipid of the monolayers.
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The DPPC, DPPE, and MK-9 compression moduli curves are similar to reported curves for the
phospholipids and other quinones.'*> 20 The compression moduli decrease as the mole fraction of MK-9
increases for both phospholipid monolayers. This observation is consistent with previous findings.111% 20
In the presence of MK-9, the DPPC compression moduli no longer exhibit the characteristic gas-liquid
phase transition at 4 mN/m as shown by the minimum compression modulus of the DPPC control
monolayer compression modulus. The gas-liquid phase transition disappearance in the mixed monolayers
is consistent with observations from the compression isotherm curves. The 75% MK-9 and 25% DPPC
monolayer exhibited a small maximum compression modulus and the 50% MK-9 and 25% MK-9
monolayers exhibited sharp increases in the compression modulus after the collapse pressure of the pure
MK-9 monolayer. Similarly, the mixed monolayers of MK-9 and DPPE (75% and 50% MK-9) exhibited a
local maximum at slightly higher pressures than the collapse pressure of the pure MK-9 monolayer (~13
mN/m). This is interpreted as being an energy barrier for the collapse of the MK-9 within the monolayers
which would lead to compressing the MK-9 out of the monolayer into the phospholipid tails. This
interpretation is consistent with previous studies and would still affect the compressibility of the
monolayers, 111320

4.3.5 BAM of Mixed and Pure Monolayers of MK-9 and Phospholipids

To further examine the interactions of MK-9 with DPPC or DPPE, compression isotherms of mole
fractions of MK-9 with one of the phospholipids were conducted while BAM images were collected. BAM
has been successfully used previously to explore the morphology of Langmuir monolayers and therefore
was used in this study to do the same., 11331

The BAM images of pure monolayers consisting of either 50 nmoles or 100 nmoles of MK-9 are shown
in Figure 4.7. The collapse pressure of MK-9 during these experiments were found to be 15 mN/m. The

vairability between the collapse pressure of the compression isotherm experiments and the BAM

experiments is likely due to the intermolecular interactions of MK-9. As can be observed in the 50 nmol
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MK-9 images, MK-9 forms a flat surface until the 15 mN/m. After the 15 mN/m, small aggregates can be
observed. With the 100 nmol images, aggregates can be observed at all the pressures shown. These
observations are interpreted as MK-9 aggregating as the MK-9 comes in closer proximity with other MK-
9 molecules.

After the collapse at 15 mN/m, BAM images were also recorded every 5 minutes for 20 minutes to
observe any post-collapse alterations of the MK-9 monolayer (See Figure A6.1). As the monolayer was left
to equilibrate, the aggregations (1 min) tended toward dissapearing into an image with larger aggregates
and a flate surface (20 min). This data shows that as MK-9 is allowed to equilibrate, it tends to spread
across the interface slowly. This slow equilibration post-collapse of MK-9 is likely why the collapse

pressure of the MK-9 monolayer was found to be variable.
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Figure 4.7. BAM images of compression isotherms of monolayers consisting of 50 nmoles (left column) or
100 nmoles (right column) of MK-9. Surfaces pressures are given with corresponding images below. See
Figure A6.1 for BAM images post collapse of the monolayer consisting of 50 nmoles of MK-9.
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In Figure 4.8 the BAM images of DPPC and DPPC mixed monolayers with MK-9 are presented at 10
mN/m, 20 mN/m, and 30 mN/m. As can be seen with the DPPC monolayer images, DPPC tends to form
an even coverage across the subphase surface.®*3” A phase transition from the liquid to solid phase can
be observed as very small aggregates in the 20 mN/m DPPC monolayer image. When MK-9 is present, the
DPPC liquid to solid phase transition is no longer observed. Also, as the MK-9 content is increased, more
dark spots can be observed on the monolayer surface. The appearance of these dark spots is interpreted
as portions of the DPPC interface being more fluid and reorganizing with the presence of MK-9. This
interpretation is consistent with the lack of a liquid to solid phase transition. Spots similar to these can
also be interpreted as dust particles affecting the monolayer. This is not likely as the spots are more
prevalent as the MK-9 content is increased within the monolayer. This phenomenon was consistent
through multiple trials which would not be expected if the spots were dust particles as they should be

equally distributed in different monolayers.
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Figure 4.8. BAM images of DPPC (top row), 25% MK-9 and 75% DPPC (second row), 50% MK-9 and 50%
DPPC, and 75% MK-9 and 25% DPPC monolayers at 10 mN/m, 20 mN/m and 30 mN/m. For images
presented every 5 mN/m, see Figure A7.1.

The BAM images of DPPE and DPPE mixed monolayers at 10 mN/m, 20 mN/m and 30 mN/m can be
observed in Figure 4.9. The pure DPPE monolayers at 10 mN/m exhibit dark spots within the image that
corresponds to empty space within the DPPE monolayer. This is consistent with DPPE being involved in
intermolecular hydrogen bonding leading to a greater amount of aggregation than what was observed for
DPPC. By 30 mN/m the surface of the subphase was completely covered by DPPE. As the MK-9 content is

increased, small aggregates can be observed in the 10 mN/m and 20 mN/m images (specifically 50% and

75% MK-9 images). The 30 mN/m image of the monolayer consisting of 75% MK-9 is then of a mostly flat
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surface. This can be interpretted as either that at high pressure the MK-9 is compressed out of the
monolayer forming a flat surface on the top of the monolayer or the pressure is causing the MK-9 to
disperse within the DPPE instead of aggregating. Considering the compression isotherm data and analysis,
it is likely that a mixture of the interpretations is what is occuring. The MK-9 being compressed out of the

monolayer would also be consistent with previous findings by Hoyo et al. and Quinn et a/.113 18

Figure 4.9. BAM images of DPPE (top row), 25% MK-9 and 75% DPPE (second row), 50% MK-9 and 50%
DPPE, and 75% MK-9 and 25% DPPE monolayers at 10 mN/m, 20 mN/m and 30 mN/m. For images
presented every 5 mN/m, see Figure A8.1.

95



4.3.6 Evaluation of Findings and Comparison to Literature

Through the compression isotherm experiments and BAM images, the surface pressure dependent
interactions of MK-9 and DPPC were determined. Through the compression isotherm experiments of pure
and mixed monolayers of DPPC, a disappearance of gas to liquid phase transitions and a low collapse of
the pure MK-9 monolayer were observed. The ideal area gave variable results, but the compression
isotherm curves normalized to the phospholipid content suggested that MK-9 is partially compressed out
of the monolayer. The compression modulus data suggests that the MK-9 does affect the monolayer
throughout compression and allows for easier compression as the MK-9 content is increased. The BAM
suggests that the presence of MK-9 can cause tail rearrangements of DPPC in distinct positions. All of this
data is in agreement with MK-9 being partially compressed out of the DPPC monolayer, but still affecting
the DPPC monolayer allowing it to be easier to compress. This would suggest that the MK-9 is still within
the lipid monolayer and not simply residing on top of the monolayer.

The compression isotherm and BAM experiments were also used to determine the surface pressure
dependent interactions of MK-9 and DPPE. The compression isotherm experiments of pure and mixed
monolayers suggested MK-9 was affecting the DPPE monolayers more at lower surface pressures than at
higher surface pressures (above 20 mN/m). Ideal area results were variable, but the isotherm curves
normalized to the phospholipid content exhibited MK-9 being partially compressed out of the monolayer
similar to the DPPC results.!?1% 18 3% 38 The presence of MK-9 also caused the DPPE monolayer to be
compressed easier in the same manner as the DPPC monolayer. Through imaging the monolayers using
BAM, the MK-9 would still aggregate, but at high pressures (30 mN/m) MK-9 is either compressed out of
the monolayer or intercalates into the DPPE regions. In summary, the data is consistent with MK-9 being
partially compressed out of the monolayer and likely residing within the monolayer instead of residing on

top of the monolayer similarly as with DPPC (see Figure 4.10 for illustration of interpretation).
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(A)

N\

(B)

Figure 4.10. Pictorial representation of the interpretations of the current study. Initially the MK-9
aggregates within the lipids (A) and as the lipids are compressed closer to one another, the MK-9
molecules are compressed out of the water interface toward the lipid tails (B). MKs are depicted as being
folded as is consistent with literature.® 2039

These findings are similar to previous findings, but there are small differences from previous studies.
Quinn et al. found through compression isotherm experiments of UBQ of varying tail length and
phospholipids, that ubiquinone is completely compressed out of the monolayer to the top of the
phospholipids tails.®® In this study, MK-9 was not completely compressed out of the monolayer, but
instead still affected the area per molecule and compressibility of the monolayer. This discrepancy may
be due to the headgroups of the quinones, or the improvements in sensitivity of Langmuir monolayer
experimental setups over time.2® In either case, this does demonstrate that MK-9 does interact with
phospholipids similarly to UBQ. Also similar to current findings, Hoyo et al. and Kruk et al. found that UBQ

and PQ both are partially compressed out of the phospholipid monolayers using AFM, BAM and

compression isotherms.?13 38 Considering the current findings and these studies, the three quinones
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considered interact with phospholipid interfaces very similarly.1*13 18 38 Thijs suggests that the main factor
in the transport of these quinones across membranes is the isoprenoid tails.113 18 38

In a biological setting, MK-9 would have to transverse a bilayer instead of a monolayer as was used
within this study. Although there are clear differences between a bilayer and a monolayer, this study still
provides information on aspects of the ability of MK-9 to traverse the membrane.*® The conclusion that
MK-9 partially being compressed out of the monolayers suggests that MK-9 does not strongly interact
with the water inerface. This is likely due to a limited amount of hydrogen bonding with the water
interface compared to DPPC or DPPE.***! Therefore once the lipid density becomes sufficiently high
(above ~20 mN/m), MK-9 is compressed into the lipid tails. With many biological membranes having a
lipid density relating to 30-35 mN/m, MK-9 most likely resides within the lipid tails for the majority of
time.3%37 42 The rest of the time, MK-9 likely resides near the headgroups of the phospholipids.®
Considering MK-9 resides within the tails of the phospholipid monolayers at physiological lipid densities

as shown in this study, MK-9 likely is able to traverse the bilayer easily.11> 1618

4.4  Summary and Conclusions

The current studies explored the interactions of the electron transporter of Mycobacterium
tuberculosis, MK-9, with common phospholipids using Langmuir monolayers. The compression isotherm
experiments of mixed and pure monolayers of MK-9 and the phospholipids DPPC or DPPE, suggested that
MK-9 and the phospholipids do interact with one another. Through analysis of the compression isotherm
curves, the ideal area, isotherm curves normalized to the phospholipid content, and the compression
modulus were calculated and shows that MK-9 is partially compressed out of the monolayers into the tails
of the phospholipids. The BAM images were able to corroborate these findings. Therefore, these studies
were able to show that MK-9 is partially compressed out of the monolayer in a surface pressure (lipid

density) dependent manner similar to that of other quinones.1t1316:18

98



(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

References

A Kurosu, M.; A Begari, E. Vitamin K2 in Electron Transport System: Are Enzymes Involved in
Vitamin K2 Biosynthesis Promising Drug Targets? Molecules. 2010, 15, 1531-1553.

Crane, F. L.; Sun, I. L.; Barr, R.; Low, H. Electron and Proton Transport across the Plasma-
Membrane. J. Bioenerg. Biomembr. 1991, 23 (5), 773-803.

Haapanen, O.; Sharma, V. A Modeling and Simulation Perspective on the Mechanism and Function
of Respiratory Complex |. Biochim. Biophys. Acta, Bioenergetics. 2018, 1859 (7), 510-523.
Nowicka, B.; Kruk, J. Occurrence, Biosynthesis and Function of Isoprenoid Quinones. Biochim.
Biophys. Acta, Bioenergetics. 2010, 1797 (8), 1587-1605.

Ragan, C. I.; Cottingham, I. R. The Kinetics of Quinone Pools in Electron-Transport. Biochim.
Biophys. Acta. 1985, 811 (1), 13-31.

Rochaix, J. D., Regulation and Dynamics of the Light-Harvesting System. In Annu. Rev. Plant Biol.,
Merchant, S. S., Ed. 2014; Vol. 65, pp 287-309.

Tikhonov, A. N.; Vershubskii, A. V. Computer Modeling of Electron and Proton Transport in
Chloroplasts. BioSyst. 2014, 121, 1-21.

Hoyo, J.; Guaus, E.; Torrent-Burgues, J. Influence of Membrane Galactolipids and Surface Pressure
on Plastoquinone Behaviour. Bioelectrochemistry. 2016, 111, 123-130.

Hoyo, J.; Guaus, E.; Torrent-Burgues, J. Tuning Ubiquinone Position in Biomimetic Monolayer
Membranes. Eur. Phys J. E. 2017, 40 (6), 1-8.

Hoyo, J.; Guaus, E.; Torrent-Burgues, J.; Sanz, F. Electrochemical Behaviour of Mixed LB Films of
Ubiquinone - DPPC. J. Electroanal. Chem. 2012, 669, 6-13.

Hoyo, J.; Guaus, E.; Torrent-Burgues, J.; Sanz, F. Biomimetic Monolayer Films of
Digalactosyldiacylglycerol Incorporating Plastoquinone. Biochim. Biophys. Acta, Biomembr. 2015,
1848 (6), 1341-1351.

Hoyo, J.; Guaus, E.; Torrent-Burgues, J.; Sanz, F. Biomimetic Mono Layer Films of
Monogalactosyldiacylglycerol Incorporating Plastoquinone. J. Phys. Chem. B. 2015, 119 (20),
6170-6178.

Hoyo, J.; Torrent-Burgues, J.; Guaus, E. Biomimetic Monolayer Films of
Monogalactosyldiacylglycerol Incorporating Ubiquinone. J. Colloid Interface Sci. 2012, 384, 189-
197.

JemiolaRzeminska, M.; Kruk, J.; Skowronek, M.; Strzalka, K. Location of Ubiquinone Homologues
in Liposome Membranes Studied by Fluorescence Anisotropy of Diphenyl-Hexatriene and
Trimethylammonium-Diphenyl-Hexatriene. Chem. Phys. Lipids. 1996, 79 (1), 55-63.
Jemiota-Rzeminska, M.; Latowski, D.; Strzalka, K. Incorporation of Plastoquinone and Ubiquinone
into Liposome Membranes Studied by HPLC Analysis. The Effect of Side Chain Length and Redox
State of Quinone. Chem. Phys. Lipids. 2001, 110 (1), 85-94.

Kaurola, P.; Sharma, V.; Vonk, A.; Vattulainen, I.; Rog, T. Distribution and Dynamics of Quinones
in the Lipid Bilayer Mimicking the Inner Membrane of Mitochondria. Biochim. Biophys. Acta,
Biomembr. 2016, 1858 (9), 2116-2122.

Leidner, C. R.; Patterson, D. H.; Scheper, W. M.; Liu, M. D. Reduction of Phospholipid Quinones in
Bilayer-Membranes - Kinetics and Mechanism. ACS Symp. Ser. 1992, 493, 202-217.

Quinn, P. J.; Esfahani, M. A. Ubiquinones Have Surface-Active Properties Suited to Transport
Electrons and Protons across Membranes. Biochem. J. 1980, 185 (3), 715-722.

99



(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
(32)

(33)

(34)

(35)

Rokitskaya, T. I.; Murphy, M. P.; Skulachev, V. P.; Antonenko, Y. N. Ubiquinol and Plastoquinol
Triphenylphosphonium Conjugates Can Carry Electrons through Phospholipid Membranes.
Bioelectrochemistry. 2016, 111, 23-30.

Koehn, J. T.; Magallanes, E. S.; Peters, B. J.; Beuning, C. N.; Haase, A. A.; Zhu, M. J.; Rithner, C. D.;
Crick, D. C.; Crans, D. C. A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, Adopts a Folded
Conformation in Solution and at a Model Membrane Interface. J. Org. Chem. 2018, 83 (1), 275-
288.

Bernard, S.; Roche, Y.; Etienne, F.; Peretti, P. Interaction between Ubiquinones and
Dipalmitoylphosphatidylcholine in Mixed Langmuir Monolayers. Mol. Cryst. Lig. Cryst. 2000, 338,
207-221.

Azuma, K.; Ouchi, Y.; Inoue, S. Vitamin K: Novel Molecular Mechanisms of Action and Its Roles in
Osteoporosis. Geriatr. Gerontol. Int. 2014, 14 (1), 1-7.

Choi, Y.; Attwood, S. J.; Hoopes, M. I.; Drolle, E.; Karttunen, M.; Leonenko, Z. Melatonin Directly
Interacts with Cholesterol and Alleviates Cholesterol Effects in Dipalmitoylphosphatidylcholine
Monolayers. Soft Matter. 2014, 10 (1), 206-213.

Paul, P. K.; Che, D. C.; Hiroyuki, K.; Araki, K.; Matsumoto, T. Adsorption Characteristics of
Cytochrome C/DNA Complex Langmuir Molecular Assemblies at the Air-Water Interface: A
Surface Area-Normalized Isotherm Study. Rsc Advances. 2017, 7 (60), 37755-37764.

Peters, B. J.; Groninger, A. S.; Fontes, F. L.; Crick, D. C.; Crans, D. C. Differences in Interactions of
Benzoic Acid and Benzoate with Interfaces. Langmuir. 2016, 32 (37), 9451-9459.

Sostarecz, A. G.; Gaidamauskas, E.; Distin, S.; Bonetti, S. J.; Levinger, N. E.; Crans, D. C. Correlation
of Insulin-Enhancing Properties of Vanadium-Dipicolinate Complexes in Model Membrane
Systems: Phospholipid Langmuir Monolayers and Aot Reverse Micelles. Chem. - Eur. J. 2014, 20
(17), 5149-51509.

Thong, A.; Tsoukanova, V. Cytochrome-C-Assisted Escape of Cardiolipin from a Model
Mitochondrial Membrane. Biochim. Biophys. Acta, Biomembr. 2018, 1860 (2), 475-480.

Miyoshi, T.; Kato, S. Detailed Analysis of the Surface Area and Elasticity in the Saturated 1,2-
Diacylphosphatidylcholine/Cholesterol Binary Monolayer System. Langmuir. 2015, 31 (33), 9086-
9096.

Taira, T.; Ikeda, S.; Kawamura, D.; Sakai, H.; Abe, M.; Kitamoto, D.; Imura, T. Monolayer Behavior
of Cyclic and Linear Forms of Surfactins:Thermodynamic Analysis of Langmuir Monolayers and
Afm Study of Langmuir-Blodgett Monolayers. J. Oleo. Sci. 2014, 63 (4), 407-412.

Petelska, A. D.; Figaszewski, Z. A. The Equilibria of Phosphatidylethanolamine-Cholesterol and
Phosphatidylcholine-Phosphatidylethanolamine in Monolayers at the Air/Water Interface. J.
Macromol. Sci., Pure Appl. Chem. 2009, 46 (6), 607-614.

Nerdal, W.; Nilsen, T. R. S.; Steinkopf, S. Coenzymeq(10), Localizations in Model Membranes. A
Langmuir Monolayer Study. Biophys. Chem. 2015, 207, 74-81.

Knobler, C. M.; Desai, R. C. Phase-Transitions in Monolayers. Annu. Rev. Phys. Chem. 1992, 43,
207-236.

Borrell, J. H.; Domenech, O. Critical Temperature of 1-Palmitoyl-2-Oleoyl-Sn-Glycero-3-
Phosphoethanolamine Monolayers and Its Possible Biological Relevance. J. Phys. Chem. B. 2017,
121 (28), 6882-6889.

Capuzzi, G.; LoNostro, P.; Kulkarni, K.; Fernandez, J. E.; Vincieri, F. F. Interactions of 6-O-
Stearoylascorbic Acid and Vitamin K-1 in Mixed Langmuir Films at the Gas/Water Interface.
Langmuir. 1996, 12 (22), 5413-5418.

Kaganer, V. M.; Mohwald, H.; Dutta, P. Structure and Phase Transitions in Langmuir Monolayers.
Rev. Mod. Phys. 1999, 71 (3), 779-819.

100



(36)
(37)

(38)

(39)
(40)
(41)

(42)

Veldhuizen, R.; Nag, K.; Orgeig, S.; Possmayer, F. The Role of Lipids in Pulmonary Surfactant.
Biochim. Biophys. Acta, Mol. Basis Dis. 1998, 1408 (2-3), 90-108.

Veldhuizen, E. J. A.; Haagsman, H. P. Role of Pulmonary Surfactant Components in Surface Film
Formation and Dynamics. Biochim. Biophys. Acta, Biomembr. 2000, 1467 (2), 255-270.

Kruk, J.; Strzalka, K.; Leblanc, R. M. Monolayer Study of Plastoquinones, Alpha-Tocopherol
Quinone, Their Hydroquinone Forms and Their Interaction with Monogalactosyldiacylglycerol -
Charge-Transfer Complexes in a Mixed Monolayer. Biochim. Biophys. Acta. 1992, 1112 (1), 19-26.
Szterk, A.; Zmystowski, A.; Bus, K. Identification of Cis/Trans Isomers of Menaquinone-7 in Food
as Exemplified by Dietary Supplements. Food Chem. 2018, 243, 403-409.

Leekumjorn, S.; Sum, A. K. Molecular Investigation of the Interactions of Trehalose with Lipid
Bilayers of DPPC, DPPE and Their Mixture. Mol. Simul. 2006, 32 (3-4), 219-230.

Leekumjorn, S.; Sum, A. K. Molecular Simulation Study of Structural and Dynamic Properties of
Mixed DPPC/DPPE Bilayers. Biophys. J. 2006, 90 (11), 3951-3965.

Jones, M. N., Micelles, Monolayers, and Biomembranes. New York : Wiley-Liss: New York, 1995.

101



Chapter 5: Physical and Chemical Characteristics Affecting Membrane

Interactions

As presented in the previous chapters, many factors play a role in the interactions of small molecules
with lipid interfaces and inter-lipid interactions. The factors presented here are likely not the only factors
that affect small molecule and inter-lipid interactions within membranes.'? These other factors that were
not explored within these studies may, but are not limited to include lipid density, ionic strength of the
water, charge of molecules or ions, and structure and composition of the lipids.}* Understanding these
characteristics is crucial for the development of drugs and further understanding of biological systems.
The following discusses a few of these factors that affect small molecule interactions with lipids and inter-

lipid interactions.
5.1 Interactions of Small Molecules and lons with Cell Membranes

When considering small molecules diffusing into and across the cell membrane, it is important to
consider the steps by which the small molecules go through to cross the membrane. First, the small
molecule must be sufficiently hydrophobic to bind to the cell membrane interface. Once at the interface,
the molecule is thought to diffuse across the membrane by itself or with assistance of a channel protein.”
1521 |f the molecule is too hydrophobic (logP > 5.6), it will be trapped within the membrane hydrophobic
region or if the molecule is too hydrophilic (logP < -0.4), then it will not bind to the membrane and to
enter a cell it must go through a transporter.?”- 22 Therefore, an appropriate hydrophobicity is sought for
diffusion across the cell membrane. These generalities are good estimates for drug development, but
there are examples of ions and molecules that do not follow this generalization and diffusion across the

d 2, 23-26

cell membrane may be much more complicate There are many factors that may affect the

interactions of small molecules with lipid interfaces and the following discusses a few of those factors.
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5.1.1 Diffusion of lons through Lipid Bilayers

For decades, it has been known that cells are able to uptake needed ions through the lipid
membrane.?’32 To do this, there are many protein transporters, but the cell can also uptake ions through
the lipid bilayer.'> 242734 Considering the ions are charged, it is commonly assumed that the ions do not
interact with the lipid interfaces (primarily hydrophobic). Interestingly, these cations are still able to cross
lipid bilayers.> 132434

To cross the lipid bilayer, cations bind to the phosphates of the membrane phospholipids and the
nearby water molecules.” 133335 Assuming there is enough of concentration gradient of the ions across
the membrane, a hydrophilic pore may form.2%2>3¢ This pore can consist of ~100 H,O molecules, cations,
and anions, which can then cross to the other side of the lipid bilayer.2% 333536 This method of crossing
the bilayer is one of the currently, most accepted mechanisms of ions traversing a lipid bilayer and is called
the pore mechanism (see Figure 5.1 for illustration of pore formation).> 2% 3> Alternatively, some anions
are able to diffuse across lipid bilayers using the solubility-diffusion mechanism.'® 2> 34 This is the
mechanism that is commonly described for passive diffusion.*2>34 For this method, the anion would have
to be sufficiently soluble in the lipid hydrophobic region to where, through Brownian motion, it is able to
traverse the bilayer (see Figure 5.1). For an anion to be able to cross the bilayer in this method, the basicity
and polarity of the anion are important factors.* 34 The basicity is important for the anion to be able to
ionically bind to a proton while if the anion is too charged, it will not be able to cross the membrane
easily.’® 3 Therefore, ions are able to cross membranes through at least two accepted mechanisms of

diffusion including the pore method and the solubility-diffusion mechanism.® 13 20,3336
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(A) Solubility-Diffusion Model

(b) Initial Disruption of Bilayer

(d) Hydrophilic Pore

diffusion method (A) for an uptake of an anion into a cell
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(black circle and arrow) and a schematic of the formation of a hydrophilic pore (pore method of uptake,
B). The figures outlining the pore formation beginning with the cell bilayer (a), followed by a small
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Figure 5.1. Schematic diagrams of the solubility-

computational studies where the pore formation is caused by larger differences in concentrations of ions
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disruption of the bilayer (b), initial pore formation (c), and pore formation (d). This figure is based on
across the membrane.?% 2>3% The blue circles represent water molecules.



5.1.2 Small Structural Differences Affecting Small Molecule Interactions with Lipids

The specific structures of small molecules used to treat illnesses are typically thought of in terms of
binding to proteins or DNA.3”%° The specific structures can be altered to make sure the molecules form
tight bonds with the target protein or DNA which would then allow for better inhibition of the target.3”-4°
Less is done to affect the binding and interactions with the lipids that make up the membrane. As was
observed in chapter 3, the small structural differences of small molecules can affect the molecular
interactions with general membrane-like interfaces.? With advances in the understanding of the
interactions of small molecules with specific lipids, it may be possible to direct the small molecules to
specific regions of the cell membrane, which could contain the target of interest.> 4** By targeting the
lipids near the protein of interest, the drug molecule would be brought in proximity of the target allowing
for a greater chance for the drug to reach its target.? 4144

5.1.3 pH Dependence of Membrane Interactions of Small Molecules

The pH dependence is well known for the uptake of weak acid preservatives and some small molecule
drugs. For carboxylic acids, within solutions of pH values below the pK, value of the weak acid, the neutral
acid form is primarily present and therefore the weak acid interacts more with the lipid bilayer than the
conjugate base.m 7 18194547 Ag discussed in chapter 2, benzoic acid was able to reside within the reverse
micelle tails which was in a much more hydrophobic region than where benzoate resided which was at
the water pool- AOT interface.! This likely extends to other weak acid food preservatives shown in Figure
5.2.17. 184647 \with the neutral acid able to diffuse into the hydrophobic region, the weak acid should be
able to completely diffuse across the lipid bilayer similar to the solubility-diffusion method that the anions
described previously could use to traverse the membrane bilayer.?® 3* More information about the

mechanistic insights are given in section 5.1.5.
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Figure 5.2. Structures, pKa,, and E number (number used to identify preservatives) of acetic acid, propanoic
acid, sorbic acid, and benzoic acid. pK, values are from reference 48.%

5.1.4 Lipid Density and Uptake of Small Molecules
For many cells, the density of lipids of membranes corresponds to about 30-35 mN/m, but may vary

in organs such as the lungs.'> % %9 Within the alveoli of the lungs, the primary phospholipid is
dipalmitoylphosphatidylcholine (DPPC).**#° This lipid is known to have complete coverage of an interface
even near 0 mN/m. % The decrease in lipid density can allow for rapid gas molecule diffusion through
the alveolar surface.'**° With other systems where the lipid density relates to the surface pressure of 30-
35 mN/m, the uptake of small molecules is severely reduced unless the cell allows for greater uptake of
the molecule through protein channels.>>%>! This has been demonstrated using insertion profiles of small
molecules and N-Ras protein into Langmuir monolayers.>> At higher surface pressures (greater lipid
densities) the uptake of small molecules is reduced.® Generally, the more dense the lipid interface, the
less a small molecule is able to penetrate into the lipid interface.!® %52
5.1.5 Comparison of Mechanisms for Small Molecule Diffusion Across Cell Membranes

There are two commonly accepted mechanisms for small molecule diffusion across membrane
bilayers.?> The mechanisms have the same names as with the ions, but the specifics behind the diffusion
are altered due to clear differences in structures between organic molecules and inorganic ions.? For
instance, when the molecule is using the Solubility-diffusion method for traversing a lipid bilayer, it may

tilt parallel with the water-bilayer interface and exist in a perpendicular state to the water-lipid interface
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when the molecule is near the interface (see Figure 5.3).1%2° This was shown to be the case by Jambeck
et al. for ibuprofen and aspirin, and is likely to be the situation for many sufficiently hydrophobic
molecules.’® 2> One such molecule that likely follows this pattern is benzoic acid, but more studies would

be needed for confirmation.® ¢ 2>

Extracellular Space

Ibuprofen

Cytosol
Figure 5.3. Chemical structure and schematic of the diffusion of ibuprofen through a cell membrane. As
depicted by the black ovals, the orientation of ibuprofen changes depending on its placement within the
lipid bilayer. The red circle around the carboxylic acid of ibuprofen corresponds to the red spot on the
black oval in the bilayer. The blue circles represent water molecules.

The second method for small molecule diffusion across the membrane is the pore method similar to
that described for ions.? This method has been described for curcumin in a concentration dependent
manner, where pores form within the lipid bilayers as the curcumin aggregates within the lipid bilayer as
shown by solid state NMR by Barry et al.?> > Once the pore is formed, the curcumin is able to cross the
lipid bilayer.? >3 This mechanism of bilayer traversing is likely used by molecules that have hydrophilic
structural motifs across the molecule along with being sufficiently hydrophobic allowing for membrane

adsorption.? 53
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A small molecule that has a membrane dependent interaction that is used to treat tuberculosis is
pyrazinamide (PZA).* 4% The active form, pyrazinoic acid (POA), is known to have a pH dependent effect
on Mycobacterium tuberculosis (Mtb) where at a lower pH of 5.5, PZA has a greater effect on Mtb than
at pH 6.5.% > The current mode accepted mechanism of action of PZA is still debated.>® PZA first crosses
the bacterial membrane either through passive diffusion or active transport.>®*>’ Once inside the
bacterium, PZA is hydrolyzed by PncA to form the carboxylic acid POA and a molecule of ammonia.? ¢
After formation of POA, the POA may inhibit trans-translation and is also excreted by an efflux system.>®
%8 When POA is introduced to the acidic environment, it is thought that POA becomes protonated and
then can diffuse across the cell membrane (pK, = 2.9).%>47-5%5% This would then decrease the cytosolic pH
and affect many functions of the cell including reducing ATP synthesis.?> 4> %556 The mechanism just
described is very similar to that of the futile cycle described by Piper et al. for benzoic acid.” 1819 46
Although for weak acid food preservatives, the pH collapse is only observed below the pK, of the food
preservative.” 1819 46,60 This would suggest that for this same mode of action to be relevant for PZA/POA,
the pH of the extracellular space would have to be below pH 2.9 or the pK, of POA would have to change
drastically to have the same pH reducing effect on the cytosol.” & 47-80 For the pK, to change there may
be some specific interaction with the lipid interface making the protonated state of POA more favorable
or there may be some intramolecular hydrogen bonding similar to that of picolinamide.® %2-%2 |n contrast
and seemingly more likely, the pK, of POA may not be altered much at the interface, but instead, POA
along with increased ionic strength may allow for a hydrophilic pore to form.% 2% 2425 33 This would allow
for ions, such as protons, to cross the lipid bilayer for the limited time the pore exists (ns) causing the
observed effects of POA.% 202425 33,55 More studies are needed to confirm the exact interactions of POA
with the membrane interface which would lead to an understanding of the effect POA has on the

membrane of the bacterium.2% 2445 5556,59 |n symmary, the pH dependent effect of PZA/POA on Mtb is an

108



example of a pH dependent drug that likely interacts in a specific way with the membrane interface.?>*>

55-56, 59

5.2 Characteristics Affecting Inner Membrane Dynamics

Cell membranes are highly dynamic structures. Within these structures many proteins, and lipids are
constantly moving and there are a few characteristics that are able to affect the cell membrane
dynamics.'? %34 This is necessary to allow for processes of the membrane to function properly.}? %3 The
following sections discuss a couple of the characteristics of the lipid portion of the membrane that may
affect the membrane fluidity and local membrane structure.

5.2.1 Saturation of the Lipid Fatty Acid Tails

As mentioned in chapter 1, the degree of saturation of the fatty acid tails of lipids can affect the
membrane. Normally saturations (double bonds) of the tails are in the cis orientation to induce a “kink”,
which then causes the tail of the lipid to not stack as easily within the compact lipid membrane.1> 536> The
limited stacking can be observed with Langmuir monolayers, where an increase in lipid saturation,
decreases the collapse pressure of the monolayer and the area per molecule is increased at a given surface
pressure compared to a lipid with a saturated tail.}" ®6%8 This would suggest that the lipids do not pack as
closely as with saturated tails.!> %68 This “kink” can also cause a spreading of the lipids nearby and an
overall increase in fluidity of that specific membrane region.'? %68 The fluidity stems from the fact that
with a “kink” in the lipid tails, a portion of the hydrophobic tail region becomes less occupied.'* ®3%> The
less occupied region can be filled with tails that are able to occupy the space that would otherwise be
tightly packed.

5.2.2 Specialized Lipids
Cholesterol
Beyond changing the structure of the lipid portion of the membrane, the composition of the

membrane may be altered as well. To alter the fluidity of the membrane, a cell can change the cholesterol
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content of its membrane.®®7! If the cell needs a more fluid membrane, the cholesterol content can be
reduced, while if the cell needs a more rigid membrane, the cholesterol content can be increased.5®7!
Cholesterol has known condensing effects on the surrounding lipids which would cause the apparent
increase in rigidity.”% 7273 These effects are caused by the structure of cholesterol. The fused ring structure
of cholesterol causes a more straight conformation of the tails of the neighboring lipids, which cause the
local area of the cholesterol to become more ordered and rigid.”® 7* Along with the rigidity being affected
by the presence of cholesterol, the lipid flip/flop (flip to inner membrane, flop to outer membrane) rate
is increased.*> ® ® The exact mechanism of how cholesterol increases this rate is unknown, but there
have been studies showing how cholesterol flips/flops within the bilayer.** 64 %° Cholesterol is normally
drawn within the lipid bilayer as being parallel to the lipids surrounding it, but there have been findings
that show a significant amount of cholesterol resides perpendicular to the lipids (parallel with the middle
of the bilayer).”#”® This means that there are two orientations of cholesterol within the lipid bilayer and
flips across the bilayer similar to ibuprofen.”*”> One major orientation is with the hydroxyl of the
cholesterol near the headgroups of the lipids, and the other is with the cholesterol residing parallel to
membrane interface similar to the solvation-diffusion method of ion and small molecule of diffusion
across the lipid bilayer.5* 747> This would suggest that cholesterol is able to rotate within the lipid bilayer
and affect both sides of the lipid bilayer in similarly.”*7>
Quinones

Quinones (specifically ubiquinone, plastoquinone, and menaquinone) have all been shown to interact
similarly within the cell membrane.”®8 As discussed in chapter 4, menaquinone-9 (MK-9, nine isoprene
units) is partially compressed out of the monolayer at higher surface pressures that relate to physiological
densities (30-35 mN/m).12 Similar findings have been found for Ubiquinone-10 (UBQ-10) and
plastoquinone-9 (PQ-9) with varying lipid types composing the mixed monolayers.”®7% 8182 Thjs suggests

that these quinones are all hydrophobic enough to be able to reside within the hydrophobic region of the
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bilayer easily and therefore should be able to flip/flop from one side of the bilayer quickly (ns).2>2* This
was found to be the case through a computational study by Kaurola et al. where UBQ-10 was found to
have a folded conformation within the lipid tails when flipping/flopping to the other side of the bilayer.®*
The fold within this computational study is similar to findings by Koehn et al. and Szterk et al. where the
different menaquinone analogs (MK-2, and MK-7 respectively) were found to have folded
conformations.®%®° considering that the quinones do act similarly throughout many studies, it is likely that
the isoprenoid tail is the main structural component that affects the motion of quinones through the
bilayer.82 84 With the large isoprenoid tail of the quinones (>MK-4), it is possible that the lipids around the
quinones are less packed allowing for higher flip/flop rates.®* The high rate of flip/flop would then allow
for the quinones to be able to accomplish the necessary function of transporting electrons and protons
|.3, 82, 84, 86-87

through a membrane necessary for cell surviva

(A)

.,.o.o.. e0gee% s

Figure 5.4. Comparison between the illustration normally utilized to depict the motion of a general
quinone (Q) through the bilayer (A) and a schematic showing that a general quinone (variable headgroup
shown by black circle) and that the isoprenoid tail is likely bent.2% 8% The blue circles represent water
molecules.
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5.3  Summary of Implications of Studying the Interactions between Lipids and Small
Molecules and Electron Transporters

5.3.1 Implications for Rational Drug Design

The implications for understanding the chemical and physical characteristics that affect membrane
interactions are far reaching into many disciplines, but specifically the research within this thesis is
important for rational drug design. When drugs are being rationally designed, they are normally designed
to maximize their binding affinity with a target of choice.” 3% This less commonly done with lipids as the
target. It may be possible to improve on the efficacy of the drug by considering the environment (as shown
in chapter 2), along with the specific drug-lipid interactions (chapter 3).12
5.3.2 Implication for Understanding Electron Transport Systems

Many studies have been conducted on UBQ-10 and PQ-9, but previously, there have been no studies
on the interactions of MK-9 with lipid interfaces (chapter 4).> 777818284 By comparing the interactions of
these three quinones, it is clear that these three electron transporters interact with cell membranes in a
very similar way.> 77828 Therefore, the isoprenoid tail is likely the important structural component of the
quinones that allow for the high flip/flop rate.®* This would suggest that the headgroup differences likely
has a more important role in the specifics with their respective redox potential and possibly binding to

the proteins that act on them.3 8688
5.4  Concluding Remarks

The research presented in this thesis builds a foundation for further research into understanding the
factors that play roles in the interactions of molecules with lipid interfaces. The pH dependence of benzoic
acid on its placement within the reverse micelle interface is an example of how the environment can affect
molecular interactions with an interface.! Chapter 3 is an example of how small structural differences can

affect the molecular orientation, placement, and membrane interactions.? Chapter 4 is an example of how
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lipid density can play a role in the lipid interface interactions. These studies together are examples of
many factors that play roles in the interactions of different molecules with model membranes, and
together point to that membranes are very complicated structures that still have many avenues to

explore.
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Appendix I: Contributions to Works

The material in chapter one is primarily review and background knowledge of lipids and cell
membrane composition. Figures 1.2-1.5 were originally prepared or adapted for this thesis. Table 1.1 is
partially from literature and partially from calculations performed using literature values for this thesis.

The material in chapter two is published in Langmuir with Benjamin J. Peters as the primary author.
Coauthors include Allison S. Groninger, Fabio L. Fontes, Dean C. Crick, and Debbie C. Crans. Allison
Groninger was an undergraduate student who contributed by working through many of the issues related
to method development for the Langmuir monolayer studies. Fabio Fontes and Dean Crick, contributed
valuable advice and direction. Debbie Crans guided me through the process of writing this manuscript and
taught me many lessons along the way about communicating science along with writing the majority of
the 'H-H 2D NOESY NMR section. For this work, Benjamin Peters acquired all data presented, analysis of
the data, and did most of the preparation of the published manuscript.!

