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ABSTRACT

THE USE OF MODEL MEMBRANE TECHNIQUES FOR THE ANALYSIS OF
INTERACTIONS, CONFORMATION AND REDOX PROPERTIES OF MENAQUINONES

AND OTHER SMALL MOLECULES

This thesis explores the use of model membranes to solve complex problems in
determining the placement, conformation, and electrochemical properties of hydrophobic
compounds as they interact with a model membrane. Menaquinone, an electron transporter
commonly found in Gram-positive and Gram-negative obligate anaerobes, consists of a
naphthoquinone head group and isoprene tail of variable length and saturation. Chapter two
shows the use of liposomal model membranes to solubilize menaquinone analogues of variable
length and saturation for aqueous electrochemical studies characterizing half-wave potentials,
reversibility, and diffusion coefficients to examine its redox properties in connection to its role as
an electron transporter. This work shows a distinct odd-even effect with respect to the isoprene
chain length of the compound and its electrochemical properties. In chapter 3, the conformation
and placement of menaquinone-2 is determined in the context of a phosphatidylcholine liposome
using 1D and 2D '"H NMR. Finally, chapter four explores the use of a reverse micellar model
membrane for determining the placement of glycine and short glycine peptides to explore its
placement near a membrane. The experiments contained herein show that model membranes are
a useful tool for the study of hydrophobic compounds and molecules commonly found within a

cellular membrane.
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Chapter 1: Model Membranes and Their Utility for Studying Hydrophobic Compounds and

Membrane Interactions

1.1 Composition of the Cellular Membrane and Model Membranes That Can Be Used to Study It
1.1.1. Composition of the Cellular Membrane and Factors Lending to its Complexity

The cellular membrane is a complex barrier that surrounds the cytoplasm of all cells. It is
crucial for the life of the cell due to its main role in maintaining cell boundaries and the essential
differences between intracellular and extracellular environments.!> The base, fundamental
foundation of a cellular membrane for most living organisms is the lipid bilayer, which consists
of lipids arranged such that the polar heads point outwards toward the outside of the cell in the
outer leaflet, and towards the cytoplasm on the inner leaflet.> With the hydrophobic tails pointing
inwards towards each other, the lipid bilayer provides cells a semipermeable barrier from their
surroundings consisting of two charged polar regions and a hydrophobic region.* There are
numerous lipids that are present in the cellular membrane; different species, even different cells
within the same species and organelles within the same cell, will consist of a different lipid
profile based on their biological function as lipids participate in a broad range of cellular
processes.’”’ One of the most notable examples of this is in the human nervous system, which
has a rich lipid composition with both high lipid content and diversity in the human brain.
Lipids found predominantly in the brain are sphingolipids, glycerophospholipids and cholesterol,
and interestingly, they are considered to be present roughly in equal ratios and their functions
include acting as signaling molecules, impulse conduction, as well contributing to
neurogenesis.>® Sphingolipids are especially abundant in the brain as they play a role in the

myelination process, which is closely associated with cognitive maturation.!® By contrast, the



lipid composition of human lungs is roughly 80% phospholipids, with phosphatidylcholine being
the major lung surfactant constituent in the alveolar region of the lungs as it reduces the surface
tension at the air-liquid interface of alveolar spaces.!! Bacterial membrane lipids also display
diversity and complexity in their composition, with many bacterial membranes composed of
lipids such as phosphatidylinositol, phosphatidylethanolamine, and phosphatidylserine, and
many bacteria even have a cell wall, which further increases the complexity of the membrane
enveloping the cytoplasm.!'*13

In addition to complexities in the types of lipids which are present in the cell membrane
depending on what type of cell is being studied, there are a number of other components in the
plasma membrane that further lend to the overall complexity of the cellular membrane
components. Besides lipids, proteins also play a significant role in the cellular membrane, with
membrane proteins comprising about a third of the proteins in living organisms.'*!> Some of the
most notable examples of protein types associated with the membrane are integral membrane
proteins, such as G protein-coupled receptors, which are central to transmitting signals from the
extracellular matrix to the cellular interior, peripheral membrane proteins, which interact with the
surface of the bilayer rather than in the hydrophobic space within the cell membrane. !¢
Examples of peripheral membrane proteins are the all-important proteins that are involved in
electron transport chains such as cytochrome c, cupredoxins, flavoproteins, and others.!” Besides
the presence of varying proteins and lipids, depending on the biological function of the cell in
question, plasma membranes also contain cholesterol, which can affect the rigidity or fluidity of
the bilayer, as well as carbohydrates.'$2

The many components of the cellular membrane, which includes lipids, proteins,

carbohydrates, and in the case of eukaryotic membranes, the lipid cholesterol, do not remain



static with regards to their position on the cell membrane. Rather, according to the fluid mosaic
model of a cell membrane, the molecules which comprise the cell membrane are able to laterally
diffuse across the surface of the bilayer.?!?> This means that the components that comprise the
cell membrane being studied may be able to laterally diffuse near to one another, which could
potentially affect the function of the study of membrane components within an endogenous cell
membrane.

As aresult of all the different complexities present within the cell membrane: differing
lipid composition, protein composition and the types of proteins present, as well as the presence
of carbohydrates and the fluid manner in which all of these components move, the cellular
membrane and its constituent components can prove difficult to study. Increasing this difficulty,
compounds and membrane components found within the plasma membrane, despite being in a
largely aqueous environment as required for life, can be quite hydrophobic and therefore
immensely difficult to study. For example, the study of integral membrane proteins and indeed,
even peripheral membrane proteins or membrane-associated proteins, are difficult to study in
standard aqueous enzyme activity assays due both to their hydrophobicity as well as potential
dependence on the membrane to provide favorable electrostatic interactions with the protein,
making it possible for it to perform its function.?*>* In addition to proteins, many membrane
components themselves are quite hydrophobic, including of course the lipids of which the
membrane is composed as well as cholesterol, electron transporters and other important
biological molecules.