The material in chapter three was submitted and accepted with minor revisions to Langmuir with
Benjamin J. Peters as the primary author. Coauthors include Cameron Van Cleave, Allison A. Haase, John
Peter B. Hough, Keisha A. Giffen-Kent, Gabriel M. Cardiff, Audra G. Sostarecz, Dean C. Crick, and Debbie
C. Crans. Cameron Van Cleave, Allison A. Haase, and John Peter B. Hough contributed to the DPPE
Langmuir monolayer experiments. Keisha A. Giffen-Kent and Gabriel M. Cardiff contributed by assisting in
the isoniazid and benzhydrazide titrations in both D,O and reverse micelle samples through *H 1D NMR
experimentation. Audra G. Sostarecs contributed very valuable advice for interpretation of the Langmuir
monolayer studies. Dean C. Crick, was always there for support for determining the story and always
willing to talk about the science. Debbie C. Crans helped set up meetings, give valuable insight into the

story, and help with interpretation of the data. | would like to give a special thanks to Chris Rithner for
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valuable input on preparing the *H-'H 2D NMR spectra. For this work, Benjamin Peters acquired all the
DPPC Langmuir monolayer data, all the *H-'H 2D NOESY and ROESY data, determined the pK, values,
acquired the 'H 1D NMR data for isonicotinamide, nicotinamide, picolinamide, and benzamide, prepared
all NMR data, and prepared the majority of the manuscript.2

The material in chapter four is in preparation to be submitted to Langmuir with Benjamin J. Peters as
the primary author. Coauthors include Cameron Van Cleave, Allison A. Haase, Katarina R. Werst, Brandon
Allen, Dean C. Crick, and Debbie C. Crans. For this work, Cameron Van Cleave, Allison A. Haase, and
Katarina R. Werst acquired most of the data for the compression isotherm experiments for the MK-9 and
phospholipid pure and mixed monolayers. Brandon Allen computed the ideal area isotherm curves.
Cameron Van Cleave prepared data that was used for the GIF (graphical image format) videos. Dean C.
Crick and Debbie C. Crans provided valuable insight and advice. Benjamin Peters designed and determined
experimental parameters, conducted the Brewster angle microscopy experiments, interpreted the data,
and is currently preparing the manuscript for publication.

The material in chapter 5 is an outline of where Benjamin Peters believes this data fits with current
knowledge of membrane interactions and diffusion across cell membranes. All figures were originally
prepared for this thesis.

The following appendices state my contributions to the published works that are not discussed within

the chapters of this thesis or are supplementary figures useful for further interpretation of the data.
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Appendix Il: *H 1D NMR spectrum of Benzoic Acid in Isooctane

Ha 0o
He
OH
Hb Ha
Hc

83 82 81 80 79 78 7.7 76 7.5 7.4 73 7.2
ppm

Figure A2.1: 'H 1D NMR spectrum of 10 mM benzoic in 95% isooctane/5% d1,-cyclohexane (referenced
to the tetramethyl silane peak at 0 ppm). Labeled protons refer to HB structure given.!
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Appendix Il 'H 1D NMR Spectrum of Sodium AOT forming w; 12
Reverse Micelles
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Figure A3.1. *H NMR spectrum and chemical structure depicting sodium aerosol-OT (AOT) with protons
labeled for NMR interpretation forming wy 12 reverse micelles (RMs) with D,0. It is important to note that
regions near the sulfonate of the AOT molecule may reside within an agueous environment, while the
AOT hydrocarbon tails reside within isooctane. The HOD chemical shift is consistent with the chemical
shift found by Maitra et al showing the wy of the reverse micelle used to obtain this spectrum is consistent
with literature.'?
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Appendix IV: Determination of pK, values through *H 1D NMR

Titrations

T "
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Figure A4.1. an example titration of iNIC in D,O. The pH is indicated on the left of each 1D *H spectrum in
the stack plot. The chemical shifts of the H, peak were then plotted as a function of pH as shown in Figure
A4.2.1?
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Figure A4.2. To determine the pK, of each compound, the chemical shifts of H, was graphed as a function
of pH (right) and a best fit sigmoidal curve was fit to the points. The first derivative was taken of this best
fit curve to determine the pH at which the slope was the largest (green line) and this was reported as the
pKa value of each compound. This method was used for all compounds of interest in reverse micelles and
Dzo.l—2
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Appendix V: Compression Isotherms Comparison of Different

Subphases

Surface Pressure (mN/m)
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Figure A5.1. Surface pressure compression isotherms of DPPC (A) or DPPE (B) film on a subphase
containing 20 mM phosphate buffer (pH 7.4, red) and DPPC film on a subphase consisting of only DDI H,0

(pH 7.4 black).1?
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Appendix VI: Brewster Angle Microscopy of MK-9 Post-Collapse

50 nmol MK-9 Post-Collapse

Figure A6.1. BAM images of post compression isotherm collapse of monolayers consisting of 50 nmoles
of MK-9. Times post-collapse are given with corresponding images below.
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Appendix VIl:  Brewster Angle Microscopy of Mixed and Pure

Monolayers of MK-9 and DPPC

25% MK-9 50% MK-9 75% MK9
DPPC 75% DPPC 50% DPPC 25% DPPC  MK-9

5 mN/m
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. [

Figure A7.1 BAM images of DPPC, 25% MK-9 and 75% DPPC, 50% MK-9 and 50% DPPC, 75% MK-9 and 25%
DPPC monolayers and a monolayer consisting of 50 nmol of MK-9 (left column to right column
respectively). Surface pressures are given on the left every 5 mN/m until 40 mN/m.

132



Appendix VIll:  Brewster Angle Microscopy of Mixed and Pure

Monolayers of MK-9 and DPPE

25% MK-9 50% MK-9 75% MK9
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Figure A8.1. BAM images of DPPE, 25% MK-9 and 75% DPPE, 50% MK-9 and 50% DPPE, 75% MK-9 and
25% DPPE monolayers and a monolayer consisting of 50 nmol of MK-9 (left column to right column
respectively). Surface pressures are given on the left every 5 mN/m until 40 mN/m.
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Appendix IX: Vanadium-phosphatase complexes: Phosphatase Inhibitors

Favor the Trigonal Bipyramidal Transition State Geometries

This manuscript is published in Coordination Chemistry Reviews with Craig C. Mclauchlan as the
primary author. For this work, Craig Mclauchlan acquired most of the data and wrote a significant amount
of the manuscript. Gail R. Willsky added valuable input for a more biological perspective, and Debbie C.
Crans brought all the ideas together. Benjamin J. Peters prepared tables 4 and 5, assisted with references,

and editing.!
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structures of vanadium- phosphatase complexes contain vanadium with five coordinating atoms in trigo-
nal bipyramidal coordination geometries even though corresponding small molecule analog compounds
may have square pyramidal geometries. This finding for the static structures in their solid state documents
the fact that the variety of phospharases all stabilize a vanadium geometry that is closer to the trigonal
bipyramidal geometry than square pyramidal geometry. We also review the efficacy of vanadium-based
inhibitors and examine both oxometalates and vanadium coordination complexes. The evaluation of the
inhibitory efficacies of the oxometalates provides the opportunity to identify product-based inhibitors and
transition-state-based inhibitors. Whether initial coordination geometry is important to inhibitor design
geometry was examined. For vanadium-phosphatase complexes, regardless of what form was added to
the protein crystal in all but one case vanadate was found bound in the phosphatase. Recause of speciation
considerations and prior hydrolysis of potential vanadium complexes, this result may be a consequence
of the experimental conditions, With regard o inhibition we find that the coordination geometry of the
starting complex does not need to be trigonal bipyramidal to result in a effective phosphatase inhibitor
and that all reported phosphatase inhibitors span a range of only three orders of magnitude in K; across
all phosphatases examined.

1. Introduction

Removing a phosphate group from a biomolecule is a central
reaction in biology and catalyzed by a range of enzymes, collectively
named phosphatases [1-5]. Phosphorylation/dephosphorylation is
currently recognized as a major metabolic control system that
activates or inhibits metabolic reactions by affecting the phospho-
rylation state of metabolites and enzymes [1,6-8]. A number of
chemical signaling systems have been used throughout molecular
evolution. Examples include ribosylation, adenylation, isopreny-
lation and methylation [9]. Because phosphorylation introduces
a charge and sometimes even a double charge, often a dramatic
change of a protein properties result, which will impact how
the different parts of protein folds associate with each other
and the protein surface. Specifically, in some cases phosphory-
lations change a hydrophobic surface or neutral surface into a
hydrophilic surface, thus destroying an interaction that may have
been favorable prior to the phosphorylation [5,10]. Therefore, phos-
phorylation is a well suited process to alter properties of peptides
and thus modulate the activity of enzymes in crucial metabolic
pathways. For phosphorylation of proteins, several different types
of amino acid side chains are typically phosphorylated induc-
ing various regulatory responses in the cell; serine, threonine,
tyrosine, and aspartate result in an O-phosphate group, histidine,
arginine, and lysine result in an N-phosphate group, and cysteine
results in a S-phosphate group, each of which result in a different
response, Phosphatases are enzymes that remove these phosphate
group by dephosphorylation [1,11], and thus important contribu-
torsinsignal transduction pathways. This process supports asimple
switch system, which is easily adopted to “turn on” and "turn off"
important processes by phosphorylation/dephosphorylation of the
enzymes in question. Alternatively, understanding the inhibition
of these enzymes is important, and this manuscript concerns how
vanadate and related vanadium compounds inhibit phosphatases
[12-15].

The introduction of the charged phosphate group is also
important for the small molecules of intermediary metabolism.
For example, the intracellular phosphorylation of glucose by
hexokinase is well known to trap glucose inside the cell as the
charged glucose-6-phosphate, which is not recognized by the
GLUT facilitated diffusion transporters located in the plasma mem-
branes whether or not their presence in the plasma membrane
is strongly insulin sensitive [ 16,17]. Whether the phosphorylated
form of the metabolite or protein is active or inactive, it is crit-
ical to recognize that the dephosphorylated form will have the
opposite action. Nature chose well because multiple chemical
meieties (OH, NH, SH) can be phosphorylated making phospho-
rylation a widely applicable system with several levels of control.

© 2015 Elsevier B.V. All rights reserved.

Indeed, the specificity of phosphatases is an important part of
metabolic regulation and changing concentrations of substrates
and inhibitors of phosphatases can have a large effect. Specificity
of the phosphatases for a particular phosphatase inhibitor leading
to an effect in some metabolic pathways, but not others is critical
for this regulation. This process can occur if the inhibitor contains
some recognition feature on the organic part of the substrate or a
specific part of the enzyme as an allosteric regulator.

Of the alternative mechanisms for signaling processes, methy-
lation is the system of choice for fine tuning metabolic signaling via
epigenetic (or post-translational) modification [9,18]. Methylation
is increasingly found to be important in other biological processes
such as translation [19] and protein degradation of other cellular
proteins | 9], Because methylation generally changes the hydropho-
bicity, the changes in peptide structure by methylation, although
significant, will not be as large as the introduction of a charge.
The change in hydrophobicity by a methyl group is however suffi-
cient to affect the conformation and shape of the peptide fragment
in a protein. Specifically, DNA is not likely to bind to hydropho-
bic regions in the histones, Although there are no charge changes
in these modifications and interactions, increased hydrophobic-
ity could modulate the affinity of the DNA for the histone protein
and thus fine-tune the associations between hydrophobic surface
in the histone and DNA. Therefore, from a chemical and biophys-
ical perspective the choice of chemical modification distribution
on major and minor signal transduction control pathways makes
sense. The methylation of amines or thiols are changes that will
affect the conformation choice of a peptide in contrast to the phos-
phorylation which dramatically affects the peptide properties; as
a result methylation is used for fine-tuning the histone binding to
DMA and phosphorylation is used as the major regulatory control
in biclogical systems on a wide range of systems.

Because of the key role of phosphatases in signal transduction,
it is not surprising that these enzymes have become a key target
for studying metabolism [ 10], for modifying cell signaling [20,21],
and for treatment of diseases [10,22]. Specifically, phosphatases
have been targeted as an entry for treatment of diabetes [23-29]
and trypanosomal diseases such as Chagas disease and leishma-
niasis [30-34], often with vanadium species. Orthovanadate, the
simple vanadium oxoanion often called just vanadate (V043-), is
a well-known inhibitor of phosphatases [12-15], and because of
its potency has been studied with many different enzymes [35,36].
The effects of vanadate have stimulated the development and test-
ing of many other vanadium compounds as phosphatase inhibitors
[37-40]. This review will investigate the reported X-ray structures
of phosphatases with a vanadium bound in the active site as illus-
trated in Fig. 1 [41], We chose to use X-ray crystallographic data,
because they provide the opportunity to observe molecular details,
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(b)

Fig. 1. The X-ray structure from H. sapiens protein tyrosine phosphatase 1B, PDB ID 3i80 [41], displayed as {a) a ribbon diagram of the vanadium-protein complex and (h) a
ball and stick representation along with an inset of the environment surrounding the active site containing vanadate. Key to atom coloring: C, gray; N, blue; O, red: 5, yellow;

V. lilac.

albeit of the static structures in the solid state. After removing the
layers of protein in silico, the details of the binding in the active site
can be investigated. The crystallographic studies require the for-
mation of single crystals for analysis by X-ray diffraction but with
different crystallizing techniques it becomes possible to “trap” a
protein in many different conformations along its reaction pathway
[42]. Accordingly one would expect that protein-vanadium com-
plexes might form containing different types of bound vanadium.
In this work we analyze the coordination environment around the
vanadium with a focus on the groups immediately near the vana-
dium, i.e. whether the vanadium is four- or five-coordinate and if
the five-coordinate structure has geometry better described as trig-
onal bipyramidal or square pyramidal. Although some effects are
clearly induced by the second coordination sphere [43] the main
focus of this review is on the first coordination sphere around the
vanadium,

Enzyme and phosphatase nomenclature, in general, can fol-
low several strategies. The importance of accurate descriptions
is critical, though, as there are at least 424 synonyms compiled
for protein-tyrosine-phosphatases alone [44]. The strategy taken
by the Enzyme Commission (EC) is to classify the proteins by
the reaction they catalyze (see below) [45]. When two different
proteins catalyze the same reaction, they then share the same
EC number. From a mechanistic perspective we can also classify
the phosphatases by the nature of the amino acid that serves as
the nucleophile in the active site of the enzyme, i.e. transferases
[46]. This organization is that which historically has been termed
acid, alkaline, and protein phosphatases and other phosphatases
that do not follow any of these categories such as purple acid
phosphatase and some of the bacterial phosphatases [37,47]. The
reader is referred to previous literature describing the enzymol-
ogy of many known phosphatases [47-49], whereas the original
work describing the inhibition by vanadate and other vanadium
compounds is highlighted in this review. While this work was
underway, an analysis of the vanadium in structural biology was
reported |50 cataloging all the protein complexes containing vana-
dium from the Protein Data Bank (PDB) [51]. That study provides
a list of amino acid residues within 5A of the vanadium and also
analyzes enzyme classes other than those that perform hydrolysis,
such as transferases and oxidoreductases. Thus, they did not focus
on the phosphatases, nor was the chemistry and structural detail
of any of the five-coordinate vanadium compounds considered,
which likely impacted their conclusions [50]. In this review, we will
analyze the coordination geometry of the vanadium in the active
sites of these protein structures and their coordination geometries.
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It is the objective of this work to determine if the observed and
reported structure contains a trigonal bipyramidal (TBP) vanadium
or a square pyramidal (SP) vanadium. We aim to examine whether
knowninhibitors have the same geometry as the protein complexes
and to consider the possibility that such geometry would produce
mare potent inhibitor design.

2. Fundamentals of phosphate ester hydrolysis; reaction,
transition state and categorization

2.1. Enzyme-catalyzed hydrolysis of phosphate esters

Generally, phosphatases catalyze the hydrolysis reaction of an
organic phosphate ester, illustrated in Fig. 2. The reaction has been
observed over a wide pH range and thus is likely to involve different
protonation states of the phosphate ester[5,52]. The reaction mech-
anism has been studied in aqueous solution and differences in the
detailed reaction mechanism have been reported in the monopro-
tonated phosphoester and deprotonated phosphoester hydrolysis.
Because the pK, values of most phosphate monoesters are in the
pH range 7-8, the hydrolysis reaction under physiological pH is
taking place in a pH range where two protonation states of the
phosphoester exist, namely ROPO3?  and ROPO3H .

Historically phosphatases were classified as belonging to one of
five well-characterized classes of hydrolases, namely (1) alkaline
phosphatases (containing a serine OH in the active site) [48], (2)
low molecular weight acid phosphatases (containing histidine or
lysine NH in the active site) [53], (3) high molecular weight acid
phosphatases (containing histidine or lysine NH in the active site)
|54], (4) protein phosphatases (containing cysteine SH in the active
site) [55] and (5) purple acid phosphatases (containing a dinuclear
metal complex) [56]. Because many of the phosphatases catalyze
phosphate ester hydrolysis through an associative mechanism
forming a covalent intermediate with an enzyme residue, the
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Fig. 2, The hydrolysis of an organic phosphate to form an alcohol and inorganic
phosphate [52].
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Fig. 3. The schematic drawings illustrating potentially intermediate forms of five-coordinate covalent protein-phosphorus complexes in the form of transition states or high

energy intermediates | 1,58].

protein complexes often have the phosphorus in a five-coordinate
geometry during a high energy intermediate and/or the transition
state (1), Fig. 3, regardless of the exact nature of the phosphatase,
the nature of the active site, or the protonation state of the
complex. Because the associative transition state of phosphoester
hydrolysis is trigonal bipyramidal, it is anticipated that the vana-
dium inhibitors in these protein complexes will adopt the trigonal
bipyramidal geometry as an effective transition state analog 1,57 .

2.2, Enzyme categorization of phosphatases

The Enzyme Commission (EC) number describes the numer-
ical categorization of enzymes based on the reaction that they
catalyze [45,59], Enzymes with EC numbers of the form 3.3#.#4#
include phosphatases, lipases, amylases, and peptidases because
all catalyze the hydrolysis of a substrate to form two products,
Phosphatases are classified as hydrolases because they catalyze the
hydrolysis reaction of a wide range of organic phosphates. Because
the hydrolysis acts on an ester bond, phosphatases are given the EC
number of 3.1.#.# because class 3.1 contains all esterases, includ-
ing phosphoesters. Phosphoric monoester hydrolases, which are of
primary interest to this review, belong to 3.1.3.# and act on small
metabolites to large phosphoprotein substrates, Table 1. Because
there is a large number of substrates that are phosphorylated, the
number of enzymes and proteins catalyzing this process is very
large; there are over 90 different classes of phosphatases span-
ning a broad diversity. In Table 1, we only list the enzymes that
are pertinent for this review and described further below.

The most common enzymes catalyzing phosphoester
monoester hydrolysis are less specific, being able to dephos-
phorylate a number of substrates. Alkaline and acid phosphatases
are examples of less specific enzymes. Alkaline phosphatase
received its name because its activity was greatest at high pH
[52,60]. Alkaline phosphatase is important for bone processing
and metabolic processing and the widespread presence of this
enzyme in many cell types serves an important purpose [1-8]. The
more specific phosphatases are often regulatory enzymes, with
the reaction impacting the cellular events [1,6-8]. A number of
these phosphatases are membrane associated, and thus linking

the phosphate ester hydrolysis reaction with a cellular event
such as nutrient uptake or proton transport [61,62]. The action of
protein tyrosine phosphatases are therefore intricately associated
with cellular regulation such the insulin signaling pathways [11].
These enzymes are only present in small amounts and are not
yet commercially available or prohibitively expensive for most
researchers. Inhibition of such protein phosphatases is likely to be
important in diseases such as diabetes and cancer [11].

2.3. Five-coordinate transition-state geometry - ideal and
alternative possibilities

As noted above, the transition state of phosphatases is believed
to go through a five-coordinate phosphorus species, The geometric
restrictions imposed by the ligands coordinated to a metalion often
distort the coordination geometry from ideal trigonal bipyramidal
(TBP) or square pyramidal (SP) geometries. Because five-coordinate
geometries are either SP or TBP both geometries seem possible for
the protein active sites, although distortions in-between are also
possible and, in fact, quite common.

Describing the geometry of five-coordinate complexes can be
nontrivial because the geometries are often distorted in between
the ideal TBP and SP geometries. The simple index parameter, tau
(1), was introduced by Addison et al. to calculate any potential
distortion, where t=(f — @)/60 [G3]. Although there are some lim-
itations to T and other descriptions such as the continuous shape
measure are also used [G4- GG, we have used the T parameter in
this review. At one extreme, 7 =0 for a simple ideal 5P geometry:
where B, C, D, E, and M are co-planar, the two basal angles « and
B (Fig. 4) are each 180°, For the ideal TBP geometry, 7= 1 because
the @ and £ angles (Fig. 4) lead to =(180 - 120)/60=60/60. The
more common distorted structures “in between” these extremes,
then, will have a t value between 0 and 1 and thus help to classify
systems with less-ideal geometries.

Examination of the five-coordinate geometry of the metal cen-
ter in detail is important because the ligands are likely to impact
the specific structure at the metal ion. We recently demonstrated
in an analysis of five-coordinate vanadium complexes [67], that
the SP geometry is more common in small-molecule vanadium

Table 1

Representative phosphatases and their enzyme commission (EC) numbers based on the chemical reactions that the respective enzymes are catalyzing.
EC number Phosphatase name; reflecting chemical reaction Reaction
31 Hydrolases Hydrolysis of ester
313 Phosphoester monoester hydrolase Hydrolysis of phosphoester
3.1.31 Alkaline phosphatase Hydrolysis of phosphoester
3132 Acid phosphatase Hydrolysis of phosphoester
3133 Phosphoserine phosphatase Hydrolysis of phosphoester
313,16 Protei inetl ine phosg Hydrolysis of phosphoester
3.1.3.29 N-Acylneuraminate-9-phosphatase Hydrelysis of phosphoester
31341 A-Mitraphenylphosphatase Hydrolysis of phosphoester
3.1.348 Protein-tyrosine-phosphatase Hydrelysis of phosphoester
3.1.3.70 Mannosyl-3-phosphoglycerate phosphatase Hydrolysis of phosphoanhydride
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Fig. 4. Two schematic drawings of five-coordinate covalent protein-vanadate com-
plexes with the vanadium in a (a) square pyramidal geometry and (h) rrigonal
bipyramidal geometry. Angles are drawn [or clarity and are less than 1807,
Reproduced with permission from Ref. [67).

compounds. In contrast, the TBP geometry is more common for
vanadium complexes in protein structures as generally presumed
and demonstrated in this work in Section 3, Because the vanadium
complexes in the protein are in the geometry that is less prevalent
(and therefore presumably less stable), this analysis suggested that
the protein stabilizes the geometry of the vanadium.

2.4. Speciation of vanadate, vanadyl cation and vanadium
complexes

As an early transition metal ion, vanadium exists in several
oxidation states of which vanadium(V), (IV), and (I11) are most rele-
vant for the vanadium-protein complexes described in this review
[68,69]. The highest oxidation state vanadium(V) can exist both
as an anion (V0,-, HV042-, H,V0,4 ) and a cation (VO,*) under
physiological conditions [68-74]. This V(V) is the form of vana-
dium that is compatible with oxygen and at neutral pH exists in
the form of vanadate, which is often considered an electronic and
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structural analog of phosphate [71]. The vanadate monomer can
exist in three different forms; at high pH it exists as VO4°~, and
at neutral pH it can be in two forms: HV042- and H>V04~. The
fully protonated form, H3VO,, is not believed to exist in any appre-
ciable amount [70,72|. However, as the concentration increases
oligomeric vanadate species are formed in a quantity that depends
on pH. The structures of these species are shown in Fig. 5. The din-
uclear species (V2079~) can have a charge up to 4, analogous to
pyrophosphate, P2074-, however at neutral pH the anion mono-
or di-anionic species dominate, At higher concentration at neutral
pH the major species are the cyclic tetranuclear and pentanuclear
species [70,72,72], which are much less common for phosphate
analogs, but not unknown [75,7G]. These oxovanadate species are
rapidly interconverting [77], and it was demonstrated that the
different species have a long enough lifetime to exhibit different
biological responses [72]. Vi, V2, V4 and Vs are the major species,
but additional species can form such as the linear vanadate trimer
(V3, V30¢°~), which can be observed at lower concentrations from
pH8.5109.0 |79]. The exchange of species, although well-known by
chemists, is more indirectly appreciated by biochemists. For exam-
ple, biologists and biochemists commonly “activate vanadate”™ by
taking a sodium orthovanadate solution that is adjusted to pH 10.0
(although any pH above 7 will suffice), boil it, and re-adjust to pH
10.0 [14] to ensure that the vast majority of the vanadium species
present is monomeric vanadate (that is a mixture of HVO4?~ and
V043 [80-83].

The cationic form of vanadium(V) is found at low pH (V0,*) and
in complexes and protein active sites [58,68-70,72|. At higher con-
centrations and in the acidic pH range 3.0-6.5 the major vanadium
species is decavanadate, V1p0,5% . This modestly sized polyoxo-
vanadate is kinetically stable in acidic conditions with dimensions
of 5A x 7.8 A x 83 A [84]. The specific protonation state is depen-
denton pH (H,V10025% " }and can have up to a minus 6 charge. In
this acidic pH region the vanadate monomer concentration is very
low, although at sub-millimolar concentrations decavanadate does
not form spontaneously even at pH 6,
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Fig. 5. Scheme of known equilibrating oxovanadate {vanadium (V) oligomers in solution. The species existing at neutral and high pH (V,, V3, V4, Vs) and the species at
low pH VO™ and Vg [68,70,72,79,82|, The V3 and other minor contributors are present at lower concentrations but have been observed between pH 8.5 and 9 at higher
concentrations [79], The solution at neutral and high pH is colorless and the V4 is yellowforange depending on concentration and cation in solution,
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The speciation of vanadium(IV) has also been examined and
at neutral pH the monomeric vanadium species concentration are
very low [68,85-87]. It is the VO* and VOOH* species that predom-
inate at low pH and at high pH an anionic form is present, VO[OH)*-.
The concentration is so low that no species can by be observed
by EFR spectroscopy |68,85], Solutions are EPR silent, because the
stable form is an oligomeric-polymeric species in which the free
electrons are coupled. The presence of the vanadium(IV) species
can be observed by adding a buffer which will then complex with
the vanadium(IV) and render the material EPR active [85].

The speciation of vanadium(1ll} has also been characterized, and
as free salts these solutions are very sensitive to oxygen, time and
specific conditions [68,88,89|, Various protonation steps exist for
monomer, dimer, and trimer species. These species are sepsitive to
air, and must be handled under an inert atmosphere. In addition, as
acomplex vanadium( ) materials can be stable, and exert an effect
in biological conditions. For example, with regard to anti-diabetic
properties, some vanadium(lll) complexes have been reported to
have an effect, but it seems to be less than the effects of the two
higher oxidation states [89,90]. Indeed, vanadium(lIl) typically con-
verts to the vanadium(IV) species in aqueous solution.

In addition to these speciation issues, vanadium species readily
react with most ligands [71,74,85,91,92]. As a result, new coordina-
tion complexes form with buffers, substrates and other metabolites
present under the conditions of the assay or under physiolog-
ical conditions [71,74,85,91,92]. Early studies documented that
both vanadate and vanadium(IV) react with most buffers, how-
ever, generally the complexes that form are weak and thus not
isolated [74,91]. The interaction of, for example, HEPES with vana-
dium(1V) prevented formation of the EPR-silent oligomeric form of
vanadium(IV), which impacted the response time observed with
enzymes of solutions of vanadium(IV) [85]. This problem of inter-
actions with buffers is profound: if no buffer is used it is difficult to
maintain pH; however, if a bufferis used it is not clear how much of
the observed effect is due to buffer-vanadate complex formartion.
Therefore researchers do the best they can, and as long as the lim-
itations are recognized, studies are informative regardless of what
approach is used.

2.5. Methods of inhibition of phosphatase

Phosphatases can be inhibited in several ways, including sub-
strate inhibition, transition state inhibition, and product inhibition
[93]. Phosphatases catalyze the hydrolysis of phosphate esters
and the resulting organic part and the phosphate products can
inhibit the enzyme when the product slowly falls off. Because
vanadate is a phosphate analog, vanadate can also interact with
phosphatases as a product analog [17]. Vanadate as a product
inhibitor binds to the protein in a four-coordinate geometry in
the proten complex, It would be anticipated that product ana-
log inhibitors would be weaker inhibitors than transition state
analog inhibitors. The comparison of vanadate and phosphate inhi-
bition of the phosphatases will reflect the mode of action of the
inhibitor. There are known examples of protein complexes with
the vanadium in the tetrahedral coordination geometry [41,94,95].
The reported vanadium-phosphatase protein complexes include
some complexes that do not have the vanadium in five-coordinate
geometries.

In the phosphatase-vanadium complexes where the vanadate
acts as a product inhibitor the vanadium will be in a four-coordinate
geomelry as has been found for Bacteroides thetaiotamicron HPP
D10A (PDB ID [96] Zrar) [94] and Drosophila melanogaster PTP10D
(PDEB ID 3520 [95]. In these complexes the major differences from
the vanadium-protein complexes with five-coordinate vanadium
are the bond distances because the angles of the vanadium cen-
ter do not change significantly. However, in some cases a bond

Fig. 6. Inthe structure of a Homo sapiens receptor-like protein tyrosine phosphatase
¥ (RPTPy) a vanadate, VOy, is bound in the active site; |D 3qcc in the PDB database.
The authors consider the nearby 5-atom, which is at a distance where a respectable
hond could have farmed at 2716 A [ 100], whereas the PDEB entry ignores it. Key to
the atom coloring is; C, gray; N, blue; O, red; 5, yvellow; V, magenta,

distance can be so long that one begins to wonder how long a bond
can be before it is no longer considered a bond. The importance
of these considerations depends on the nature of the YO-unit and
whether there are single, double, or even triple bonds [97,98]. This
is important, because bond lengths are not incorporated into the
determination of r. Of the over 49,000 unique V.- .0 bonds are in
the Cambridge Crystal Structural Database (CCSD), ranging from
1.473 to 2,909 A |99, for those defined as V=0 regardless of oxi-
dation state, the mean bond distance is 1.94 A, whereas for V=0,
itis 1.60A and for V=0 it is 1.67 A. Clearly those descriptions and
values are some cause for concern, but that is beyond the scope of
this review.

Another example of how coordination geometries impact the
analysis of bound inhibitors is demonstrated in the structure of a
Homo sapiens receptor-like protein tyrosine phosphatase v (RPTPy)
with vanadate bond in the active site, PDB 1D 3qcc [100]. It is a
protein phosphatase complex which contains a vanadate with four
VO honds in the range of 1.628-1.676A, Fig. 6. The inter 0—vV—0
angles are 107°, 107°, 109°, and 116°. This vanadium derivative,
then, could be described as tetrahedral VO,4. However, there is also
aV-- Sy, distance of 2.716 A which exemplifies a fifth bond, at least
as a V coordination chemist would define it. In the CCSD [99] for
small molecules, there are 1681 unique V=5 bonds, which range
from 2.045 to 2.945 A. The mean and median value are both 2.370 A,
so this 2.716 A could be considered a long bond, even though there
are several examples with such bonds and even longer [ 101-106].
The angles indicate that this is a TBP environment, with a t value
of 0.98 (f=175.0°, & =116.17). The authors describe this vanadium
atom to be “liganded to Cys" along with four oxygen atoms. Includ-
ing the long V=5 bond in the vanadium-protein complex describes
an enzyme with a TBP vanadium coordination environment. The
PDB, however, described this structure with a vanadate ion ligand
(Ligand ID VO4).

3. X-ray structural characterization of protein-inhibitor
complexes: resolution and experimentally imposed
limitations

In the past 100 years, X-ray crystallography has become an
important tool in understanding structure on the molecular level
across many disciplines of science [58,107-110]. Improvements
in crystal growth techniques, collection and detection systems,
and computational power have also served to advance the field
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and allow it to contribute valuable insights in many disciplines,
As important as this tool has become, limitations in what X-ray
crystallography can and cannot demonstrate exist [111]. Extensive
discussion is beyond the scope of this review, but interested read-
ers are referred to several texts on the subject [112-115] as well as
two insightful reviews on the topic of protein crystallography by
Wilodawer et al. [ 108,116]. Briefly, there are several key factors to
keep in mind when analyzing protein crystallographic data and the
limitations in a particular structure i.e. resolution, reliability indices
(R and Riee ), and root mean square deviations of bonds from typical
geometric standards (rmsd(bond)), Fig. 7a. As shown, the structures
can be represented using a color code that describes the quality of
the model. Any one parameter does not define the quality of the
structure, but taken together, these parameters give a good sense
of the structural quality. Such limitations can impact the validity of
the interpretation and conclusions based on the data. For example,
from low resolution (red color) to high resolution (green color) the
differences in the bond distances typically vary from 0.03 to 0.01 A,
so over-interpretation of small differences should be avoided. This
color scheme is, however, not to be confused with the color scheme
used to describe charge on protein surfaces, with blue describing
a cationic surface and red an anionic surface, The PDB itself now
includes structural validation reports for each structure, emphasiz-
ing slightly different parameters, but still giving the viewer a sense
of the likely validity of a different structure. Their metrics show the
values for the structure relative to all structures in the database as
well as against only other structures with similar resolution [117].
A representative validation report from the structure designated as
3qccin the PDB is shown in Fig. 7b.

In solving the X-ray crystallographic structure, one is minimiz-
ing the difference between the predicted intensities and positions
and those observed in the X-ray diffraction study resulting in
a computed structural solution [107,112]. This fact is often not
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appreciated, but solutions can lead to computed models (“struc-
tures") that poorly represent the true system, exemplified by small
molecule crystallographic studies when the computed solutions do
not describe reasonable chemical structures. In less-well-defined
protein systems, this problem is only magnified. One key issue
is reflected in the resolution of the structure. The resolution can
be defined as the minimum distance between structural features
that can be distinguished [108]. For example, one can point to the
progression of structures of the FeMo-cofactor in nitrogenase to
illustrate how the issue of resolution can confine the possible con-
clusions. Initially there was a void in the middle of the structure,
then an unknown atom X (identification of the nature of X was
not possible), but as the structures achieved better resolution, X
was identified first as a N-atom and ultimately as a C-atom (Fig. 8)
[119-123] and the assignment was reinforced by spectroscopy
[123,124]. Some comparisons can be made while attempting to pull
out details when the resolution is low, perhaps even so low that the
lengths being discussed are not well defined, but the ability to draw
too many conclusions may be limited. So, for instance, it may be
quite possible to discern a four-coordinate species from a five- or
six-coordinate species even at poor resolution (e.g. 3.0A), but the
uncertainty in atom positions and, therefore, angles should limit
the confidence in the results when specifying differences between
two five-coordinate geometries. This is particularly important for
the discussionin this review because, as we previously documented
[G7], the differences in TBP and SP coordination environments
can be very small and subtle. The problem arises because protein
structures contain a large number of atoms that must all be mod-
eled because in crystallography one models the entire ensemble
of atoms; it is not possible to examine just the active site. There-
fore, crystallographers may need to impose certain restrictions to
achieve stable refinements, and such solutions may include limita-
tions on the geometries in the enzymes active site, Because there is
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no absolute decisive value for trustworthy structural data, we have
used the published data as they were and have included some of
the reliability indicators in our tables in this review to assist the
reader in seeing the limitations on some of the T values,

In crystallography it is common to begin the modeling pro-
cess with a previous model solution for as much as is deemed
reasonable (molecular replacement) so as to learn quickly about
the part of the molecule one presumes to impact. Many authors
are very forthright in their manuscripts or depositions about these
restraints, e.g. Zhang et al. state in their structure of Bovine Low
Molecular Weight PTPase (refcode 1212) [126], "In order to avoid
any model bias for the trigonal bipyramidal geometry suggested
by the electron density map, the tetrahedral vanadate was first
used in the refinement, but with loose constraints on the bond
lengths (10 A) and bond angles (20°). After 40 cycles of positional
and individual B-factor refinement, the model showed that three of
the four oxygen atoms on the vanadate ion became nearly copla-
nar with the vanadium atom. Forty more cycles of refinement were
done with increasingly tighter constraints of vanadate geometry on
the previously refined model. In the final round of refinement, the
three oxygen atoms and the vanadium were fixed in the same plane
[126]." The conclusions drawn are likely correct, but the geometry
of the final model was effectively fixed to be planar and, there-
fore, described as TBP when the “nearly coplanar” angles may have
led to a different description. However, such important discussions
regarding structural limitations can be lost with a database query,
or by reviewers, or an editorial decision to condense a manuscript,

The particular form of the protein “captured” in an X-ray struc-
ture can also be an issue. X-ray crystallography averages structure
over the repeating unit all in the same orientation and small
deviations are eliminated by the method. This is why crystals must
be formed for single crystal diffraction and the materials cannot
be powders or microcrystals. With the relatively slow growth
conditions for many crystals, though, it becomes possible to “trap”
a protein in many stages of the catalytic process. Sometimes this is
intentional and valuable information can be compiled, as noted by
Brandao et al. [41]. In other cases, the expected enzyme form is not
isolated. In the structures by Hengge and co-workers, for example,
both divanadate [127] and trivanadate [128] structures were
captured from soaking with vanadate (V047 in acidic conditions
even though trivanadate is not stable in observable amounts in
such a solution. The long-standing discussion of whether the
X-ray structures are an accurate reflection of what is occurring in

solution is, therefore, only more complicated when considering
protein structures.

Another complexity of X-ray crystallography being an average
structure is that of disorder and “partial occupancy”. The proteins
trapped in the above example could be trapped across a range of
possible conformations in the crystal, leading to disorder in the
model. A crystal may also not have every single equivalent site
occupied by a metal or cofactor, which would lead to lower elec-
tron density than expected for the system, a phenomenon usually
referred to as partial occupancy. It then becomes important to
consider both disorder and partial occupancy in such a large macro-
molecular structure.

4. PDB structures of phosphatases containing a bound
vanadium

4.1. Search parameters

The search for protein-vanadium complexes was done in the
Protein Data Bank (PDB) [51] which contained 103,015 structures
(on September 2, 2014). We focused only on structures solved by
X-ray crystallography, of which there were 91,382 structures, Only
the structures in which the enzymes were phosphatases and des-
ignated as hydrolases were selected. Of the 1713 structure hits
for phosphatases in the PDB, 1610 of those were derived from X-
ray data along with another 48 unreleased structures. Within that
set, 8 contain “vanadium” and 46 contain “vanadate” resulting in
a list of 38 unique codes and 4 more unreleased structures lead-
ing to the structures tabulated in Table 2. Several control searches
were also conducted and searches were analyzed selecting all
vanadium-containing systems to be sure to capture the largest
number of structures. Mot all of these systems contain V, some
are repeats and some contain multiple V's per structure, so the
true number of unique proteins is 29. Database searches do not
always contain the correct information regarding pH, ligand form,
etc. when comparing to the publication. Coordinates were down-
loaded from PDB and distances and angles were analyzed using
Mercury [129]. Data were compiled and calculated for 7 [63] in
Table 2 as described previously [G7]. With only 29 structures, each
was also compared to the original reference and details sought
in the manuscript and deposition regarding description, refine-
ment constraints, etc. This left 29 different structures, which are
summarized in Table 2, It should be noted that some structures
of phosphatases with other oxoanions exist, including molybdate
[130,131], tungstate [132,133], and phosphate [133], but those are
not reviewed comprehensively because they are not the focus of
this review.

The parameters for vanadium-protein complexes for each class
of phosphatases were analyzed and include the method by which
the crystal was obtained and some details of the conditions, the
resulting resolution of the structure, and the active site residue
coordinated to the vanadium in the active site. Because the reso-
lution of the structures of the vanadium-containing phosphatase
varies from 3.0 to 1.0A, there is a wide range of the quality of
these structures, and, therefore, the reliability of the details in
the coordination environment that is obtained. For example, the
structure with resolution of 3.0 A is not precise enough to allow a
completely reliable description of the coordination environment.
Regardless of differences in the protein, the active site environ-
ments in mosl cases contained a VO4 covalently coordinated to
an active site nucleophile from the phosphatase and are depicted
in Fig. 9. When examining putative active sites ofl phosphatase
enzymes co-crystallized or soaked with a vanadium-containing
species the 7 calculation allowed for assignment of TBP or SP
geometries.
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Fug S feizolium metioti Phosphoacetate hydrolase 3619 VO, The Swak THP o 043 130 0207 750 |148]
Th2f Bacillus ¥ Phok (fka YhiK) 03245 Wil chaing. - His, Glu soak Distorted - : 400 04 So0 [12d]
covalent
141 Thermatagn maritima Survival protein £ (Surk) WLy + H honds Snak - 041 1590 0 ian [144]
gso Xenrhomonus anenepodis NP 1619 Wiy Thr (2] TRP; Grh O ar o 055 1457 073 &00 [150]
A
20l Framcisells miarenss Acid phosphatase A {Acpa) 2132 HVO, Soak TP o 076 175 600 [151]
Drlsk Buctermides thetaioloomicron HPP wild type 0..V0y. - Asp Suk TRP o 078 1.00 550 [0
Trar Buc tervides thetuotaomicron HPP D10A mutant Vil Asp oo Tetraledral ¥ 152 700 %4]
Frwk Thermus i M, yl-3 i VO, W Asp Soak TBP a 056 210 630 [154]
x5 hermius M. yl-3 VO Asp MG Soak TBP o 059 181 650 |154]
dknw Homo sapiens N-Acylneuraminate-g- Wi --Asp Seak THE 4] 107 70 50 [1ss)
phosphatase
Jzwu Alkali Phox NR e o 054 139 H00 [170]
dkkz haseotus vulgaris Purphe acid phosphatase NR T o 083 220 4.0 1171
1212 Buos fans Lowww Mr PTT Soak TEP -] 088 220 750 [126]
e Homa sepiens RPTPy Soak TP 5 0.5 210 650 [100]
Tyedd Hrsma spiens RITPy Soak ™P 5 a1 1.80 700 [100]
Thyt M sirpiers RPTPy NR TR 5 076 260 BO0 (164
Zide Humo supiens HPTP-b-CD Suak TBP 1 082 175 800 [159]
FiED Himna sapieras PTPIE oo TRP ] 08¢ 225 750 [41]
Er Huvio suptens FIFIE o TBP 5 043 .30 30 [41]
3qkg Homo saptens. FIFIB W179F H1.348 w TBP 5 0y 4,20 LA 50 [165]
It Versinia enterocoditica (type WISAT PTPase 30348 WVl (VO4. . Cys: VOS5 €O TEP, TBP 0,5 007,078 142 0174 750 [127)]
o)
2i42 Yersinia enterocolitica Yopl protein yrosine 31348 Vi Cys (1) ar -] 030 220 oiTe AS0 |168]
phaspharase
Tomx  Drosophils mefenognster SETR phosphatase 11316 VO, Oy Sk TRP [ 07 234 0208 TS0 [169]
3s31 Drosuphily mefanogosier PTPIOD 30348 W Soak Tetrahedral 0 270 0240 630  [05]
e Hino sipiens VHZ - shurt PTP TLLIGME VD Oy Arg o) Trigrnal planar 035" 115 0120 750 [157]
* method of ext o vanadium, 00, co-cr soak, snaking; M, not reported, See text and references for details,

* pH ol crystallization as reported in PDB of litesature.
© Ma fifth coardination ligand

o Extremely long IMth coondination ligand.