1.1.2. Model Membranes Commonly Used to Facilitate the Study of Cellular Membranes and
Membrane Components

Because of the difficulty in studying molecules in a wild-type plasma membrane, it



becomes prudent to mimic a cell membrane rather than try to study it in its entirety, or to try to
study one of its components with a variety of other variables present, making any real
observation impossible. In order to simplify the components of a plasma membrane such that
experiments can be performed on any of its constituents or processes, model membranes are
used. Model membranes are a useful tool for studying cellular membranes by allowing
researchers to probe the behavior of proteins and lipids in a membrane by isolating different
aspects of membrane function to study them in detail and gain insight about their function and
the larger impact they may have on the cell.

There are a number of different model membrane systems which are used for studying
membrane components and processes, the three main model membranes are lipid monolayers,
micelles, and lipid vesicles. Briefly, lipid monolayers consist of half a bilayer, formed by
spreading amphipathic molecules on an aqueous surface which may contain only water or buffer,
and may also contain a molecule of interest added either in the hydrophobic phase with the lipids
that are spread over the aqueous subphase or within the aqueous subphase itself.?*?’ They
provide a way to examine lipid-lipid interactions and even protein-lipid interactions by changing
parameters such as the composition of the subphase and temperature, and can be used to obtain
information about the nature of lipid mixtures by measuring the surface pressure of the

interfacial film as a function of the mean molecular area (Figure 1.1).%
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Figure 1.1. Simplified illustration of a lipid monolayer used for a surface pressure-area isotherm
for low molecular weight surfactants and possible phase states, including gaseous (G), liquid
expanded (LE), and tilted and untilted liquid condensed (LC). This figure was published by

Schone et al.?®

While lipid monolayers are a good way of studying the effects of low molecular weight
compounds on lipid interactions and behavior and work has been performed with monolayers in
the Crans lab previously, the main model membrane systems which will be focused on are
liposomes and reverse micelles.?*

Reverse micelles consist of nanometer sized water droplets dispersed in organic solvent
with surfactant molecules organized with the polar heads pointed inward toward the water
droplet, and the hydrophobic tails pointed outward towards the organic solvent.>!-*> While the
structure of reverse micelles is not as analogous to the structure of a membrane bilayer as, for
example, a liposome, which will be discussed later, it is still able to give information about the
interactions of compounds with spherical lipid mimetic monolayer.>! The components used to
create reverse micelles in this thesis consist of 2,2,4-trimethylpentane, or isooctane, as the

organic solvent that the reverse micelles are dispersed in, and the surfactant used to form the

vesicles is dioctyl sodium sulfosuccinate, or aerosol-OT (Figure 1.2).
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Figure 1.2. Structure of the reverse micelle used for experiments contained in this thesis. The
surfactant used to form the vesicle is aerosol-OT, shown with the polar sulfonate head groups
pointed towards the contained water droplet, and the hydrophobic tails pointing outwards
towards the organic dispersant, in this case, isooctane.

By probing the location of molecules confined in reverse micelles, we can roughly determine
placement of probe molecules relative to the structure of the vesicle through spectroscopic
techniques such as nuclear magnetic resonance (NMR). It is also possible to determine how this
placement or interaction with the lipid-like AOT changes with changing conditions of the water
pool, such as pH, ionic strength and probe concentration.*® 3

While reverse micelles are a useful tool for probing membrane interactions or behavior of
low-molecular weight molecules in a membrane-like setting, their biological relevance is
decreased by the surfactant used as well as the environment they are formed in. While the
surfactant AOT is able to mimic the overall behavior of an amphipathic molecule such as the
lipids which typically comprise a cell membrane, the overall structure of AOT is not very

analogous to naturally occurring lipids such as phospholipids, triacylglycerols and even sterols

(Figure 1.2). In addition to the similarity of AOT to other lipids, or lack thereof, the presence of



a bulk pool of isooctane surrounding the vesicle can complicate comparison to a biological
system. For this reason, the other model membrane that will be focused on for the purposes of
this thesis is the liposomal model membrane.

A liposome is a spherical vesicle formed by one or more phospholipid bilayers
(unilamellar or multilamellar), and this spherical vesicle is the model membrane of those studied
here that has the best resemblance to the structure of a cell membrane.®* Its structure consists of
an amphipathic lipid molecule such as a phospholipid, and the lipids are arranged such that the
polar heads are oriented towards the outside of the vesicle on the outer leaflet and pointed
inwards towards the contained water droplet in the center of the vesicle on the inner leaflet of the
bilayer.>> Rather than the presence of organic solvent such as isooctane in the reverse micelle,
liposomes are contained only in aqueous solution, making them a better approximation of a

cellular membrane than a reverse micelle.

Hydrophobic
portion

Phospholipid

Aqueous ;
i bilayer

media

Hydrophilic
portion

Figure 1.3. Figure of a liposomal model membrane. Phospholipids comprising the bilayer
arrange themselves pointing outward toward the outer leaflet of the vesicle and the bulk water
pool, and inward toward the contained water droplet, with the hydrophobic tails pointing toward
each other. Figure originally published by Deb et al. 3

Liposomes are useful for a variety of purposes. Current uses of liposomes include

targeted drug delivery in which vesicles containing drug are targeted to certain cell types through
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the use of cell-surface receptors, and due to their structure and components, liposomes are
capable of delivering both hydrophobic and hydrophilic drugs due to the presence of both polar
and nonpolar regions of the vesicle (Figure 1.3).”3® They also facilitate the study of
hydrophobic molecules found in a cell membrane.**** Many molecules such as the lipoquinone
electron carrier molecules ubiquinone, menaquinone and plastoquinone and membrane proteins
are inherently hydrophobic and as such, difficult to study in an aqueous environment.
Liposomes allow the study of such compounds in an environment more analogous to the one in

which they would be found while still providing a simplified environment for their study.