* Puldication details differ from database details.
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Fig. 9. Examples of active site environments for V0,0, V0,5, and VO, N coordination environments of known structure species with the pertinent PDB 1D and 1 values. Each
is shown as a ball and stick model of the first coordination sphere of the active site as well as the chemical connectivity. Key to atom coloring: C. gray: Mg, green: N, blue: O,

red; §, vellow; V, magenta.

Because the phosphatases contain an active site coordination
geometry of ~V04X, where X can be O, N and 5 we organized these
phosphatase into these three groups based on the nature of the
active site nucleophile, the O for Ser/Thr, N-His, and S-containing
Cys. This allowed the comparison of these protein structures with
different classes of coordination environments in small molecules
from the CCSD. Previously we analyzed the known vanadium-
containing small molecules with five-coordinate geometries which
were divided into three groups; VO4X, VO4N, and V040 [67]. We
found only one V0,45 complex in the group of 44 structures with
X being everything else than N or O, about 300 VO4N species and
about 1100 species with V0,40 coordination environments, Fig. 10,
In this report we demonstrated that nearly all V040 complexes
regardless of author-reported oxidation state of vanadium or the
nature of the O-containing ligand have a t value of less than 0.5 and
should thus be described as containing a vanadium with SP coordi-
nation geometry |67 ). In fact more than 97% have a t value of less
than 0.1, For compounds with the VO4N coordination geometry the
results are similar, but with only 75% less than 0.5 [67]. For a large,
random subpopulation of those identified as V°* small molecule
species in the CCSD searches, the results are 91% and 77% SP, respec-
tively. Related analysis employing the continuous shape measure
methodology [65] leads to subtly different individual results, but a
similar conclusion [134], These findings are strikingly in contrast
to the TRBP coordination environments found in the enzyme active
sites, and tabulated in Tables 2 and 3, All the species in Table 2
have vanadium in oxidation state 5+ (only one V#-protein com-
plex has been reported in the PDB, although not with a phosphatase,
but rather with hen egg white lysozyme) [135,136]. The V—0 bond
lengths in Table 3 are all quite long, too, and are much longer than
might be expected for V=0 or V=0 (c.f. Section 2.5 and Ref [99]).

4.2, Descriptors of structurally characterized species

Relevant information about the structures available in the PDB
is shown in Table 2 and Table 51. Values are generally derived
from that in the database, but are changed as indicated where
the values in the published description do not match those in the
database. One common area for disagreement is the pH of crys-
tallization, which is usually listed as the value the native crystals
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are grown in, not the soaking solution. In several of the structures
more than one crystallographically unique monomer of the protein
exists. In such cases, only one monomeric unit was chosen at ran-
dom (although we tried to align with the site authors discussed in
their manuscripts where possible) for more in-depth analysis and
inclusion in Table 2. Angles and distances used for calculations are
shown in Table 3,

Supplementary Table 51 related to this article can be found, in
the online version, at http:f/dx.doi.org/10.1016/j.ccr.2014.12.012,

4.2.1. Nitrogen-containing active sites

4.2.1.1. Rat acid phosphatase. The acid phosphatase from Rattus
norvegicus is a versatile phosphatase classified as both EC 3.1.3.2
and 3.1.3.5. Crystals of purified rat acid phosphatase were snaked
in 15% PEG 6000 in 0.1 M sodium acetate, pH 5.4, containing 5 mM
Ma; VO, for two days and analyzed by X-ray diffraction [131]. The
crystal structure was solved by molecular displacement from the
native enzyme and deposited as PDB 1D 1rpt. The model is based
on low resolution (3.[)15\) data, but the authors noted electron
density in the active site that could not be modeled as tetrahe-
dral VO,. Instead a trigonal bipyramidal geometry (1=0.91) with
V04 and an axial Ny;; was "built into the difference model and
refined” [1371). Additional side chains (His and Arg) stabilize the
environment, The fixed refinement and low resolution do not
allow many conclusions to be drawn from this structure itself,
but similar VO4N coordination geomeltries in known structures
of vanadium-dependent haloperoxidases [139-142] support this
motif. Surprisingly, despite being known for twenty years, 1rpt is
the only reported acid phosphatase with vanadium in the PDB. The
second enzyme with a VO4N coordination environment in Table 2,
4qih [137], represents one of several enzymes that are in the PDB
but have not yet appeared in the original literature.

4.2.2. All-oxygen-containing active sites

4.2.2.1. Bacteriul KDN-9P. The bacterial 2-keto-3-deoxy-p-
glycero-p-galacto-9-phosphonononic acid (KDN-9P) phosphatase
i5 a hydrolase from Bactervides thetaiotaomicron, and included
in this analysis even though it is described as a transferase in
the PDB and not classified within the EC category 3.1.3. Because
the aspartic acid is the active site nucleophile this enzyme can
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Fig. 10. Combined figures comparing search results from the CCSD (large figure)
and PDE (insels | databases, Histogram showing number of ocourrences in the CCSD
[99] of five-coordinate complexes with (a) V0,0 coordination. The region r=0-0.5
15 expanded with twice as many bins for clarty because over 974 of the complexes
have r<0.5[67]. The inset shows the same distribution only for phosphatase struc-
tures in the PDB. The outlier shown in purple is one of the vanadium atoms in a
divanadate structure PDB id: 3f9b [ 127]. In the divanadate structure the two vana-
dium atoms are different; the bound vanadium is TBP, but the free vanadium is
SP (shown in purple). (b) Likewise for VO, N coordination. The only reported phos
phatases with VOsN in the PDB have r=0.91 (PDB id: 1rpt) |131] and r=0.51 (PDB
id: 4qih) [137]. (¢} As in (a), but for VO.X coordination. In the PDB X is always 5.
OfF the outliers, one is the YopH-vanadate {2i42) and the other is the VHZ (derc),
neither of which are best described as TBP according to the authors. The only small
maolecule V0,45 in the CSD has r=0.17 [128].

be classified within several groups within EC 3.1.3. The enzyme
crystals grown from PEG were soaked at room temperature for
15 min with “20mM activated Nav0;" (which generally implies a
solution of vanadate that has been heated in order to hydrolyze
any decavanadate content) and 100 mM of the model sialic acid
substrate N-acetylneuraminate (NeuSAc) in 35% PEG, 0.06 M TAPS
buffer, and 10mM MgCl, at pH 850 resulting in the crystals
depaosited in the database as PDB 1D 3e81 [143]. The structure was
solved by molecular replacement. The observed vanadium can be
described as a five-coordinate vanadium in which a planar VO3 is
bound apically (axially to a coordination chemist) by an aspartic
acid residue and an O from the substrate NeuSAc. A cofactor
Mg2* ion is also located in the vicinity, 2.0 A from one of the O
atoms in the VOj5 plane, and there are secondary interactions with
additional side chains. The t value for the vanadium is calculated
to 0.95 making this an almost ideal TPB geometry. It is unclear
from the crystallographic files and published materials how many

restrictions were placed on the geometries of the four vanadium
centers in the structure (1 per chain) during the processing leading
to the solution of the vanadium-protein complex.

4.2.2.2. Escherichia coli alkaline phosphatase. The E. coli alkaline
phosphatase is a hydrolase from group 3.1.3.1 with a serine active
site nucleophile, Crystals of the enzyme were stabilized at pH 7.50
and washed to remove residual phosphate, and then treated with
100 mM Tris buffer and 100 pM NH4VO5 vanadate resulting in the
crystals used to determine the structure deposited in the database
as PDB ID 1b8j | 144]. The E. coli alkaline phosphatase has a dif-
ferent affinity for vanadium than for example the mammalian
alkaline phosphatases, which is reflected by the added potency
by with vanadium inhibits this enzyme [145,146]. Although the
E. coli enzyme was the first for which inhibition by aqueous V(IV)
was documented [145] it has since then been reported that mam-
malian alkaline phosphatases are also inhibited by aqueous V(IV)
(see below for additional information) | 147 . In the deposited struc-
ture, there are two vanadium putative active sites that are very
similar in their coordination bonds and angles. Each comprises a
VOs unit with a nearly planar VO3 unit axially bound to an oxygen
from serine and a Zn**-coordinated water molecule. The coordina-
tion chemistry of the vanadium, then, is distorted TBP with a r value
of 0.77 in one site and 0.85 in the other. These values and the quite
long V—0 distances (ca. 1.72 A) demonstrate distortion of the TBP
geometry in the active site, consistent with the assumption that the
vanadium geometry was allowed to refine freely inferred from the
discussion and conclusions. Alkaline phosphatases have an inter-
esting extended active site in which the acrive site is strongly
influenced by the presence of other metals, The active site is com-
monly thought to be a dinuclear metalloenzyme with coordinating
Mg** and/or Zn** ions [4,48). Two of the equatorial oxygens in the
V04 are positioned to be able to form hydrogen bonds with addi-
tional side chains, whereas the third is positioned between two
Zn** jons.

4.2.2.3. Sinorhizobium melitoti phosphonoacetate hydrolase (PhnA)
[148]. Phosphonoacetate hydrolase (PhnA) from the bacterium 5.
melitoti catalyzes the hydrolysis of phosphonates and is the only
enzyme covered in this review that reacts with phosphonates not
phosphates. Because it catalyzes the breaking of P-C bonds it is
therefore classified as EC 3.6.1.9, however the sequence is very simi-
lar to that of alkaline phosphatases [ 148]. Crystals of the apo protein
were soaked on ice for 10min with 2mM freshly boiled sodium
orthovanadate solution to afford the tetragonal crystals used for
this study. The structure was solved with a 1.8 A resolution and
depaosited as PDB 1D 3t00. In this complex the vanadium is in a
slightly distorted TBP V040 geometry (7 =0.83), with V04 bound
to an axial Oy, located 2,04 A away. The VO5 equatorial unit is also
non-planar, The protein contains two Zn?* ions which facilitate the
interaction of the protein with vanadate inhibitor through multi-
ple H-bonding systems. Specifically, one equatorial oxygen of the
vanadate unit is electrostatically stabilized by interaction with both
of the metal ions and one of the other oxygen atoms is stabilized
by interacting with the amino acid side chains.

4.2.2.4. Bacillus stearothermophilus phosphatase. The PhoE phos-
phatase from Geobacillus stearothermophilus is a multifunctional
nonspecific enzyme, as evidenced by classification of (at least)
both EC# 3.1.3.2 and 3.1.3.5. The structure of crystals of PhoeE-
phosphate that had been soaked in 50.0mM of ammonium
metavanadate, 30.0% ethylene glycol, and 20.0 mM sodium acetate
buffer (pH 5.0) for three days is deposited as PDB ID 1h2f [128].
Although the authors had expected to see a bound vanadate in the
active site when solving the structure by molecular replacement,
instead an oligomeric form of vanadate, trivanadate, nominally

147



C.C. McLauchlan et al. { Coordination Chemistry Reviews 301-302 (2015} 163-199 175

V3042, is observed. The trivanadate species occupies the putative
active site of the enzyme with minimal conformational changes to
the backbone, but one end covalently binds to a His residue and
the ather end of the chain has a vanadium bound to a Glu residue,
The center vanadium, then, has tetrahedral VO, geometry, whereas
the two ends of the chain have distorted tetrahedral VO3 N and dis-
torted tetrahedral VO30 geometry respectively. The fact that an
oligomer which is not normally observed in agueous solution in
significant amounts [80] is sufficiently stable to bind in the active
site highlights the stabilizing role of the enzyme information of
these protein-vanadate complexes.

4.2.2.5. Thermotoga maritime SurE protein. The survival protein of
the microbe T. maritime of previously unknown function was iden-
tified as a phosphatase of classification EC 3.1.3.5 in this study [ 149].
The crystals of SurE with vanadate (PDB 1D: 1j9L) were grown from
purified recombinant, native SurE protein in the presence of 80-fold
excess of “vanadate” (likely activated) in a reservoir comprising
100mM HEPES, pH 7.5, 200mM calcium chloride and 25% (v/v)
PEG 400. The structure was solved based beginning with a lower
resolution structure of a selenomethionine (SeMet)-substituted
protein as a starting point and subsequently refined. The pres-
ence of a di-metal-containing active site was observed, with both
a Ca?* ion and VO, unit. With no prior model of the active site to
depend on, the authors appear to have allowed free refinement of
vanadium-containing moiety and the vanadium coordination envi-
ronment generates flags in both electron density and bond lengths
by validation checks. That being said, the vanadium coordination
environment as deposited is best described as very distorted tetra-

hedral with long V=0 bonds (1.675-1.740 A) and a very long fifth
interaction (either 2.6 A (authors) or 3.6 A (deposited coordinates))
to a serine. If that fifth ligand is included, a t of 0.43 can be calcu-

lated, which would be best described as distorted square pyramidal,
an unusual geometry for vanadium-protein complexes as we have
seen, but very typical for small molecules with V040 environments,
The O atom of the VO, unit with the longest distance bridges to the
nearby Ca’* ion.

4.2.2.6. Xanthamonas axonopodis pv. citri nucleotide pyrophos-
phatase/phosphodiesterase (NPP). Crystals of nucleotide pyrophos-
phatase/phosphodiesterase (NPP) of X. axonopodis pv. citri were
grown at room temperature at pH 6.0 by hanging drop method
[150]. These crystals were then soaked in 0.1 M NaHEPES (pH 7.5),
19% PEG 3350, and 500 pM sodium orthovanadate for 10 min to
obtain the P2, 242 crystals used to solve the structure deposited in
the database as PDB ID 2gso, The NPP active site contains a VO,
moiety covalently bound to an Oy, The O atoms on the VO also
interact with two Zn”* ions and N atoms from side chains (Asn and
Thr) at 2.8-2.9A. The model was constructed beginning with the
holoenzyme (enzyme and cofactors) model and refined to “clearly
indicated the presence of vanadate in a trigonal bipyramidal geom-
etry in the active site.” The VOs unit (where one O is Opy,) was
restrained by bond length (2.0 +£0.1 A) and bond angle (+3°) from
the ideal TBP in the final refinements. The authors, then, describe
the structure as TBP and emphasize the “trigonal plane” of VO3
despite the T of 1.55.

4.2.2.7. Francisella tularensis acid phosphatase A (AcpA). The acid
phosphatase A (AcpA) of the pathogenic bacterium F. tularen-
sis is a “highly expressed 57-kDa polyspecific periplasmic acid
phosphatase [151]." The purified enzyme crystals soaked in 0.1 M
MaHEPES (pH 7.5), 19% PEG 3350, and 500 M sodium ortho-
vanadate for 10min to afford the orthorhombic crystals studied
here. The authors collected two crystals at different wavelengths
for anomalous difference Fourier analysis to solve the structure,
deposited as PDB ID 2d 1g. Although the structure is solved at 1.75A
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resolution, there are several interesting parts to this structure
and each draw some concern. In the authors' words: “Each AcpA
molecule contains one orthovanadate (HY042- ) and one metal ion
bound to the active site. The metal ion was modeled as Ca?* for pur-
poses of crystallographic refinement, but appears with atom name
UNK. ..inthe PDB...toindicate that that the identity of the metal is
unknown at this time.” It is at least a Ca®* and likely a 1% row tran-
sition metal. “There is also a decavanadate ion (V50255 ) bound
in a crystal contact region, where it interacts with the carboxyl-
terminal histidine affinity tag of one of the AcpA molecules.” The
orthovanadate species appears to be V040 distorted TBP based on
the geometry (t =0.7G), although many of the V=0 interactions are
atca. 1.9A and the Os,, is 2.2 A away. The authors call the species
vanadate and do not indicate covalent bonding to Oser. The vana-
date also shows interactions with neighboring His and Asp residues.
This enzyme is similar to enzymes of “AlkP superfamily, which has
been described in detail [152]."

4.2.2.8. Bacteroides thetaiotaomicron hexose phosphate phos-
phatase. The structures of a wild-type and derivative hexose
phosphate phosphatase (HPP) BT4131 from B. thetaiotaomicron
VPI-5482 have been determined and deposited. The wild-type
enzyme is proposed by the authors to be a member of the haloalka-
noic acid dehalogenase enzyme superfamily, dominated by the
phosphatases of interest to this review, but perhaps not appropri-
ately assigned to that enzyme class [94]. Crystals of the wild-type
and mutant enzyme complexed with vanadate were grown from
equal volumes of purified proteins in 1 mM HEPES (pH 7.0) and 30%
wtfvol polyethelene glycol (PEG) 1500, 10 mM MgCly, and 5mM
sodium orthovanadate at room temperature by the hanging drop
method. The crystals used for data collection for the wild type were
grown by soaking pre-formed apo crystals from a crystallization
solution (10mM MgCly, 0.2M ammonium acetate, 0.1 M Bis-Tris
(pH=5.5) and 25% PEG 3350) in 2mM sodium orthovanadate for
2h before data collection. Orthorhombic crystals of each were
isolated and the respective structures solved using the molecular
replacement method from the published native protein structure,
and deposited as PDB ID 2rbk (wild-type, 1.00 A resolution) and
2rar (mutant, 1.52 A resolution). In the wild-type HPP structure
the vanadate is bound in a distorted TBP zeometry (1=0.78),
with a VO3 unit bound to a water molecule (2.1 A) and covalently
to Opgp (2.0A) along with additional stabilization by hydrogen
bondsfsecondary interactions with other side chains and an Mg?*
ion cofactor, In a mutant where the Asp has been replaced by Ala
(HPP D10A) the vanadate binds in a distorted tetrahedral geometry
with only four bound O atoms, including to the same Oy, as in the
wild type, but no longer bound to a water molecule. Vanadate is a
potent inhibitor and binds tighter than substrate [1573].

4,229, Thermus thermaophilus mannosyl-3-phosphoglycerate phos-
phatase. Mannosyl-3-phosphoglycerate phosphatase is a phos-
phatase of class EC 3.1.3.70 found in many thermophilic
microorganisms, including the bacteria T. thermophilus [154].
Crystals of the apo enzyme of mannosyl-3-phosphoglycerate
phosphatase were soaked with substrate a-p-mannopyranosyl-
(1,2)-0-p-glycerate (MG) HB27 in the presence of vanadate and
magnesium ion for 1h. Two structures were characterized of
protein-vanadate complexes one containing substrate (PDB ID
3zwk) and one without substrate (PDB 1D 3zx5). In the structure of
the complex of protein, vanadate and substrate MG the vanadium
is coordinated with Asp (V-Asp distance 2.0A) and MG substrate
(V-MG distance 2.7 A). The geometry is distorted VO5 TBP environ-
ment (7=0.89) and the VO3 has fixed bond lengths resulting from
the restricted optimization. The second structure, PDB 1D 3zx5,
was from mannosyl-3-phosphoglycerate phosphatase soaked for
14h in the presence of vanadate, gadolinium, and magnesium ion,
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but no substrate. This structure was solved to 2.1 A resolution. The
coordination geometry of the vanadium is distorted TBP (7t =0.56)
with the VO3 being combined with an Asp residue and a water
molecule completing the V05 coordination sphere. This structure
shows many similarities with the first structure, with the excep-
tion that the protein and water molecules in 3zx5 are replacing the
interactions that involved the MG substrate in 3zwk.

4.2.2.10. H.sapiens N-acetylneur te-9-phosphate phosphatase,
Human N-acetylneuraminate-9-phosphate phosphatase is a hydro-
lase classified as E.C. 3.1.3.29 [155]. Details for this structure and
its determination are limited, despite its publication. Based on the
description in the PDB it is surmised that crystals of the apo pro-
tein were grown using a vapor diffusion, hanging drop technique at
room temperature and then soaked with vanadate andfor magne-
sium. The structure was solved at 2.70 A resolution and deposited as
PDB ID 4knw. The structure appears to have a VO, moiety bound to
anQOa.pat2.12 A.The V0,40 coordination geometry is best described
as distorted TBP and exhibits the mathematically allowed oddity
when f-o > 60 (see Section 2.3 and Refs. [65,67]) of = 1.07. Indeed
this is observed because of shape of the coordination arrange-
ment and the fact that the r analysis used here is meaningful only
for structures along the Berry pathway, as described elsewhere
[64-66]. In this particular complex the coordination environment
may deviate from the square pyramid and from the Berry pathway,
and an analysis using the continuous shape measure methodology
would be desirable.

4.2.3, Sulfur-containing active sites

4.2.3.1. Protein tyrosine phosphatases. Comparison of protein tyro-
sine phosphatase domains across many different organisms all
seem to show extensive sequence conservation with very similar
mechanisms [95,156,157]. This entry therefore describes vanadate
complexes of several different enzymes, some cytosolic and oth-
ers membrane bound, subdivided further by extracellular domain.
Vanadate is tetrahedral in solution, but in active sites of PTPs often
forms stable pentavalent structures exhibiting trigonal bipyrami-
dal geometries | 126,158,159]. A common feature of many of these
speciesisasulfuratom of a cysteine amino acid residue [ 157]. How-
ever, some reports have suggested that vanadate supports a more
associative mechanism which is not consistent with all the exper-
imental data that suggest that the transition state is dissociative
[160].

4.2.3.2. Bovine low molecular weight phosphotyrosyl phosphatase
(low Mr PTPase) [12G]. Samples of purified, desalted, and crys-
tallized recombinant Hos taurus heart low Mr PTPase [161] were
“soaked in 0.5 mM Na;VQy [sic] for 1 day prior to X-ray data collec-
tion.” The added vanadium species was likely to actually be sodium
orthovanadate, NazV0,, which would most likely be present in
solution as H;VO,4 at this pH. The crystallization occurred at pH
7.5 for the crystals, the structure of which was deposited as PDB ID
1z12. The crystal structure was solved in the (2 space group begin-
ning with the isomorphous model from the native enzyme and a
V04 moiety covalently bound (2.16 A) to Seys In the active site was
ohserved. After several refinement cycles the authors fixed a VO,
plane (vide supra, Section 3), enforcing TBP geometry and resulting
inart of 0.88.

4.2.3.3. H. sapiens receplor-like protein tyrosine phosphatase y
{RPTPy). Two unigue crystallographic settings of apo (substrate-
free) crystals of the human receptor-like protein Lyrosine
phosphatase v (RPTPy) were grown at room temperature using
hanging-drop vapor-diffusion techniques at pH 6.5 in buffered
crystal growth solutions with slightly varying conditions [ 162].

Each crystal form of apo crystals was soaked in 25% (w/v) PEG 3350,
0.2 M magnesiumchloride, 0.1 M HEPES, pH 7.5, and 10 mM sodium
orthovanadate for 6 h. Both crystal forms of vanadate-containing
species were reported and deposited, one in an orthorhombic set-
ting (P2,2,2,, PDB ID: 3qcc) and one in a trigonal setting (P3,21,
PDB ID: 3qcd). | 100] The trigonal setting only had one chain in the
asymmetric unit. Both were solved using molecular replacement;
the apo form of RPTPy served as an initial model for 3qcc and one
chain of 3qcc served as the initial model for 3qcd. The structures
both show a closed WPD-loop (Trp-Pro-Asp), which is one of the
characteristic structural motifs found in PTPs, and is thought to be
critical to the enzymes activity. In each crystal system the active
site is very similar with a VO, unit liganded (bound) to a Scys in a
near TBP geometry (1=0.98, 3qcc; 1=0.91, 3qcd).

The Protein Structure Initiative (PSI) of the U.S. National Institute
of General Medical Sciences (NIGMS) [163] has made dozens of
depositions of structures to the PDB related to phosphatase [164],
including an open WPD-loop conformation of RPTP+y with vanadate
solved at 2,60 A resolution as PDB ID 2hy3. This phase of the PSI
project was designed to be high throughput and these depositions
offer valuable contributions to the knowledge base, but do not offer
author commentary as there is no accompanying manuscript and
limited experimental information. The coordination geometry of
vanadium in this structure is loosely described as distorted TBP,
but all the bond lengths are very long; the four shortest bonds are
V=0 and all are over 1.9A, whereas a V.- -S¢ys is observed at 2.9 A.
If one includes all those interactions, a value of 1 of 0.76 can be
calculated. Even more so than 3qcc [ 100}, though, the reality of the
5th bond may be questioned and one may also describe this as a
distorted tetrahedral VO4 coordination (0—V—0 angles range from
103° to 115°),

4.2.3.4. H. sapiens protein tyrosine phosphatase (PTP1b). Several
structures with the human PTP1h enzyme and variants have been
reported. Andersen et al. appear to have determined the structure
of wild-type human PTP1b as well as a mutant (F182H) [165], but
those coordinates do not seem to have been deposited in the PDB
(or are unreleased).

4.2.3.5. H. sapiens receptor-like protein tyrosine phosphatase fi
(HPTPB). The human protein tyrosine phosphatase f (HPTPR) is
alsp a receptor-based protein that is classified as EC 3.1.3.48
and has been a target for inhibition studies. Evdokimov and
co-workers cloned, expressed, purified, and crystallized several
catalytic domain regions of HPTPR along with a number of
inhibitors, including vanadate [159], To isolate the crystals studied,
monoclinic (P24) crystals of the apo species of the third catalytic
domain were soaked in vanadate at a concentration of 1-10mM
in crystallization buffer (21% PEG 8000, 220mM MgCls, 1% BME,
0.1% BOG, 5 mM DTT) for 2-24 h, The structure was solved at 1,75 A
resolution by molecular replacement from the apo species and is
deposited as PDB 1D 2ide. The putative active site of this catalytic
domain is similar to that of human PTP1B, with a nearby WPD loop
and a V04 moiety attached to a S¢y, in a distorted TBP V0,45 geom-
etry (1=0.82). The three equatorial V—0 bonds are all in the range
of 1.72-1.74 A, whereas the axial/apical V—0 is at 198 A and the
opposite V. . 8¢y, is observed at 2.47 A

4.2.3.6. H. sapiens protein {yrosine phosphatase (PTP1h). Brandao
et al. obtained several structures of human PTP1B with vana-
date and with and without a peptide substrate fragment DADEYL
[41]. Crystals were grown by sitting drop diffusion at 4°C with
mixtures of 0.5pl of 30% (w/v) sucrose, and 3 pL of precipi-
tant solution (0.1 M HEPES, pH 7.5, 0.2 M magnesium acetate, and
15-17% PEG 8000) and a variable protein solution containing prein-
cubated NazV04 and DADEYL (pH 8.5-9.0) with native PTPIB in
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10mM Tris, pH 7.5, 25 mM NacCl, 0.2 mM EDTA, and 3 mM dithio-
threitol. Different ratios of protein, peptide and vanadate were
used to get crystals containing DADEYL substrate and vanadate
(30:3:1; peptide:V:protein) and to obtain free protein-vanadate
crystal (3:30:1). The protein-vanadate crystal structure was solved
at 2,25 A resolution and deposited as PDB ID 3i80, The tetrahedral
vanadate in solution binds to the PTP1B forming a pentacoordinate
transition state analog complex with the protein in nearly perfect
TBP geometry (r=0.90). The vanadium has a V045 coordination
geometry and is bound as a VO, unit to a Scy.. Vanadate is stabi-
lized in the active site and binds better than a tetrahedral species
that cannot expand its coordination geometry, e.g. phosphate and
arsenate, The substrate-containing crystal was solved at 2,30 Ares-
olution and deposited as PDB ID 3i7z. When vanadate is bound to
PTP1B in the presence of DADEYL it is still VO4S in the crystal struc-
ture, but is now bound to Cys and an O of the DADEYL with a VO
unit in a five-coordinate transition state manner (7 =0.83). Both
structures showed the closed loop and similar hydrogen bonding
were found between the Q, R, D, Y and P-loops for both.

4.2.3.7. H. sapiens protein tyrosine phosphatase (PTP1b) WI179F.
Branddo et al. have also obtained a structure of the mutant human
PTP1B (W179F) in the presence and absence of vanadate [166].
Their crystallization methods were similar to those employed for
those in 3i80, i.e. sitting drop diffusion at 4°C with mixtures of
0.5 pL of 30% (w/v) sucrose, and 3 pL of precipitant solution (0.1 M
HEPES, pH 7.5, 0.2 M magnesium acetate, and 15-20% PEG 8000)
and an excess of W179F PTP1B with 60 mM MNasVO4 in 10mM
Tris, pH 7.5, 25mM NacCl, 0.2mM EDTA, and 3mM dithiothre-
itol. The structure was solved at 2.20 A resolution using molecular
replacement and deposited as PDB ID 3qkq. The structural solution
was modeled as “two conformations observed with approximately
equal occupancy: a WPD loop-open ligand-free form and a closed
vanadate-hound form.” The 48/52% refined occupancies offer some
insight as to how an X-ray crystal structure is an average model.
In the vanadium-containing form, the vanadate has V0,5 coordi-
nation geometry in a TBP arrangement (t=0.88). The vanadium
consists of a VO3 unit with apical/axial positions occupied by the
Scys and an oxygen atom from a water molecule. There are also addi-
tional hydrogen bonding interactions to the P-loop and neighboring
amino acids.

4.2.38. Yersinia enterocolitica YopH protein tyrosine phos-
phataseW354F  mutant. A mutant  of the protein  tyrosine
phosphatase YopH from the bacterium Yersinia enterocolitica
(type 0:9) was isolated and crystallized. YopH is a powerful phos-
phatase that is very effective in catalyzing phosphate monoester
dianions and is classified as EC 3.1.3.48 [127,167]. The W345F
mutant of YopH was produced to probe the catalytic impact
of removing the tryptophan in the WPD loop. Crystals were
obtained by co-crystallization in solution of 0.5 pL of activated
5mM Na3VOy with 2 pL of protein solution (20 mg/mL in 100 mM
sodium acetate, 100 mM NaCl, 1 mM EDTA, and 1mM DTT, pH
5.7) and 3 plL of precipitant solution (12-19% PEG 3350 and 0.1 M
HEPES, pH 7.5). Orthorhombic crystals of the protein-vanadate
complex were collected, solved at 1.4 A resolution, and deposited
as PDB ID 3f9b [127]. The structure reveals a “quasi-open con-
formation” of the WPD loop, unlike in the wild-type version of
the protein. The vanadium species present in the solution is also
described as a divanadate moiety, i.e. V,0;. The authors claim that
this is not merely a disordered, partially occupied vanadate VO4
species. That is, because crystallography shows average structure
over an entire crystal, it is reasonable to imagine that a vanadate
could occupy one place or the other in a random, non-periodic
manner over the whole of the structure which could appear in
the electron density model to be less than a fully present V205

150

species. The authors describe the V205 structure as “a double
distorted trigonal bipyramid containing a cyclic [VO]s core” which
is coordinated to a Sgys at a distance of 2.44 A. Each of the V-0
bonds are quite long (1.89-2.08 A). The two vanadium centers have
coordination geometries best described as SP V0,40 and TBP V0,5,
then, with t values of 0,07 and 0.78, respectively. The vanadium
site of divanadate covalently bound to the protein is more TBP and
the unbound end is SP, like nearly all small-molecule V0,40 species
|67].

4.2.3.9. Yersinia enterocolitica YopH protein tyrosine phosphatase.
The structure of the wild-type YopH protein with vanadate is
unpublished, but the coordinates for the structure (solved at 2.20 A
resolution) have been deposited as PDB 1D 2i42 [168] and some
details can be gleaned from the PDB and also a preliminary report
[158]. That species was isolated by co-crystallization of the native
protein with orthovanadate at pH 8.0. In their preliminary report
of the structure, Denu et al. state, “The structure demonstrated a
distorted trigonal bipyramidal geometry that may mimic the tran-
sition state for thiol-phosphate hydrolysis [158]." The vanadium
center has VO4S geometry with a2.51A V=S¢ys distance, however
the angles lead to a t of 0.30 and a description of SP seems more
appropriate. Shape measures, however, purport that 2i42 is not
well described by either TBP or SP [134].

4.2.3.10. D. melanogaster S5u72 phosphatase. The Ssu72 phos-
phatase is an essential phosphatase in eukaryotes that acts on
serine in the C-terminal domain (CTD) of RNA polymerase Il [169].
The protein-vanadate complex of Ssu72 from drosophila, classi-
fied as EC 3.1.3.16 was crystallized at pH 7.5. The vanadate-protein
crystal for data collection was formed by soaking the apo protein
in 2mM NaszVOy for 2h. The structure was solved by molecular
replacement to aresolution of 2,35 A and deposited as PDB D 3omx.
The vanadium center is bound to Cys with abond 2.31 Ainthe active
site of the protein and a distorted TBP V045 coordination geometry
with a T value of 0.73. The complex also shows H bonding between
the vanadate and neighboring Asp and Arg.

4.2.3.11. D. melanogaster receptor protein tyrosine phosphatase
PTPIOD. The fruit fly receptor protein tyrosine phosphatase
PTP10D is a well-studied, highly efficient enzyme classified as EC
3.1.3.48 [95]. The PTP domain of PTP10D was purified and crystal-
lized at pH 6.50, then soaked in 5mM sodium vanadate to afford
the crystals studied. The structure was solved at 2.70A resolu-
tion using molecular replacement from the apo PTP10D structure
and deposited as PDB ID 3s3f. The protein supports a tetrahedral
vanadate with four long V—0 interactions of over 1.90A and 6
0—V=0 angles hetween 107.9” and 110.6°, supporting a tetrahedral
assignment. However, there is also a Cys residue 4.5 A that is not
covalently bonded, but is poised for bonding, The authors described
this V-atom as being associated “loosely” to a Lys154(3.6 A) and Cys
242 (4.5 A). Inclusion of this Cys ligand as the 5th ligand, results in
a 1 value of 0.88. The authors conclude that despite conservation
in sequence, this study has shown that the less concerted domains
can be very important for inhibitor-protein complexes as well.

4.2.3.12. H. sapiens VHI-related protein, Z member (VHZ). Human
VH1-related protein, Z member (VHZ) is a 150-residue human
PTP classified as EC 3.1.3.16 and 3.1.3.48. It “contains only the
minimal structural elements common to all PTPs [157]." In the
authors' screening of over 300 peptides, the enzyme was specific for
hydrolysis of phosphotyrosine-containing peptides, but not phos-
phoserine or phosphothreonine. Crystals of VHZ with vanadate
were grown at room temperature by sitting drop vapor depo-
sition from purified wild-type VHZ and sodium vanadate mixed
with an equal volume of L-malate (pH 7.0) and 15-20% of PEG
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3350. The structure of the orthorhombic crystals was solved at
1.1 A resolution and deposited as PDB ID 4erc. The structure con-
tains a metavanadate (VOs) unit that is nearly planar with an
apical/axial Scy at 2.4 A, but the authors claim that structural and
computational studies both support an electrostatic interaction,
not covalent binding, The VO3 is also hydrogen bound to several
side chains. The authors also indicate an interaction of over 3.1A
axially opposite the Cys to an Arg from neighboring molecule and
likely H-bond interacts with Glu and Asp.

Several other, as yet unpublished structures are in the
PDB including PDB ID 4qih [137], a Mycobacterium tuberculosis
glucosyl-3-phosphoglycerate phosphatase with VO4N coordina-
tion (t=0.81), PDB ID 3zwu [ 170], a Pseudomonas fluorescens PhoX
with a very complex multinuclear V040 geometry (also two Fe?'
and three Ca?" nearby)with r = 0.84, and PDBID 4kkz [ 171], a Phase-
olus vulgaris purple acid phosphatase with a multinuclear complex
with VO40 geometry (Fe?*[Zn?*[Na* also nearby) with 7 = 0.83. We
resist the temptation to discuss them more fully here.

5. Inhibition of phosphatase by vanadium compounds
5.1, Measuring inhibition of vanadium compounds

The inhibition of vanadium salts or compounds can be mea-
sured using a range of different enzyme assays [172]. The mode
of inhibition - whether competitive, non-competitive, or a mixed
type inhibitor - is determined by varying the inhibitor concentra-
tion and measuring the associated activity at a range of substrate
concentrations [93]. Measuring the compound concentration may
be trivial for other compounds, but it is non-trivial for vanadium
compounds because of the many hydrolytic and redox reactions
vanadium compounds generally undergo (c.f Section 2.4) [15,69].
Indeed, the speciation of vanadium compounds is generally com-
plex, and depending on ligand, oxidation state and concentration,
the species that form in solution will vary and be very sensitive to
the pH of the specific conditions under considerations [ 15,69). Con-
sidering the complications with speciation the experimentation
needed for determination of a K, is, therefore, much more demand-
ing than measuring ECsn, which can be done by simply varying the
inhibitor concentration.

Measuring K; is particularly complex with materials such as
vanadium compounds that interact with buffers and whose stabil-
ity is closely linked to pH and the conditions of the solution [ 74,91].
The measurement of K; will require first determining the mode of
inhibition before varying the inhibitor concentration, a step which
is not needed for measuring the ECsp. For example, in the case of
measuring the K; of dipicolinate dioxovanadium(V), the mechanism
of inhibition against alkaline phosphatase is competitive [173]. If
we determine the K; values of the vanadate and free ligand, dipi-
colinate, then the K; value for the complex can be calculated using
Michaelis-Menten kinetics according to the equations shown in Eq.
(1). This calculation requires that concentrations of complex, free
ligand, and vanadate be known. Because the compound is dissoci-
ating to form vanadate and free ligand, dipicolinate, the speciation
must be known under the varying assay conditions [ 173].

Km [vVdipic] [V¥dipic]
slope= —— | 1+ + il
Vinax Kiwvaipie  Kiv, Krldipic]

[dipic]

1
Kidipic M

This type of analysis is non-trivial because it does require known
speciation under conditions of the assay [ 173]. Because most vana-
dium compounds are not stable under physiological conditions,
many researchers choose to measure the ECsy values for the vana-
dium compounds, which can be measured without knowing the
speciation in solution, Indeed, often the chemical analyses are not
carried out, which then will result in the description of an K; which

is larger and suggests that the compound is less potent than what
the compound actually is. That is, the measured effect is a result
of the combination of the complex, vanadate, and free ligand and
not simply complex. Measuring the K; provides information on
the mode of inhibition, however, such studies require that the
concentration of complex is known so that several series of mea-
surements can be carried out. In contrast, measuring ECsy values
simply requires one series of studies, and the absence of specia-
tion data can be accounted for when considering the potency of
the compound. The current recommendations of the International
Union of Biochemistry have recently been updated and also address
these issues [45].

In addition to the complications described above, there is a
matter of compound compatibility with the assay conditions. Vana-
date, vanadyl cation, and even vanadium compounds interact with
most buffers and carbonate [73,74]. Unfortunately the speciation
of the salts and materials are commonly not considered. This is
particularly critical for routine conditions for PTPases assays for
vanadium(V} systems [15]. Generally, the concentration of vana-
dium(V) salts and complexes are changed under the reduced
environment needed to assay the PTPases. As a result, there are
particularly few studies carried out with vanadium(V) complexes,
and even fewer studies in which the complex remains intact dur-
ing the assay. However, some studies, particularly enzyme studies,
have been carried out while the speciation studies have been done
concurrently.

An early study by van Etten and coworkers investigated the dif-
ferences in activities between the alkaline and acid phosphatases
with vanadate [12]. Since then detailed studies have been done
comparing sequences within the groups of phosphatases lead-
ing to much more sophisticated comparisons [174]. Differences in
enzyme activities in sources of phosphatases are to be expected
when similarities are less. Human protein tyrosine phosphatase,
PTP1B, was first obtained from placenta, but is also expressed
in many tissues [175,17G]. The reports are not always clear with
regard to the proteins that are used and from which sources making
comparisons difficult. Recently some authors have even expressed
the human PTP18 catalytic domain using E. coli [177]. If the phos-
phatases have similar protein sequence the origin of the source
becomes less critical. Importantly, the reader should recognize the
variation in the K; values obtained in different studies may not only
be due to the complicated chemistry involved [178]. The reader
is referred to the original literature for more information on this
subject [126].

5.2. Oxoanions (phosphate, arsenate, vanadate, chromate,
molyhdate and tungstate)

Although our primary focus is vanadates, several oxoanions are
known inhibitors of phosphatases. Oxometalates in particular are
well-known inhibitors for phosphatases [ 12,68,145,147]. This inhi-
bition is either attributed to the binding of the oxometalate in the
product (phosphate) binding site or the binding of the oxometalate
as a transition state analog [12,15,68,126,132,145,179]. We review
here studies that reported K; values for different oxometalates. Such
acompilation of necessarily narrower studies permits a comparison
extending over the different oxometalates within one phosphatase
and its source, and also a comparison among enzyme sources and a
particular inhibiting anion. We and others previously reported that
less inhibition is observed when the inhibitor is binding in the prod-
uct (phosphate) binding site, as seen for phosphate and arsenate
[12,68,91,147]. Larger differences are observed when the inhibitor
is binding as a transition-state analog such as vanadate, molyb-
date and tungstate. The previous literature reports suggest that the
higher the coordination number the maore potently the enzyme will
be inhibited. The analysis of the data shown in Table 4 furthermore
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Table 4
The ¥, values for simpl

anions agalnst

Inhilitor EC# Origin of phusphatase Active site pH of assay Ki (M} Substrate Assay buller Ref.
nucleophile
Inoeganic phosphate 31348 Dovine heart SiCys 50 2210451070 pHrp Sodium acetate 1125
RIHLROE (HTO,
11,348 Bovine liver Sfcys 55 Tuin? e Sofium acetate [180]
31348 Human’ SiCys 70 17x 102 o 33 [181]
Rimethylghitarate
EARAL] A Phage DM 78 Ti413x004 PP Tris | 182]
3033 Human® DNM &0 1L240.2 % 107 PNPP 2-Amino-2- [183]
wetliyl-1.3-
propanediol
3132 Human abdominal MjHis 50 10x 10 b Sodium 3-3- [184]
epidermis dimethylghutarate
3132 Human liver BiHis 50 B0 X 103 BT Sodium acerane 12|
1132 Human seminal lhid N L] 182102 Mur Sodium acetate |185]
3132 Human seminal fhid L] 71 B0« 104 Mur Imidazale [185]
1112 Rowine spleen” DINM &0 54108 NI MES 1188]
1132 Puncine uterine eid" DKM 55 TA40A 107 PP Sodium acetate 47]
3132 Labeo rohita Liver N 5.5 19107 PP Sodium acetate 1187]
3032 Drosuphile N 50 52x 101 e Sutiun etate [188]
AEarogasler
3132 Banana N 58 9710 PEP Sodium scetate | 13|
3132 Potato NHis 60 1002210 pHPP HEFES [147]
3132 Wheat germ M{His 50 135 107 P Sodium acetate 12|
3132 Wheat germ N/His &0 150064 105 pNDp HEPES 118
3132 Penictlifum N S5 A2 104 ol Sodium acerare [191]
elrysagemm
Aspergillus ficwum M a0 16101 e Imiclzmle [192]
Chicken intestine o 80 0541.3x10% i HETES [147]
Figeon intestine 0 80 BAL12x10°  pNPP HEFPES [147]
Call intestine Ofser ®0 134205104 phper HEPES [na7]
Dog intestine Ofser H0 AN#06x 104 pNEP HEPES [147]
Horse mtestine Orser 80 2120300 fislig HEFES 147
Rabbit intestine Ofser Ho JHF03 =004 PR HEFES [147]
Sheep inrestine ofser 5 FART TS e HEPES [147]
Sheep intesting 0fSer &n 10E02< 104 pNip HETES [147]
sheep intestine 0/ser 85 30L06x 10 purp TAPS [147]
Sheep intesting et an B2412:10%  papp CHES [147]
Hovine nucos 0fser &0 RI4082 105 g HEPES [147]
Turcine mucosa OfSer 80 44205107 sl HEPES |147]
Chicken intestine OfSer &0 AT40II0 4 pNep HEPES 73]
‘Human liver Ofser 74 40107 LT 2-Methyl-z- [148]
anmpopropan-1-ol,
Tes. and Tris
R RN Human liver Qsser a0 9x10% fisli e 2-Methyi-2- [ 146]
aminapropan- 1-al,
Tes, and Tris
EX R Seyila serrara viscera a L] asx 10 e Sodium carbonare 193]
Arsenate 11148 Human® S0y 70 152104 PP 13 1181]
An? Dimethylghutarate
30,348 Bovine liver SiCys 55 Fx 10t el Sodium acetate [REL]
31348 Yersiria S/Cys 70 BYE0.5 5104 fiali 33- [194]
Dimethylghutarate
31316 k Phage DM 8 E0LlAx10? fiiles Tris [182]
332 Human Hver N{His kT 18 b pNpP Sodium acetate 21
33z Human seminal fluid ] 55 w0 100 MuUr Sodium acerare |185]
3132 Human seminal fluid N 71 10«10 * Mur Imidarale [185]
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Tabile 4 (Coninued)

Inhibiror EC# Origin of phospharase Active site pH of assay K (M} Sulstrare Assay buffer Ref.
nucleaphile
Bovine spleenst DRM L 185104 el MES 186
Porcine uterine fluidt" DNM 55 G 10 4 P Sodium acetate 147]
Potato NiHiS 60 172032107 fislis HEFES 147
Wheat germ MiHis &0 3210510 % PNPT HEPES 147]
Whear germ MiHls 5.0 Glwin Laalel Sodium acerare 12
Chicken intestine 0 &0 42406« 10°% T HETES |147]
Pigenn intestine 0 &0 5940810 pNPp HEPES [147]
Callintestine OfSer &0 AR200 105  pNPP HEPES |147]
Doy intestine OfSer 80 184035105 pNPP HEPES [147]
Horse imtestine OfSer 80 124025 100 piNpP HEPES [147]
Rabibit intestine Orser 80 TAL01 =10 * NP HEI'ES [147]
sheep intestine Ofser 80 T1x1Ax10%  pNeP HEFES [147]
Bovine nwcosa Offer 80 BOL 10 10% il HEPES [147]
Porcine mucosa Ofser B0 15+0.22 10-%  pNPP [147]
Calf inestine Qyser a5 2110410 Amelhos 1195]
Calf intestine 0fser a5 BEATALIF  Amalhos kA [rus]
Chicken intestine o An [EER R prr WEPES. [173]
Syt sermta viscera o 10 IRPST R Pl Sodium carbanate 193]
Vanaiate Hovine bearl SlCys 50 SAL0ET0 ¢ N Sodiun acetate |126]
VO
Tovine Fver SiCys 55 2x10° NP Sodium acetate (180
Human® STy 3 FHL02x 1077 For HEI'ES |25]
Human™ S0y 50 3610 % BT Sodium acetate [ 196]
Human' SiCys 50 24:% 100 el Sodium acerare [196]
Humar: SiCys 75 G+ 05 pNEP Tris [v97]
Human® SiCys 55 ENRRE T | e Tris [197]
Human® DM 75 03£09x10°% ol Tris [197]
Yersinio SfCys 55 Lixio® PR Acerare [na8]
Yorsinia S0y 75 12x10F e Tris |198]
A Phage DM 78 TOLLO= 107 el Tns 182
Human seminal Huid N 55 7005104 MUp Sodium acetate 1185]
Human abdninal N{His 50 19510 ¢ NP Sodium 3-3- [184]
epidermis dimethylghutarate
Human liver M/His 5.0 201077 BT Sodium scetate |02}
Human seminal fluid Al 130t Mup Imidazole [185]
Labeo Rohira liver 55 51077 e Sodium acerare [187]
Totarn NjHis 0 224022007 pNIP 2{N- 1371
Marphaling ethanesulfonic
ariel
11132 Pitato M His &0 TA402 007 puer N 137
Morphalima etharesulfonic
akidl
Potate MNiHIS w0 LI02x10% el HEFES [147]
Wheat germ NjHis 50 GIx10 " P Sodium acetate [z
Wheat germ NiHIS 60 16203 10% fislid HEFES 1147
Torcine uterine Muide" DMK 55 4020510 * BNTT Sodium scetate 1471
Tgeon inrestine o &0 T210x 10" e HEPES [147]
Ting intestine of%er &0 26104410 pNpp HETES 1147]
Horse inestine e &0 U402 105 ppR HEPES [147]
Rabbit intestine OfSer &0 27402x10 % BNPP HEPES [147]
Sheep intestine Offer 75 BA41TL10 7 pNEP HEPES [147]
Sheep intestine OjSer 80 49410107 fLeliy HEIES [147]
Sheep inlestine Offer 85 15403210 * N TAPS [147]
sheep intestine Ofser %0 43x0E=10%  pNEP CHES [147]
Bewvine mucosa OfSer 80 544071077 ol HEPES. [147]
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Human liver

Human liver

Human kidney

Huran small intestine
AC0sA

Rabbit intestine
Escherichia coli
Eschertehin coli
Eschertefiin coll
Eschericiin ooli
Eschertefein eoli
Esuherichin coli
Seylle serrate viscern

Potale

Patate

Eschertefrim coll
Escherichin eoli
Escherichin coli
Bovine heart

Bovine liver

Human’

Human!

AP

Human abdaminal
epidlermis

Human liver

Human seminal fluid
Human seminal flusl
Bovine Spleent’
Lubeo rohida lives
Hanana

Potato

Ofser
ofser
ofser
0fSer
OfSer
OfSer

Ufser
OfSer
aiser
0ffer

OfSes

Ofser
Ojser
fser
ojser
Ofter
Offer
OfSer
o

NiHis
MfHis

fSer
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B
&0
a5
a5
pi

74

a0

261L03x10%
arsiaxm’
49404 « 1077
2141810 %
35404%10%
57410x10%
S64+08x 107
2E404x10 ¢
G107

107

[ [

SwlnT

155 10°%
23402107
EEETNES TR
2210410
282108
22.410°¢
ax107
13500 ¢

58405x100°7

10200 "

AR 10T« 10#
1640210 ¢
54+ LTx DY

ZOL0T = 107%

ET L
3740610 %
02« 10
13403 10"
20%107

36w 10"
3104
BIxIn*
19108
L1 -7
B s 10"
L1400« 107

PNPE
NPE
PNPR
AttoPhas
AttoPhos
INPP
pNPP
PNFP
pNPP

PNPP

pNPP

PREE
PNPR
PP
pNPE
pNER
pNER
BNPP
pNPP

PNPP

PNFP

PNPP
pNPP
PNPP

PNFP

PNFP
PR
uPE
pNPE
PHPE

pNEP
MUP
Mup
pNPP
PNEP
PEP

PP

HEPES

HERES

HEPPS

DEA

nea

HEFES

HEPES

HEPES
2-Methyl-2-
Amiropropan-1-gl,
Tes, and Tris
2-Methyl-2-
aminopropan=1-al,
Tes, and Tris

amindgropan-1-ok
Tes, and Tris
Llycine

Tris

Tris

Tris

Tris

Barbital

Buarbital

Soclium carbanate
2N
Morpholingjethanesulfonic
acid

20
Morphedinajerhanesulfonic

acid

Sodium acetale

Sedium acetate
ris

Tris

Sodium 3-3-
dimethylglutarate
Sodium acesate
Soclimm acetate
Irmidazale

MES

Sodium acetate
Sedium acetate
2N
Mompholingjethanesulfonic
acid

|147]
[147]
[159
[195]
[195]
[173]
1147
1173]
[14i5)

[145]

1148]

| 146]

[200]
137]
[37]
1371
[145]
[145]
1145]
[193

157]

[37]

1371
137]
137

[126]

[150]
[197]
[197]
|182]
[184]

112]

[135]
[185]
[186]
1157
[1499]
[37]
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Tabe 4 (Counlinued )

Inhilsitor EC# Origin of phosphatase Active site pH o assay K (M} Substraie Aessay buffer Rel.
nuclenphile
3132 Patato NiHis &0 41403 10" PNIP 2-(N- [37]
Morphelinoethanesulfonic
acid
3132 ‘Whear germ MfHis 50 Shwln® PNFT Sodium acerare 2]
3132 Parcine uterine fuid** DNM L1} Bitx10® pNPp Soclitm agetae 147]
31310 Escherichia coli OfSer 70 Ad£ 1001074 PN Tris [37]
2131 Escherichin ool OfSer 74 10£01 104 NP Tris 137]
Esciericiio coli OfSer B 32403610 1 NP Tris [37]
Tungst: Bovine heart S{Lys 50 EUESS B I pHpP Sodium acetate [126]
Wiy
Bovine liver SiCys 54 3x10" pNFF Sodium acetate (130
Human' SiCys 75 LELOS « 10 % pNPP Tris [197]
Human! ONM 75 454072108 NPT Tris [1a7]
A Pluage DM 78 42513 1000 NP Tris 1182
Parcine uterine fuid DNM 55 TOEIx 107 pNPp Soclinm acetate 147}
Buvine splecn® DM il 10105 PR MES 186
Hurman abdomsinal NiHis. 50 14107 PN Sualium 3-3- [184]
epiddenmis dimethylglutarate
3132 Hurman liver NiHs ELg 16 =10 ¥ PHIT Seddiwnm acetate 12|
X152 ‘Wheat thylakasd N Al 17x10% pNPE Sodium acetate [2m]
membrane
3132 Patate NjHis G0 92408107 NP 24N- 137]
Morphelinajethanesulfonle
acid
3132 Patata NjHis i 09 % 10 pNPP 2-4N- [37]
Morpholinajethanesullonic
acid
Wheat germ NiHis. 50 Glx10® PN Suclium acetate [12]
Rabilat iistestine Ofser Wi 7Rt N Glycine [E]
Rabbit intestine Ofser wo 105 10-% PNPP Glycine [av]
Seylla serrate viscera o w 1510 % pNPP Sedium carbanate 1153
Escherichia coli Ofser B0 59405 = 108 P Tris [37]
Escherichria coli OjSer 74 28200 = 107 pNIT Tris 137)
Escherichin coll ofser 70 GAL 1A« I0E pNPPR Tris 1371
Sulfate (S0, ) A Plage DM 78 2010 4 NP Tris 1182
Soddium Pyrophosphate Hurman seminal fuid N 55 L MU Sodium acetate [185]
[P20-}
Vanadate (VO 3132 Human prostate NjHis 55 130 NP MUP 135]
MO0 |
Vanadate (V0,2 1132 Human prostate NjHis 55 70w 10s pNPE MUP 135]
Dimer)
Diperosovanadaie 3131 Rabbit intestine (4] 10 B1x10° PN Ghycine |202]
Vanadyl 31348 Hurman® 5{Cys 70 T’ DIFMUP MOPS |03
W 3132 Parcine uterine fluid'! MM 54 B2EOB« 105 pI Sodium acetate [47]
3132 Wheat germ NjHis G0 15203 5 1078 PP HEPES 1147
3132 Paratn NjHis Bt B5 400« 107 NPT HEPFS [147]
1131 Chicken intestine o &0 224032107 pNPR HEPES [147]
11310 intestine 0 B0 R2eL1xi0? PR HEPES [147]
2131 Call intestine OfSer &0 BAE122107 NP HEPFS 1147
3131 Do intestine Ofser B0 TIEO2 510 ° pNIT HEPES 1147
3131 Horse intestine OfSer B0 12402 10" PNPP HEPES [147]
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3130 Rabbit intestine DfSer 80
3131 Sheep intestine Ofser 75
4131 sheep intestine e 80
3131 Sheep intestine f5er 85
313 Sheep intestine 0fser an
3131 Bovine mucosa 0fSer &0
3131 Porcine mucoss OfSer &0
1130 Calf inresrine 0fSer &0
3131 Escherichin coli OfSer &n
Phosplmmlybdate 31348 Hurnas’ SiCys 75
MoPD; 4
31,348 Human' 5iCys 55
ERREL] Human' (1] EE
Phasphatungstate 31348 Human® Seys 15
[PW Ol 3.1.3.48 Human® sicys 55
31348 Human? DNM 5
16 MM Ja b [1CHy Je Ao O] 11332 Leistunariii donvar N 55
[NHq JeAsa Mong Usz aH; O ERE Letstanania dencvan L] 55
[0 NH 1 b {0y AsMingDyst] 3132 ihuman seminal flisid N 55
[{MC. Ha )y N MDy 020 3133 Human seminal fluld 0] 55
[NH, Jy CeManz O aH O 3132 Human seminal Muid N 55
MarFilo s a0 3032 Human seminal fluid L] 55
[NH, by TR0 O TH 0 3132 Human seminal fluld L 55
[NH, Jy Cohn, 0y, SH,0 3132 Human seminal Mid ] 55
[NH, JeAsy Mo Oy xH: 0 31332 Human seminal fuid N 55
| € MHy Js | |1 CH; Jp Ashiog s HJ 3.133 Human seqminal Nuid 2] 71
* The has also been as 3132,
" Capillary is was used to d K values,
© Recornbinant protein tyrosine phogmatase 15,
o Catalytic domain of protes i 1

© Human bow melecular weight phosphotyrosyl phosphatase-f

f Human low moleculas weight phisplotyrosy) hosphatase B,

¥ These enzymes contalns a dinuclear mezal core which are inrricarely involved in the reacrion mechanism and rhus does nor fir the
" Purple acid phosphatase
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122002 =10 7 peP
1.1=0.2 « 10-¢ ppP
35072 10 ° pNPP
22203« 1077 pNPT
2E-03410 & pNPP
5504« 1077 pHPP
1Ex10F PP

LE=02 5 10°7 pPP

14=0,5= 10 5 pNPE
A1 10 10E
1200210 F phpp
10202 % 10°* pNPP
TH=0.0410 7 pPP

Lixin® Mup
GO 107 Mup
1hein® MuP
48w 10" Mup
39x10° MUP
15=10F MuP
10« 10-* Mup
10«10 % MR
7.5% 107 Mup
I.[?'xll?" Mupe

in which an

Tris
Tris
Tris
Tris
Tris
Tris
Senliurm acetate
Sodium acetate
Sodium acetate
Sodlum acerars
Sodium acetate
Sodium acetate
Sodium acerare
Soddium acerate
Senlium acetate

Imidazabe

the acrive sit

[147]
11471
[147]
[147]
[147]
11471
1147]
[159]
[145]
[147]
[197]
193]

[197]
[197]
1197]
[185]
(193]
[us]
[185]
|185]
[185]
[185]
[185]
[185]
185
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suggests that expansion of the coordination sphere leads to more
potent inhibition.

Phosphate, PO4*-(P;), inhibition ranges from 10-* M to 10-4 M
even when considering alkaline, acid and protein phosphatases asa
group and ranging across human, mammalian, plant, bacterial and
fungal phosphatases, Table 4, One acid phosphatase, Labeo rohita
liver, is more strongly inhibited by phosphate with a K; of 10-7 M,
and at this point it is not clear why this enzyme would be much
more potently inhibited by phosphate [187]. The fact that most
of these phosphatases have similar affinity for phosphate is some-
what surprising considering the differences in substrates, substrate
specificity, type of phosphatase and origin. Presumably this similar-
ity is a testimony to the similarity of binding of the phosphate in the
product binding site and exhibiting product inhibition as suggested
previously [G8].

To further investigate the interaction of oxometalates with
phosphatases we compiled the K; values for arsenate, vanadate,
chromate, molybdate and tungstate for phosphatases, Table 4.
Arsenate is a little more effective in inhibiting phosphatases than
phosphate and chromate. This is in contrast to the vanadate, molyb-
date and tungstate anions that are much more potent inhibitors
than phosphate. It is has been proposed that these phosphatase
inhibitors act as transition state analogs [12]. For vanadate the K;
values range from 10 * to 10 7 M when considering alkaline, acid
and protein phosphatases from human, mammalian, E, coli, plant,
and bacterial phosphatases, Table 4. The inhibition by vanadate is
both currently used as benchmark information by life scientists
and has been used for decades to describe phosphatase acitivity.
Vanadate inhibition is generally several of orders more potent than
inhibition by phosphate.

Molybdate and tungstate are oxometalates prepared from sec-
ond row transition metals and as such are a little larger and
have different properties than vanadate. The K; values observed
for MoO,4?-and W0,4? generally range from 107 to 10-9M. The
observed affiniries do not follow an obvious pattern for the protein
tyrosine phosphatase and apparently the E. coli phosphatase con-
tinues to have poorer affinities for both molybdate and tungstate
than for the other phosphatases. The highest affinities recorded
in Table 4 were observed for the human enzymes and the plant
acid phosphatases belonging to EC group 3.1.3.2. High affinity was
also observed for the EC group 3.1.3.2 enzymes with vanadate,
although high affinity with vanadate was also observed for the alka-
line phosphatases in group EC 3.1.3.1. The highest affinities have
been observed for the molybdate and the tungstate anion exceed-
ing that of vanadate by two orders of magnitude. Both molybdenum
and tungsten can form five-coordinate geometries but do so less
frequently than vanadium [94]. Although vanadium readily forms
octahedrally coordinated complexes, as shown by the analysis in
this work, the vanadium bound to the phosphatase remains five-
coordinate, In the case of vanadium is it therefore not likely that
a higher inhibitory affinity may result from a complex that has
a six-coordinate and not five-coordinate vanadium. Several pro-
tein complexes in the crystal data-base have heen reported with
molybdenum [126,130,131] and tungsten [70,72,94,133,149] and
a similar analysis can be carried out with these structures. Suf-
fice to say that an exhaustive analysis is beyond the scope of
this manuscript but that these X-ray crystal structures exhibit
more diverse coordination geometry ranging from tetrahedral to
octahedral complexes.

VO%* in the form that exists upon aqueous dissolution of
vanadium(IV) salts has also been investigated as inhibitor for phos-
phatase and the results are summarized in Table 4 [ 144,147]. It was
first examined using the E. coli alkaline phosphatase, and found
to show an inhibitory affinity similar to that of vanadate [144].
This study was followed up by an extensive survey study of mam-
malian alkaline phosphatases and a few acid phosphatases [ 147].

These studies are non-trivial on several counts | 147]. First, vana-
dium(IV) or VO?' readily oxidize to vanadium(V) and vanadate
in the pH region where the enzyme is assayed. Studies therefore
require extensive purging of solutions to assure that the vana-
dium(IV) does not oxidize to vanadium(V). Second, the speciation
for vanadium(IV) is very complex in the neutral pH range [G8].
Specifically, as the pH approaches neutral the VO?* species dimer-
izes and oligomerizes. This is readily observed by EPR spectroscopy,
the eight signal pattern for the VO2* at low pH disappears at neutral
pH as expected upon dimerization or oligomerization [85]. Above
pH 10-11 a new eight signal pattern emerges which is attributed to
the VO{OH}; ~ ion. However, at neutral pH very low levels of species
forms and cannot directly be observed by EPR spectroscopy. With
the aide of potentiometry and formation constants speciation dia-
grams have been constructed, and between VO?* and the VO(OH); ~
in the neutral pH range species such as (VO{OH)):" and VO(OH)*
are proposed to exist a low concentration [G8,85]. However, should
any VO(OH};~ form under these conditions, this is also an excel-
lent analog of phosphate, presumably HzPO4~ |68, The inhibition
studies of aqueous vanadium(IV) with a range of different mam-
malian phosphatases demonstrated that vanadium(IV)is inhibitory
to these phosphatases. Interesting for some of the alkaline phos-
phatase sources vanadate was more potent and for others aqueous
vanadium(IV) was more potent [144,147]. Because some variation
in these alkaline phosphatases would be expected, it is possible
that closer analysis of the active site of these enzymes would
provide information on the observed selectivity against favoring
vanadium(IV) or vanadium(V). However, of all the X-ray structures
of vanadium-phosphatases described in this manuscript, only one
contains vanadium(IV) so much less information is available on
oxidation state IV complexes. Thus, although this result may be
due in part to the reactivity of vanadium(1V) at neutral pH in the
absence of protecting ligands, the demonstrated inhibition of mam-
malian alkaline phosphatases by vanadium(1V) suggests that such
complexes could possibly form. Indeed, if such protein structures
were characterized with vanadium(IV) they would allow compar-
ison with the vanadium(V) structures described in this work.

Finally, we wish to briefly address the fact that other oxomet-
alates than simple vanadate and monomeric oxometalates have
been reported to inhibit phosphatases. The most recognized case,
decavanadate (H,VpO25® " ), is a polyoxovanadate that forms
in solutions of vanadate between pH 3 and 6.5, This compound,
although a large and charged polyoxovanadate [204-206], is found
to interact with proteins and cellular components [34,204-208],
and has recently also been reported as a phosphatase inhibitor [34].
The mechanism of action of this polyoxovanadate is not well under-
stood and the possibility that a vanadate monomer is abstracted
from the decavanadate has not been investigated [197]. However,
a series of other polyoxometalates including Keggin, Dawson and
other oxometalate shapes have been investigated [197]. As seen
from the data in Table 5, some of these anions are very potent and
others less so compared to simple vanadate. It appears that the
Dawson structures investigated are among the most potent anions,
however, some smaller anions are very potent as well. Considering
the fact that each of these anions are highly charged and contains
many metal ions, the potent inhibition by the Dawson anions for
example is less impressive per metal ion. However, the mades of
action of these systems are of interest, particularly since a amine-
based decavanadate has been reported as a particularly interesting
antidiabetic complex [29].

In summary, the affinity of these anions (shown here in
the deprotonated form existing at high pH) are in the order
of P =Cr0s2 <As0,2~ <V0,? = VO(OH);~ < Mo0,2~ < W0,%~
although aqueous vanadium(IV) was of the same affinity as
vanadate, It appears that P; similarly inhibits a wide range of
phosphatases including alkaline, acid, protein, and bacterial
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Table 5

The ¥, values for vanadium and other against different
Metal Structure]fermula [+ EC# Origin of Active site pH ol assay K (M) Substrate Assay bulfer Ref.
phos- nutleaplile
phatase ol enzyime
-
Vanadium _'ﬁl 5 3131 Chicken tfSer 70 100610 P HEPES 73]
-L intestine
ERRA Chacken Oiser 0 About 6x 10 PNPF HEFES [173]
intestine
331 Chicken ofser a0 L3=0ax104 PN MEPES 7
intestine
31348 Human* SiCys &0 TAx10 7 DEFMLIP Soalium acetate 210
311348 Human® SiCys an 0«10 7 DEFMUIP Soalium acetate (210
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Table 5 {Continued)
Metal Structureffermula EC# Origin ol Active sile PH of assay K (M) Substrane Assay buller Rel.
phos- Auclenplile
phatase of enzyime
o e\l
V.\ 31348 Human* Sicys 70 B3 107 DML [ELTES |20
o
Fa
0
/c"\\ ERES] calr Ojfer a0 THlx 0y N HEFTS |19
— o intestine
Fa
& /- = 313 calf Ofser 0 15=.0 107 pHEP HEFFS [199]
— intestine
‘{_,“\n ER RS calr Ofser 0 JAL047077  pNIP HEP'S 1199]
— intestine
CaH, ‘,\i’ .
k 3131 Calf OfSes 80 40=05-107  pNPP HEFPS (2]
— intestine
s
4]
L2
/ s 33 calf 0fSer 80 43-04x107  pNPR HEFPS [139]
_0/ \'\0 intestine

159
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a

3131

EARAL

11348

31348

Calf
intestine

Calf
Intestine

Human®

Human®™

160

ofser

fser

Siys

SiCys

62504 « 10pNPP

10 £0,1 = 10pNPP

151077

70 5 10-7

THPMLIP

MUy

HEPPS

HEPF

MOPs

MOPS

[199]

[

|03

[209]
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Tabe & (Confinued)

Metal Struciure/Tormuls EC# Origin of Active site PH ol assay K () Substrate Assay buller Rel.
phis. muchenphile
phatase of enzyme
HM el
A j
N - o i BA3AR Human® 7.2 A2 10" i MOPS 21
N/K\N 30 man SiCys 2 2 N [211]
H
_'_,.-N\ ik
T "N_'OA
) "\H/u L}
u S L] 31348 Human'" Siys 12 45100 PHPE MO [x11]
H
HH N
e i
|
L "/V-\‘ =M 31348 Husman® SCys 7.2 5.8 104 PNIT MOEs 12114
H N
N, N
303A4R Human® Sicys 75 5250910 PHIT Tris [197]
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31348

3131

313

33

313

Human®

Rabbis
intestine

Rabhit
intesrine

Rahhir
intestine

Baldbis
intestine

162

sicys

afser

75

1.720.3x 10pNIE

7Ax10 % pNPP

4810 % pNpR

54210 pNPR

S8.10%  pNPR

Glycine

Glycine

Clycine

Clycine

|187]

|202]

[202]

[202]

[202]
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Table 5 {Continued)
Metal Strusturelormula ECH Drigin ol Active site pH ul assay K (M) Sulstrate Assay luller Rel,
phos- nucleophile
Phatase ol eneyme
o2
-
:{‘?E
i NH 130 Habhir ofser 0o GOx10 % e Glycine [200]
@ intestine
L
¥
o
I
i’:jﬁfq
'
-]
3131 Rabbit Q/ser 100 10w 10" PNPP Glycine 2001
intestine
H
u_.:
X\n/l
131 Ralibiit 0/Ser 0.0 12010 % e Glycine |00
intestine

Xﬁ
Ny

CONM,
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P~
o ’}“'\‘Tu
0\ o
g.
Wy
CONH;
R Mo,
= |,
Malybdenum (] = 0
o0
R

R O
._
i
—
A

3131

3131

1131

3131

Rabbit 0j5er 0.0
intestine

Rabbit Q5er 10
inresrine

Ralabit 0fSer 10
intestine

Rabhit fSer 10
inrestine

164

13 10°% KPP

60 10°% pNPP

11210 pNPP

172105 pNIP

Glycine

Glyeine

Clycine

Clycine

|200]

[202]

|202]

202]
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Table § (Cominued)

* Human Low molecular weight protein

nLyrosine

xse 1B,

© Catalytic domain of protein tyrosine phosphatase-1.

165

Metal Structure/formula EC# Origin of Active site pH of assay LA Substrare Assay buffer Ref.
phas. nuclanphile
phatase of enzyme
R 0
i
S ERE ) Rabhit Ufser w 19=10%  paew Glycine [202]
HN Mi\ intestine
R u°
i .
; "
HaH )D»W
o II”&L{" 1121 Rabbit jser 0 752105 pNPP Clycine |202]
o Intesrine
ONHy
Tungsten NH 33 Rabbit OfSer 100 12«10 % PN Clycine | 2001
@ intestine
HyM
"
H
o
pJL_
/N
& oy
o
33 Rabbit Ofser 0o L5=10-%  pNER Glycine [200]
o intestine
L
Structures ane mwant to shee mare th 1]
tyrosine phosphatase.
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phosphatases from varying sources of these enzymes. Vanadate,
molybdate, and tungstate are more potent inhibitors and this has
previously been attributed to these anions acting as transition state
inhibitors [12]. The data show that the variability of inhibition
of phosphatases is most obvious when the inhibitor binds as
a transition state analog. Collectively it can be concluded that
the coordination geometry of four supports product inhibition
but that when the coordination number is five or six the transi-
tion state of the substrate hydrolysis is the binding site for the
inhibitor. As a result, in the case of molybdenum and tungsten
their greater inhibition is observed with the oxometalate in the
five- or six-coordinate geometry.

5.3. Vanadium complexes

The potent inhibitory effects of the vanadate salts reported in
the studies listed in Table 4 created the expectation that vanadium
complexes would be potent inhibitors of phosphatase. Despite this
expectation, only a few studies are available on inhibitory studies
of vanadium complexes in which the inhibition has been charac-
terized to the level of measuring mechanism of inhibition and K;
values. There are numerous studies in which the relative inhibitory
potency such as ECsg values have been measured including work by
our groups [91,179,209]. However, in most cases such studies are
comparative studies relating the observed inhibition to other com-
pounds in the study. Although a series of compounds may have
been investigated in detail, unless the mechanism of inhibition and
K; values were defined they will not be referred to in this section
nor summarized in Table 5.

Inanearly study exploring the inhibition potency of dipicolinato
oxovanadium(V) for chicken intestine alkaline phosphatase it was
recognized that the vanadium complex decomposes under the con-
ditions of the assay [173]. The K; determination thus required that
the inhihition of free ligand, vanadate, and the complex were mea-
sured. With these data and consideration of the speciation of the
compound under the assay the determination of the true K; value
for the complex was possible. In this study it was found that the
complex K; (1.9 x 10 % M) was slightly more potent than vanadate
(4.0 % 10 ® M)[173]. Although the complex is found to have aninhi-
bition constant a factor of twao smaller than vanadate, these values
are within experimental error. The inhibition of two other vana-
dium compounds with six and seven coordination geometries were
also examined, but these were significantly poorer inhibitors than
vanadate and the dipicolinato oxovanadium(V) complex [47,173].
The authors concluded based on these observations that the five-
coordinate geometry was the near optimal geometry for an enzyme
inhibitor in this work [173]. However, at the time the T value for
dipicolinato oxovanadium(V) was not calculated, and it was not
recognized that this complex is near the SP [212-214]. The original
report did not point out the fact that the complex is not near the
TBP geometry that would be adapted in the enzyme active site and
although the complex may have the lowest K; value reported, the
value is close to that of vanadate and probably not experimentally
distinguishable. Indeed, this system is the first report describing
a vanadium complex having the same order of inhibitory potency
as vanadate itself. Therefore, assuming that these results are not
an artifact, these results support the possibility that the vanadium
complex acts by delivering the vanadate to the phosphatase.

However, these studies did document the need for speciation
studies when K; determinations were undertaken, because if the
species were not considered/calculated under the conditions of the
assay (vide supra Section 2.4), and thus if the complex decomposes,
the measured constants will represent a composite of mainly vana-
date and vanadium complex; the ligands alone generally have very
little effect. In the study of dipicolinato oxovanadium(V) complexes
all were micromolar inhibitors of a representative phosphatase
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but the five-coordinate complex was the most potent inhibitor
[47.173]. All the coordination geometries of the vanadium com-
plexes are inhibitors of similar magnitude, and the inhibition of all
the vanadium complexes was within a two orders of magnitude
regardless of the ligand. This conclusion still holds when exam-
ining all the other complexes in Table 5, The possibility that the
dipicolinato dioxovanadium(V) complex simply is a vehicle deliv-
ering the vanadate is supported by the fact that all but one of
the vanadium-phosphatase complexes reported contains vanadate
and not a vanadium coordination complex.

The K; values were measured for BMOV (also referred to as
|VO(malto); | or bismaltolatooxovanadium(IV)) [203,210], which is
closely related to the compound that was carried through for clin-
ical trials for treatment of diabetes [215,216]. These studies were
done both on wild-type and recombinant low molecular weight
human protein tyrosine phosphatase 1B [210]. As shown in Table 5,
the K; value was very similar to that obtained using vanadate, Spe-
ciation studies show that this compound is stable for a limited
time [217], and several speciation studies have been reported with
this compound showing that it forms adducts under physiological
conditions and upon dissolution both cis and trans isomers exist
|217-219]. Although speciation was not considered directly in the
study measuring the K; values, other studies have been reported
suggesting that under conditions of the enzyme assay at least 50%
of the compound is intact. However, the formation of isomers
and hydrolysis in solutions makes it more difficult to assign the
observed affects to one isomer. Therefore the measured K; value is
an underestimation of the true inhibition of the most potent form
in solution.

The potency of a series of peroxovanadium compounds for the
rabbit intestine alkaline phosphatase was investigated, Table 5
[197,200,202]. The peroxovanadium compounds have varied sta-
bility, with some of them being very stable [23,220-223]. The stud-
ies carried out with these compounds yielded K; values of similar
magnitude to those found for the dipicolinato peroxovanadium(V)
complex and the chicken intestine alkaline phosphatase [173]: i.e.
10-fold poorer inhibitors than vanadate. It is interesting that one
of the peroxovanadium complexes is as effective as vanadate, beg-
aing the consideration of the possibility that this peroxovanadium
compound may have hydrolyzed. Thus, general studies of stability
of these classes of compounds are important, however, in this case
the stahility of the one specific peroxovanadium compound is in
question [200,202]. Corresponding peroxomolybdenum [ 185,202]
complexes were also prepared and tested and found to have similar
activity as the peroxovanadium compounds [ 185.202],

The potency of a series of acetylacetonate vanadium(IV) com-
plexes as inhibitors for calf intestine was also investigated [199].
Vanadium(1V) complexes are often more stable near neutral pH
and as such the stability profiles are shifted for the vanadium(1V)
complexes compared to vanadium(V) complexes. Although these
compounds may be more stable than corresponding vanadium(V)
complexes, they too form several species in solution. Several spe-
ciation studies have been reported with this class of compounds
showing that they form adducts and upon dissolution both cis and
trans isomers exist [217,224], These complexes investigated are
found to exhibit K; values from 0.07 » 10 % to 1 = 10°% M, and thus
are among the most potent complexes shown in Table 5 [199], It
is interesting that the small subtle changes on the acac-ligand can
improve the K; value for the vanadyl complexes by two orders of
magnitude. Indeed, this effect may be attributed to a shift in spe-
ciation, because the stability profiles of these compounds are very
sensitive to substitution on the acac-moiety. The authors examined
the breakdown of their compounds using UV-vis spectroscopy,
however, distinction between cis and trans isomers cannot be done
using UV-vis spectroscopy [224], Therefore the increased inhibi-
tion observed can be attributed to the mixture of isomers that




194 C.C. McLauchlan et al. / Coordination Chemistry Reviews 301-302 (2015} 163-199

forms, and the reported higher potency of the fluorosubstituted
acac complex may be due to a shift in isomer stability.

The class of compounds reported to be the most potent
inhibitors are those formed by biguanide ligands [211]. Three
biguanide-containing complexes are reported all of which have the
smallest Kj values in Table 5. Unfortunately, characterization of this
class of complexes is limited to the solution studies reported here
[211]. Further consideration of these complexes is clearly desir-
able because they have shown antidiabetic properties [225-228].
These complexes are non-trivial to characterize because they have
low solubility and it was difficult to determine their stability in
water. Furthermore, the biguanide unit has found previous use as
an antidiabetic drug. The ligands metformin [229], and progunil
[230,231], are anti-diabetic and anti-malarial drugs, respectively,
and are prescribed by physicians for these diseases, Because the lig-
and compounds have effective biological properties, and are poorly
soluble, how much these properties contribute to the observed low
inhibition constant is not clear. Although the goal is often to take
advantage of the cooperative effects of metal and ligand, work-
ing with a ligand that already is effective in treating the disease
makes it very difficult in animal studies to deduce the effect of
the metal complex. Furthermore, investigations into the vanadium
complexes with metformin have led to development of complexes
that have insulin enhancing properties, however, they are not dra-
matically improved over other known vanadium complexes, The
biguanide vanadium complexes are the most potent phosphatase
inhibitors reported, and have been able to go beyond the other
coordination complexes investigated at this level of scrutiny. Thus,
continued investigation into this class of compounds would test the
possibility that these compounds have properties that can surpass
the other complexes investigated to date,

Combined, these studies illustrate several important points,
Although many compounds have been tested as inhibitors for
phosphatase, most of this information is available in publications
reporting a series of compounds and reporting the relative activity
of these compounds as inhibitors against different phosphatases
using vanadate or phosphate as benchmark values. These studies,
report ECsp values and not K; values. Although ECsg values are valu-
able in themselves, they are more difficult to compare to other
reports in the literature and such studies also do not determine
the made of action of the inhibition. Therefore, for the comparison
here we have only considered the publications in which a more
detailed analysis has been undertaken and an inhibition constant,
K; is reported. From the data available for the compounds com-
piled in Table 5 it is interesting to find that most of the vanadium
complexes investigated have inhibitory constants similar to those
reported for the vanadate salts. Importantly, these studies show
that most vanadium compounds investigated are inhibitory regard-
less of the coordination number of the compounds. The data also
suggest that a range of vanadium compounds are active, and that
inhibitory effects are not limited to compounds with the VO, -unit,
S-coordinate vanadium or peroxovanadium groups.