1.2. Menaquinones: Electron carriers for Mycobacterium tuberculosis

Many of the studies presented here in this thesis are concerning the bacterial lipoquinone,
menaquinone. Lipoquinone electron carriers aid the species which use them by shuttling
electrons to and from membrane-bound protein complexes in the plasma membrane, which is
coupled to the generation of a proton gradient which helps to drive the synthesis of ATP for the
organism.*'**> The most well-known examples of lipoquinones are ubiquinone, which is largely
present in eukaryotic cells and consists of a benzoquinone head group covalently bound to an
1soprenyl side chain, and menaquinone (MK), which is present in Gram-positive bacteria as well
as Gram-negative obligate anaerobes and consists of a naphthoquinone head group covalently

bound to an isoprenyl side chain (Figure 1.5).4
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Figure 1.4. Structures of ubiquinone (top) and menaquinone (bottom).

In order to perform its duties as an electron carrier that generates a proton gradient for
ATP synthesis, MK is reduced by hydrogenases, dehydrogenases and oxidoreductases in the
electron transport system to form menaquinol. It is then re-oxidized by terminal oxidases or
terminal reductases, depending upon whether aerobic or anaerobic respiration is taking place.
This then generates a proton gradient and proton motive force that helps to drive the synthesis of
ATP through the shuttling of electrons to and from membrane-bound protein complexes in the
electron transport system.45

One of the most notable species which uses MK in their electron transport chain is
Mycobacterium tuberculosis (Mtb), the pathogen responsible for the disease tuberculosis and for
the deaths of 1.4 million people in the year 2019 alone.*® The cell wall and cell membrane of
Mtb is complex. The cell wall consists mainly of a long fatty acid called mycolic acid, , and the
inner cell membrane of Mtb, where the electron transport system of Mtb is located and where

MK functions to shuttle electrons to and from membrane-bound protein complexes, consists of

lipids such as acyl phosphatidylmannosides, phosphatidylinositol, cardiolipin, and
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phosphatidylethanolamine.*’ Interestingly, in those species which use MK as their sole electron
transporter, different MK analogues are produced by the cell for the purposes of electron
transport. For example, Mtb predominantly produces MK-9(II-Hz), or MK with nine isoprene
units covalently bound to the naphthoquinone head group, and a saturation at the B-isoprene
unit.* Other pathogenic bacterial species which use MK in their electron transport system
include Corynebacterium diptheriae, the causative agent of diptheria, which produces MK-8(11I-
H»), and Listeria monocytogenes, the causative agent of listeria, which produces MK-7.4831 Tt is
unclear what advantages exist for these bacterial species in producing different analogues of MK,
but recent studies have shown that its composition and concentration may affect the membrane
fluidity of Listeria monocytogenes at low temperatures.”! It is also possible that there are
advantages in producing different MK analogues that are related to their ability to undergo
oxidation and reduction, and thus aid in ATP synthesis for the cell, and the conformation and
location that MKs adopt in the bacterial membrane may also have implications for its ability to
undergo oxidation and reduction and participate in the electron transport system. Despite the
composition of the Mtb membrane consisting mostly of phosphatidylinositol, phosphatidyl
mannosides and cardiolipin as stated earlier, studies done in this thesis will be done with
liposomes containing phosphatidylcholine, a common eukaryotic lipid. This is done so that work
already performed with ubiquinone, a eukaryotic lipoquinone electron carrier, may be compared
to the work obtained here with the menaquinone analogues contained in this thesis.?>>*

1.3. Methods Used for Probing Molecules of Interest Within Model Membranes

1.3.1. NMR Spectroscopic Techniques for Probing Location and Conformation of Molecules of

Interest Within Model Membranes

There are many methods that can be used to study probe molecules within model
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membranes, so for the purposes of this thesis only those that were used in subsequent
experiments will be discussed.

One of the most powerful tools for probing the location of a molecule of interest within a
reverse micelle or a liposome is through nuclear magnetic resonance (NMR). The purpose of an
NMR experiment is to place a solution of molecules into a strong magnetic field. Upon exposure
to the magnetic field, the nuclei of the atoms will begin to behave like small magnets themselves,
and if a broad spectrum of radio frequency waves are applied to the sample then the nuclei will
resonate at their own specific frequencies based on the identity of the atom in question as well as
the environment (shielded or deshielded) that it is in.>> The more shielded a molecule is, or the
more surrounded by electron density, the more the chemical shift of the nucleus in question will
decrease due to the presence of electron density, occluding the signal and shifting it upfield, or
towards lower chemical shift values. In contrast, a molecule that is more deshielded will display
an increased chemical shift due to the removal of electron density, exposing the nuclei and
shifting the peak downfield, or towards higher chemical shift values.® This information alone
can be useful in determination of the placement of a probe molecule in the context of a reverse
micelle or liposomal environment. For example, an NMR spectrum of a compound alone in D>O
compared to a spectrum of the same compound in a reverse micelle or liposome can provide
information about how the environment surrounding the compound has changed.>’-8 If the
compound peaks have shifted upfield this indicates that they are in a less charged, or more
shielded, environment, and if the compound peaks have shifted downfield then it is likely that
the compound is in a more charged, or more deshielded environment,’%>
In addition to being able to provide information about the environment surrounding a

probe molecule, it is also possible to determine how a molecule’s pKa changes in the context of a
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membrane through pH titrations and confinement within a reverse micelle or liposome through
'"H NMR.’"% 2D NMR analysis allows us to take determination of probe molecule
environment and location one step further; by examining cross peaks produced by 'H-'H 2D
NOESY NMR it is possible to elucidate which compound nuclei are interacting with lipid nuclei,
as well as allowing the determination of hydrophobic molecules confined to the bilayer, such as
the hydrophobic electron carrier, menaquinone.*>®' 2D 1H-1H NOESY NMR (Nuclear
Overhauser Effect Spectroscopy) is a 2D NMR spectroscopic method that can be used to identify
signals that arise from protons which are close to each other in space, even if they are not
bonded, giving through space interactions between protons of interest within the molecule or
system of interest. This method can be very useful for determining a molecule’s overall 3D
conformation since it gives information about which protons are near each other in space.
Similar to 2D NOESY, 2D 1H-1H ROESY (Rotating Frame Overhauser Enhancement
Spectroscopy) can be used for a similar purpose, giving through space interactions between
protons of interest. The two techniques are similar, except that in NOESY the cross-relaxation
rate constant goes from positive to negative as the correlation time increases, whereas in ROESY
the cross-relaxation rate constant is always positive. Typically when choosing whether NOESY
or ROESY experiments should be performed, small molecules (MW <600) should be examined
via 2D NOESY, and for medium sized molecules (700<MW<1200) then 2D ROESY
spectroscopy is preferred. For large molecules (MW>1200), the choice becomes more
complicated, with ROESY offering advantages like less spin diffusion, however, for very large
molecules ROESY tends to be less sensitive, so for the purposes of the experiments contained in

this thesis (Chapter 3) the focus is on 2D NOESY %264
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1.3.2. Using Cyclic Voltammetry to Determine Electrochemical Properties of Compounds
Confined to a Bilayer