6. Discussion and future

Vanadate, vanadyl sulfate, and vanadate compounds are well
known phosphatase inhibitors and it is common that these
inhibitors are used for description of new phosphatase enzymes
and enzyme systems [13,23-27,29232]. In 2004, according to
Davies and Hol, only four structures available in the PDB contained
vanadium; three structures in which the vanadate was coordi-
nated in a covalent manner o an enzyme and one structure in
which the vanadate was coordinate in a non-covalent manner [58].
These four structures have now a decade later grown to 29 struc-
tures. The covalently attached vanadate are found in systems in

which the vanadate acts as a potent inhibitor and the X-ray struc-
ture is reflecting the transition state-like structure of the inhibitor
in this protein-vanadate complex. The non-covalently associated
vanadate, in contrast, has the vanadium in four-coordinate geom-
etry and the binding is product-like. At this time there are many
more examples of vanadium-containing complexes, and the vana-
dium is not only found as vanadate or five-coordinate complexed
vanadate. As described recently [50] and in this review, a few
other systems have been characterized in which vanadium is an
oligomeric anion or a coordination complex. Namely, divanadate
|127], trivanadate |128], and decavanadate | 151,233 | have all been
reported bound with proteins. However, it is important to empha-
size that the most common vanadium-phosphatase complexes
found in the structural databases, are vanadate-phosphatase com-
plexes. Therefore in most cases, regardless of the structure or the
oxidation state the vanadium was in prior to encountering the
phosphatase, the product that emerges is a vanadate bound to the
phosphatase.

Vanadium as an early transition metal ion is found in the peri-
odic table after chromium and before manganese, but near both
molybdenum and tungsten. As a result it has complex speciation
chemistry and all oxidation state forms several hydrolysis prod-
ucts under physiological conditions [86,87,219,234|. This is very
important, because the oligomerization of vanadate is known to
decrease the amount of monomeric vanadate in solution, which is
generally the inhibiting form of vanadate. Therefore, the oligomer-
ization reactions change the inhibition profile by vanadate, and as
was first discovered with 6-phosphogluconate dehydrogenase and
human prostatic acid phosphatase the larger vanadium oligomers
(tetramer) and the smaller vanadium dimer rather than vanadate
monomer can also inhibit enzymes [78.91]. Recently one bacterial
phosphatase was found to structurally demonstrate that the inter-
action between phosphatases and a higher vanadate oligomer is
possible [128] and confirming the earlier report with the human
acid phosphatase thar vanadate dimer is a more potent inhibitor
than vanadate monomer for this enzyme [91]. Decavanadate is a
large oxometalate that is significantly different than the smaller
readily exchangeable oxovanadates, Although it is large in size,
it has been found to interact with proteins, membrane fractions
and possibly even lipid interphases. One protein that was found
to interact with decavanadate is ribonuclease and perhaps partic-
ularly interesting since this enzyme also can interact with other
forms of vanadium [205,235-238],

The nature of the inhibition by vanadium salts and coordi-
nation complexes is of interest, because if the potency could be
mimicked by fine-tuning other systems, very desirable inhibitors
could be developed. As stated early on by van Etten [12], it 1s
not clear rhat the five-coordinate transition state is so desir-
able because both molybdate and tungstate were more potent
inhibitors than vanadate, Although these anions indeed are more
potent inhibitors, their anti-diabetic effects in biological systems
are less than those observed with vanadate [29,215,216], doc-
umenting that phosphatase inhibitory potency is not the only
factor important for anti-diabetic properties. Similarly, a study was
carried out testing the possibility that the five-coordinate dipi-
colinatooxovanadium complex was more potent that analogous
five-coordinate complexes [173]. Indeed, the observations showed
that the five-coordinate complex was a more potent inhibitor than
free vanadate anion, the ligand, and two other complexes with six-
coordinate vanadium [173]. These findings showed that although
the five-coordinate structure was the best, that the other vanadium
containing structures were also inhibitors. The question whether
the four-coordinate geomelry also could be a potent inhibitor was
examined in detail by the Tracey group, rationalizing that the
inhibitor must be able to expand its coordination sphere in order
to covalently bind the inhibitor [232].
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We recently investigated the geometry of the X-ray charac-
terized vanadium complexes that inhibit phosphatases [67]. In
these previous studies we did not characterize the speciation of
the vanadium-phosphatase complexes so that one could truly
attribute the inhibition to a particular geometry around the vana-
dium, With the complex geometries around the vanadium we
found that the complexes with five-coordinate geometries display
the most potent inhibition. However, many inhibitors for the phos-
phatases have similar potency as vanadate, possibly reflecting that
the complex would hydrolyze under the conditions of the assay.
Understanding of the structure allows modeling studies in silico as
well as in designing better species for inhibition for experimenta-
tion and testing | 164,239],

Some proteins undergo major structural changes after binding
of allosteric effectors, and therefore the binding of metal contain-
ing complexes in the active site has the potential of changing the
conformation of the protein, In evaluation of crystallographic struc-
tural data one should consider whether the crystal was obtained by
co-crystallization with the vanadium-complex or the vanadium-
complex was soaked into an existing crystal: soaking experiments
favor the structure that has already formed, such that observa-
tion of only minor structural changes may be somewhat biased.
Although the active site of a protein only represents a very small
fraction of the overall protein structure, the existing crystal is likely
to influence how the vanadate will bind to the protein and conse-
quently the final structure obtained. Even when beginning with
more complicated vanadium complexes, only a few examples of
vanadium compounds other than vanadate bound to protein have
been found for phosphatases; some structures have been reported
among phosphatases as well as other enzymes, though, These com-
plexes document that geometries other than TBP for the vanadium
are not uncommaon.

The largest group of vanadium-protein complexes in the
databases is the hydrolases, including phosphatases [50,51]. How-
ever, there are also a large number of structures of proteins
containing a vanadium that are the vanadium haloperoxidases
|240,241]. Specifically there are two classes of vanadium contain-
ing haloperoxidases, proteins that catalyze chlorination reactions,
the vanadium chloroperoxidases [241], and proteins that cat-
alyze the bromonation reactions, the vanadium bromopernxidases
[139,142,240,242]. These systems are somewhat related to the
topic at hand, because it has been demaonstrated that the vana-
dium haloperoxidases have sequence analogy with low molecular
weight acid phosphatases [130,141,243,244]. These proteins con-
tain a vanadium in their active sites, which have been characterized
by crystallization. However, the reaction mechanism is very differ-
ent than that for the phosphatases and many functional mimics
have been and continue to be reported [245-247]. Interestingly,
when the haloperoxidases do not have a vanadium in their active
site (an apoprotein), they can catalyze organic phosphate hydroly-
sis [ 141,248,249]. The reaction mechanism for the haloperoxidases
has been investigated in detail, and information is available else-
where on these systems with regard to the protein, the reaction,
and applications of the protein [140-142,241,250-252].

Inhibitory studies with different vanadium compounds illus-
trate several important points. First, many compounds have been
tested as inhibitors for phosphatase but most of these studies did
not measure K; value so that comparison among studies are dif-
ficult. A few studies with alkaline phosphatases did measure an
inhibition constant, K; and these are summarized in Table 5, From
the data shown in Table 5 we find that most vanadium complexes
have inhibitory constants similar to those reported for the vanadate
salts. Furthermore, the data in Table 5 support that the vanadium
compounds are inhibitory regardless of the coordination number
of the compounds. The data also suggest that a range of vana-
dium compounds are potent inhibitors, and that inhibitory effects
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are not limited to compounds with the VOs-unit, five-coordinate
vanadium or peroxovanadium(V) groups. Of the compounds inves-
tigated only one class of compounds show affinities larger than
others. However, the biguanide vanadium complexes are a diffi-
cult class of compounds to investigate, because their low solubility.
For example, the metformin oxovanadium(IV) complex had similar
insulin enhancing properties as BMOV but because of the poor sol-
ubility of this compound it was difficult to properly investigate the
system [225]. Indeed, recent studies with a metformin decavana-
date complex have demonstrated unexpected properties including
enhanced solubility and anti-diabetic effects [226,227]. The fact
is that regardless of what vanadium-containing compound was
added to the phosphatase, in all but one vanadium-phosphatase
complexes investigated only vanadate remains in the character-
ized structure, This suggests that when the vanadium-phosphatase
complex was formed from vanadium complexes, the ligands’ main
role is the delivery of the vanadate to the enzyme. Because three
vanadium biguanide complexes [178] and several polyoxometa-
lates | 178] have demonstrated superior inhibition of phosphatases
more studies of these complexes in particular and the delivery
of vanadium to the phosphatase and other enzymes in general is
desirable,

For a vanadium complex to be chosen to treat a chronic disease
such as diabetes its efficacy must be many times greater than the
ligand alone due to potential long term metal toxicity issues. Such
a requirement is particularly difficult to meet. The study of how
these complexes work, however, is likely to yield valuable infor-
mation for the development of new inhibitors of phosphatases. The
requirements for activity are less with respect to acute treatment
of a potentially fatal disease such as cancer. Metal-containing drugs
have been embraced by physicians for several decades considering
the success of platinum-series of drugs [253-255]. Understand-
ing the fundamental nature of the binding in the active site of
vanadium-phosphatases complexes can be useful for the devel-
opment of both metal-containing and organic drugs. In the case of
vanadium-based anti-diabetic drugs, the systemic concentration of
vanadium was found in some subjects to be too high, so reducing in
the overall concentration would be desirable. The development of
formulation techniques have been found to improve drug uptake
[256].

7. Summary

Vanadate and vanadium compounds are potent inhibitors of
phosphatases. The details of the interaction between the vanadium
and phosphatases have been characterized in detail for a number
of phosphatases that have been found to form protein-vanadium
crystals generally with vanadate. Because of the flexibility of
vanadium and vanadate to form different coordination envi-
ronments, several coordination numbers have been observed in
these vanadium-protein complexes. The most common form of
vanadium-phosphatase complexes has the vanadium in a five-
coordinate geometry and covalently attached to the protein. This is
the geometry that has been found for 22 of the 29 unique coordi-
nation geometries in vanadium-phosphatase complexes examined
in this work. In addition, vanadate as a phosphate analog can bind
as a product analog in a phosphatase-vanadate complex and one
such complex have been reported. Finally, there are a couple of
structures with larger oligomeric form of vanadate in the complex.

The most common vanadium-protein complexes have the vana-
dium in a five-coordinate geometry, which could be either trigonal
bipyramidal (TBP) or square pyramidal (SP). Because the differ-
ence in the energetics of the TBI® and the SP is small, both such
geometries in the vanadium=-protein complex should be possible.
Upon analysis of the active sites' vanadium geometries, we find
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that in the overwhelming number of cases, the vanadium geome-
try is TBP. In the solid state the small molecule structures suggest
that the preferred structure from the point of view of the metal
complex is 5P, and yet the geometry in the protein complexes is
TEP. Although the computational optimizations of some of these
vanadium-protein complexes have restricted the geometry at the
vanadium somewhat and these are static X-ray structures, the com-
plexes remain more TBP-like than SP-like. This conclusion stands
for all the different classes of phosphatases, regardless of what the
active nucleophile is in the active site (N, O, or 5). There are sev-
eral limitations to this analysis of protein structures, but one major
one is that nearly all crystals with vanadium are formed by soaking
pre-formed apo crystals of the enzyme with vanadium solutions,
often very briefly. As noted by Evdokimov et al., “Our experience
indicates that soaking, while undoubtedly the quickest route to
cocrystals, may not be adequate for proteins with shallow active
sites and for large ligands where crystal packing has a high likeli-
hood of generating artifacts [159]." Each of these X-ray structures
is also with a vanadium(V) species and only a handful contain a
vanadium bound to any ligand other than oxo or a co-factor. The
structural information gleaned from these studies, then, may not
give as much information about vanadium-containing complexes
that are not simple oxanions, nor does the static nature of any one
complex’s structure give a complete picture of the dynamics at an
active site,

To follow up this PDB X-ray analysis we surveyed the literature
for oxometalates and vanadium-containing complexes that inhibit
phosphatases. In the case of oxometalates, it has been recognized
for more than 30 years that oxometalates with a coordination num-
ber of higher than four are more potent inhibitors | 12]. Increased
inhibition was correlated with the increased coordination sphere,
The increased inhibition was attributed to the anion binding as a
transition state analog. This attribution is confirmed by our review
of the current literature on this topic. We also reviewed the lit-
erature of reported inhibition studies with vanadium-containing
complexes, Because of the complicated speciation of vanadium
complexes, we chose to only review studies in which either the
speciation of the vanadium complexes was investigated or the
vanadium complexes were stable. For such studies the proper
enzyme kinetic studies could be carried out, and the nature of the
inhibition characterized. In most systems we examined the inhibi-
tion was competitive with regard to the alkyl phosphate. Only in a
few unigue cases was the inhibition pattern different than compet-
itive. In all of these systemns the vanadium complexes were potent
inhibitors.

The analysis carried out in this work exploring the
vanadium-phosphatase complexes was done with the antici-
pation that we would obtain a greater understanding of the factors
that lead to the most potent vanadium inhibitor complexes. Our
analysis shows that the coordination geometry at the vanadium
in the unbound inhibitor complex is not critical, and that several
coordination geometries can yield effective inhibitors. As shown
by the studies reported with different vanadium compounds, the
diverse group of compounds shows activities very similar to that
of vanadate and vanadyl sulfate. Because speciation studies were
not carried out in detail under the conditions of the enzyme assay
in all the studies, and because previous speciation studies reported
showed that the compounds were not stable, it would be expected
that some of the compounds hydrolyzed before the inhibition assay
was conducted. However, even in the studies where the speciation
was considered in calculation of the K; values, the variation in
inhibition was still small, and the K; values of the complexes were
near that of vanadate and vanadyl cation. Although many previous
authors have suggested that the ligand plays a role and increases
the potency dramatically, when comparing the inhibitor potency
among the compounds listed in Table 5 the values are of the same

order of magnitude. Thus, we suggest that the potency of inhibitors
is not likely to change significantly as the ligand changes. In short,
design of new inhibitors based upon vanadium compounds is to
be expected to have a similar potency as the salts. Development of
new and more potent vanadium-based inhibitors is more likely to
be successful if it is a dramatically different compound compared
to the structures we have already used, therefore, based on a
significantly different base structure or if investigators focus on
improving delivery, solubility, and bioavailability.
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ABSTRACT

N-(2-hydroxyethyljethylenediamine-N,N' N'-triacetic acid (HEDTA) is an alternative chelator similar to
ethylenediaminetetraacetic acid (EDTA) which is commonly used for metal-ion removal. Because of
the introduced asymmetry in the HEDTA ligand, more than one coordination complex can form. The
interaction between HEDTA and vanadate has been studied by 1D and 2D, *'V, '*C, and 'H NMR spectro-
scopies at ambient temperature to determine the complexes formed in solution and to explore the pH
dependence on complex formation. Two main complexes form in the reaction between vanadate and
HEDTA at a one to one ratio in the pH range between 3 and 11. The first complex, V-HEDTA1, begins
to form at pH 6 and decreases as pH increases to pH 10, The second complex, V-HEDTA2, forms above
pH 3 and increases with pH until pH 9 where the complex no longer forms. Structurally, V-HEDTAZ is
similar to the complex that forms between vanadate and EDTA, whereas the data is consistent with
the alkoxy arm of the V-HEDTAZ complex being weakly coordinated. The other complex formed,
V-HEDTAT, is structurally different from the vanadate EDTA complex. The formation constants of the
V-HEDTA complexes and the /i values were calculated for the future use of these constants to predict

formation of complexes under biological and environmental studies.

@ 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Metal chelation by aminopolycarboxylates [1-4] is important
for uses in laboratory settings [5,6], in medicine [7-14], in biolog-
ical systems [ 15-20], in technical industrial processes such as min-
eral dissolution or simply removal of the metal ion [21-23], and for
environmental purposes [24-26]. Ethylenediamine-N,N',N",N"'-
tetraacetate (EDTA, Fig. 1a) is the most commonly used general
chelator [27-31]. However for specific metal ions, alternative
chelators with more beneficial properties, such as ion selectivity
and specific binding, have been developed [17,32]. N-(2-hydrox-
yethyl)ethylenediamine-N,N',N'-triacetic acid, abbreviated HEDTA,
is one such alternative chelator (Fig. 1b). HEDTA is a chelator that is
found to be particularly effective at abstracting iron [33-35].
Because vanadium can replace iron under some conditions [36]
we are interested in investigating the complexes that form
between HEDTA and the forms of vanadium present at ambient
temperature, in the presence of oxygen, and at varying pH values.

Abbreviations: D55, sodium 3-(tri ylsilyl)=1- Ifi : DEA, 2.2
iminodiethanol; EDTA, ethylene-diamine-tetraacetic acid: HEDTA. N-(2-hydrox-
yethyljethylenediamine-N,N' N'-triacetic acid: NMR, nuclear magnetic resonance.

* Corresponding author at: Department of Chemistry. Colorado State University.,
Fort Collins, CO 80523, USA.

http://dx.doiorg/ 10,1016/ poly 2016.01.001
0277-5387/» 2016 Elsevier Lrd. All rights reserved.
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Vanadium in oxidation state V (V(V)) exists in aqueous solution
as various oxometalate forms depending on pH |37]. Although the
aqueous species that forms at neutral and high pH are anionic
(such as HuVO; and HV,037) [36,28], the complex species that
form of V(V) in aqueous solution coordinates the cationic VO**,
a-cis VO3 or the f-cis VO3 [39-44]. Numerous reports describe
vanadium complexes (V(III), V(IV) and V(V)) with EDTA and
related ligands both in the solid state and in agueous solution
[39,41,45-48]. Because of the diverse coordination chemistry of
vanadium, complexes are found to contain vanadium with both
six [40-4249-51] and seven [31] coordination spheres. In Fig. 2,
the reported X-ray structure for the EDTA complex is shown. When
the EDTA ligand is modified and two carboxylate ligands are
removed from the ethylenediamine unit, the ligand ethylenedi-
amine-N',N"-diacetic acid, EDDA, is tetradentate resulting in the
complex shown in Fig. 1c. As a result, this ligand has the potential
to form two different complexes with V(V) as shown in Fig. 2. The
two different complexes of the EDDA are very different, with the
complex with the facial coordination mode resulting in a chemical
shift (—490 ppm) significantly further downfield than the complex
with the meridional coordination mode (-521 ppm) shown in
Fig. 2. Vanadium in oxidation state lll often does not contain an
oxo group, and a seven coordinate species could form where the
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Fig. 1. C i lycarboxylate chelators shown in their dianionic forms
are illustrated; (a) ethylenediamine-MN'N"N"-tetraacetate, EDTA; (b) M-(2-
hydroxyethyl }-ethylenediamine-N,N' N'-triacetic acid (HEDTA) and its atoms are
labeled: (c) ethylenediamine-N' N"-diacetic acid, EDDA,

ligand is coordinated in a heptadentate manner and a water mole-
cule complete the coordination sphere has been reported, (Fig. 2).

Because HEDTA is a derivative of EDTA, the chemistry associ-
ated with HEDTA complexes are related to the chemistry of the
well-known V-EDTA complexes [39,41]. In the case of the ligand,
HEDTA, the perturbation from the EDTA ligand brings asymmetry

(0]
o —i?
e e
A (
[+] kn/
[o]
(a) (bl

to the ligand and thus more structural possibility for complexation.
Indeed, it has previously been reported that two different com-
plexes form berween the V-atom and the HEDTA ligand, although
a careful structural analysis has not yet been carried out [53]. In
the following work we use multinuclear NMR spectroscopy to
characterize the complexes that form between HEDTA and V(V)
in aqueous solution. *C and '"H NMR spectroscopic studies allow
for characterization of the complexes that form using the chemical
shifts of the ligand to define the chelating parts of the ligand [39].
3y NMR spectroscopy is a sensitive tool for measuring the com-
plexes and the chemical shift differences between the isomers,
and can demonstrate that there are some significant structural dif-
ferences. The °'V NMR spectroscopy is furthermare a very sensitive
technique to allow for the calculation of formation constants for
the complexes [42,51]. The studies carried out here will character-
ize the solution structure of the V-HEDTA complexes and provide
formation constants that can be used for speciation considerations
in applications for the HEDTA ligand.

2. Experimental
2.1. Materials and methods

All chemicals were reagent grade and used without further
purification. N-{2-hydroxyethyl }-ethylenediamine-N,N’' N'-tri-
acetic acid (HEDTA, =98%) and sodium metavanadate ( =99.9%)
from were purchased from Sigma-Aldrich. Deuterium Oxide
(=99.9%) was purchased from Cambridge lsotope Laboratories.
NaOH (299.2%) and HCI ( =37.0%, 12,1 M) were purchased from
Fisher Scientific. Stock solutions of NaOD (5 M, 1M, 0.1 M) and
DCI (5 M, 1M, 0.1 M) were prepared by dissolving MaOH and HCl
in D20 and these solutions were stored at ambient temperature.
The pD was recorded using an Orion 420 a plus pH meter. The
pD equals pH +0.4, where the pH is what is measured by a pH
meter (+0.05) [54].

2.2, Preparation of V-HEDTA compounds

The V-HEDTA solutions for NMR spectroscopy were prepared
by mixing sodium metavanadate (NaVvOs;, 0.183 g, 1.50 mmol)
and HEDTA (0.417 g, 1.50 mmol) in a 10 mL volumetric flask for a
final concentration of 150 mM. The pD was then adjusted using
MaOD and DCL The sample stability at ambient temperature
depended on concentration, pH and storage time. The V-HEDTA
solution changed color from yellow to blue consistent with the
reduction of the vanadium [55]. Solutions for the spectroscopic
studies in this manuscript were prepared fresh unless noted
otherwise,

o] o 0

—1'1 jk&—l =
H J'm-...\lif N“;—‘\{—\?Hz
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0

Fig. 2. Crystal structure of VO,-EDTA in (a) [39,41]; the two V-EDDA complexes | 39-41] alpha-cis (b) and beta-cis {c) and of the seven coordinate vanadium in V(II1)-EDTA

(d}152].
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2.3, 1D NMR spectroscopy

NMR spectra were recorded on a 400 MHz 'H NMR Varian spec-
trometer operating at 400 MHz for 'H NMR, 100.25 MHz for '*C
NMR, and 105 MHz for *'V NMR. The 'H NMR spectra were
recorded using a sweep width of about 6410 Hz, a pulse angle of
45° 8 scans, and a relaxation delay of 1.0s. DSS (sodium
3-(trimethylsilyl}-1-propanesulfonate) was used as an external
reference [41,56].

The '*C NMR spectra were recorded using a sweep width of
about 25 kHz, a pulse angle of 45°, 1000 scans and a relaxation
delay of 1.0s. The '’C NMR spectra were referenced to external
DSS [41,56].

The *'V spectra were recorded using a sweep width of about
43,103 kHz, a pulse angle of 90° and 4096 scans. The *'V NMR
spectra were referenced to external [VO,DEA]™ at —488 ppm
[42]. Using the known total vanadium concentrations and the mole
fraction of each species, the concentration of the V-HEDTA com-
plexes and other oxovanadate species were calculated. The
reported data represent the average values from three different
samples [40]. The pD of each sample was tested beflore and after
NMR experiments.

2.4. 2D NMR spectroscopy

The homonuclear 'V 2D-EXSY was done at 105 MHz using a
Varian NMR spectrometer. The sample contained 150 mM vana-
date and 150 mM HEDTA at a pD of 8.58. The spectra recorded con-
sisted of 200t increments, 256 scans per f; increment, 1000
complex points, and a receiver gain of 32 dB. Each scan had a relax-
ation time of 15 ms, mixing time of 2 ms, and acquisition time of
25 ms. The spectral width was 40.322 KHz. These conditions are
similar to those reported previously [57]. The heteronuclear
'H-"3C HMQC was run using a Varian Spectrometer. The samples
studied consisted of 150 mM vanadate and 150 mM HEDTA at a
pD values of 5.6, 7.0, and 9.7. The spectra for each sample consisted
of 96 t, increments, 8 scans per increment, and a receiver gain of
28 dB. Each scan had a relaxation delay of 1.0 s,

3. Results and discussion
3.1, Multinuclear NMR studies of V-HEDTAT complex at alkaline pD

Vanadate and HEDTA solutions each were clear after prepara-
tion. When mixing these aqueous solutions together above pH &,
the solution turned yellow indicative of V-HEDTA formation.
Because decavanadate is yellowforange, it was necessary to rule
out the possibility that the yellow color was due to decavanadate.
This passibility was rejected because the *'V NMR spectra of the
yellow solutions at alkaline pH did not show the presence of the
three signals for decavanadate in the chemical shift range -516
to —424 ppm (V,=-516 ppm, V, = —-502 ppm and V= —-424 ppm
[58]), (Fig. 2). We concluded that the yellow color was due to the
yellow V-HEDTA1 complex. Upon aging, the color of the 150 mM
V-HEDTA complex remained yellow at pH above 8 after storage
for more than a week. The stability of the solutions decrease with
decreasing pH and increase with decreasing concentrations as
indicated by blue color formation, At pH 7.7 the solutions remains
yellow for 4 days at 150 mM, and at 15 mM (at 1.5 mM the color is
very faint). At pH 10 and 2 the solutions are slightly less stable than
at pH 7.7 (the color remains yellow for 3-4 days at 150 mM and at
15 mM). At pH 5 the solution remains yellow for 4 days at 150 mM
and at 15 mM as found at pH 7.7. The blue color is indicative of the
presence of reduced vanadium [55].
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Fig. 3. 'V NMR spectra of 150 mM vanadate and 150 mM HEDTA at varying pD
values, The two main vanadate- HEDTA complexes are marked as V-HEDTA1 and V-
HEDTAZ, and the vanadate oxoanions as monomer Vy, dimer Vs, tetramer Vy, and
pentamer Ve,

As seenin Fig. 3, two V=HEDTA complexes form; the V-HEDTA1
exist above pD 8 and the V-HEDTAZ2 complex exist from pD 3-9.
Speciation studies carried out by NMR spectroscopy were done in
deuterium oxide and thus the pH is actually the pD and will be
described as such in this manuscript. The *'V NMR spectra show
that a V-HEDTA1 peak at —492 ppm and V-HEDTAZ2 at —516 ppm
and these peaks did not change with varying pD) values although
the V-HEDTA1 was previously reported at —497 ppm, presumable
reflecting the variation in conditions [41]. There is a difference in
the line broadening between the two signals and the t; values were
measured and found to be 0.6 mS for V-HEDTA1, 0.4 mS for V-
HEDTAZ2 and 8 mS for the vanadate tetramer. The linebroadening
of the V-HEDTA1 (590Hz) is broader than the V-HEDTA2
(850Hz) and the linebroadening for the tetramer (150 Hz) is
slightly higher that those reported previously [57]. Because the t,
(assumed to approximate 7> when the vanadium is in the extreme
narrowing limit) is inversely proportional to the linewidth and the
lifetime of V-HEDTA1 is longer than the V-HEDTAZ2 and the ratio
near m we conclude that the signals are not exchange broadened
and the complexes are stable on the NMR timescale.
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The HEDTA ligand contains three carboxylate groups, one
hydroxyl group and two amine functionalities allowing for it to
be able to form complexes with vanadium chelating in a 4, 5, 6,
or 7 coordinate manner according to previous studies with a range
of metal ions |39,52.59-G1]. Combination of V(V) with HEDTA in
aqueous solution at pD 7 presumably involves combination of
the monomeric vanadate, HVO3 and the trianionic form of HEDTA,
shown in Fig. 3 (1). This complex is likely to contain a VO3 unit, and
one possible structure has previously been suggested (1) [41] and a
second structure is shown (2). The p-cis motif has been character-
ized by X-ray for another polydentate amino-carboxylate ligand
complex, the p-cis V-EDDA complex, and thus the geometry shown
in structure (2) was considered.[40] We do not show the less likely
isomer when the alkoxy group is bound trans to the oxo ligand
because the trans effect of the oxo group would not stabilize a
strong bond as those generally observed with coordinated alkoxy
ligands [62]. The isomer shown for structure (2) will have the car-
boxylate group in the trans position and the alkoxy group bound in
the equatorial plane (see Fig. 4).

To investigate the connectivity, '’C NMR spectra were recorded
in deuterium oxide. As shown in Fig. 3 at pD 10.14, V-HEDTA1 is
the major V-HEDTA complex so the resonances observed can be
attributed to free ligand (42.7% of total HEDTA) and V-HEDTA1
(57.3% of total HEDTA). The two partial '*C NMR spectra are shown
in Fig. 5a and b. The free ligand peaks are labeled as L, on the spec-
tra leaving total 8 signals belonging to the complex free ligand and
10 additional signals belonging to the complex V-HEDTA1. Chela-
tion to the vanadium increases the chemical shift of the free ligand
as reported previously for a number of vanadium complexes and
referred to as the CIS (Coordination Induced Shift, CIS = dpgng=dpee)
[41]. This is indicative of a strong bond to the vanadium. Three dif-
ferent carboxylate signals are shown, two of which are around
180 ppm in the partial spectrum shown in Fig. 5a and indicate that
they represent free carboxylates. One carboxylate is coordinated to
the vanadium at a chemical shift around 185 ppm, Fig. 5a. This
leaves 7 signals to be observed for the rest of the complex, and
these are all shown in the '*C NMR spectrum in Fig. Sh. The alkox-
ide methylene group in the arm bound to the vanadium is readily
identified at 75 ppm. The carboxylate arm bound to the vanadium
is readily identified at 67 ppm, and the two free carboxylate arms
and the CH; in the alkoxide arms are at 63, 63 and 55 ppm,
respectively.

However, the *'V NMR chemical shift is -492 ppm. This is very
high for an EDTA-type complex that is found at —521 ppm. The
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Fig. 4. Two possible structures for V-HEDTAI are shown. Both structures involve
chelation of the vanadium by two N-atoms, one carboxylate, an alkoxy group and
two oxo group. The two unbound carboxylate groups are either «-cis (1) [41] or
Bcis (2] to one another.

complexes that generally appear in the region of —490 ppm are
[VO,DEA]™ and [VO,TEA]™ complexes that do not contain carboxy-
late coordination to the V-atom as well as complex [VO;bicine] ",
although in the later case the five coordinate geometry is not
firmly established |51]. A complex formed with N-(hydrox-
yethyl)-glycine was observed at —506 ppm suggesting that the
hydroxyl group coordination will increase the chemical shift.
Furthermore, studies of the [VO,EDDA]~ complexes showed that
the meridional coordination of the m-cis complex gave a °'V
NMR chemical shift of ~515 ppm and the facial coordination of
the EDDA ligand in the p-cis complex resulted in a chemical shift
of ~505 ppm [39,40], Thus, the coordination of the alkoxy group
and in a facial fi-cis manner could result in a chemical shift for
the complex at higher resonance lending support to assignment
of the —490 ppm V-HEDTA1 complex as structure (2). However,
chemical shifts near —490 ppm have been reported for V(V) com-
plexes with coordination of hydroxyl groups in ligands such as
EDDE and EDTE and thus assuming that the complexes are six
coordinate presumable a structure analogous to (1) will be
observed at this chemical shift [41]. This conclusion is also
supported by the smaller linewidth of the peak at —492 ppm com-
pared to the complexes at —521 ppm indicating that the V-HEDTA1
has a more symmetric structure than the V-HEDTAZ, Additional 'H
NMR spectra and HMQC spectra are shown in the supplemental
materials confirming this assignment (Figs. 51-54). We recorded
solution IR spectra (Fig. 54) and these show the broadening of
the V=0 stretch supporting the interpretation that the structure
of the V-HEDTA1 complex varies from the V-EDTA-type complex
passible induced by the coordination of an alkoxy group or by a dif-
ferent coordination environment.

3.2. Multinuclear NMR studies of V-HEDTAZ2 complex at acidic pD

As the pH decreases, the amount of V-HEDTA1 decreases and
instead a second complex V-HEDTAZ2 forms as shown in Fig. 3. In
a solution of pH 7.74, 127 mM V-HEDTA2 formed, 18.9 mM
V-HEDTA1 formed, and there was 3.42 mM of free ligand and vana-
date. The second complex was investigated in a solution containing
150 mM HEDTA and 150 mM vanadate at pD values less than 7
where the solution exclusively contained the HEDTA2 complex.
Combination of V(V) with HEDTA in aqueous solution at pD 7 pre-
sumably invaolves combination of H,V0, and the dianionic form of
HEDTA for form possible structures shown in Fig. 6. This complex is
likely to contain a VO3 unit, two possible structures have previ-
ously been referred to in the literature (3) [41] and (4) [63], and
a third structure is shown (Fig. 6) (5-6).

In order to characterize the free carboxylate groups *C NMR
spectra were recorded of the solution at pD 7.74 and the partial
spectra are shown in Fig. 7. In Fig. 7a, the '*C NMR signals of the
carboxylic acid region show that two of the carboxylates are bound
to the vanadium (signal between 180 and 184.5 ppm) and one is
free. From the spectra of the additional part of the molecule
(Fig. 7b), 7 signals were identified. The CH;-OH arm and the
CH2-N signal next to it were found to be very broad. In addition,
the CIS values were significantly less (6.5 ppm and 4.5 ppm) than
observed for the V-HEDTA1 complex. These observations indicate
that although some interaction may exist, this bond was not as
strong as the bond formed in complex V-HEDTA1. We interpreted
these two very broad signals, C5 and Cs, to be due to a rapidly
exchanging hydroxyl group on the timescale of the NMR experi-
ments. The signals for the C; and Cz- groups are shifted downfield
(3.5 ppm and 3.1 ppm) and consistent with chelated sidearms. The
C2 peak shifted the least and is assigned to a free arm. Based on
analysis of the CIS values for the 'C signals, we conclude that
the structures are similar to that reported previously [41], struc-
ture (3), but that the association of the free hydroxyl arm with
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Fig. 5. Partial '*C NMR spectra of a solution 150 mM vanadate and 150 mM HEDTA forming V- HEDTA, oxovanadates and free HEDTA at pD 10.14. The HEDTA carbon skeleton
is labeled according to the numbering system shown in Fig. 1 using C, for the complex and L, for free ligand.
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Fig. 6. Four potential structures for the V-HEDTAZ complex and a fourth structure contains a broken V=N bond. Structure (3) was suggested by Crans et al. [41] and (4) was

considered by Sivak et al. [63]. Structure (5) and [6) were introduced here.
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Fig. 7. Partial ™*C NMR of V-HEDTA solutions { 150 mM HEDTA, 150 mM vanadate at pD 7.74). The C, is labeled on HEDTA carbon skeleton as shown in Fig. 1.

the vanadium may render this complex seven coordinate (struc-
ture (5)) because the alkoxide group is loosely bound to the
V-atom, Although seven coordinate complexes exist such a V(11I)-
EDTA complex (Fig. 2) and a protonated V(III)-HEDTA complex
[31,52,59] the seven coordinate complexes will require significant
distortion, as shown in structure (5). Alternatively, one can envi-
sion the signal broadening of the ligand being due to breaking
and reformation of a V-N bond as shown in structure (6) (Fig. 6).
This would be consistent with the fact that the V-N bonds are
weak to start with because they are trans to the oxo groups.
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Furthermaore, the C-atoms coordinated to the N-groups are also
broadened. This is evidence consistent with bond cleavage on the
timescale of the experiment, Structure (&) illustrate the bond
breaking of the N-hydroxyethyl group, which by the '*C NMR is
associated the least with the V-atom, however, the other
V-N-bond could also be similarly broken (structure (6') — not shown).
All three interpretations (structures (5), (6) and (6')) document the
flexibility in the V-HEDTAZ2 complex under these conditions.

The structure represented in (4) is an intriguing structure, but
not one that is consistent with the CIS shifted and broadened signal
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for the alkoxy arm. The 'V NMR chemical shift for the V-HEDTA2
is 521 ppm, which is identical to the value for the V-EDTA com-
plex and very near the signals for the two V-EDDA complexes
(~505 and —515 ppm). To better describe the association between
the hydroxyl arm and the vanadium, structure (5) and (&) both are
better representative for the V-HEDTAZ complex. However, consid-
ering that the former studies were done at much higher ionic
strength than these studies, minor differences are to be expected.
It is possible that the differences in spectral parameters are at least
in part due to differences in the ionic strength and other conditions
of the study [411]. We therefore recorded the HMBC spectrum (see
Supplemental material Fig. 55). Specifically the protons in position
2" are identified by their coupling to the protons in position 4. The
chemical shift of the proton on €2" and the '*C chemical shift of
this acetyl arm is complexed to the vanadium indicative of struc-
ture (3) or (6) but not structure (4). This allowed us to conclude
that the observed spectrum is either that of structure (3) or (6)
shown in Fig. 3.

3.3. Conversion among V-HEDTAT and V-HEDTAZ2 complexes

Because the two V-HEDTA complexes have such different
chemical shifts, some significant structural differences may exist
and may be evident in the rate of complex formation and ligand
exchange. A series of vanadium complexes have previously been
characterized in detail with regard to structure and ligand inter-
change using *'V NMR spectroscopy [51,57). We similarly used
EXSY spectroscopy to investigate whether conversion among the
V-HEDTA complexes and oxovanadates were observable and
whether the V-HEDTAI and V-HEDTA2 exchange was sufficiently
fast to be observed in this time regime.

Specifically a sample at pD 8.6 containing 150 mM HEDTA and
150 mM vanadate was subjected to an EXSY experiment and the
result is shown in Fig. 8. The spectrum was recorded using an over-
all acquisition time of 15 ms with a mixing time of 2 ms. The diag-
onal of the spectrum shows all signals although the lower intensity
of the V-HEDTA complexes is consistent with the faster relaxing
complexes compared to the vanadate oligomers. Off-diagonal
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signals between the oligomers are observed as reported previously
[57]. However, no exchange is observed between the oxovanadate
and either of the V-HEDTA complexes or between the complexes
themselves. This experiment confirms that these complexes form
on a longer time-scale than vanadate oligomerization reaction
and other reactions.

The diagonal of the 2D EXSY spectrum shows a much smaller
peak for V-HEDTA2 than shown in Fig. 3. This difference arose
because of the parameters by which the EXSY spectrum was
recorded. The V-HEDTA2 complex has a shorter relaxation time
than the V-HEDTA1 and the added recording time decreases the
signal for this species because some of the signal will already have
partially relaxed by the time the spectrum will be recorded. This
spectrum thus support the t; measurements documenting the fas-
ter relaxation time of V-HEDTAZ2 and the fact that these complexes
are not exchange broadened.

3.4. Formation and Stability Constants for V-HEDTA1 and V-HEDTAZ2
complexes

The concentrations of various vanadate species are sensitive to
pD, and consequently the reaction of vanadium and HEDTA is very
sensitive to the pD. From the integration of the *'V NMR spectra
shown in Fig. 3, it was possible to calculate the V-HEDTA complex
and the vanadium oligomers concentrations listed in Table 1. The
formation of the complexes as a function of pD and the ratio of
[V=HEDTA]/[V:] calculated are listed in Table | as well. Because
the concentration of Vy is increasing, the change in the ratio is a
combination of complex concentration and [Vy]. The [V-
HEDTA1]f[V4] ratio confirms that this is a complex that is more
stable at the higher pD, because the ratio increases until pD 9.44
at which point it decreases. The decrease in the ratio is tied to
the dramatic increase in [V, ]. In contrast, the [V-HEDTA,]/[V,] ratio
continues to decrease as the pH and the [V,] concentration
increase. With this information we can examine the reaction and
estimate the equilibrium constant (Key) and the f under low ionic
strength conditions.

V- HEDTA1 V- HEDTAZ Vi V: Vi Vs
-590
:5 : 580
A
-570
V: —_—
-560
550
My == -
540 §
V- HEDTAZ s =g
.QLC} 520
o
510
V- HEDTA1 L2
e 500
TECOD Y
S -490
480
-490 -500 -510 -520 -530 -540 -550 -560 -570 -580 -590
12 (ppm)

Fig 8. 2D '°V EXSY NMR spectroscopy were recorded at pD 8.55 of a solution containing 150 mM HEDTA and 150 mM sodium vanadate, The standard Agilent-MMR NOESY
pulse sequence that uses States-TPPl encoding in r; was used to obtain pure phase spectra after a mixing time of 1.5 ms. A spectral window of 40 kHz was acquired in both the
direct and indirect dimensions. Two hundred transients were acquired with an acquisition time in ¢ of 2 ms for each of the 200 complex ¢, increments. The total recycle time
for each transient was about 40 ms. The data was apodized with a Gaussian function and zero-filled in both dimensions prior to Fourier transformation. The final digital

resolution was 20 He/pt in both F2 and F1.
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Table 1
Reaction between 150 mM HEDTA and 150 mM Vanadate in 100% D,0.°

331

pn [V-HEDTA1] [V-HEDTAZ] [V-HEDTA,,| v [V-HEDOTAIL]/|V,] [V-HEDTAZ][[V)] [V-HEDTA [V, ]
6.97 5.57 143 150 0.200 192 493 512
7.59 14.1 134 148 0515 27.3 261 288
8.06 26.7 119 146 0.905 29.5 131 161
8.55 86.1 55.0 141 163 528 34.0 866
9.44 889 215 120 848 1.7 250 142
10,1 775 335 809 386 2m 0.087 210
* All concentrations are represented in mM.
The reaction forming V-HEDTA1 takes place in the pH range  papje2
where HVO3Z~ formed (pH near and above 8) and HEDTA*~ The f constants and equilibrium constants calculated in this work.”
(between pH values 5.5 and 9.7) are major components. The equi- NP Tozkn
librium reactions thus can be described as shown in (1) or calcu- V-HEDTAT (L1.10) = = .
lated in terms of the f using HoVO,4 equivalents shown in (2). V-HEDTAZ ( .rftl:l.lll 13 05

Where the VO,(HEDTA)* complex is described as the (1,1,0) spe-
cies. The equilibrium constant and the fi{1,1,0) can be calculated
and the average values are shown in (3) and (4) as pH independent
values.