Another method of analysis which has proven useful in determining the physical
properties of compounds within a liposomal model membrane system is cyclic voltammetry for
the determination of the redox properties of the electron transporter, MK-2, as shown in the work
presented here. MK is an electron transport molecule found in Gram-positive and Gram-
negative obligate anaerobes, and as such the study of its redox ability is of great importance
relative to its biological function.**®> However, owing to its limited aqueous solubility, MK can
be quite difficult to study in a more aqueous environment, and many studies with both
ubiquinone and MK resort to using surfactants or solvents to solubilize the compounds for study,
or simply carry out the study through modeling studies.®®®® In order to investigate the redox
properties of a molecule such as MK in an environment analogous to the one in which it is
naturally found, they can be confined to a liposome bilayer and subjected to cyclic voltammetry
measurements.

In order to collect cyclic voltammograms of MKs loaded into liposomes, a three-
electrode system is used (Figure 1.4). This setup consists of a working electrode, a counter
electrode, and a reference electrode to apply voltage to the system consisting of supporting

electrolyte and liposomal MK and measuring the resulting current.
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Figure 1.5. Three-electrode system used to collect cyclic voltammograms of MK solutions
solubilized in liposomal formulations. Figure was published by Elgrishi et. al.%

In this experimental setup, the working electrode makes contact with the analyte and
must apply controlled voltage to the system and facilitate the transfer of electrons to and from the
analyte, in this case menaquinone. The counter electrode is responsible for passing current
needed to balance the current which is observed at the working electrode. The reference
electrode, then, is a half cell with known reduction potential, which does not at any point pass
current and whose only role is to act as a reference in measuring and controlling the working
electrode’s potential.*®* In this way we are able to study the electrochemical properties of the
menaquinone analyte in an aqueous solution analogous to a cell membrane in which it would be
found.

1.3.3. Dynamic Light Scattering for Verification of Vesicle Formation and Analysis of Size
Differences

Since the model membranes used in the experiments presented in this thesis are spherical
vesicles, dynamic light scattering techniques are used both to verify the size of the vesicles to
ensure that they were made correctly as well as determine any effects that inclusion of an analyte
into the vesicle may have on the overall size. In order to determine the size profile of particles in

suspension, such as liposomes or reverse micelles, a monochromatic light source is shot through
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a polarizer and into a sample containing the particle suspension of interest.”! When light hits the
particles in solution, the light undergoes Rayleigh scattering and the light is diffracted through a
second polarizer where it is collected by a photomultiplier. Because the particles are in a
solution, the intensity of the light which is scattered by liposomes or reverse micelles fluctuates,
and this fluctuation is dependent on the size of the particle in suspension.’>”* For example, a
smaller particle in solution will display much quicker intensity fluctuations of refracted light,
where larger particles will fluctuate in intensity much more slowly. This tells us first and
foremost, that our experimental procedure worked and the formation of vesicles was successful.
It also gives us information about the interactions that the compound of interest may have with
the vesicle: a shrinking of a vesicle (reverse micelle or liposome) treated with a probe molecule
relative to a control liposome may indicate that the compound interacts with the head groups of
lipids and exerts a condensing effect, potentially through favorable electrostatic interactions. By
contrast, increase in the size of a vesicle may indicate that the compound inserts itself into the
interface and have a spreading effect on the lipids which make up the vesicle.”
1.4. Studies Contained in the Subsequent Chapters

The studies contained in this thesis show the characterization of the membrane
interactions (location, conformation) of menaquinone-2 as well as glycine in reverse micelles
and liposomes through 1D and 2D '"H NMR. The electrochemical properties of synthesized
truncated menaquinone analogues are explored through encapsulation within a liposome and
cyclic voltammetry.

The focus of Chapter 2, then, is on the electrochemical properties of truncated
menaquinone analogues in soybean phosphatidylcholine liposomes. Previous work in the Crans

lab has characterized the half wave potentials of truncated menaquinones in aprotic solvents
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pyridine, DMSO and acetonitrile.** While these hydrophobic solvents are ideal for working with
hydrophobic menaquinones and indeed, the hydrophobicity of the solvent may to some extent
mimic the hydrophobicity found in the hydrocarbon tails of a membrane bilayer, these
experiments have less biological relevance than studies done with menaquinones in a liposome.
The liposomal environment provides both a hydrophobic domain in the hydrocarbon tails of the
bilayer as well as dispersal in an aqueous solution, which is much more analogous to the
environment in which it would carry out its duties as an electron transporter. While previous
experimental work done in the Crans lab found that MK analogues with a reduction at the beta-
isoprene unit of the isoprene side chain displayed half wave potentials (E1/2) closer to zero (more
easily oxidized and reduced), the work contained here comes to a different conclusion. Analysis
via cyclic voltammetry found a distinct odd-even effect with respect to the isoprene side chain of
the analogue of interest: while there were no statistical differences between E1,2 values of the
fully unsaturated menaquinone analogues, as the number of saturations increased in the tail the
E1 became more positive (more easily oxidized/reduced) in those analogues with odd-length
isoprene chains and became more negative in analogues with even-length isoprene chains. A
similar trend was seen with the reversibility data obtained: while there was little statistical
significance between fully unsaturated menaquinone analogues, as the number of saturations in
the even-length isoprene chains increased, the reversibility increased, and in odd-length isoprene
chains, the reversibility decreased with increasing saturations in the isoprene side chain.

Chapter 3 delves into more detail about the interactions of menaquinone-2 (MK-2) with a
phosphatidylcholine bilayer in terms of its location and conformation in the membrane, in the
hopes of elucidating the underlying cause for the odd-even effect described in Chapter 2. In this

chapter, '"H NMR and 'H-'"H 2D NOESY spectroscopy are used to examine the chemical shifts of
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menaquinone-2 in a bilayer relative to those found in an aqueous environment and determine the
placement as well as the conformation of MK-2 in a bilayer. This work finds that with
increasing concentrations of MK-2 relative to phosphatidylcholine, the MK-2 is pushed out of
the bilayer and resides at the surface of the liposome in contact with the bulk water pool. Both
the liposome bound fraction and the fraction that is pushed into the water pool appear to adopt a
U-shaped conformation, in which the tail of the molecule is oriented to the side of the
naphthoquinone head group moiety.

Finally, Chapter 4 examines glycine and short glycine peptides diglycine, triglycine, and
tetraglycine and their location and orientation within the reverse micelle. This work finds that
with the exception of monomeric glycine, the short glycine peptides diglycine, triglycine, and
tetraglycine prefer to associate themselves with the reverse micelle interface, with the positively
charged N-terminus interacting with the negatively charged sulfonate heads of the AOT
surfactant molecules. Monomeric glycine, on the other hand, appears to prefer to locate itself
within the bulk water pool of the reverse micelle.

The summary, implications and direction that this research should take are presented in
Chapter 5. This work presents approaches for studying the membrane interactions and

characteristics of hydrophobic molecules in a model membrane setting.
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Chapter 2: Redox Potentials of Truncated Menaquinone Analogues in Soybean

Phosphatidylcholine Liposomes are Sensitive to Odd- or Even-Length of Isoprene Chain

2.1. Menaquinone and its Analogues as Electron Transporters

Lipoquinones play a key role as electron transporters in the electron transport system
(ETS) of prokaryotic and eukaryotic species.! They can be divided into two major structural
classes: benzoquinones (ubiquinone, UQ and plastoquinone, PQ) and naphthoquinones
(menaquinone, MK). Each of these classes of molecules contains a benzoquinone or
naphthoquinone head group, respectively, covalently bound to an isoprenoid side chain of
varying length and degree of saturation within the side chain.>> Lipoquinones work to generate
proton motive force (PMF) by shuttling electrons to and from membrane-bound e donors and
acceptors in the electron transport chain.®’ The resulting PMF is then used to generate ATP for
the cell, making lipoquinones essential for survival .3~

A number of bacteria, particularly Gram-positive and Gram-negative obligate anaerobes,
produce MK as their sole electron transporter.'*!! Examples of Gram-positive bacteria which
use MK in their ETS include Listeria monocytogenes, Staphylococcus aureus, and
Mycobacterium tuberculosis, which are pathogens that have a significant impact on human
disease, as well as a potential impact on bioterrorism, worldwide.'?!* For some of these
bacteria which produce MK, a specific MK derivative has been identified. For example,
Mycobacterium tuberculosis produces primarily MK9(II-Hz), meaning that there are nine
isoprene units covalently attached to the naphthoquinone head group, with a saturation at the II,
or B, position."* A number of other MK analogues have been identified in other bacteria, such as

MKS(II-H2) in Corynebacterium diphtheriae, and differences in the length of isoprene side chain
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can have implications for susceptibility of bacterial cells to antibiotics.'>'® In fact, all bacterial
species which have been examined and contain mycolic acid, a long fatty acid, in their cell wall
possess partially saturated MK analogues.!”!® While it is not clear why this regiospecificity in
MK composition is conserved within species or what advantages it offers to the species which
produce MK, it is possible that this is related to its ability to undergo oxidation and reduction.
Despite the importance of its function as an electron transporter, little is known about
how changes in length of the isoprene side chain or degree of saturation affect the redox
properties of MK. Previous work in our lab has been done to characterize the electrochemical
differences between a number of short truncated MK analogues in aprotic solvents pyridine,
DMSO and acetonitrile.!®?° This work found that the redox potentials of truncated MKs are
sensitive to chain length and saturation in aprotic solvent, and that a reduction in the B-isoprene
unit results in more positive (more easily reduced) E12 potentials of quinone to semiquinone.
However, there are significant differences between the reduction of MK in aprotic solvents and
bacterial membranes. In aprotic solvent, application of electrochemical potential to the quinone
results a one-electron reduction to form a semiquinone (Q™), followed by the second one-electron

reduction of the formed semiquinone to a dianion Q%) (Fig. 2. 1).21-22
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Figure 2.1. Scheme of the reduction of the naphthoquinone head group of MK in aprotic solvent
(top) and in aqueous solution (bottom).

In a neutral aqueous environment such as the liposomal model membrane used to study these
compounds, however, two electrons are transferred simultaneously with either one proton
(forming an anionic hydroquinone) or no protons (forming the dianionic species) (Figure 2.1).%*"
24

In this manuscript, we continue these previous studies in organic solvent by
characterizing the electrochemistry of the same truncated MK analogues studied previously and
the addition of MK4 and phylloquinone (MK4(ILIII,IV-He)) in the context of a liposomal bilayer