H;HEDTA® + H;VO,=V0;(HEDTA)® + 2H,0 (1
rHHEDTA? = sHaVO, + (H'=(H;HEDTA? ),(HoVO,),(H ), (2)
Kequnorar = VO, (HEDTA)* |/[H, VO, ][(H,HEDTA)" | (3)

jr.s.t) = ((H,HEDTA? ),(H,;VO,),(H'),)
/[HHEDTA* | (H,VO, f[H ) (4)
and when

fir,s,t) = fi(1,1,0)
((H,HEDTA”" )(H,V0,))/[H,HEDTA® |[H,V0,] (5)

The reaction forming V-HEDTAZ2 takes place in the pH range
before H,V0, deprotonates (pD below 8) and HEDTA® exists
(below and near pH 5.5). This reaction is described in Eq. (6) and
calculated in terms of the # using H.VO; equivalents shown in
(6) where the VO,(HEDTA) complex is the (1,1,1) species. QUOTE
VO,(HEDTAY~ complex is the (r,s5,t) species with (1,1,1). The equi-
librium constant and the #(1,1,1) QUOTE £(1,1,1) are shown in Eqs.
(8) and (9).

H,HEDTA? + H,V0, <-VO,(HHEDTA)* + OH + H,0 (6)
H;HEDTA* +H;VO, +H' =(H,HEDTA* )(H,VO,)(H") (7
Keqy-ngoraz = VO3 (HHEDTA)® ™| [OH™]/[HoVO; | [(H HEDTAY ™ (8)

B(1,1,1) = ((H,HEDTA?")(H,VO; (H'))/[H,HEDTA* | [H,VO;][H |
(9)

The pkK, values for HEDTA and vanadate were previously deter-
mined under a range of conditions from 0.1 M KCl to 2.0 M [LiCLO,|
|64]. The data shown in Table | was obtained in the absence of
salts to mimic the environmental conditions with less salt. We
chose to use the reported pK, values for HEDTA reported by
Chaberek |64] under ironic strength 0.1 conditions and the pK, val-
ues for vanadate reported by Heath [37] in a solution of
2.0 mol dm ? [LICLO4] because their conditions were also at low
ionic strength. Using the Henderson-Hasselbalch equation the
concentrations of [H;VO4] or [HVOi | and [HEDTA® | or
[HEDTA® | were calculated. The constants are listed in Table 2.
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* The pK, values for HEDTA 2,64, 5,33, and 9.72 was reported by Chaberek in 0.1
ionic strength using KOl [64]. The pk, values for [HV0O3Z] and [HVDET] in
2.0 mol dm ? [LICLO,4) were 7.1, and 12 as reported by Heath [37).

Corresponding value for the log § reported for the V-EDTA com-
plexe is 18 documenting that both these V-HEDTA complexes
are not as strong as the V-EDTA complex |G5].

4. Conclusion

The HEDTA chelator is an alternative chelating agent replacing
the less specific EDTA chelator for environmental and biological
applications. In this work, we characterized two major complexes
that formed with regard to structure and stability in aqueous solu-
tion. The vanadium atom forms a complex in which the HEDTA
ligand coordinates in a tetradentate manner at high pH. The com-
plex that forms at neutral pH has five functionalities associated
with the vanadium and thus the HEDTA is pentacoordinate. The
complexes begin to form at pH 3 and extend above pH 9 and thus
combined encompass a significant part of the physiological pH
range. However, the stability pattern for the two complexes are dif-
ferent and thus proper speciation considerations of this chelator
should take into account the two complexes separately.
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Appendix XI: Does Anion-Cation Organization in Na*-Containing X-Ray
Crystal Structures Relate to Solution Interactions in Inhomogeneous
Nanoscale Environments: Sodium-Decavanadate in Solid State Materials,
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Sadium ison to Na'-containing materials. As a result the structures observed for the Na'-containing decavanadate
Reverse micelles materials led to identification of the Na*-containing subclusters and the information is used to provide infor-

mation on the decavanadate in nanosized water droplets found when a decavanadate anion associating with
an Na* interface in a bis-2-ethylhexyl-sulfosuccinate (AOT) reverse micelles.
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1. Introduction and background

With the expansion of materials science, many malerials with
complex and elaborate combinations in their compositions are
being discovered and produced. The increased components and
complexities of these materials point to the increasing importance
of microenvironments within complex structures and accompany-
ing wide ranges of various types of bonding. The description of the
materials and their bonding pattern is therefore becoming more
and more important to understanding the systems detailed proper-
ties [ 1]. The concepts of bonding for materials are deeply nested in
many areas of science and include not only chemistry, but also
minerology and nanoscience [2-7]. Here we will focus on materials
in which the microenvironments are critical for the properties of
the system. For example, many decavanadate- (V 0%, abbrevi-
ated V) types of minerals contain microenvironments with differ-
ent types of structures, and within the material not only ionic or
covalent bonds exist, but also a mixture of the two types of bond-
ing [5,8-20]. Because the interactions between the V,y anion and
its environment are important to the structures that form, specific
interactions with cations are critical. In many studies, Na' is a
counter ion for Vigand the surfactant used to form microemulsions
and thus we are interested in investigating further the types of
arrangements that Na* will form with the V5 anion. We will then
proceed to demonstrate that the placement of Vg within various
microenvironments in the solid state actually has similarities to
the properties of Vip in the reverse micellar microenvironment of
a nanodroplet.

The properties and bonding of Vg, a complex anion and a mem-
ber of a family of polyoxometalates, will first be briefly reviewed.
The structure of Vg reported initially by Evans [21] shows that
the compound consists of ten vanadium-centered octahedra with
oxygen atoms at each corner of the octahedra [21-25]. The ten
octahedra are connected in a way that the structure is based on
six octahedral units combined in a plane, and two octahedra above
and two below the plane, see Fig. 1. Although alternative structures
exist and are found in, for example decatungstate [26,27], the core
structure of Vg has been demonstrated for about 180 different
structures based on searches of the Cambridge Crystal Structure
Database (CSD) [28] and International Crystal Structure Database
(ICSD) [29]. A series of structural motifsfunits between the Vg
cores in local microenvironments have been reported and these
will be described in detail below [1]. The specific bonding in the
Vg structures varies and includes bonding a) between neighboring
oxometalate cores and cations, b) through oxometalate cores and
H-bonding, or, alternatively, ¢} both ionic bonding with cations
and with different types of H-bonding to water |1]. By analysis of
the solid-state structures we were able to identify structural pat-
terns that can be used to describe the aqueous ionic bonding
observed in nanodroplets of the oxometalate and the counter ions.

In nanoscience, the concept and understanding of microenvi-
ronments is critical for tuning the structures and the properties
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Fig. 1. lllustration of the structure of Vg, a) octahedral and b}V,
Image modified with permission from Ref., [25].

g5 [21-25].

of the systems at hand |30]. Per definition a microenvironment is
small and the environment does not extend but instead is adjacent
to or incorporated in other environments. The specific structures
that form upon combining a surfactant or a lipid with water and
oil depend on the amounts of water, oil and surfactant{lipid. Vari-
ous structures may spontaneously form including micelles, reverse
micelles or liposomes [31-42 ], The microenvironment existing in a
water droplet within reverse micelles is surrounded by the surfac-
tant, specifically for our interests bis-2-ethylhexyl-sulfosuccinate
(AOT), and an organic solvent such as isooctane (224
trimethylpentane), cyclohexane, or benzene, The size of the reverse
micelle (RM) is generally proportional with the ratio of [H,0]/
[AOT] within the organic solvent and referred to as the we. In the
case of the AOT reverse micelles in isooctane or cyclohexane the
water droplets radius range from 2 to 15 nm [43,44]. The system
is a dynamic system with the shape changing and water penetrat-
ing the interface. In AOT/RM systems much work has been done
exploring the properties of the water pool, and characterization
of this water compared to bulk water have shown that at small
(2-4 nm-sized water droplets) much of the water present is asso-
ciated with the interface [35,45,46].

In this work, we are examining a Na'-AOT reverse micellar
water pool, Na'-containing V,, structures, in which one can
approach the possibility of correlating structure in the solid state
with the solution state found in the nanosized water droplel
[47 48], We propose that in the small RMs the water may be struc-
turally viewed and organized similarly to the clusters observed in
the microenvironments in the solid-state, Na'-containing V-
structures and minerals. To investigate this hypotheses we compare
Na'-containing Vyp within the microenvironmenis of solid state crys-
tals and minerals with that of the nanosized-water droplet formed
in a reverse micelle.

2. Speciation

Oxometalate molecules are very sensitive to their environment
50 that a change in pH, ionic strength or concentration can cause a
change in the composition and thus the structure [49-52]. Because
of this sensitivity of these anionic species to their environments,
both in the solid state and solution state detailed characterization
are needed to fully appreciate the properties of the anion/material.
The structural characterization of the complex anion, V. in the
solid state provides data on the fundamental Vg-unit of the sys-
tems and has generally been the focus of many structural charac-
terization of Vg-structures [1,12.21.22,2452-69]. However,
exploration of the detailed interactions between the V,, and the
counter ions |1,2466,68] are particularly important because they
allow for categorization of these systems [1], and the interaction
of Vo with counter ions and the H-bonding in the supramolecular
network. After a brief definition of the concepts of speciation, we
will describe the complex anions that form in solution from vana-
date, VO3, the naturally occurring structures found in the miner-
alogy literature, and finally the speciation distribution that has
been observed in solution in nanoclusters.

2.1. Speciation, concepts and nomenclature

The definition of species as described by IUPAC describes the
composition and its distribution between the different chemical
compaositions (species) within a defined system [23,70-77]. Speci-
ation analysis is the process generally carried out in agueous solu-
tions where molecules of the same atoms but different
compaosition are considered dilferent species [74,76,78 79,

PH' + M+ L= [(H' ),(M),(L),] (1)
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As shown in Eq. (1), varying amounts of three components, a
proton (H'), a metal ion (M) and a ligand coordinated to the M
(L) will lead to a complex. In Eq. (2) the calculation of the formation
constant for the species (p.q.r) is shown. Therefore, complexes
that form, i.e. [[H'},(M),(L},] and [(H"),(M),(L},] are different spe-
cies when (p,g,r) is different from (g g, ). The values for the con-
stants p, g, and r for a complex are determined by a titration
followed by the iterative calculation of the constants of the one
species in the presence of others describing the entire system using
computations in an iterative process [70,76,77,80-82].
The potentiometric studies are most effective when a large pH
range is examined. Speciation studies result in a series of constants
that describe the system and allow for the prediction of species

distribution diagrams showing the different vanadium species that
exist at varying pH values and redox potentials. Examples of these
are shown in Fig. 2 at two different vanadium concentrations. In
Fig. 2a the overall concentration of vanadium is very low, M,
resulting in a speciation diagram where the complexes (p,qg,r)sim-
plifies to  (p,1,0) where p is the number of H™ (the component of
the system changing). It well known that the simple change in
pH leads to various vanadium species [23.71,75.77.78.83]. How-
ever, the Pourbaix diagram shown in Fig. 2b reported by the min-
eralogists early on show distinction for speciation and formation
of the higher oligomeric oxovanadates, Specifically, Fig. 2b show
the conditions where orange V,, forms and that the different pro-
tonated states of Vi exist as well as the tetranuclear oxovanadates,
Fig. 2b. It is important to recognize that at mM V-concentration oli-
someric forms of vanadate are observed (vide infra, Section 2.4)
[3.78].
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2.2. Solid state bonding and structural organization of Vg

Bonding in the solid state is defined based on the placement of
molecules in space |2,4,6.7]. Therefore as described by Shannon
and Brown the interest of the scientific community has been
focused on systems with bonding atoms in close proximity in space
to form molecules [84-87]. Many of these types of systems have
previously been described in detail and we refer the reader else-
where for further discussion on the topic [85-88]. In the solid state
V,p and Na* structures contain bonding that can be covalent, ionic
or a combination thereof. However, in solution, these interactions
are compounded by the ionic interactions in solution which are
fluid where the ions are not fixed in space, although some time
of organization may exist.

Specifically, the bond valence sums (BVS) technigue is useful for
describing the bonding geomelry of metal ions in which the orbi-
tals give several options for coordination geometry [84-87]. In
such cases the number of electrons and the orbitals that are hilled
define the predicted geometries, These concepts have eloquently
been described by Roald Hoffman and involve back-calculating
the bonding to the central metal ion in the properly assigned coor-
dination geometry [2,4,7].

Although there is a potential for a huge number of different
oxometalate structures, certain repeat units and building blocks
have been found to form, with the key units for oxovanadates
being 1, 2, 4, 5, and 10 metal atoms for the smaller oxovanadates,
although structures with 3 V-atoms have also been reported
[71,76,89]. Focusing on the structure of Vg, the early X-ray struc-
ture solidified the base structure [8,21,22] illustrated in Fig. 1. The
10 V-atoms are combined to form a structure which now has been
identified to form in at least 180 other X-ray structures. However,
more recently, Vo was found Lo form isolated units and substruc-
tures as described as depending on the protonation state of the Vo.
Duarte and co-workers examined the known V¢ structures in 2003
and categorized the 59 known structures at the time [1]. That is,
when the Vi is protonated the potential for H-bonding is greater,
the HV,, can interact with each other in addition to interacting
directly with water molecules, counter ions or hoth, a phenomenaon
long-recognized in the mineralogical community [5.9,90-92].

The polymeric oxovanadates or polyoxovanadates belong to
classes of compounds characterized as materials forming a wealth
of different clusters in which the V-atoms are surrounded by O-
atoms in an octahedral arrangement [49-51,72]. The structural
variety is further complicated by the fact that many clusters form
with mixed M content and are then referred to as oxometalates
and polyoxometalates (POMs). The potential exists for unlimited
number of species ranging from mononuclear or dinuclear species
to medium sizes of clusters with Vyo, Keggin and Dawson struc-
tures and up to the giant molecules such as the polyoxomolybdates
containing hundreds of M-ions [49-51].

An interesting case of the bonding relates to the protonation of
Vip in the solid state. Although protonation of a heteroatom

aﬂﬁ

Fig. 3. Two different types of dimeric units created by different modes of H-
bonding within the Vg structure: a) horizontal, b) vertical. Medified with
permission from Ref. [1].

generally lengthens a bond, such changes are not always easily
identified in the solid state, because the additional factors relating
to the coordination geometry, molecular geometry, orbital overlap,
and interactions in the crystal. However, factors such as stability of
the compound, and the kinetics of exchange processes may also
effect the bond lengths resulting in lengths that do not always
reflect the increase anticipated by protonation. Because of the
low electron density of a H-atom, it is not always possible to iden-
tify the location of protons without extensive spectroscopic stud-
ies, Evidence by '"0 NMR spectroscopy supports protonation of a
triply bridging 3-O-atom in the Vip molecule in aqueous solution
[93], whereas *'V NMR spectroscopy data suggest protonation of
the doubly bridged ;0O-atom [94]. A combination of X-ray and
bond valence sum analysis support protonation of the terminal
0X0 group on some occasions as well [22].

Size and charge on cations are related to the number of waler
molecules and the hydration of the V,, anion in the solid state. This
is discussed independently in the chemical literature [1,63,95 96,
and  mineralogical literature  [5990-92] by many groups
|24,68,97]. Importantly mixed metal compounds, or amine-based
cations in combination with metal ions gives many options to opti-
mize the structures available, The potential for H-bonding further
enriches the opportunities for formation of desirable solid state
structures, and in Fig. 3a and b two different types of dimeric units
created by different made of H-bonding [1].

Classification described by Ferreira da Silva et al. [ 1] systemat-
ically describes the many possible interaction of V,, cores based on
the three distinct faces of the cluster core and the protonation
state. The reader is referred to that review for full details, but
briefly the V,, core may be found in structures as discrete mono-
mers (M), dimers (D), or extended structures that extend in 1-
dimension (1-D), 2-dimensional (2-D), and 3-dimension (3-D)
chains. Within the 2-D classification, Ferreira da Silva et al. further
classified the Vo cores into sub-types based on interaction of the
Vo core with just water (type a), just (counter)-cations (type c),
or both water and cations (type b) [1]. With a more extensive st
vey of structures, here we extend those sub-types to the M, D, 1-D,
and 3-D designations as well.

At this time a large number of different protonated systems
exist and the formation of two different H-bonded V,, dimers
has been highlighted with the V,; being doubly protonated
(HaV10). They used Nakamura and Ozeki's formulation [98] of the
two dimer arrangements (through H-bonding) as a) horizontal
and b) vertical, Fig. 3. Structural arrangements suggest the forma-
tion of dimeric units within the material, and thus the potential for

Fig. 4. H-bonded H; Vo in a 10/2D network. Reproduced with permission from Ref,
I
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Table 1
ls containing dec date (ViaOUi) of the Pascoite Family.
Reference
A {VigDas}® Decavanadates
Huemulite NagMglV6025)-24(H20) [14]
Hughesite Ny ANV Oy} 22(H, ) [186]
Hummerite K Mg Vg O ) 16H0 9]
Kokinusite NazCasdVyp02y) 24H:0 [20]
Lasalite Na, Mg, (Vi) 20H,0 [12]
Magnesiopascoite MgCa(V i) 16HD [11]
Pascoite CayVyg Oy F17H,0 [8.10]
Postite MEAL (V025 ) OH)227H 0 [17]
Schindlerite Naz(Ha0 )4 V1008 10H0 119]

Wernerbaurite Cag(H30}{V1g03s) 16H,0

B. {HV 10024 ¥ Protonated Decavanadates
Gunterite Nag[HaV 160 2s)- 22H,0 151
Rakovanite May(H VD) 15H0 [13])

C. Mixed-Valenee {(Vi'Viy J0z)"*" Vanudyhunudate

Nashite NayCad (VI VE 10,5 ] 24H0 18]

formation of extended structures when these units are combined
through interactions with water or cations. Indeed, examples of
such structures have been reported with 1-D and 2-D extended
networks and the former is shown in the rubidium salt of H,V5,.
Fig. 4 [1].

The potential for forming additional classes of materials was
readily demonstrated by examining structures of triprotonated
(HaV1o) and tetraprotonated Vg (HaVio) and their extended net-
waorks. Diversifying the structures was demonstrated by the selec-
tion of the needed counter ion for charge balance and the interplay
between the H-bonding with the protonated V,,, water and coun-
ter ion.

2.3. Speciation in solid state - Mineralogy

For more than 100 years geologists and mineralogists have
worked on characterizing the solid state of minerals, including
vanadium-containing minerals. A wide range of minerals contain
vanadium [3] and as a result there is an extensive literature that
describes the detailed structure of these minerals. Minerals con-
taining Vip were first reported over 50years ago by Evans
[21,53,78.99], and others more recently [8,100], see Table 1
[13,15,17,19]. Increasing number of rocks are reported to be
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associated with biomineralization processes [101,102| but the
number of reports of new types of structures that contain the
V,p-anion have not yet been associated with such processes. Were
any clusters associated with such processes, it might provide clues
on the formation mechanism of some V5 minerals.

The Vyo minerals listed in Table 1 constitute examples that the
solid-state V', anions in geological deposits contain pockets of
microenvironments. These minerals contains changing microenvi-
ronments depending on temperature, pH, and oxidation milieu as
shown in the Pourbaix diagram for a V-Ca system Fig. 5a and b,
These solid state structures demonstrate that in some sense "“spe-
ciation” is observed in the V,,-containing minerals. These naturally
occurring microenvironments may facilitate the formation of one
mineral species over another, despite being located geographically
in the same proximity. Fig. 5a shows the effect that local conditions
such as pH and temperature can have on major species in vana-
dium mineral formation. Not surprisingly, the Pourbaix diagrams
shown previously in Fig. 2 are also available for minerals, Fig. 5h,
The geochemistry of these minerals is very interesting as it likely
involved reduction over time of pre-existing minerals [102].

Examination of the microenvironments in mineralogy offers an
insight to the chemistry of V5 in such microenvironments with
examination of the Pascoite family of minerals, Table 1 [20], so
naturally-occurring Vo species will reside in the mineral where
they were originally formed. The V,, species remain there until
water reaches the rock, and assists the dissolution of the V5 The
properties of the synthetic materials created in the laboratory
show some analogy with the naturally-occurring Vip-containing
minerals,

Both simple and complex minerals have the same coordination
environments for metal centers and local ions, typically, but how
they are stacked together determines the composition [5,6,9,90-
92]. The same remains true for V g-containing structures. Extended
structures and interactions of decavanadate with water, cations,
and V gitselfl has been investigated [1,6598]. These arrangements
in 3-dimensions have implications in mineralogy and chemistry,
but there are also extensions to possible crystal engineering
| 104]. The ahility to predict what structures will be (maost) stable
in the solid state is valuable to each of those fields, and efforts have
been made on that front with V,, species as well.

Bond valence sums (BVS) have long been used in solid struc-
tures to examine and predict stable structures in geology [5.6,9.8
5-88,90-92]. Hawthorne used the ability of BVS to predict stable
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Fig. 5. Left: Effect of temperature and pH on stable vanadate mineral formation. Right: Effect of exidation potential and pH on stable vanadate mineral formation. Ref. |78]

Reproduced with permission from Refs. [5,78], respectively.
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Fig. 6. The coordination geometries of metal ions (depicted by M) to water
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geological structures and highlighted the role of water in the pro-
cess [90,91], Fig. 6 demonstrates how water can coordinate to
metal ions in hypothetical geometric arrangements and thus how
water directly or indirectly impacts the cation-anion interactions.
Specifically, in Fig. Ga the water is coordinating directly to the
metal, in Fig. 6b there is direct coordination between the metal
ion and coordinating water, in Fig. 6c one metal ion is coordinated
to the water molecules that is H-bonding though two sites to the
metal. In Fig. Gd and e two or three metal jons are coordinated to
a waler molecule that is H-bonded to the mineral through two
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sites. As a result water molecule(s) are likely to modulate the
charge on the metal cation and anion both depending on the
details in the relationship between the cation and anion, and effec-
tively lowering the valence charge felt by a given cation on a given
anion (Fig. 6c and e). In contrast such effects are not observed in
bonding arrangement shown in Fig. 6a and d. The water, then,
may act as a mediator between the cation and anion with or with
out lowering the valence charge felt. Hawthorne was able to pre-
dict whether structures would be stable, effectively using
Pauling's principles of electroneutrality, and by predicting how
many water molecules would be necessary to allow a stable struc-
ture of certain cations and anions |6].

The nature of the bonding between Vy; and a range of cations
was explored using the approach by Hughes and the many Vo
structures reported previously [10]. A plot of the number of waters
per cation vs anions per bond originating (“emanating”) from
cation (to normalize the data) was generated for a series of known
Vg species, including natural minerals and is shown in Fig, 7a, The
carrelation is high and may even be higher because the exact loca-
tion of the protons on some of the structures may change after ree-
valuation using the modern techniques currently available. As
noted by Hughes, this type of correlation only works for a given
system and connectivity [ 10]. If one considers the Vy, core, there
are 22 bond valence acceptor oxygen atoms emanating from out-
side the core that can engage in such interactions with cations
| 10]. Regardless, the calculations still employ 28 as the number
of “anions” in these calculations to normalize the results on the x
axis. For the data shown, we have retained the 28 anion conven-
tion. For cations, this system neglects the two vanadium atoms
in the V, core (referred to as the “structural unit” of Hawthorne
|90]} and only focuses on the cations outside of the central anion
(the “interstitial” portion of the system [90]). The calculations
work best for simple cations that can actually interact directly with
water. However, the calculations do not hold well for ammine/
ammonium-containing cations, which are incapable of directly
interacting with water in the same coordination geometry (data
not shown). We refer the reader to |10] for further details. The
number of cations per anion in the formula unit is however, easily
measured, and the number of bonds emanating from a cation is
fairly consistent for a given cation. Therefore, this analysis can be
used to estimate the bonding arrangement for unknown structures
ar simply counted for known structures, The correlation allows one
to predict the number of water molecules that need be present for
a given number of cations of a given valence (or charge). As shown
in Fig. 7a the majority of structures have less than 6 H,0 molecules
for each anion, although some of the newer materials reported
seem to deviate significantly from this graph.
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Fig. 7. The number of waters is plotted per cation in a structure vs, number of anions per bond emanating from cation a) reported by Rel. [10] with Hughes' original data [ )

along with inclusion of newer mineral structures ([l b) the same plot selecting only sedium-containing structures for both dep

[{ %

Vol ) and p Vg species

190



D.C Crans et al /Coordination Chemistry Reviews 344 (2007) 115-130 121

It is clear from Fig. 7b that the majority of the sodium-
containing species correlate well. There are only few protonated
species, but the deviation among these are on an average greater
than the deprotonated species, showing in most cases a distinct
and clear difference in the protonated species. The largest outliers
are the naturally occurring minerals schindlerite (NaH30la[Vio-
04g)-10H,0) and rakovanite (Nay[HsV g0 25)- 15H,0). Interestingly,
the authors describing these minerals suggested that the protons
are on the surrounding water or Vi core, respectively.

2.4, Speciation in agueous solution

lonic bonding is generally found in solid-state structures of
oxometalates, but as the material is dissolved in bulk solution
the cation dissociates in solution and is separated from the anion
[72,105]. Solution studies can be done to investigate the nature
of the species in solution [51,106,107]. Depending on the tech-
nigues vsed the studies will be exploring coordination geometry
and potential ligand coordination examining how many species
are in solution, and their structure |73,96,105]. The possibility that
the compound is the same that it was in the solid state can be
determined [80.108]. The similarity in structure between solution
and solid state is often assumed by chemists even though there
is more flexibility for bonding in the solution state. However, in
the case of vanadium compounds in solution the rates of conver-
sion are often fast and thus the compounds will change upon dis-
solution [82,109]. That is, several species will form in solution and
the species in solution are not simply the forms that have been
observed in the solid state. Regardless of the compounds being
investigated, any such characterization must address the specific
speciation.

Vanadate readily dissolves to form the colorless oxovanadates
that exchange with each other forming the monenuclear, dinu-
clear, tetranuclear and pentanuclear species [35.77]. However,
these species stand in sharp contrast to the yellow Vi, structure
that forms at pH between 2 and 6.5 as the thermodynamically
maost favorable species as long as the concentration is high [35].
Although not often appreciated by life scientists when working
with vanadate solutions, the speciation is critical and understand-
ing of pH and temperature on these equilibria are sometimes not
conducive to the standard method of preparing a vanadate solu-
tion, for instance, an enzymology assay [110]. As shown in Fig. 8
the color change is very dramatic and indicative of the change in
the V-geometry and the spectroscopic properties of the V-atom.
The formation constants that describe these reactions are pH
dependent, but at very low concentrations the presence of Vip
becomes less favorable, and it is no longer observable at sub-
micromolar  concentrations  in - bulk  aqueous  solutions
[23,70,71,111,112],

Fig. 8. Solutions of V{V). Starting from the left is colorless sodium vanadate (pH 8.2)
going to varying concentrations of sadium Vg (pH 5.0).
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Fig. 9. The *'V NMR spectrum of the Vi, anion. Three signals, V, Vg and Vi,
represent the different types of signals present that exist in the anion, Two of these
signals report on changes in pH.

Fig. 10. Aqueous solution species distribution of V(V) as a function of pll at
0.200 M. Ri duced with the permission of the American Chemical Society from

The V| can also be spectroscopically monitored using ®'V NMR
spectroscopy [3547], which is extremely sensitive to chemical
environment, including protonation state [113-115]. In Fig. 9 the
spectrum for Vo is shown. Three different signals are observed:
the Vja, the non-oxovanadium in the center of the Vi, and the Vg
and V¢ vanadium atoms are the surface VO atoms [47,48,116].
The charge on Vo can be from 3- to 6- at acidic pH values. The lat-
ter equilibria are expressed in Eq. (3)-(5) in aqueous solutions
[23,71,83,112].

HV ¢35 = V0% + H* pKa=55 60 (3)
HaV,0 085 =HV,003; + H pka=31 37 (4)
HyVinOly =H>VidD3 + HY pKa=2 (5)

In summary, perhaps more so than in other systems readers
may know, the stability of V 1y in solution depends on the specific
species and the conditions of the solution, That is the specific pH,
the concentration of the species, the ionic strength and other
physical parameters all define the system, In Fig, 10 we illustrate

|b)

c)

Fig. 11. General rep

of a {a) lip (b) micelle, and a (c) reverse

micelle.
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a speciation diagram, and it is readily seen that several protonated
forms of V,qare observed, but that at low pH only the VO™ is pre-
dicted to form, and at high pH the labile vanadates are predicted to
form.

3. Aq n i C

reverse micelles

1 in microemulsions and

Chemistry at the nanoscale often is not like the chemistry found
in bulk. The reactions and the solvent may be the same but the
confinement modify the chemistry leading to important differ-
ences [31-42]. Systems in which confined chemistry offer advan-
tages can take place are gaining increased interest, because the
scientific community is recognizing that possibilities for unique
and specific reactivities exist. A range of colloidal systems with
membrane-like interfaces have heen described with properties
depending on the specific nature of the surfactant, water, and the
hydrophobic solvent. Fig. 11 depicts a few of the possible struc-
tures that may form including liposomes (Fiz. 11a), micelles
(Fig. 11b), and reverse micelles (Fig. 11¢) [31-42].

Reverse micelles are self-assembled nanosized structures in
which a nanosized water pool exists (Fig 11c) [43,44]. Reverse
micelles (RMs) generally form in the region of low water content
and high concentrations of surfactant and organic solvent (see sec-
tion 4.3 and 4.4). In systems such as AOT reverse micelles in
organic solvents, much work has been done exploring the nature
of the water pool, characterization of this water, numerous appli-
cations of reverse micelles to enhance chemical and enzyme reac-
tivity, and for use in many model studies [354546].

Characterization of the systems has been done using multiple
methods and extensive work by a range of different approaches
focuses on rhe system as well as on the reactivity of a particular
material when added to these colloidal systems. A wide range of
properties are found depending on the nature of the system. For
example, in the case of AOT isooctane reverse micelles the system
becomes a convenient tool that can be used by even a non-expert.
Even so, for studies using these dynamic nanosized water droplets
some characterization is critical in order to be able to analyze the
forthcoming result properly [47,48). Measure of the size of this
walter pool should routinely be done and can conveniently be
obtained using dynamic light scattering for RMs. Some examples
of such data also including studies with V,, are summarized in
Table 2 [48,96]. The data listed in Table 2 include the hydrody-
namic radius (r,), water pool radius (r,), aggregation number
{number of AOT molecules per reverse micelle, ..), the H,0 per
reverse micelle, and similar values in the presence of V,, within
the reverse micelles where appropriate. The calculated amount of
water per reverse micelle was estimated by dividing the volume
of the water pool by the volume of a water molecule. The number

Table 2

of V1o molecules per reverse micelle was calculated here from the
data given by Sanchez-Lombardo [96].

In water droplets with diameters of 2-4 nm the water mole-
cules are associated with the interface causing a reduction in the
fluidity of the water molecules [ 117]. Many studies have been done
characterizing the nature of the water pool. Generally two different
types of water molecules are described, the bulk and the interfacial
layer [117]. The interfacial layer is referred to as the Stern layer
[117]. This layer is 2-3 waters thick and adjacent to the interface
|48.96]. Although it is generally recognized that the Na* will asso-
ciate with the interface, accurate calculations of the amounts of
H.0 molecules in the water-layer should also include considera-
tion of the Na® ions in the interface. However, the dynamic nature
of these systems and the movement of the cations makes such con-
siderations less trivial, and thus was not included in the numbers
shown in Table 2.

4, Exploring structural org
sodium (Na®)

ion of sy =

The bonding between the V,; anion and its environment is
important to the specific structures that form. Because here we
are considering the nanosized water droplets within AOT
oil-water types of systems and Na” is the counter ion of ADT
[31-42], we are particularly interested in the interactions of Na”
with V,,. Undoubtedly the Na® ion is intricately involved in the
interaction with the water droplet interface with the surfactant,
and we are likely to benefit from further characterizing the types
of arrangements that Na* will form with the V, anion in various
types of microenvironments. In the following section we will
explore the solid-state interactions of Na* with V4, and the inter-
actions of Na' within the nanodroplets in reverse micellar
microemulsions,

4.1. V5 X-ray structures containing Na*

To understand the interactions of Na* with V,; in the solid state,
we examined the previously reported Na'-containing structures
from the over 180 known V , crystal structures, The solid-state
X-ray structures of the previous sodium-(Na'-)containing V,, are
listed in Table 3. The reported structures include Vg structures
both with and without direct bonding to other V,, anions as previ-
ously categorized by da Silva [1]. Beyond ViV interactions
(illustrated here through hydrogen bonding in Figs. 3 and 4), there
are also other more ionic interactions, namely interactions of the
Via anion directly with water, directly with the cation, or directly
with both water and the cation. Protonation states are as indicated
in the published works where available, but it is established that
assignment of protonation in the solid-state is difficult and relies

AOT/isooctane reverse micellar (RM) parameters for w,, systems ranging from 4 to 30. The measurements were done with 'H NMR spectroscopy and dynamic light scattering

(DS} with and without V,y present.

Wy ry (nm} Tw{nm) agg Calculated amounts of Hz0 per RM (V{V) m (nm} ™ (nm) rm (nm) Vio per RM
Vi monomalyhd d

4 25 1.0 35 140

[ 28 1.4 50 380 31 3.6 38 02

8 32 LB 72 570 34 3.7 45 03

10 3.4 1.9 98 960 44 03

12 37 22 129 1500 38 4.6 4.9 05

16 42 29 215 3400

20 4.4 as 302 B0 5.0 5.0 5.0 L1

25 52 43 447 11,000

30 6.2 5.1 613 19,000

Ref. [43] [43] [43] |96] [96G] [96]
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Table 3

123

Alist of properties of sodium ion (Na™) containing Vo structures including formula, protonation state represented by number of protons, database where structure is deposited,
code,' specific Na' arrangement, classification (M, D, 1-D, 2-D{ab,c))"™ and the literature sources.

Formula HVy,p  Database’  Code/PDF # Ma arrange Classification” Rel
[Naz(Hz00sl 2Ha V3O ) 4H.0 2 ICsD 01-080-8939  (Na;0wde) M. 2-D zigzag. b [120]
NagH0) [ VO] 4H, 0 0 Icsn 01-076-4274  (NagO) . ; Na(Oy J0:), 30 [62]
Na, oL V100 2 20H 0 0 IcsD 01-073-3695  Na,Dy, = Na(0), and Na{0,, k(0,), M. 2D, b [121]
[[Na(HZ0)a 6l Vo O2s - 2H 0], o X X MNad 0 Jel0)2 M. 2-D, b |&4]
Na| VIV [{OCH ), CCH .CH , 1] 0 ocsn SUNAM Na(0, )y M, 3-D, ¢ [122}
CuNaV 0y ]-23H,0 i} s 01-072-3605  Infinite Chains of [Na(Ow){ -0u):Cu(Ok ) -Ou)s M. 3-D, b [57]
Na{OyJul -0z INa(Oy )l -0y)]., and NaO,,;0,
KiMNa[HV,g045)- 10H 0 1 ICSD 01-072-3864  Mostly K: NaOg M. 1-D [60]
(CaHiaNg EMaz|HaVi002s | 8H0 2 CCsp COFGOT Ma2 between clusters and water M. 2-D.a 1123]
(HaNCHCH:NHy ) [Na:(HO)d O csp MAJKUE [Naz{ Oy hol** M. 3-D. b [61]
[VieDas]
KNV 1o 05e] 10H,0 0 15D 01-073-3662  [Nas{Ouhol ™ M, 3-D, b [119]
KaNaz|V100z5] 10H:0 o 1C50 01-072-3633  Extended chains of cations with water, Mostly K M. 3-D. b 58]
Nas [Via02s] 1] X X N0 X OwW}h(One) M.3-D, b [63]
(N OH, J5(CNOH ) 10HD
Nty Me N2 [ Vg0 |- 20 Hy0 0 cesn PISUD 3 unigue Nal,s 0, M, 3-0, b [124]
(NH)4NaqVaDzs] 10H,0 0 1CSD 01-070-4736  [Maa(O, )ol* M. 3-D. b |55.125]
NaygNi| V10 26] 2310 0 X x Infinite Chains of [Na{0 ) -0,,):Na[0,}(0): -0k M. 3-D, b |126]
NaOw )2l
[N H 0|2 | Ma{HD Ja |o V1o Oz |- O x X {INa{Hy0 )] [Ni(Hy O) [ Na(H;0 3| ) * M, 1-D, b |56]
41h0
Minerals
MgNay(V,140 1) 24(H, 0) 0 X X NajOH,),4 in zigzag chain (to inf); Mg0., M, 3-D, b [14]
AlNay (Vo0 ) 22(HAD) 0 1050 01-080-6038;  NagOH, )05 trimer M, X-D, a [16]
00-0G3-0350
Mgz Nag(V g0 ) 20H, O 0 ICsD 01-077-8157  [Nay0,(0H; )] M, X-D, b [12]
Nag{HyO) {V o0s ) 10H,0 4 X X [Naz{H0)40] dimer that is linked to four hydronium M. 2-D. a [19]
ions by hydrogen bonding
MNaa{HaVio0zs ) 22H2 0 2 X X NaOgHz 0% M. XD, b [15]
Na(0,,).0.
Nay(HyVyglzg ) 15H, 0 3 1C50 01-080-3923  Nal..0,.2; NayO, 110 M, X-D. b [13.127]
Mag|Vy002s]-18 HAO 0 15D 01-071-1907  Nag{H 20)qstitching together M [54]
MgaMa| V1602 | 20H: O 0 ICSD 01-073-9313  Na bridging Via unit with 3 waters, M. 3-D. b 159]
MgzNay|Vy0.5] 23H.0 0 X X Chains: Na0 .0 NaO,.; with Mg M. 2-D.b 1128
Rhby [NaiH 0% [HV; 0024 4H,0 1 X X Na(Oy ) RbO 50,4 1-D zigzag, b [129]
CagNag[VigO s |- 24H0 0 X X [MagOwhol®'; corner-share to Cayg M, 3-Da [20]
CasMaa|(V*'Va 10::] 24H:0 0 X X [NasCa{ OHz)222H20]™ M.3-D. b [18]
[Nag(H:0)z0)[V 1004 4H 0 0 IS0 01-079-1787  [Nay(H.0)” 3D |62]
KzMaa]V1o0zs] 18H 0 i} X X 4 clusters of 4 NaO,s M. 3-D, b [130]
K1,
[Nl HeOal 20| ViaDoala 0 X X Polymer [131]
[(GsH 13N Jo| Ma(H 0% b 2 Ccsp VOPLUJ Na(Oy)s M, 2-D, a [131]
[H:Vio0as | 6HO
(HN{CH,CH; sNH}:(Na(H »0)) 1 CCsD WEZREZ Na[Qw)al O M, 3-D, b 1132]
(V39055 )-2H0
(CaHyoM eNaslV 0 asl: 10 H0 O cesp XISGUR Na in space. Likely H-hond to 0,, and O, M, 3-D, b [133]
CsgNaz|Via02e] 10H0 0 ® X [Maz{Ouhal®', Cs* to cluster M, 3D b [134)
(CrHgMO3 ) Nay (T OslVioCas]: O ccsp MOSKIQ NaH:0),40, )2 chain/tetramer M, 3-D, b 169]
eOH
(CaH N NaJH Mo Nil), ) 0 Cosn PIDDLIND Mal 0, )4l 0y 0, Naf Oy, ){OM), [Omomph) M, 3-D(1-D} b [135]
V10 |- 18H,0
{CaHioN s Na HsMogNiCha] 2 CCsD PIDFAL [Na{H20L(00™]2( -0w)z M, 2-D, b [135]

[He Vo0 | TOHLCH

4 Databases ICSD: Inorganic Crystal Structure Database, Ref. [29]; CSD: Cambridge Crysral Structure Database, Ref. [28]; X, not lacated.

" After Refs, [1,98].

© The structural classification codes listed are as follows: M for menomer, D for dimer, 1-D for 1-dimensional chains in the structure, 2-D for 2-dimentional and 3-D for
three dimensional materials in the specific structure (a.b.g) in Table 3.

on a combination of spectroscopy and X-ray crystallography
[13.118].