(Figure 2.2).
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Figure 2.2. The structures of all MK analogues studied in this work: MK1, MK1(H2), MK2,
MK2(II-Hz2), MK2(H4), MK3, MK3(II-Hz), MK3(He), MK4, and MK4(ILIII,IV-Hs)
Soybean phosphatidylcholine (SPC) is used to create vesicles of uniform size and solubilize MK
analogues in an aqueous bilayer environment for studies via cyclic voltammetry. While bacterial
membranes containing menaquinone as their major electron carrier are typically more abundant

in lipids such as phosphatidylinositol, phosphatidylserine and phosphatidylethanolamine, the
work done here is done using phosphatidylcholine derived from soybeans, so that appropriate
comparisons may be made to electrochemical data already obtained with ubiquinone, which is
typically studied in the context of the eukaryotic lipid phosphatidylcholine.> 2% We
hypothesize that even in the slightly more complex context of a bilayer compared to previous
work in organic solvent, the extent of saturation in the isoprene side chain impacts the E1» redox
potentials and electrochemical reversibility of the truncated MK analogues. These studies are
important for furthering our understanding of the utility of saturated MK side chains to the

pathogenic species, like M. tuberculosis, who use them.
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2.2. Materials and Methods
2.2.1. Chemicals and Solvents

L-a-phosphatidylcholine from soybean (>30%), chloroform (99.8%), ferrocene (Fc,
anhydrous), sodium phosphate monobasic monohydrate (NaH2PO4, 98%) were purchased from
Sigma-Aldrich, and sodium phosphate dibasic anhydrous (Na2HPO4, 99.8%) was purchased
from Fisher Scientific. These materials were used without further purification. Distilled
deionized water (DDI H>O) was purified with a Barnstead E-pure system (~18 MQ cm).
Menaquinone-4 and phylloquinone (MK4 and MK4(IL,III,IV-He) were purchased from Sigma-
Aldrich and used without further purification. All MK-# analogues were synthesized previously
except for MK-3, and the procedures for the synthesis of the MK-n analogues are previously
reported by us.!*2%3% The synthetic procedure for MK-3 can be found in the following section
2.2.3.
2.2.2. Preparation of MK-n Liposomes

Large unilamellar vesicles (LUV) of homogeneous size were prepared with L-a-
phosphatidylcholine (PC). Each MK-n sample was made 1n triplicate with 0.100 g PC in a total
of 10 mL solution and the appropriate mass of MK-n for the addition of 0.06 mmol and a final
MK-n concentration of 6 mM. PC and MK-n are dissolved in 15 mL of CHCl3 in a round
bottom flask, the solvent is then evaporated under vacuum to create a dried film of lipids and
MK-n at the bottom of the flask. The film of lipid is then rehydrated by heating at 55°C and
gently agitating in the presence of 10 mL of 0.100 M phosphate buffer at pH 7.4, resulting in
large multilamellar MK-n vesicles. This solution of multilamellar vesicles of heterogeneous size

is then extruded using a Lipex 10 mL Thermobarrel Extruder at 55°C and passed through a
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polycarbonate filter (Whatman Nucleopore Track-Etch Membrane, 110605, 25 mm) with pore
size of 0.1 um to form a solution of LUV of homogeneous size containing MK-#.

2.2.3. MK-3 synthesis

2.2.3.1. General Methods

Menadiol was synthesized as previously described.!-*!3> Menadione (crystalline), sodium
hydrosulfite (85.0%), 1,4-dioxane (anhydrous, 99.9%), BF; etherate (>46.5%), sodium
bicarbonate (ACS grade), trans,trans-farnesol (96%), and GC grade n-pentane were purchased
from Sigma-Aldrich and were used as received unless otherwise noted. Ultra-high purity argon
gas (99.9%) was acquired from Airgas. SiliCycle®SiliaFlash® F60, 43-60 um 60 A silica gel
was purchased from SilliCycle. Anhydrous sodium sulfate (Certified ACS, granular) and HPLC
grade ethyl acetate (EtOAc) was purchased from Fisher Chemical. Merck TLC Silica gel 60 F2s4
TLC plates were purchased from Merck. Washed sea sand was purchased from Fisher Scientific.
Deuterated NMR solvent, CDCI3 (chloroform-d, 99.8% atom % D), was acquired from Sigma-
Aldrich. Distilled deionized water (DDI H>O) was purified with a Barnstead E-pure system (18
MQ-cm).

All non-aqueous reactions were carried out under an atmosphere of argon in flame-dried
glassware and were stirred on a magnetic stir plate using anhydrous solvent unless otherwise
noted. All solvents were purchased from commercial sources and either used directly or after
drying. Reactions were monitored by thin-layer chromatography (TLC) on Whatman Whatman
Partisil® K6F TLC plates (silica gel 60 A, 0.250 mm thickness) or Merck TLC Silica gel 60 Fasq
plates and visualized using a UV lamp (366 or 254 nm) or Seebach's stain (and heated to
visualize). Products were purified by flash chromatography (SiliCycle®SiliaFlash® F60, 43-60

um 60 A). Yields refer to dried, chromatographically and spectroscopically (‘H NMR)
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homogenous materials unless otherwise noted. All chemicals were used without purification
unless otherwise noted.

The 'H and '*C spectra were recorded on a Bruker Model Avance Neo400 equipped with
BBFO smart probe operating at 400 MHz or 101 MHz, respectively. Chemical shift values ()
are reported in ppm and referenced against the internal solvent peaks in 'TH NMR (CDCls, § at
7.26 ppm) and in *C NMR (CDCl3, § at 77.16 ppm). All NMR spectra were acquired at 25 °C.
Integral values were determined using standard, uncalibrated NMR experiments and should be
viewed accordingly. '"H NMR spectra are reported as follows: chemical shift (multiplicity,
coupling constant, integration). The following abbreviations are used to indicate multiplicities: s,
singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad. NMR spectra were processed
using MestReNova version 10.0.1. or 12.0.2. Details of NMR experiments are provided in
representative experimental sections and captions of figures. Synthesized compounds were dried
under vacuum for ~4 days (~100 Torr) unless otherwise noted to ensure as much residual solvent
from purification was removed as possible. Samples for NMR studies were prepared
immediately prior to running the samples using deuterated solvents (sealed under an inert
atmosphere in glass ampules). High-resolution mass spectrometry (HRMS) experiments were
conducted on an Agilent 6224 TOF LC/MS (WTOF) equipped with dual ESI source in positive
ion mode.
2.2.3.2. Synthesis of 2-methyl-3-((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-
yl)naphthalene-1,4-dione, (MK-3)

To a dry 100 mL round bottom Schlenk flask were added a dry stir bar, ethyl acetate (16
mL) and 1, 4-dioxane (16 mL), which was then evacuated/purged with argon, repeatedly. Then,

crude menadiol (2.2) (2.20 g, 10:1 menadiol:menadione, 11.5 mmol accounting for residual

32



menadione) and trans-trans-farnesol (2.14) (2.78 g, 12.5 mmol, 1.09 equiv.) was added followed
by dropwise addition of distilled BF3 etherate (0.8 mL). The reaction mixture was refluxed at 75-
80 °C for 3 h under argon. The red/orange reaction mixture was quenched with iced DDI-H>O
(100 mL) and extracted with diethyl ether (3 x 100 mL). The combined yellow organic extracts
were then washed with saturated NaHCO3 (100 mL), DDI H,O (100 mL), and saturated NaCl
(100 mL), dried over anhydrous Na2SOys, and then concentrated at reduced pressure at ambient
temperature to yield 4.67 g of red crude oil after drying under vacuum overnight. The red crude
oil was purified by flash column chromatography (1000 mL of 230-400 mesh SiO2, 70 mm
column, 20:1 n-pentane:EtOAc). The red/yellow oil was dried under reduced pressure (~100

Torr) for 4 days to yield 0.930 g (2.47 mmol, 21.5% yield) as an orange-red oil.

BF 3 Etherate
EtOAc/Dioxane 1:1
HO = = = 3 hrs., reflux

" y’sﬂos( OH 22% yield
olo 2 2
'°

Figure 2.3. Synthetic route to prepare MK-3 (4) from menadiol (2) and trans,trans-farnesol (3)
using Lewis acid catalyst conditions.!-2% 32

The results of the 'H and '*C NMR and HRMS are summarized below.

"H NMR (400 MHz, CDCl3) &: 8.05-8.10 (m, 2H), 7.66-7.71 (m, 2H), 5.00-5.06 (m, 3H), 3.37 (d,
J=7.0 Hz, 2H), 2.19 (s, 3H), 1.88-2.09 (m, 8H), 1.79 (s, 3H), 1.65 (s, 3H), 1.56 (s, 6H).

’3C NMR (101 MHz, CDCl3) &: 185.62, 184.68, 146.31, 143.51, 137.69, 135.34, 133.48, 133.42,
132.34, 132.31, 131.40, 126.46, 126.34, 124.45, 124.00, 119.25, 39.85, 39.82, 26.87, 26.61,

26.17,25.83,17.79, 16.57, 16.16, 12.83.
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HRMS (ESI, WTOF): calculated for C26H3302 [(M + H)+], 377.2475; found, 377.2488.
2.2.4. Electrochemical Methods

The electrochemistry was performed using a Pine Research WaveDriver 20 bipotentiostat
(Model AFP2) and the AfterMath software program. Cyclic voltammetry (CV) measurements
were carried out at ambient room temperature using a classical three-electrode system with a
glassy carbon working electrode (BASi, MF2012, area 0.707cm? 3mm), a low-profile aqueous
Ag/AgCl reference electrode (Pine Research, RRPEAGCL20, 3.5mm), and a platinum wire
auxiliary electrode (BAS1, MW1032) with 0.1 M phosphate buffer at pH 7.4 as the supporting
electrolyte. The scan rate used for all reported redox potentials was 100 mV/s and performed in
the direction from -0.850 V to 0.400 V to -0.850 V. Electrodes were cleaned after each set of
three measurements. The glassy carbon electrode was polished with water and alumina in a
figure-eight motion and then rinsed with DDI H>O. The Pt wire auxiliary electrode was polished
gently with 600 grit sandpaper and rinsed with ethanol, and then was dried with a chem-wipe and
compressed air.

Redox potentials are reported as half-wave potentials, Ei.2, and calculated from Eq 2.1, in
which Epc and Ep. are cathodic and anodic peak potentials, respectively. The analysis of CV data
has been extensively discussed by our group in our previous work on these analogs in aprotic
solvents; including the extent of reversibility by the peak current ratio, determination of diffusion
coefficients, and determination of the number of electrons participating in the redox process.?’

All half-wave potentials are referenced to the external standard of ferrocene, whose half-wave

potential is set to zero (Fc*/Fc Ei2 =0 V).

1
Eq. 2.1. E1/2 = E (Epc + Epa)
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The CVs were graphed using Origin2020 student version, and Microsoft Excel 2016 was
used for mathematical analysis and subtraction of external standard Fc*/Fc Ei/, redox potential
from experimental MK data to set the potential axis vs. Fc*/Fc.

2.2.5. Diffusion Coefficient Analysis

Diffusion coefficients were determined for the MK-#n species using the cathodic peak
current. Peak current was measured using the cyclic voltammetry package in Origin2020 student
version. Because masses of MK-n analogues were weighed in mg quantities, the diffusion
coefficients are restricted to two reported significant figures. Diffusion coefficients are
calculated based on the exact mass of MK analogue weighed out according to methods
previously established in the lab.!”?° The i, values for cathodic and anodic current passed were
used to determine reversibility, in which most of the anodic peak currents are smaller than the
cathodic peak currents, indicating quasireversibility.

2.3. Results
2.3.1. Cyclic Voltammetry and E1/2 Potentials of Truncated Menaquinone Analogues

As noted earlier, mechanism of reduction of MK when an electrochemical potential is
applied is different in the context of a bilayered membrane than in aprotic solvent, as is the
species formed. In aprotic solvent, the application of electrochemical potential results in a one-
electron transfer to the quinone, forming a semiquinone (Q™), and a subsequent one-electron
transfer to the semiquinone results in a quinone dianion (Q%). In the context of a bilayered
membrane, however, the semiquinone and dianion species are unstable due to the presence of
readily available protons. As a result, at neutral pH in aqueous media either two electrons and
one proton or two electrons without the participation of a proton are transferred simultaneously

(Figure 2.1).2"2* So while previous electrochemical work done in aprotic solvent measured the
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formation of the semiquinone, work done here on MK analogues in liposomal membranes
measures instead the formation of the anionic quinol or hydroquinol species.