Many of the solution speciation studies of Vi mentioned above
(Sections 2.2 and 2.4) were conducted at fairly high concentration
and although those studies predict protonated species in acidic
solution, not very many protonated V,, structures have been iso-
lated in the solid state; mostly the isolated species are completely
deprotonated. The data in Tables 1 and 3 highlight that most Vg
species consist of a Vip unit that is 6- and all V(V). Nearly every
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example has isolated monomeric V,, species, not V,, connected
directly through hydrogen bonding, and the structures are modu-
lated by water. Most of the Na'-containing species exist with water
as well [1,95]; the Na® ion binds directly to the anions in some
cases, but is often present in an octahedral NaOg environment with
oxygen atom donation from water, or the V,, anions, or both.
Those interactions are indicated in Table 3 will be highlighted
but it should also be noted that the sodium ions organize in several
typical patterns as well, namely they tend to cluster in edge-shared
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Fig. 12. Four different types of supportive Na'-based structures in Vo X-ray
srructures. a) the isolated and aquared octahedral Na' as Na(0, ) b) a dinuclear
Nai-hydrated cluster, [Na{0,){ 2-0J:18" €) a trinuclear Naj' bridge between
two different Vi, clusters, {([Na(OWh (0. »-O)4MNa(0, )" d) a tetranuclear
ar howing ive organizarion within the microenvironment of the
clusters, {[Na{OL X Owh( 0wk Na{Oy ki 2-0w)z Q. O from water, O, O from
the cluster,

NaOg octahedra with water. Such an arrangement serves to moder-
ate the charge as discussed earlier (Section 2.2) and by Hawthorne
[5.6,90-92].

In Fig. 12 we illustrate the bonding related to the Na* for four
sub-clusters found in Vo X-ray structures, These clusters represent
general patterns we found while compiling the data in Table 3.
Specifically, the system should be characterized as an interaction
described as indirect and through water (isolated and dinuclear)
or direct (trinuclear and tetranuclear clusters) association between
cation and anion [1,95]. Perhaps surprisingly, the protonation dra-
matically changed the types of sub-structures that the Na*and V
engaged in. Because we are interested in exploring structural pat-
terns that could potentially provide information on the systems
relating to those found in nanosized water droplets, we have
focused on the structures in which the Vioor H.Vyo structure is iso-
lated in the overall framework of the material. Although not recog-
nized initially, this did result in a focus on fully deprotonated Vg
anions because many protonated forms of V,, form dimeric and
ather structures as described above in Figs. 3 and 4, These arrange
ments can be used to categorize the different structures and as dis-
cussed below can serve to help understand the differences in the
V1o anions found in the nanodroplets.

An important note to the reader is needed regarding our gener-
ation of Table 3 (and tables like it in the future) because it contains
Vip structures with sodium cations characterized by X-ray analysis
as well as the sodium-containing V,, minerals characterized by X-
ray analysis. Information was obtained from both the chemistry lit-
erature [1,95] and mineralogy literature [5.6,9,90-92]. The two
communities publish on similar topics and together extending
knowledge in the field. However, because of the two parallel areas
it became nontrivial to compile a fully comprehensive list of V,,
structures containing sodium. For example, both areas used their
own structural database, with limited crossover and cross-
depositing. Specifically, a search for Vip structure affords 179 Vg
structures in the CSD. However, this list excludes all the V,, struc
tures thar do not contain C and there are many of rhose particularly
in the mineral literature. Even IUCr journals with their extensive
checks miss previously-published structures from the other data-
base. An example of such a compound that was published sepa-
rately in each database is KiNas[Vio02s]- 10H0 [58.119]. In
practice this means that a list of structures that began as ten struc-
tures to be included in Table 3 became 38 with other searches of
the ICSD [29] and then identifying references within those refer-
ences, some of which were in the older literature and not in the
databases (and non-trivial to access/examine).

The structures that are compiled in Table 3 include a number of
very different types of structures. The unprotonated Vg structure

AQT

Two=-phase
Region

Reversed
Micelle
solution

Agueous
phase

:

Iso-octane

Fig. 13. The phase diagram for Na*-AOT. The sections of the diagram are laheled
with the various phases, More details are found in the Refs, [44,141), Reproduced
with permission from Ref, [141],

(with a charge of minus 6 species) is by far the most common class
of structures. The protonation of the structures in solid-state
increased structural diversity dramatically and several new miner-
als of this class has recently been identified, see Table 1 [13,15]. A
relationship between size and charge on cation was found relating
to the number of waters of hydration in solid-state with the size of
the crystal. This association provided a direct relationship sensitive
to compound microenvironments and a topic of interest to this
waork and an example of a topic that has not been given attention
in the literature previously.

4.2, Na* in reverse micelles - experimental data

Na"-AOT is the most common surfactant used for preparation of
reverse micelles. AOT is the abbreviation for bis(2-ethylhexyl)sulfo
succinate and Na™ is the most common cation. AOT contains three
chiral centers, but is available with mixed stereochemistry, Bulk
solution is generally the medium of choice, and certainly is the sys-
tem that we know the most about. However, with increasing chal-
lenges to materials that we are making and multifunctional
properties, it is becoming more and more desirable that molecules
are more multifaceted with more complex properties. As a result,
colloidal systems and soft materials are becoming more important
because they can solubilize non-traditional molecules for many
applications.

The nanosized water droplets prepared from Ma*-AOT can range
in properties depending on size, surfactant and organic solvent.
Application of microemulsions has become a new media for a vari-
ety of purposes [31,32,35.43,44,46,136-140] and there are several
popular surfactants to choose from (CTAB, DSS, Triton) and much
waork has been done characterizing them hoth experimentally
and computationally [33,141-150]. In Fig. 13 we show a ternary
phase diagram that describes some of the different types of phases
that form in such a colleidal system from isooctane, AOT, and
water [ 141]. Some of the defined structures that can form in these
systems include emulsions, liquid crystals and other phases.

Here we describe the Na'-AOT reverse micelles, because we
have experimentally examined the chemistry of Vg in nanosized
droplets prepared from Na™AOT and isooctane or cyclohexane
[37.47.48.96.151-153]. In addition, there are a number of compu-
tational studies done on Na*-AOT using both Gaussian, molecular
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dynamic, and alternate computational methods [33,139,142-150].
Although work has also been done with other related systems
[153-159], this review will focus on considerations that can be
made with this system, The V5 anions may be stable in the reverse
micelles because of the interaction with the Na' atoms that aggre-
gate at the reverse micellar interface presumably as a consequence
of solvation. Although computational studies may seem far from
the crystal structures containing Na* for the V., we hope that
the following considerations allow the reader to see how the fields
are merging and that the solid-state experimental data can also be
used for comparison of the computational methods.

4.3. Na* in reverse micelles - computational data

Many theoretical and computational methods [33,142-150]
were used focusing on different aspects of the colloidal systems
including reverse micelles and their interactions with metal ions.
These studies include examining the effects of different counter
ions as well as adding more salt to the system. Chen and coworkers
calculated concentration profiles using a simulation box enclosing
20 surfactants molecules with additives such as NaCl, CaCl; and
Na;50, using all atoms molecular mechanics [ 142], The concentra-
tion profiles, radial distribution functions and mean squared dis-
placement of the systems are calculated. The ratio of the area of
per ADT molecule is 3.69:3.70:3.61:3.68 for 4 different systems
in the simulation box (no additive: 20 molecules of NaCl: 20 mole-
cules of CaCly 20 molecules of Na,S0;). Only small differences
were observed in the volumes for the head groups of the AOT
molecules and the AOT alkyl chains were readily dissolved well
into the isooctane phase. Experimental data have shown that the
presence of salts affects the microemulsion structures differently
al low and high water concentration [147]. Increased salt concen-
tration at low water content suppresses oligomerization of the
microemulsions. However, at higher water content it reduces the
microemulsion (reverse micellar) size. These results underline
the fact that the structures and dynamics are dependent not only
on the electrostatic repulsion between AOT headgroups but also
hydration effects by salts [147].

Using molecular dynamic calculations, Ladanyi and Levinger
investigated the mobility of the metal ions in the water pool of
metal ion-AOT reverse micelles [145,14G]. They examined the
AOT structures form from Na', K' and Cs' AOT surfactants. The
cation was very important to the nature of the structures that
formed, and three different types of interface mobilities were
observed for the water layer at the interface [145]. In contrast,
the mobility of the water molecules in the core water pool changed
only slightly as the cation changed. The authors suggest that the
differences in interfacial mobility are strongly correlated with
structural features, such as the on-water coordination and the
extent such coordination disrupts the water hydrogen network
| 145]. Similar conclusions were reached by Chowdhary and Lada-
nyi using molecular dynamic simulations focusing on single-
molecule relaxation of water within the RM [143]. They also found
thar the mohility, particularly at the interface, is reduced signifi
cantly. They also ohserved that the ion-dipole interactions with
the sodium counter ions slow down the relaxation of the water
molecules at the interface, which further demonstrated a large dif-
ference between the interface layer and the bulk.

Pal and coworkers [33] used Monto Carlo and molecular
dynamics simulations to examine the distribution of alkali cations
and concluded that the larger cations favor the interface, They
arrived at this conclusion based on considerations of enthalpic con-
tributions, that these enthalpic contributions reflects with the sol-
vation energies of the cations in water and they conclude that
solvation control the ion-exchange process. For example, they
found that the hydration number of the first water shell for Li' in
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the water core (radius 14.1 A) was similar to that observed ar infi-
nite dilution in bulk water [33]. This suggests that some of the
results using this method will be similar to those observed in solu-
tion and represent inherent properties of the system,

Computational studies done with these reverse micelles [149]
describe this region as solid-like and with up to 80-90% sodium
right at the interface near the charged sulfonate group [145,146].
These studies have also demonstrated that the size of the cation
can affect the system dramatically. The size of the cation can affect
the stability of the reverse micelles which can be experimentally
verified by observing large differences in the sizes and the shapes
that each cation-AOT forms. The larger cations will also replace
sodium at the interface when both are present showing that
despite the alterations in shape and size of the reverse micelles,
larger cations are more stable at the interface rather than in the
bulk water pool [33,47,147]. This was attributed to the solvation
energy differences between a large cation and Na*. In Fig. 14 we
show the simulated structure generated from Me-AOT systems
for small parts of the interfaces including Li*, Na*, K* and Cs* coun-
ter ions, and distinct differences are observed in the location and
the dynamics of these counter ions [145,146,149]. Specifically,
the larger cations allow for much less flexibility in the system than
the smaller cations but still will replace Na™ at the interface. How-
ever, nonetheless, the adjacent Stern layer is fairly rigid as
anticipated.

Although these systems are not at the stage of showing the
molecular structure that is observed in the crystal structures, they
do underline several points. First, the water pools in the reverse
micelles structures show rigidity. Second, there is likely to be some
interaction within the water molecules, and although these may
not be represented as of yet by the computational studies, they
are undoubtedly there. The differences in conformations observed
are likely to reflect some of the differences in the properties of
these entities, and embracing the types of considerations shown
here in which we add a counter ion to link the association with
the Na' ions, some deeper understanding of this system can be
made.

4.4. Vp in reverse micelles

Vo was placed in AOT reverse micelles and studies were con-
ducted investigating how the *'V NMR chemical shifts changed
upon addition to the water droplet. The experiments were done
by adding either vanadate (V;, VO3 ) or Vg to the water droplets
in the microemulsion resulting in suspensions containing reverse
micelles in a range of different sizes with Vyp. These studies
showed that Vg resided in the middle of the waterpool [35.47].

The pH is critical for the formation of Vy, anions, and how the
chemical shifts of Vg changed as a function of pH in aqueous solu-
tion and solutions added to reverse micelles [47.48,116]. The
charge on Vo will be from 3 to 6 depending on pH as described
above in Eq. (3)(5). Studies in reverse micelles loaded with V
molecules show a Vi anion in the 6- deprotonated state regard-
less of the pH of the solution added to the reverse micelle, As
shown in Fig. 10 the *'V NMR spectrum of a V,, solution ar pH
3.1 was placed in the nanosized water droplets, however, the
resulting spectra shown in Fig. 15 illustrate that the signals for
the Vo changed. Despite the initial pH of the water solution the
chemical shifts of V4 in the reverse micelles demonstrate that
the pH around the Vyy is approaching neutral in reverse micellar
water pools,

In Fig. 16 we show a cartoon illustrating this system in which
both Na* and Vg are present. We added the V,p anion in the
reverse micelle at different sizes and at different pH values. Inter-
estingly, the V5 has been found to reside near the center of the
reverse micelle, Furthermore, the H* that may have accompanied
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Fig. 14. These representations are results of simulations probing the conformation of the Metal lon-AOT systems. Adapted with permission from the American Chemical

Society from Ref. | 149].
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Fig. 15. The *'V NMR spectra shown are 10 mM Vg samples in D0 at pH 7.0, 3.1,
and reverse micelles of varying sizes with an internal Vyp concentration of 10 mM at
pH 3.1. Reproduced with permission from the American Chemical Society from Ref.
147].

this anion are found to go to the interface and Na* ions will take
their place. That is Vg generally deprotonates to form the protona-
tion state with either 6 or one proton associated with the anion,
This phenomenon has been observed in many different systems
[47], and as a result it appears that there must be a gradient in
the water droplet, because the pH at the interface is more acidic
than at the V,, anion at the center of the reverse micelle, Despite
such detailed information and suggested organization of the layers
next to the interface, attempts have not yet been made to associate
the types of order cbserved in crystal structure with that found in
the solutions of these reverse micelles,

The smallest reverse micelle large enough to contain Vg is a w,
5-6 48], The dimensions of smaller reverse micelles simply cannot
fit the large anion (for dimensions see Fig. 1). Only 2-3 water mole-
cules fit at the interface, and, as a result a Vg anion that is solvated
[96]. In nanoscale water droplets the Vg persist regardless of the

potential statistical distribution of the V-atoms in the water dro-
plet (see below). The seemingly lower likelihood that 10 V-atoms
would remain in one reverse micelle and others would be empty
is experimentally favored over the alternative where a distribution
with the average number of V-atoms goes below 10,

For a w, 6 reverse micellar system, a calculation assuming vol-
umes of water molecule and reverse micelle water pool predicts
about 380 water molecules without V,y inside and ~50 AOT,
meaning ~50 Na* ions [43]. The Vi necessarily displaces some
water from the RM to afford the conclusion that there exists only
2-3 layers of water molecules. The V,, also necessarily brings 3
(or even 6) Na' ions to balance charge in the system. So many ions
in the Stern layer, then, would likely lead to the formation of
extended chains of corner-sharing or edge-bridging MaQ; octahe-
dra. The facts presented here support a hypothesis that the Vi
anions may continue to exist in the reverse micelles favored by the
interaction with the Na* atoms at the reverse micellar interface pre-
sumably as a consequence of solvation. This suggest that the X-
ray structures that are most likely to describe the structures in
the water pools are those in which deprotonated Vo is found as
discrete units within the structures, Several structures are shown
in Table 3 containing Na' or alternatively both Na' and water,
where both are binding to the V,, anion. We described a number
of such structures in the solid-state section including clusters with
infinite chains such as those represented by Mag[VioOa2s]-xH20
[54.62].

5. Summary and implications of the work

Cation-anion interactions remain central to chemistry and the
materials that forms through chemical reactions, Historically these
interactions are precisely characterized in the solid state, and
structural variation due Lo cation-anion, H-bonding and other
attractive and repulsive forces. However, much of chemistry takes
place in solution and in this state the characterization often is more
complex and less straightforward, so many chemists do not even
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Fig. 16. A cartoon illustrating the location of the Na_ ions in the Stern layer (aqueous Layer) ina w,, 12 (a) and w, 5 (b) Na-AOT reverse micelle as well as the Vy, anion with
sodium counter ions. The drawing captures the predictions reported by a number of computational studies suggesting 80-90% of the Na' ions are as are the interface, and
shows the placement of Vg within both sizes of reverse micelles For details see Refs. [ 131,132, Red = Na®, blue = HZ0 at the Stemn layer, black = charged sulfonate head group.

consider characterization in media other than the solid state as
structural characterization. Furthermore, areas such as mineralogy
often work on similar systems, but research is reported in a differ-
ent manner and deposited in different databases (see Table 3 and
references therein), thus hindering progress by cross-fertilization
of the natural overlap that exist. In the preceding review, we have
taken an inorganic system, the Vin anion, in solid state material
characterized by X-ray crystallography [1,12,21,22,24,52-66,68,6
9] and examined the anion-cation interactions. Because we were
particularly interested in bridging the solid-liquid types of states,
we collected the information available on Vg in nanosized droplets
to investigate if the solid-state information could be used to
describe the order of the system in the liquid state,

First, we characterized the V,, anion and its properties in solu-
tion. Vanadates can form other species so the pH range where only
Vip forms is very limited. However, at the pH range where Vg is
thermodynamically most stable, solutions can be investigated
and the effects of different cations interacting with the V;, can
be studied. In order to investigate such effects we have successfully
in the past used nanosized water droplets formed using a
microemulsion system. Several ternary surfactant-organic
solvent-water model systems have been studied in detail, and par-
ticularly the AOT-isooctane (or cyclohexane)-water system has
been found to be effective in characterizing the factors important
to facilitate stability [96]. As described the V,, has several protona-
tion states, but placement in the nanosized droplet resultin one pH
and formation of a mixture of Vo in the protonated 5- and
deprotonated 6- species [96]. It was indeed surprising that
regardless of the pH of the aqueous solution, placement of the
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mM concentrations of anion into the reverse micelle resulted in a
solution near pH 5.5-6.5. Spectroscopic studies combined with a
simple computational analysis were done showing that the anion
was located in the middle of the nanosized waterpool [47]. Consid-
ering that the V,, is highly negatively charged and the interface of
the reverse micelle is negatively charged as well, these findings are
all in line with the scientific expectations.

Investigating the known and characterized X-ray structures of
Na'-containing Vg structures, information was gained on the
specific interactions of Na® with V,,. We found that distinct pat-
terns emerged and that these patterns were very specific optimiz-
ing interactions between the anion and cation. Indeed, we found
that some of these interactions could be purely ionic whereas other
examples of some of these systems involved bonds with some
covalent nature. Monomeric, dimeric, trimeric and tetrameric
edge-sharing octahedral clusters were observed within the X-ray
structures forming a microenvironment for the Na* jons. Impor-
tantly, the Na* was found to be six-coordinate in an octahedral
geometry in all structures investigated. This was true for both
the X-ray structures of synthetic compounds (Table 3), as well as
the naturally occurring minerals containing Vi The number of
structurally-characterized protonated V,; materials was much
smaller, and these systems were found to be more complex with
the Vip-anion forming a microenvironment with H-bonding Vo
anions (see Tables 1 and 3). These types of microenvironments
were previously described in detail by documenting the
variety of structures that could form, Combining the information
regarding  the Vg-microenvironments  with that  of the
Na®-microenvironments leads to the development of patterns that
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Fig. 17. The illustration of how the X-ray structures of Na'-Vycould potentially be
usedl to describe the solution y Torming in microemulsi a) The Na'-
Vi complex and b) the depiction of a Na'-Vy, complex captured within a
surfactant-bound nanosphere. The structure of a) is reproduced with the permis-
sion of the International Union of Crystallography from Ref. [121].

could be anticipated in these structures, and indeed, this is
ohserved for some of the materials investigated,

Characterization of solution materials is more complex, but
undoubtedly order exists in solutions as well. The phenomena of
structural order in solutions has recently been described for poly-
oxometalate systems in solution and this organization has been
referred to as soft oxometalates (SOMs) by some [160-162].
Indeed, studies with reverse micelles containing Vio in nanosized
water droplets have provided confirmation that order is observed
in systems with Vqg in reverse micelles. This has been observed
for NaAOT/isooctane systems containing V,, [25,37,47,68] as well
as for Vi in lgepalfisooctane systems [153]. However, solutions
are also characterized using a range of computational studies.
These studies range from Gaussian studies to molecular dynamic
studies. Although these calculations are generally based on very
different premises than those of X-ray structures, they do demon-
strate that the cations are located in some cases near the surfactant
head group, and that the Na” ion is penetrating the interface. These
are important facts, because this documents that the structures
observed by X-ray crystallography may be uvseful to model the
structures observed in solution. Although there were many differ-
ent structures representing the Na*-V g type of interactions, some
described the structural order that we observe in the reverse
micelle, Fig. 17a shows a known structure of a material with the
Vo anion in a lattice of water-surrounded-Ma™ cations [ 1G], This
structure allows one to easily picture how the limited water mole-
cules in the presence of Na' cations could both be surrounded by
the surfactant in a RM as illustrated in Fig. 17b. The structure illus-
trated in Fig. 17b is part of a X-ray structure and counterions pro-
vide the charge balance. Similarly, such charge balance can be
anticipated in reverse micelles because of the counterions associ-
ated with the interface. We and others have shown thar there is
a layer of Hy0 adjacent to the surfactant interface, and that some
of the more elaborate structures of Na*-V,, complexes
[16,62,69,121] are beginning to demonstrate structures involving
water associated with the V4 anion. At this point we can confirm
that in the small RMs the water can be structurally viewed and its
organization be considered similarly to suitable microenvironments
in the solid-state of Na™-containing Via-structures and minerals, Our
working hypothesis providing the goal to write this review can be con-
firmed. The compilations of Na'-containing Vo X-ray structures have
provided a structural framewaork upon which future investigations can
be developed and comparison of the microenvironments of solid-state
crystals and minerals with that of the nanosized-water droplet can be
successful,

Currently, there is some information on structural details at the
interface of the AOT (or other) surfactant(s) and the agqueous phase
in RMs [163-167]. However, the simple strategy suggested here
using the solid-state systems to guide the structural and computa-
tional investigations demonstrate how powerful the structural

information that the X-ray structures provides to us, and suggests
that this type of approach and structural data should be used in the
future. Indeed, this manuscript documented that some of the data
needed to complete the literature on this system were found in the
mineralogy literature (see Tables 1 and 3). Furthermore, the poten-
tial role of water should be considered since water can interact
directly with anions and cations both provided additional stability
and structural diversity. The combined examples of Na*-containing
Vyp structures in this manuscript document that structures found
in the mineralogy literature are highly relevant and contain micro-
domains that strongly highlights examples of interesting binding,
suggesting that one should work across the disciplines when inves-
tigating these systems.
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Adopts a Folded Conformation in Solution and at a Model Membrane

Interface
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ABSTRACT: Menaquinones (naphthoquinones, MK) are isoprenoids that play key
roles in the respiratory electron transport system of some prokaryotes by shuttling
electrons between m bound p pl acting as electron acceptors
and donors. Menaquinone-2 (MEK-2), a truncated MK, was synthesized, and the
studies presented herein characterize the conformational and chemical properties of
the hydrophobic MK-2 molecule. Using 2D NMR spectroscopy, we established for
the first time that MK-2 has a folded conformation defined by the isoprenyl side-
chain folding back over the napthoguinone in a U-shape, which depends on the
specific environmental conditions found in different solvents, We used molecular
mechanics to illustrate conformations found by the NMR experiments. The
measured redox potentials of MK-2 differed in three organic solvents, where MK-2
was most easily reduced in DMSO, which may suggest a combination of solvent
effect (presumably in part because of differences in dielectric constants) and/or

o
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=

conformational differences of MK-2 in different organic solvents. Furthermore, MK-2 was found to associate with the interface of
model membranes represented by Langmuir phospholipid monolayers and Aerosol-OT (AOT) reverse micelles. MK-2 adopts a
slightly different U-shaped conformation within reverse micelles compared to within solution, which is in sharp contrast to the

extended conformations illustrated in literature for MEKs.

M INTRODUCTION

Isuprcnoids dare amung t]'lc most numerous il“d divcrst:
compounds found in nature.' ™ It was reported that 55,000 of
these naturally occurring compounds had been identified by
2007;” an estimate that increased to 70,000 in 2015." Classes of
isoprenoids include lipoquinones, sterols, carotenoids, preny-
lated pmleinx, dnlichuls, monoterpenes, and xzﬂquilerpenes.
These compounds are involved in diverse functions such as
electron transport, hormone function, membrane structure and
fluidity, vision, photoprotection, insect reproduction, fragrance,
and defense. The solution structures of many of these
compounds, such as the sterols, are well studied. However, the
conformations of long linear polymers of isoprene units such as
those found in the side-chains of lipogquinones involved in
bacterial and eukaryotic electron transport systems (ETS) have
not been characterized."™” Lipoquinones are small hydrophabic
molecules that shuttle electrons between the membrane-bound
protein complexes acting as electron acceptors and donors in the
respiratory ETS. Two major structural groups of lipoquinones
are recognized: ubiquinones (or benzoquinones, UBQ) typically
found in eukaryotes and Gram-negative prokaryotes and
menaquinones (or naphthoquinones, MK) typically found in
Gram-positive prokaryotes, including many pathogens such as
Mycobacterium tuberculosis. The roles and applications of

< ACS Publications  © 2017 American Chemical Society
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lipoquinone derivatives are currently being explored where a
range of different approaches are used for combatting human
diseases.” ™" This manuscript aims to characterize the
conformation of a synthetic truncated MK analog within organic
solutions and within a model membrane interface as well as
document the redox potential of these systems accompanying
the conformational studies.

Here, we use an abbreviation system where MK with two
isoprene units is MK-2 and with nine isoprene units is MK-9,
Figure |. Naturally occurring lipoquinones are characterized by
the presence of an isoprmyl side-chain of varying length from 1
to 14 isoprene units” " depending on the species of origin; a
characteristic long used to assist taxonomic efforts. Textbooks
often represent UBQ and MK as “(Q" or “MQ" in illustrations of
the ETS, and in primary literature thcy ar c generally shown in an
extended conformation, Figure 1.5
formation of these molecules seems hlghl}r unlikely in light of the
one-step cyclization of squalene epoxide, an isoprenoid
L'mnpuum] containing six isoprene units, to form the prolostcnﬂ
cation, which contains the basic steroidal ring system with eight

chiral centers.”*"® Woodward reported the cyclization of this

* The extended con-
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Figure 1, Structure of menaguinone-9 (MK-9), a representative MK
found in Mycobacterium tuberculosis (top) and ME-2, a simplified ME
analog (bottom), is also shown. Protons are labeled on MK-2 for
spectral interpretation.

polyisoprenoid squalene epoxide forming only one stereoisomer
out of the possible 256 (2°) in 1953.”%* The stereospecificity of
this reaction requires preorganization of the epoxide before
protonation, and such a conformer is not the extended
conformation commonly depicted in the literature.

Small angle X-ray diffraction experiments with the isoprenoid
dolichol, an alcohol with 18—20 isoprene units, indicated that the
molecule adopted a helical structure in organic solvent.”” The
conformation of the isoprenoid moiety in MK derivatives is likely
impartant to its function as an electron-transfer agent and other
biological roles. Although nothing is known about the
conformation of MK derivatives, limited conformational analysis
is available on different classes of compounds including alkanes,
alkenes, and fatty acids with much simpler structures,” ™" The
all-trans conformations of alkanes are generally considered the
most stable, and therefore, it is expected that the most prevalent
conformation of an alkane is the fully extended alkyl chain.™ A
few studies have been reported with simple alkanes and a range of
other, more complex compounds with large alkane-components
such as in polyenes and fatty acids.” ™" The U-shape in fatty acids
was described when bound to a fatty acid binding protein
(FABP), where the alkyl chain region of two fatty acids, palmitic
and oleic acids, folds over in the shape of a U.*" In 2008, X-ray
crystal structure analysis, as well as NMR spectroscopy, also
supported the U-shaped conformation of amphiphilic alkyl
chains bound to a synthetic receptor where the folded C,, C,,,
and C;; conformations have anticlinal as well as gauche
arrangements. """ Based on these few examples, we hypothe-
sized that MKs will adopt folded conformations depending on
specific environmental conditions.

In this manuscript, we describe the synthesis and character-
ization of a truncated MK derivative with two isoprene units.
MEK-2 (Figure 1) can be characterized in detail and serves as a

representative MK reference compound as it is the simplest MK
containing a napthoquinone and repeating isoprenyl side-chain
allowing comparison to more complex MK-derivatives found in
various microorganisms.""”"” First, the conformation of MK-2
was investigated in organic solvents (polar and hydrophobic).
Next, because we are ultimately interested in the function of
these derivatives, we measured the electrochemical potential of
MEK-2 in the organic solvents where the conformations were
determined. Finally, the location and conformation of MK-2 in
simple membrane model systems was examined. Combined, our
results show that MK-2 folds into a U-shaped conformation in
solution contrary to common perception and that a folded,
slightly different U-shaped conformation also exists in the
presence of a simple model lipid membrane interface.

W RESULTS AND DISCUSSION

Synthesis of MK-2, MK-2 was synthesized using a procedure
in literature (Scheme 1).*%" First, menadione 1 was reduced to
the corresponding menadiol 2 using aqueous sodium dithionite.
Geraniol 3 was coupled to menadiol 2 using the Lewis acid
catalyst, boron trifluoride. This preparation produced a yield of
20% overall, which is lower than the reported MK-2 preparation
with the deuterated analog in literature.”* The lower yield
appears to be due to extensive alkylation at the C2 position
instead of the desired C3 position; however, this side product is
readily separated using column chromatography. Highly pure
material yields a yellow solid upon crystallization at =20 °C and
retains this state when warmed to room temperature, while
material with impurities does not crystallize and remains a red oil.

1D "H NMR Spectroscopic Studies of MK-2 in Different
Solvents, MK-2 was first characterized using 1D 'H NMR
spectroscopy. Figure 2 shows 'II NMR spectra of MK-2 in
isooctane (2,2,4-trimethylpentane), d,-pyridine, d,-benzene, d;-
acetonitrile, d-DMSO, and D,0. The observed chemical shifts
of MK-2 vary dramatically in the different solvents shown.
Hydrophobic solvent environments including aliphatic (iso-
octane) and aromatic (d,-pyridine and d;-benzene) as well as
hydrophilic (d;-acetonitrile, d;-DMSO, and H,;0/D,0) solvent
environments generate very different spectroscopic signatures.
For example, the pairs of aromatic protons, H,/Hy, and H_/H,,
are significantly different in the two different classes of solvents,
This observed variation in chemical shift could be attributed to
conformational changes of MK-2 in the various solvent
environments investigated, alterations of the electronic state
due to interaction with the solvent, or most likely, a combination
of both. Focusing on the "H NMR spectra of MK-2 in the three
hydrophilic solvents, dy-acetonitrile, dg-DMS0, and D,0, some
differences and similarities are observed (Figure 2). The MK-2
spectrum in D,0 required significantly more scans to produce a
reasonable spectrum because of the poor solubility in D,0. The

Scheme 1. Synthetic Route To Prepare MK-2 4 from Menadiol 2 and Geraniol 3 using Lewis Acid Catalyst Conditions****
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Figure 2. 1D '"H NMR (400 MHz) spectra of MK-2 in hydrophilic (d,-DMS0, di-acetonitrile, and D,0) and hydrophebic [isooctane (2,2,4-
lrimelhtyipentane), ds-pyridine, and d-benzene] solvents. Proton peak text labeling corresponds to MK-2 structure in Figure 1.

proton chemical shifts generally are observed further upfield in
2,0, presumably indicative of more aggregation in this solvent.
The alkene H;, and H; proton signals are not observed in the D,O
spectrum because of overlap with the HOD peak. However, the
HOD signal in the d;-DMSO spectrum is observed at 3.3 ppm,
which allows for cbservation of the alkene protons, H, and H; at
4.9 ppm. The spectrum of MK-2 in dg-DMSO is very similar to
that in dy-acetonitrile, and both also have some similarities to the
MEK-2 spectrum in D,0. The aromatic protons, H,/H,, shifted
about 0.2 ppm from the H_/H; signals in both solvents. This
suggests that these protons remain in similar chemical environ-
ments in these two solvent environments, Combined, these three
spectra provide a representation of the properties of the MK-2 in
a hydrophilic solvent environment.

Next, the aromatic and alkene protons were examined in the
hydrophobic solvents, isooctane, d;-pyridine, and d;-benzene
(Figure 2). Here, protons H,, Hy, H, Hy Hy, and H; are observed
and readily identified. The signals from alkene protons, Hy and
H, are both further downfield compared to the signals in
hydrophilic solvents, and most interestingly, the two alkene
protons become nonchemical shift equivalent in ds-pyridine.
This contrasts with the aliphatic protons in the spectrum in dg-
benzene, which are like those in d,-DMSO except for H,H,H,,
and H,. The changes in the chemical shifts are most distinctive in
the aromatic and alkene protons, suggesting that there are some
major differences in their respective environments. Together,
these differences strongly indicate that MK-2 is sensitive to the
solvent environment. However, information from 2D NMR
experiments is needed to elucidate if this change in chemical shift
is due to conformational variations and/or solvent effect.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-2 in dg-DMSO and ds-
Pyridine. Differences between the conformations observed in
de-DMSO vs di-pyridine are likely manifested by the
conformation minimizing the unfavorable interactions with the
solvent environment and maximizing favorable intramolecular
interactions with the isoprenyl side-chain. To investigate the
conformation of MK-2 in organic solvents, we utilized two
different but complementary 2D NMR methods, '"H-'H 2D
NOESY and '*H~"H 2D ROESY. Figure 3 shows the 'H—~'H 2D
NOESY and ROESY NMR spectra of MK-2 in dg-DMSO and
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portions of the spectrum in ds-pyridine, Figure 3A shows the
complete 'H—'H 2D NOESY spectrum of MK-2 in d;-DMSO
and Figure 3B—C shows zoomed in regions of interest in the
NOESY and ROESY spectra collected in d;-DMSO, respectively
(see Figures S3—S4 for full spectra). Figure 3D—F shows
zoomed in regions of interest in the NOESY and ROESY spectra
collected in dg-pyridine, respectively (see Figures $6-S7 for full
spectra). Figure 3B,D illustrates that MK-2 alkene protons, H,
and H;, are in similar environments in d;-pyridine and d,-DMS50
due to the observance of similar NOE cross peaks. In both
solvents, Figure 3B,D shows NOE cross peaks illustrating that H,
and H, interact with H,/H,,, H,, H, and H,. Figure 3B,D shows
NOE cross peaks demonstrating proton H,, interacts with
protons Hy/H; and H /H, in both dg-DMSO and ds-pyridine.
Figure 3C,E shows partial '"H='H 2D ROESY NMR spectra
where the focus is on proton H,, in dg-DMSO and d;-pyridine
(see Figures 54 and S7 for full spectra and Figure 9 for NOE/
ROE correlation traces (slices)). Figure 3B—C shows partial
spectra for ME-2 in dg-DMSO, where NOE and ROE cross peaks
indicate the H,, proton interacts with H, H, H, and H.
However, the lack of ROE cross peaks in Figure 3E shows H,,
does not interact with H, or H, in d;-pyridine (observed cross
peaks between H,, and H, or H, in dy-pyridine are likely due to
TOCSY exchange). The observation of cross peaks shows that
there are similar interactions between the aromatic and alkene
protons in the two solvents; however, there is a twist around the
C—C bond leading to closer proximity of the H,, with the H, H,,
H,, and H, protons in d;-DMSO. The NOE and ROE cross peaks
in the d,-DMSO spectrum in Figure 3 clearly support a folded, U-
shaped conformation for MK-2 in d,- DMSO. However, evidence
of a folded conformation for MK-2 is not as definitive in dy-
pyridine due to the lack of NOE and ROE cross peaks between
H, and H, or H,. If MK-2 did adopt a U-shaped conformation in
ds-pyridine, it would have a conformation as shown in Figure 4B,
where the distance between H,, and H,/H, is beyond cbservation
in the "H—"H 2D NOESY and ROESY NMR experiment. This
conformation for MK-2 in d;-pyridine is based on other NOE/
ROFE cross peaks observed (i.e, H, to Hy, H, to HyorH, H, to
H,). Figure 3F illustrates 7—n stacking between pyridine and part
of the napthoquinone ring, which could possibly explain the lack
of interaction between H, and H, or H,,

DO 10,1021/ 8¢5 jot 702649
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Figure 3. 'H="H 2D NOESY and 'H—"H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-2 in d-DMSQ and d-pyridine at 26 °C. (A) Full
'H="H 2D NOESY NMR spectrum of MK-2 in d-DMSO. (B) Partial "H="H 2D NOESY NMR spectrum of MK-2 in d,-DMSO. (C) Partial '"H='H
2D ROESY NMR spectrum of MK-2 in d-DMSO. (D) Partial 'H="H 2D NOESY NMR spectrum of MK-2 in dy-pyrdine. (E) Partial ‘H="H 2D
ROESY NMR spectrum of MEK-2 in d;-pyrdine. (F) Partial "H—"H 2D ROESY NMR spectrum of MK-2 in dy-pyridine illustrating stacking interactions.
Blue intensity contours represent negative NOE's or ROE's, and red i ity « positive NOE's or ROE's, A standard NOESY pulse
sequence was used consisting of 200—256 transients with 16 scans in the f1 domain using 2500 ms mixing time and a 1.5 s relaxation delay. A standard
ROESYAD pulse sequence was used consisting of 200 or 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and a 2.0 s relaxation
delay. The structure of MK-2 is shown with a prulun labeling scheme key. Green arrows indicate proton H, where the observed cross peaks differed the
most between the two solvents studied.

llustrating MK-2 Conformations using Molecular MK-2, can assume many different conformations. Using
Mechanics. MK-2 has a short repeating isoprenyl chain (C,,) molecular mechanics calculations, we explored the energy
but contains enough carbons to produce numerous degrees of surface and visualized specific conformations defined by the
rotational freedom; therefore, even the truncated version of MK, 'H="H 2D NOESY and ROESY NMR experiments of MK-2 in
278 DO 10,102 1/8¢5 joe 7BO2EAS
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(a)

Figure 4, MK-2 conformations generated using MMFF94 calculations
to illustrate the conformations elucidated by the 2D NMR studies, (A)
Hlustrates the ME-2 conformation in d,-DMS0 determined from
'H="H 2D NOESY and ROESY NMR spectral data cross peak
interactions (66.8 keal/mol, and internuclear distance H,—H_: 2.6 A).
(B) Tlustrates a potential U-shaped MK-2 conformation in d,-pyridine
consistent with the 'H—"H 2D NOESY and ROESY NMR spectral data
cross peak interactions (66.7 kecal /mol, and internuclear distance H,.—
H‘; 6.1 A} See Snppnrting Infarmation for a table of selected proton to
proton distances for conformations A and B,

dg-DMSO and dy-pyridine. Specific conformations were
generated based on distances imposed by the NMR data and
then energy optimized to produce realistic bond lengths and
angles for these conformations. Finally, an energy was calculated
to ensure that the conformation was at a reasonable energy.
Longer calculations generally lead to rotations around bonds and
conformations not exactly as those suggested from the NMR data
(see below and Supporting Information). The intent with the
molecular mechanics calculations was to illustrate conformations
corresponding to the 'H—'H 2D NOESY and ROESY NMR
spectral data in d;-DMSO and d;-pyridine constrained by all
cross peak interactions observed as well as to provide visual aids
(Figure 4). One of the low-energy conformations generated for
MEK-2 has a conformation (Figure 44, 66.8 keal/mol, H, =1 1,:26
A) consistent with the 2D NOESY and ROESY spectral
parameters observed in di-DMSO. Figure 4B illustrates a
potential conformation of MIK-2 that is consistent with the 2D
NOESY and ROESY spectral parameters observed in d,-pyridine
(66.7 keal /mol, H,—H,: 6.1 A). See Table 51 for selected proton
to proton distances for conformations seen in Figure 4A=B
consistent with the 21D NOESY and ROESY NMR spectral
parameters. The MK-2 conformation determined in dg-DMSO
adopts a folded, U-shaped conformation.

Fewer NOE and ROE cross peaks were observed in d,-
pyridine that would indicate a folded conformation, and although
this does not preclude a U-shaped conformation, it does suggest
that the H,_—H, internuclear distance is longer and outside the
observable range using the '"H='H 2D NOESY and ROESY
NMR experiment. We based this folded conformation off other
NOE and ROE cross peaks observed, which were suggestive of
folding (see Figure 3 and related discussion). However, a U-
shaped conformation has been observed by NMR analysis in
another aromatic solvent, d;-benzene, for n-dodecane. ' The U-
shaped conformations shown in Figure 4 are representative of
many possible stable conformations MK-2 could adopt. For
comparison, Figure $12C shows another favorable conformation
for MK-2 that has a characteristic U-shape. The energy of the
conformation C shown in Figure 512C was the lowest energy we
found. This conformation was obtained by subjecting an
extended MK-2 canformation to 10,000 iterations followed by
an energy minimization, illustrating that nonextended con-
formations are readily reached and energetically favorable.
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Combined, the stability of the U-shaped conformations shown
by these simple calculations is in line with work reported that
showed 'H NMR spectra of n-pentane and n-hexane measured in
polar and spherical solvents such as DMSO favor gauche
conformations as well as the reported U-shaped conformations
of alkyl chains bound to synthetic receptors.” ™" The folded
conformations for MK-2 demonstrated herein from experiments
align with reported computationally determined conformations
for MK analogs."" However, it is contrary to the general
expectation that the all-frans conformations of alkanes or alkyl
components are the most stable.” ™ e

In addition to the U-shaped conformations seen in
conformations A and B in Figure 4, a series of alternative
conformations of MK-2 (Figure S12D—E) were also generated
from the structures most often depicted by representations in the
literature and then were energy optimized. Conformations D—H
in Figure 512 were generated to compare these conformations
energetically to the two U-shaped conformations shown in
Figure 4A—B. The energies of conformations D—H in Figure $12
were all higher (~11 to ~23 kcal/mol) than the conformations
found in di-DMSQ, di-pyridine, and conformation C (Figurc
$12). Additional analysis of conformations and a table of selected
internuclear distances of MK-2 conformations from Figure 4 and
Figure S12 are given in Table S1.

Selected simple alkanes and a few other, more complex
cumpuundx With ll)'l'lg aﬂcyl-wgmentx SUC}] as in pu')renex aml
fatty acids report that the extended and folded forms are
comparable in energy to the all-trans form. > The “pentane
effect” for longer chains destabilizes the gauche conformations
because of unfavorable g'g ™ arrangements, which increases the
energy by ~0.55 keal/mol with each kink in the chain.””" In
contrast, gauche arrangements are often energetically favored
because of entropic contributions.”' This is in part due to the
spatial requirements that all molecules exert and can be justified
using limited sphere considerations.** Gauche arrangements tend
to favor folded conformations where the degree of folding of n-
alkanes (C;=C;;) in solution depends on the strength of the
dispersion force of the solvent™ and the degree of folding
increases with increasing chain length of the solute.”*™ Other
molecules that contain alkyl chains such as fatty acids and
polyethylene derivatives have also been reported as either
extended chains or in folded conformations depending on
physical and environmental conditions.””**”* Conformational
analysis of long chain allylic polyunsaturated fatty acid chains
using Hartree—Fock calculations showed that conformational
differences between the all-frans and helical folded structures are
only a few keal/mol.*” Ultimately, there are a few but strongly
convincing examples”™ "™ that folded and/or U-shaped
conformations are likely to become much more important than
have been recognized previously. The studies presented herein
represent a new class of compounds that adopt a U-shaped
conformation, i|1uslr.1ting that these folded conformations are
likely to be important and may impact the biological function of
these lipoquinone systems. It is very important to recognize the
molecular plasticity, which allows the alkyl chain to assume
shapes depending on the complementary structures or influences
of the immediately surrounding environment.

Electrochemistry of MK-2 in Different Solvents. Our
interest in these systems relates to the fact that the redox
potential of MK is important in shuttling electrons between
protein complexes. Although the focus of this manuscript has
been on the conformations of these compounds, we are
particularly interested in redox properties because we are aiming

DOL 101021/ a5 joc 7BO2649
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to investigate the function of these systems as well. For MKs to
carry out this process, MKs must associate with the trans-
membrane proteins involved in the electron-transfer processes.”
The electron-transfer processes all take place within or near the
membrane interface with two one electron reduction processes
sequentially forming the radical anion (semiquinone) and then
the dianion.”® " Even though there has been many reports in
literature on the redox potentials of MK derivatives, the origin of
these changes is not well understood.**™*" These processes are
particularly poorly understood when the quinones are present in
a hydrophobic molecule that is entirely or partly located in the
membrane of a biological system. Although, it is premature to
correlate conformation with redox potential, we are seeking
systematic information where redox potentials and conforma-
tions are known (ie., within different organic solvents) and the
electrochemical data on this system becomes an important frame
of reference because the conformational analysis has been carried
out. We hypothesized that the redox potential of MK-2 will vary
based on organic solvent environment.

Although this hypothesis would be anticipated to be
confirmed, it is important to measure how and if the magnilut.lc
of the redox potential changes as the solvent environment
changes because the function of MK-2 is tied to the redox
potentials. Initially, redox studies were planned to be carried out
in DMSQ, acetonitrile, and benzene; however, because of low
m.ﬂul:ﬂityI of all of the eleclmhftes examined in benzene, benzene
was replaced with pyridine as a representative aromatic solvent.™
The electrolyte tetrabutylammonium perchlorate (TBAP) was
chosen because 1D 'I1 NMR studies showed that the addition of
TBAP to MK-2 solutions (solvents: de-DMSO, d;-pyridine, d;-
acetonitrile) did not affect the observed chemical shifts of the
MEK-2 protons, and thus no evidence for artifacts due to ion
pairing would be observed (see Supporting Information for
further description of the electrochemical analysis, and see Figure
513 for MK-2/TBAP NMR studies).

MK-2's first electrochemical potential is the one electron
reduction of the quinone to semiquinone (Q/Q*7), and the
second is the one electron reduction of the semiquinone to the
dianion (Q*~/Q%"), Scheme $1.°"7** The cyclic voltammo-
gram’s (CVs) of MK-2 and an internal standard of ferrocene
(Fc*/Fc) in three organic solvents are shown in Figure 5. The Q/
Q" Ey ;3 vs F¢*/Fe for ME-2 in DMSQ, CH;CN, and pyridine
were measured to be —1.155 (+£0.001) V, —1.230 (+0.003) V,
and —1.331 (+0.001) V, respectively. As shown in Figure 5, we
included the Fc'/Fc reference in the data presented. These
results are consistent with Q/Q"™ E;  vs F¢™/Fc values given for
1,4-naphthoquinone.”** The values determined experimentally
for Q"7/Q* E,, vs F¢'/Fe for MK-2 in DMSQ, CH,CN, and
pyridine were measured to be —1.863 (+0.008) V, —1.902
(+0.012) V, and —2.075 (+0.003} V, respectively (Table $2). In
Figure 6, the half-wave potentials are plotted showing the trend
that both redox processes are more readily reduced in DMSO
than CH,CN or pyridine similar to the trend observed in
literature for 1,4-napthogquinone potentia]s,';"

In summary, during the first electrochemical process
producing the semiquinone, MK-2 has the most positive
potential in DMSO and the most negative potential in pyridine,
showing MK-2 is slightly more reducible in DMSO than pyridine
or CHy;CN. The observation of differing redox potentials
between organic solvents supports the second hypothesis that
the redox potential of MK-2 is influenced by the specific arganic
solvent, where a contributing factor to the observed changes is
due to the differences between the dielectric constant of each
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Figure 5. Three representative CVs of 2 mM MK-2 in CH,CN, DMS0,
and pyridine. The potentials are referenced to the F¢'/Fe couple (2
mM ) determined in each solvent. From left to right, redox processes are
Q' /@7, Q/Q", and Fe'/Fe. Each sample has 0.1 M TBAP and was
degassed with argon gas for 10 min at ambient room temperature before
spectra were recorded. Current sweeps are in the anodic direction from
=2 Vta 1 Vand back to =2 V. A 100 mV scan rate was used.
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Figure 6, Measured E, , (vs F¢"/Fein V) of MK-2 Q/Q* and Q*7/Q*
redox processes vs solvent, Added lines show the distinction between
each solvent for each redox process. Each solvent was run in triplicate
with error bars shown. Student’s £ test indicated the half wave potentials
af each redox process are significantly different in each solvent (p < 0.01
for Q*/QF CH,CN-DMSO and p < 0.0001 for all other comparisons).
See Supporting Information for details.

Pyridine

solvent. The different organic solvents influence the observed
redox potential of MK-2, and from the 2D NMR studies on the
conformation of MK-2, slight differences in conformation were
observed, which may suggest that a combination of solvent effect
and conformational differences of MK-2 may affect the redox
potential.

Interaction of Langmuir Phospholipid Monolayers
with MK-2. The physiolagically relevant environment for
MKs is in association with membranes; therefore, we also
studied the interaction of MK-2 with a more direct model
membrane interface, a phospholipid monolayer. Several
membrane models exist including Langmuir phospholipid
monolayers, liposomes, micelles, and reverse micelles (RM)
(Figure 7).°°""" Each model system has advantages and
disadvantages, and we have chosen to investigate the
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Figure 7. Schematic diagram of (A) a Langmuir phospholipid
monolayer and (B) a RM present in a microemulsion. Labeling for
the RM is as follows: the water paol (A), the Stern layer (B), the
surfactant tails (C), and the organic solvent, isooctane (D).

phospholipid monolayer because of MKs direct association with
a membrane and the RM system because RMs allow for the
determination of molecular placement and conformation of MK-
2 within the interface.™

First, we describe our studies with Langmuir phospholipid
monolayers™' consisting of phospholipids to gain insight into
the interactions between two classes of phospholipids
(dipalmitoylphosphatidylcheline (DPPC) or dipalmitoylphos-
phatidylethanolamine (DPPE)) and MK derivatives. These
studies will demonstrate how the phospholipid packing is
affected by the presence of MK derivatives as it interacts with the
phospholipid interface (Figure 7A).°"**~%" Due to the low
solubility of MK-2 in aqueous environments, the Langmuir
phospholipid monolayer studies involve experimental protacals
used for other materials with low solubility in water, such as
UB(_LM""7 Figure 8 shows the change in surface pressure as a

281

209

function of area per molecule of DPPC or DPPE in the presence
of various amounts of MK-2. The resulting compression moduli
as functions of surface pressure are shown in Figure 514,

The compression isotherm of DPPC shows a transition at ~8
mN/m and both DPPC and DPPE collapse at ~55 mN/m
similar to findings reported in literature.”” The compression
isotherm of the 1:1 mixture of DPPC and MK-2 shows a
disappearance of the gas to liquid phase transition at 8 mN/m,
suggesting there is a condensing effect of MK-2 with DPPC at a
high area per molecule/low surface pressure. Moving to DPPE,
the 1:1 mixture of MK-2 with DPPE reduces the collapse
pressure of the film to 50 mN/m, showing destabilization of the
DPPE film. The pure MK-2 films had limited stability shown by a
maximum surface pressure of ~20 mN/m. This result suggests
MEK-2 forms a less stable film than the phospholipids.”® ™ To
understand the interactions of MK-2 with DPPE and DPPC
further, the compression moduli were calculated using equation
4 (see Supporting Information), where the compression
modulus is the measure of the compressibility of the film.

Our results are interpreted as MK-2 having a condensing effect
on DPPC phospholipid films at high area per molecule/low
pressure and destabilization of DPPE phospholipid films. The
resulting mixed films (DPPC/MK-2 or DPPE/MK-2) were also
consistent with reported UBQ, suggesting similar trends where
UBQ was shown to be compressed out of the phospholipid
interface.”™ In summary, MK-2 has a condensing effect on
DPPC phospholipid films, a destabilization of DPPE phospho-
lipid films, and is most ]il_gel‘}r compressed out of the phosphalipid
film similar to UBQ." "¢ Unfortunately, these studies do not
directly show whether a folded or extended conformation of MK-
2 exists. A folded conformation occupies a larger volume than the
extended conformation, which would affect packing within the
phospholipid interface. Our studies do demonstrate that MK-2
interacts with the phospholipid model membrane interfaces of
DPPC and DPPE even above physiologically relevant pressures.
It is possible that the observation of the destabilization of the
DPPE phospholipid films (not observed for DPPC) by the
presence of the MK may suggest a folded MK-2 conformation
that does not fit in the organization of the DPPE film (possibly
related to packing of the phospholipid).

1D "H NMR Spectroscopic Studies of MK-2 in RMs. Our
ultimate objective was to characterize the molecular details of
MEK-2's association with membrane-like interfaces. This
characterization includes determining the location and con-
formation of MK-2; therefore, the RM model system was
investigated (Figure 7B).SUE2857 1y the RM, a ternary
microemulsion system forms when a surfactant is dissolved in
an organic solvent and the addition of water creates nanosized
water droplets encased in surfactant.”™****"~"* This dynamic,
yet simple, model can provide molecular detail on location and
conformation of MK at an interface using NMR spectroscopy,
whereas the use of phospholipids such as DPPC can have
overlapping proton signals with key MK proton signals l_mlkin%
interpreting conformational information very complex.’ 74
RM systems provide information regarding the location,
conformation, and physical interactions of MK with lipid films
and pute:nLia"y membranes, which allowed us to examine our
third hy'pnthexix that the membrane interface influences the
conformation of the MK derivative,

To explore the location of MK-2 at a lipid/water interface
further, studies were conducted using a simple microemulsion
interfacial system, which allows for identification of molecular
placement. Figure 9 shows a stack plot of 11D '"H NMR spectra for
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Figure 8 Compression isotherms of MK-2 films (dotted lines), DPPC or DPPE phospholipid films (solid lines), or a 50:50 mixture of MK-2 and
phospholipid (dashed line). On the left (A) are the resulting compression isotherms of ME-2 and DPPC, while on the right (B) are the resulting

compression isotherms of MK-2 and DPPE.
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Figure 9. 1D 'H NMR (400 MHz) spectra of MK-2's aromatic protons,
H,, Hy, H, and Hy in 1,0, isooctane, and different sized RMs. Proton
peak text labeling corresponds to MK-2 proton labeling scheme key
found in Figure 3. H,, Hy, H,, and H, protons undergo a chemical shift
upon inclusion inside RMs.

the aromatic protons (H,/H, and H_/H,;) of MK-2 in solutions
of D,0, isooctane, or isooctane solutions of MK-2 containing
RMs (D,0/AOT/isooctane microemulsions) of various sizes
(wg: 4, 8, 12, 16, and 20, where w, = [D,0]/[AOT]) and for
comparison with an empty AOT/isooctane RM. The aromatic
MEK-2 protons in the AOT /isooctane RMs are similar to the
signals observed in isooctane but very different from the signals
observed in D,0. The distance between H,/H, and H_/H, is
0.52 ppm in isooctane, 0.47 ppm in the RM, and 0.27 ppm in
D,0. This suggests that the environment of the MK-2 protons in
the AOT /isooctane RMs is more like an environment in
isooctane than D,0, where MK-2 is no longer in isooctane but
associating with the AOT molecules. The signals from the H_/H,
protons in the AOT /isooctane RMs do change slightly as the RM
size increase or decreases. This observation is also consistent with
MEK-2 penetrating and residing in the interface.

Taverify that the RMs formed in the samples used and that the
properties of the samples are consistent with previous
studies,” ™7™ dynamic light scattering (DLS) experiments
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were carried out. These studies confirmed the formation of RMs,
and that the RM did not change significantly upon the addition of
MEK-2. This was carried out by measuring the sizes in the
presence and absence of MK-2 and confirming that the size was
as those reported previously (data not shown ). Overall, these
results are consistent with MK-2 penetrating the RM model
membrane interface; however, 2D studies are described below to
get more information regarding the placement and conformation
of MK-2 within the RM system.

'H-'H 2D NOESY and ROESY NMR Spectroscopic
Studies of MK-2 in a RM Model Membrane System. To
provide further evidence regarding the location, orientation, and
conformation of MK-2 within RMs, we obtained the '"H—'H 2D
NOESY NMR spectrum and the 'H-'H 2D ROESY NMR
spectrum of MK-2 in a wy 12 RM, Figures 10 and 11. Figure 10
shows a partial '"H—'H 2D NOESY and ROESY NMR spectra
indicating both AOT and MK-2 protons, whereas Figure 11
focused in on selected proton interactions specifically in the
NOESY spectrum (see Figures S10-S11 for full spectra). Figure
11A shows cross peaks between the aromatic I, /Hj, and H_/H
and parts of the AOT CH, and CH; tail groups (i.e, H8' and
HIO" protons, see Figure 12 for AOT proton labeling key).
Figure 11B shows cross peaks between alkene protons, H; and
H,, with HOD and AOT's H1, H1', H3, and H3’ protons and
only evidence of a weak interaction between MK-2 and
isooctane. These interactions are consistent with placement of
MEK-2 between the AOT tails, as shown using a depth perception
drawing in Figure 12.

Regarding the conformation of MK-2 associated with the
RM—water interface, the NOE and ROE cross peaks in Figure 10
show interactions between H, and H,/H, and between H, and
the alkene protons, Hy /H;, which is cansistent with a folded, U-
shaped conformation. In the proposed conformation, the C2—
Cé6 atom to atom distance in MK-2's isoprenyl side-chain was
found to be 3.6 A, which is consistent with a U-shape (g'g-
conformation, Figure 13) for MK-2 placed at the RM interface
(see Supporting Information for further discussion and
internuclear distances of different MK-2 conformations). An
illustration of an MK-2 conformation consistent with these
observations is shown in Figure 13. This U-shaped conformation

DO 10,1021/ 8¢5 jot 702649
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Figure 10. Partial 'H="H 2D NOESY and ROESY NMR. (400 MHz) spectra of MK-2 inside w, 12 RM at 26 °C. (A) Partial '1 1="H 2D NOESY NMR
spectrum in a w, 12 RM. {B) Partial '"H="H 2D ROESY NMR spectrum in a w, 12 RM. Blue to blue proton text labeling shows MK-2 to MK-2
interactions, teal to teal proton text labeling shows AOT to AOT interactions, and blue to teal proton text labeling shows MK-2 to AOT interactions.
Blue intensity contours represent negative NOE's or ROE's and red intensity contours represent positive NOE's or ROE's. A standard NOESY pulse
sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 1.5 s relaxation delay. A standard
ROESYAD pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 2.0 s relaxation delay.
See Figure 3 for ME-2 proton labeling scheme key and Figure 12 for AOT proton labeling scheme key.
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Figure 11. Partial '"H-"H 2D NOESY NMR. (400 MHz) spectra of MK-2 inside a w, 12 BM at 26 °C illustrating interactions of ME-2 with the AOT
surfactant tails. (A) Interactions between MK-2's aromatic protons and AOT. (B) Interactions between MK-2 alkene protons and AOT. The blue to
blue proton text labeling shows ME-2 to ME- 2 interactions, teal to teal proton text labeling shows AOT to AOT interactions, and blue to teal proton text
labeling shows ME-2 to AOT interactions. Blue intensity contours represent negative NOE's, and red intensity contours represent positive NOE's, A
standard NOESY pulse sequence was used consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 1.5 s relaxation

delay. See Figure 3 for MK-2 proton labeling scheme key and Figure 12 for AQT protan labeling scheme key.

observed when MK-2 is associated within the RMs changed
slightly from that observed in dg-DMSO regarding where the
double bond overlaps with the napthoquinone moiety. The
overlap of the alkene and napthoquinone functionalities in the
conformation associated with the interface is best illustrated by
the top view in Figure 13B. Importantly, the U-shape fold
remains, but slight rotation around the C—C bond facilitates the
conformational changes in the U-shape.

Implications of Folded Conformations for MK Deriva-
tives. Natural MKs contain a naphthoguinone and an isoprenyl
side-chain with some variable number of repeating isoprene
units, where MKs support the electron-transfer reactions in a
range of systems.”"* MK-2 was synthesized allowing for detailed
characterization of the malecule. The results presented herein for
MEK-2 suggests that other important MK derivatives in biology
will adopt folded conformations as well and demonstrates the

need to prepare and study such derivatives both experimentally
and computationally,

The extended conformations of long chain biological

molecules such as fatty acids and polyenes are E;cncrally shown

753 However, a few

studies of isoprene conformers and 1,3 acyclic dienes show the

in the literature if the structure is pru.n.nt(.d

extended trans alkane conformations compare in energy with
folded or helical conformations. "™ Although the folded
conformations in those studies may be slightly higher in energy
than unfolded conformations, the difference is uurprising|y small.
The C—C single bond lengths reported for stearic acid decreases
under high pressure.’” These bond shrinkages cause conforma-
tional and sh:lge changes in stearic acid favoring folded
conformations.” Previous studies using high-temperature UV-
absorption spectroscopy, molecular orbital calculations, and gas-
phase electron diffraction found that isoprene and chloroprene
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Close Up
Figure 12, Mustration of ME-2%s proposed folded, U-shaped
conformation and placement in the RM interface. This arrangement is
consistent with "H="H 2D NOESY and ROESY NMR spectral data
obtained in a wy 12 BM; however, ME-2 likely tumbles freely within the
interface but maintains interactions with the region of AOT shown in
the illustration. Color depth fading legend shows dark red as closer in
distance and dark blue as farther in distance from the reader. AOT
proton labeling scheme key is shown,

Far Away

A) (B)

Side View

Top View

Figure 13. MK-2 conformation at an interface visualized using
MMFF94 calculations. Molecular mechanics simulations generating
the 3D conformation of ME-2 in a BM that is consistent with '"H-'H
2D NOESY and ROESY NMR spectral data. (A) Side view of energy
minimized conformation (63.5 keal/mol, and internuclear distance H, —
H,: 40 A) showing MK-2's isoprene side-chain adopting a hook-like
shape also known as a folded, U-shaped conformation. (B) Top view of
energy minimized conformation showing the terminal isoprene methyl
groups overlapping the carbonyl groups on the napthoquinone.

1,42

conformations did, in fact, favor folded conformations.”
Although these conditions are nonphysiological, they do
demonstrate that changes in a physical parameter can affect the
preferred conformation. Previous work has been carried out with
fatty acids where the experimental studies showed that the
conformations of the alkane portion of the fatty acids can and do
changf_' similar to conformations of MK-2 as shown in this
work.” Our studies confirm the first hypothesis that MKs have
different conformations depending on specific environmental
conditions, which was achieved by first synthesizing MK-2 and
then demonstrating that a U-shaped, folded conformation was
adopted in d-DMSO, which was different from the con-
formation in d;-pyridine,

Conformations can affect reactivity, and as in this case, the
electron-transfer reactions facilitated by ME. MK forms
complexes with several enzymes during the electron-transfer
processes, and although kinetic characterizations of these
systems have been reported,” ™™ less is known structurally.
The redox potentials of MK-2 depicted in Figure 6 illustrate the
trend where the most positive potential is in DMSO and the most
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negative potential is in pyridine, which agrees with literature
reports on menadione. """ These results have identified that the
redox potential of MK-2 changes as a function of solvent, and the
origin of this change (presumably in part due to a change in
dielectric constant between solvents) and whether these
observed solvent effects can be associated with changes in
conformation should be investigated in the future using both
suitable high-level computational methods as well as electro-
chemistry. Indeed, the change in redox potential is likely to be
important, and since there is no conjugation between the
isoprenyl side-chain and napthoquinone, these effects are very
interesting and may reflect that the energy required for the
reduction is determined by the energy difference of the
HOMO-LUMO gap in the two different conformations.™
Orbital analysis of the HOMO—-LUMO gap could potentially be
informative and describe the origin of the observed varied
biological effects of a series of N-alkyl MK derivatives that have
been reported.””*" For example, replacement of a CH, group
with a N atom modifies the parent system, creating a class of
compounds with a nitrogen bound directly to the "naphthoqui-
none gruup.” Thusu mul{.:t:u'(.'s I'l'ﬂ\"t: drmn:llical'y rliﬂ-un.:nt
biological properties than the parent MK derivatives,” """ and it
is possible that these activities could be related to the change in
fundamental physical and chemical properties that occurs with
N-alkyl isoprenoid substitution of the naphthoquinone ring.
Combined, these results confirm the second hyputhexiﬁ that the
redox pntenlial of MK-2 is influenced by organic solvent
environment (in part due to dielectric constant of solvent),
which is likely to be important for understanding the mechanistic
details in MK metabolism.

The third hypothesis involves determining if the association of
MK with the membrane interface influences the conformation of
the MK derivative. We investigated the interaction of MK-2 with
a phospholipid Langmuir monelayer, which is a simple 2D model
of a single leaflet of a cell membrane.™ "™ The fact that MK-2
interacts with the phospholipid monolayer is consistent with the
expected MK affinity for the hydrophobic phospholipids that
make up the cell membrane. Langmuir monolayer studies
support interaction of MK-2 with the phospholipid monolayer
interface; however, the lipoquinone is likely compressed out of
the interfacial portion of the phospholipid monolayer into the
more hydrophobic alkyl tail groups on the top of the monolayer
as the pressure increases. Unfortunately, Langmuir phospholipid
monolayer studies could not determine the conformation of MK-
2; however, the RM surfactant interface complements studies
with the phespholipid monoelayer interface. The question of
folding was further investigated by combining 'H NMR
spectroscopic studies of MK-2 in organic solution and in a
simple model membrane system, RMs. The conformation of
MEK-2 was characterized in organic solvents and was found to
differ slightly from the conformation when it was associated with
the surfactant interface within RMs. Itis to be expected that MK-
2 would have an affinity for the interface because of its
hydrophobicity, which agrees with results observed in the RM
system. The RM interface is known to be penetrated by water
molecules and thus less packed than a biological membrane and,
therefore, has a lower interface pressure meaning MK-2 is
unlikely to be compressed out once inside.”*"%"! The '"H NMR
spectroscopic studies in RMs allowed us to observe the
association of MK-2 with the interface molecules as well as
with itself in its folded state. The 'H='H 2D NOESY and
ROESY NMR spectral data indicate that the U-shaped
conformation of MK-2 (Figure 13) remained intact while
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associating with the RM model membrane interface; however,
the overlap between the alkene and the napthoquinone varies
with the specific environment. The small changes in the U-
shaped conformation document the environmental influence on
the conformational folding of MK-2. These results are very
important because they document the possibility that MK
derivatives in the cell membrane environment may be folded, and
if so, such falds will impact the interaction with proteins in the
ETS and affect reactivity and function.

Naturally occurring lipoquinones are characterized by the
presence of an isoprenyl side-chain of varying length depending
on the species of origin. MK-2's isoprenyl side-chain is shorter
than most lipoquinones involved in electron transport; therefore,
it may not fully mimic the interactions generated by MK
derivatives with longer isoprene chains with the membrane or the
enzyme systems. However, these results show that the folding of
MEK-2 is very important and may suggest that MK derivatives
with the longer isoprenyl side-chains may adopt folded
conformations as well. Understanding how MK-2 and other
MK derivatives fold in a hydrophobic environment is critical to
gauge how these molecules will behave within a biological
membrane associated with the ETS.

Investigation of the conformation of a particular MK
derivative's location and conformation will also allow for a
more realistic interpretation of data abtained with the novel
fluorogenic probe, a vitamin K analog, reported to fluoresce after
reduction to the quinnl,‘)1 Studies with this new probe may help
provide information on the role that vitamin K plays in key redox
processes. Accurate information obtained from the use of this
probe would provide better quality data regarding photosyn-
thesis and cellular respiration, and future consideration of MK
derivatives location and conformation will be important for
pmper}interpretatinn of the results abtained from the use of this
probe.”

B CONCLUSIONS

Conformations exhibited by alkanes and alkenes are essential for
explaining trends in reactivity and manifestation of physical
properties, but little is understood regarding biological systems
with hydrophobic small components containing alkyl segments.
The studies presented in this manuscript describe the chemical
and biochemical properties of MK, which is an essential
component of the ETS in many Gram-positive bacteria,
including pathogens such as Mycobacterium tuberculosis,
Mycobacterium leprae, and Staphylococcus aureus, to name a few.
We report for the first time in this class of molecules that MK-2
adopts a folded, U-shaped conformation in organic solution. The
specific nature of the conformation varied within different
organic solvents and thus confirmed our first hypothesis that
MEK-2 conformations are very sensitive to their environment.
These findings contrast with the simple, extended conformation
represented in texthooks and the literature that is shown for MK
derivatives as well as the more common “Q’, belonging to the
UBQ family of lipoquinones.

The change in the observed redox potentials of MK-2 with
different organic solvents confirmed our second hypothesis. This
is important for future studies probing the function of the
substrate and potential correlation between conformation and
redox potential of MK derivatives, and although most of the
studies in this manuseript are of a structural nature, it is important
to recognize that the function is likely related to the
conformation of the MK-derivative. The discovery that MK-2
adopts a folded conformation may suggest that other MK
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derivatives will have similar conformations, which ultimately will
impact all the biological systems in which MKs have a role such as
within the ETS in specific Gram-positive bacterial pathogens.
The result of a stable U-shape conformation in solution and
within an interface is important as little information is available
on essential hydrophobic biological companents.

Although the NMR spectral data illustrated using molecular
mechanics allowed for the conclusion that MK-2's conformation
is environment dependent, it was important to investigate if this
U-shaped conformation remained at a membrane-like interface.
We used two membrane model systems to investigate this
question. The more physiologically relevant DFPC/DPPE
phospholipid monolayers confirmed that MK-2 interacted with
the phospholipid interface similar to UBQs; however, the
conformation of MK-2 remained unspecified. Complementary
studies using the AOT-RM model membrane system allowed
determination of the molecular location of MK-2 as penetrating
the water—surfactant interface as well as the conformation of
MEK-2 within the RM interface. We found that the folded, U-
shaped conformations observed in organic solution remained
upon association with the AOT-RM interface, but the U-shaped
conformation differed slightly indicating the interface’s environ-
mental influence on conformation. Together, these results
support the interpretation that the MKs conformation remains
folded in a U-shape even in contact with a model membrane
interface, which agrees with our third hypothesis.

More broadly, the results of this study will also enhance our
understanding of folded conformations for chemically and
biologically important hydrophobic small molecules in solutions
and confined hydrophobic environments, The shape and, thus,
the conformation of these molecules are relevant for molecular
recognition motifs and the processing of these molecules within
the brane. This ript represents the first attempt to
characterize the conformation as well as the chemical and
biochemical properties manifested by the conformation of any
electron transferring lipoquinone derivative. Although many
studies have been carried out with these systems kinetically, the
conformation and how this impacts the biological chemistry has
not yet been addressed.

B EXPERIMENTAL SECTION

Preparation of (E)-2-(3,7-Dimethylocta-2,6-dien-1-yl)-3-
methylnaphthalene-1,4-dione (4). To a 500 mL round-bottom
Schlenk flask were added a stir bar, diethyl ether (100 mL), and
menadione (5.00 g 29.0 mmol). Then, 10% aq. Na,5,0, (100 mL, 57.4
mmol) was added, and the solution immediately turned dark red. After
30 min of stirring at ambi P ¢, the solution was clear yellow.
The agueous layer was separated and extracted with diethyl ether (3%,
100 mL). The combined organic extracts were washed with sat.
NaHCO, (100 mL), followed by DDI FLO (100 mL), and last with
brine (100 mL). The combined organic extracts were dried with
anhydrous Na,SO, and then concentrated under reduced pressure at
room temperature. The crude powder was triturated with pentane (50
mL}, vacuum filtered, and washed with pentane (100 mL) to yield 4.25 g
as a pale purple solid. Menadiol formation is indicative by 'H NMER.
(CDCl,) 1?' the presence of a peak at 6.64 ppm and is consistent with
literature.”

To a 100 mL round-bottom Schlenk flask was added ethyl acetate (16
mL) and 1,4-dioxane (16 mL), which was purged/evacuated with argon
repeatedly. Then, crude menadiol (lSﬂ g 41 menadiol:menadione by
NMR integration, 11,5 mmaol) was added, followed by geraniol (1.92 g,
12.5 mmol), and then dropwise addition of fresh BE, etherate (0.8 mL).
The solution was allowed to reflux at 7072 °C for 3 h under argon. The
dark orange colored reaction mixture was quenched with ice-H,0 (100
mL} and then extracted with diethyl ether (3%, 100 mL). The yellow
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organic extracts were washed with sat. NaHCO, (100 mL}), washed with
DD H,O (100 mL), washed with brine (100 mL), dried with anhydrous
Na,50,, and then concentrated under reduced pressure at room
temperature to yield 3.71 g of crude red oil. The crude oil was purified by
flash column chromatography (1000 mL of 230—400 mesh $i0y, 70 mm
column, 20:1 pentane/ethyl acetate). The yellow vil obtained was dried
under reduced pressure (~125 mTorr) overnight to yield 0.713 g (2.31
mmol, 20.1% yield) as a yellow solid. The scale of this reaction was ~14
times larger than the p ly reported hesis.* 'H NMR (400
MHz, d-DMSO) : 7.96—8.01 (m, 2H), 7.80—7.84 (m, 2H), 4.96—35.00
(m,2H), 3.30 (d, 2H, | = 4 Hz), 2.10 (s, 3H), 1.92=2.04 (m, 4H), 1.73
(s, 3H), 1.53 (s, 3H), 1.49 (5, 3H). C NMR (100 MHz, d,-DMSO) &:
184.7,183.6, 145.3, 142.9, 136.4, 1339, 131.5,130.7, 125.9, 125.8, 123.9,
1194, 26,0, 254, 254, 17.5, 16,1, 12.4, LRMS (ESL 70 eV, EtOAc) m/z:
[(M + H)*] Caled for Cy,H,0O, 309.2; found 309.2. HRMS (ESI,
OTOF) m/z: [(M + H)] Calad for CyH, 0, 309.1849; found
309.1851.

Mass Spectrometry. Low-resolution mass spectrometry (LEMS)
experiments were conducted by electron spray ionization mass
spectrometry (EST) on an Agilent technologies 6130 Quadrupole
LCMS. High-resolution mass spectrometry (HRMS) experiments were
carried out using an Agilent 6220 TOF LC/MS (*OTOF") interfaced to
an Agilent 1200 HPLC with electrospray (ESI) mode.

NMR Spectroscopic Studies. 1D and 2D 'H studies were carried
out both in organic solvents and more complex media (see below for
RM studies). "H and "'C spectra were recorded using a Varian Model
MR400 or Model Inovad00 operating at 400 and 100 MHz, respectively.
Chemical shift values (8) are reported in ppm and referenced against the
internal selvent peaks in 'H NMR (d,-DMSO, & at 2.50 ppm; CDCly, 8
at 7.26 ppm; d.-pyridine, J at 8.74 ppm; d;-acetonitrle, § at 1.94 ppm;
0,0, 8 at 4.79 ppm; Gy, @ at 7.16 ppm) and in “C NMR (d,-DMSO,
& at 39.52 ppm). All NMR spectra were recorded at either 22 or 26 °C.

Solution 1D 'H NMR Spectroscopic Studies, Samples were
prepared by dissolving ~5 mg of ME-2 in either 0.5 mL of iscoctane, d;-
pyridine, CgDy, dy-acetonitile, d,-DMSO, or D,Q). The MK-2 sample in
1,0 was vortexed for ~1 h to dissolve maximum amount of MK-2, The
NMR spectrum was collected by running 32 scans and was locked onto
the deuterated solvent except for isooctane, which was ran unlocked
using CDCl, as a spectral window reference.

Sample Preparation for Selution 'H-'H 2D NOESY and
ROESY NMR Spectroscopic Studies. T'o prepare the samples in dg-
DMSO and d,-pyridine, 0.0031 g of MK-2 was dissolved in 0.5 mL of
solvent to yield a 20 mM solution of ME-2. The NMR tubes containing
the MEK-2 solution were purged with argon prior to data collection.

"H-"H 2D NOESY and ROESY NMR Spectroscopy in Organic
Solution. 2D NMR spectroscopic studies in organic solution were
carried out on a Varian model MR400 400 MHz magnet at 26 °C. A
standard NOESY pulse sequence was used consisting of either 200 or
256 transients with 16 scans in the fl domain using a 500 ms mixing
time, 45” pulse angle, and a 1.5 s relaxation delay. A standard ROESYAD
pulse ce was used consisting of either 200 or 256 transients with
16 scans in the fl domain using a 400 ms mixing time, 45° pulse angle,
and a 2.0 5 relaxation delay. The NMR was locked onto either d-DMSO
or dy-pyridine and referenced to the internal solvent peak. The resulting
spectrum was processed using MestReNova NMR software version
10.0.1.

Molecular Mechanics Calculations. T'o obtain visual aids of MK-2
conformations, Merck molecular force field 94 (MMFF94) molecular
mechanics gas-phase simulations were conducted using ChemBio3D
Ultra 12.0 at 25 °C. Starting conformations were obtained from
ChemDraw structures or by rotating desired bonds and then either had
simulations run or simply an energy minimized to achieve the desired
conformation. Conformations A—B in Figure 4 were generated and then
energy minimized with a root-mean-square (RMS) gradient of 0.1 and
up to 50 iterations to obtain conformations that agreed with our
interpretation of the cross peak observations in the 'H="H 1D NOESY
and ROESY NMR. spectral data. One simulation was run for 10,000
iterations and then energy minimized using an MMFF94 energy
minimization calculation using 500 iterations with a RMS gradient of
0.001 to achieve conformation C in Figure 512C. Conformations D=H
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in Figure S12 were generated by rotating bonds to achieve the desired
conformation followed by an energy minimization using 20-50
iterations and an RMS gradient of 0.1, A table of structural parameters
such as selected distances between hydrogen atoms within the
conformations and energies calculated for the 3D conformations can
be found in the Supporting Information section.

Electrochemistry Methods. All electroct y was p
on a CHI 750D potentiostat. For the cyclic vnhammetry {cv), a
classical three electrode system was used with scan rate of 100 mV/s at
22 "C. The working electrode was a glassy carbon electrode (BASi
MFE2012, 3 mm), and the counter electrode was a platinum wire
clectrode (BASi MW1032). The Ag'/Ag reference electrode (BASI
MWI1085) was constructed by inserting a Ag wire into a freshly prepared
solution of organic solvent (CH,CN, DMSO, ar pyridine) with 0.1 M
TBAP and 0.01 M AgNO;, Detailed experi tion, and
analysis are available in the Supporting Information.

Langmuir Monolayer Compression Isotherms. The subphase
for cach experiment consisted of approximately 50 mL of a 20 mM
sodium phosphate bufter (pH 7.4). The phospholipid solution was
prepared by dissolving powdered phospholipid into a chloroform:me
thanol (9:1, v:v) solution to produce 1 mM phospholipid stock solution.
The film applied to the subphase consisted of 20 pl. of phosphalipid
stock solution or a 50:30 mole fraction mixture of ME-2 with cither
DPPC or DPPE. The resulting film was equilibrated for 15 min and then
compressed using a Teflon ribbon at a rate of 10 mm/min (2.4 A%/
chain), The surface pressure was measured using the Wilhemy plate
method where a wire probe was used as the plate on a Kibron g Trough
X8.” The reparted compression isotherms are reported as an average of
three trials (constructed by averaging the three isotherms in excel). See
Supporting Information for compression modulus data and interpreta-
tion.

Sample Preparation for RM NMR Spectroscopic Studies. A
0.50 M AOT stock solution was made by dissolving AOT (5.56 g, 12.5
mmol) in isooctane (250 mL). RMs were prepared by mixing the 0.50
M AOT stock solution with D,0 (pH 7.0) and then vortexed until clear.
ME-2 BMs were made in a similar manner except an 11.2 mM M2
stock solution was prepared by directly dissolving ME-2 in the 0.50 M
AOT/isooctane solution. Then, the MK-2-AOT-isooctane stock
solution along with D0 (pH 7) were used to make RMs,

1D '"H NMR Spectroscopic Studies of AOT/Isooctane RMs
That Contain MK-2. 1D '"H NMR spectroscopic experiments were
carried out using a Varian Inova 400 MHz instrument using routine
parameters (pulse angle: 45°, relaxation delay of 1 5} at 22 °C. The RM
spectra were internally referenced using the isooctane methyl peak set to
0.904 ppm.”* Data analysis and spectrum workup were done using the
NMR software, MestReNova version 10.0.1.

Sample Preparation for 'H-"H 2D NOESY and ROESY NMR
Spectroscopic Studies (RMs). To prepare the AOT fisooctane stock
solution, 0.22 g AOT (0,50 mmol) was dissolved into isooctane (1.0
mL) for a final 0.50 M AOT stock solution. Then 0.035 g (1.10 mmol) of
MEK-2 was dissolved into the 0.50 M AOT stock solution for a final
concentration of 110 mM ME-2. Then, 892.6 uL of MK-2 AOQT/
isooctane stock solution was mixed with 107.3 uL of D,O (pH = 7) and
then vortexed until clear. This final mixture results in a w, 12 RM
microemulsion with an overall concentration of MK-2 being 100 mM
(~29 molecules per RM),

'H—"H 2D NOESY and ROESY NMR Spectroscopic Studies in
AQT/Isooctane w, 12 RM. 21 NMR samples were ran using similar
conditions used ;.m;vil_lu:.‘l},(‘Ed using a Varian model MR400 400 MH:
magnet at 26 °C. A standard NOESY pulse sequence was used
consisting of 256 transients with 16 scans in the {1 direction using a 200
ms mixing time, 45° pulse angle, and a relaxation delay of 1.5 s, A
standard ROESYAD pulse sequence was used consiting of 256
transients with 16 scans in the f1 direction using a 200 ms mixing
time, 45° pulse angle, and a relaxation delay of 2.0 s. The NMR was
locked onto 10% D,0, and the spectrum was referenced to the isooctane
methyl peak at 0904 ppm as previously reported.” The resulting
spectrum was processed using MestReNova NMR software version
10.0.1. The 3D structure illustration within a RM was drawn using
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ChemBioD Ultra 12.0 and ChemBio3D Ultra 12.0 based on spectral
parameters described under results.
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