Electrochemical analysis of each MK analogue was done with Fc as an external standard
in the presence of 0.1 M phosphate buffer and SPC. Each CV shows two distinct peaks
corresponding to the reduction (cathodic peak) of menaquinone to menaquinol, and subsequent
oxidation back to menaquinone (anodic peak), as shown in Appendix IIl. All half-wave
potentials for each redox process for each MK-n, referenced to the external standard of Fc+/Fc,
are listed in Table 2.1.

Table 2.1. Listed E12 potentials of each truncated MK-n analogue studied in this work with 95%
confidence intervals.

MK-n E,, vs. Fc/Fc+, A%
MK1 -0.5131 £ 0.0016
MKI(H,) 205114+ 0.0017
MK2 -0.5097 +£ 0.0025
MK2(1I-H,) 20.5240 + 0.0032
MK2(LII-H,) 20.5348 £ 0.0079
MK3 -0.5239 + 0.0098
MK3(1I-H,) 205132 £ 0.0016
MK3(LILII-H,) 205115 + 0.0032
MK4 -0.5116 £ 0.0032
MK4(H,HI,IV—H6) -0.5466 + 0.0016

With respect to the Ei/2 potentials for each truncated MK analogue, values obtained for
each truncated analogue are fairly similar with low standard deviation, as the head group which
undergoes the redox processes is the same between each compound, only differing in the length
and degree of saturation of the isoprene tail. Fully unsaturated analogues, for the most part, are
not statistically different from each other (Appendix 1I). However, there is statistical difference
(p<0.05) in the E1/2 values obtained from these MK analogues with increasing saturations in the
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isoprene tails of specifically, the even-length MK analogues MK2 and MK4 (Appendix II) In
the case of these MK analogues with an even-length isoprene tail, increasing the number of
saturations in the tail leads to more negative E1/; potentials, meaning that more extreme

electrochemical potentials are needed to oxidize and reduce the compounds. (Figure 2.3)

Comparison of E,;values of MK-n analogues with even-length isoprene chains
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Figure 2.4. Graphical comparison of the change in E1/ potential with increasing saturations in
the isoprene side chain of even-length isoprene chains (top) and odd-length chains (bottom).
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However, the same is not true for MK analogues with odd-length isoprene chains. In this case,
increasing the number of saturations in the isoprene tail of MK3 seems to result in a slight
increase in the measured E12 potentials, however, this increase is only significant between MK3
and the two saturated analogues, not between the saturated MK3 analogues themselves (Fig 2.3,
Appendix II).

2.3.2. Reversibility (ipa/ipc) Studies

In addition to calculating the Ei/; potentials for each of the truncated MK analogues, the
cathodic and anodic peaks currents of each CV were used to calculate the electrochemical
reversibility of the compounds in a SPC bilayer. Reversibility is calculated by the ratio of the
anodic and cathodic peak currents, or ip./ipc, and in a situation in which a compound is perfectly
electrochemically reversible, this ratio should be equal to one.

Previous studies in our lab with truncated MK analogues in aprotic solvent found that
when the compounds are free to rotate in the aprotic solvents DMSO, pyridine and acetonitrile,
each of the analogues was found to be completely electrochemically reversible. However, the
reversibility of these analogues when in the confines of a bilayered vesicle as opposed to freely

rotating in organic solvent does not indicate complete reversibility, but rather quasireversibility.
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Table 2.2. Values calculated for ipa/ipc of each of the MK-n analogues shown with calculated

95% confidence intervals.

MK-n Ip /ip_

MK1 1.611 +0.1207
MK1(H2) 1.691 £0.1444
MK2 1.952 £0.1620
MK2(II-2) 1.568 +0.2758
MK2(H4) 1.326 +0.3177
MK3 1.024 + 0.3227
MK3(I-H2) 1.280 + 0.3237
MK3(H6) 1.714 £ 0.1395
MK4 1.375 +0.1896
MKA4(ILIILIV-H6) 0.8920 = 0.1861

Values calculated for ip./ipc are shown in Table 2.2. For the most part, values are greater
than one due to the higher peak current observed at the anodic peak as compared to the cathodic
peak. Each fully unsaturated MK-# analogue is significantly different from the others with the
exception of MK3-MK4 and MK1-MK4 (Appendix II), and like the analysis of the E12
potentials, there appears to be a difference between the behavior of MK-n analogues with odd-
and even-length isoprene chains. For MK-n analogues with even-length chains, increasing the
number of saturations in the chain results in an increase in reversibility, or the ip./ipc ratio
becomes closer to one, however, this is significant only when comparing fully unsaturated with
fully saturated analogues (Appendix II, Figure 2.4). In contrast, MK-n analogues with odd-
length isoprene chains are inherently more reversible than even-length, with MK-3 showing an
ipa/ipc of one, however, increasing the number of saturations in the isoprene tail reverses this

trend. This trend is also significant only when comparing fully saturated with fully unsaturated
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analogues of MK3, and there is no statistical significance at all between the ip./ip. ratios of MK1

and MK1(H2) (Appendix II, Figure 2.4).

Comparison of ip,/ip. of MK-n analogues with even-length isoprene chain
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Figure 2.5. Graphical comparison of the change in reversibility as denoted by the ip./ip. ratio
with increasing saturations in the isoprene side chain of even-length isoprene chains (top) and
odd-length chains (bottom).

2.3.3. Diffusion Coefficient Analysis
Diffusion coefficients for each MK-n analogue were calculated from their CVs by using

the Randles-Sevcik equation and each MK-n redox process was found to be a two-electron
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reduction as detailed earlier.**3* Diffusion coefficients of each compound are listed in Table
2.3.

Table 2.3. Diffusion coefficients calculated for each MK-n analogue with calculated 95%
confidence interval.

MK-n D, (cmz/s)

MK1 22510" £1.05-10"
MKI1(H,) 82410 £540 10
MK2 1.40-10° +6.04-10
MK2(II-H,) 1.09 10" +7.58-10
MK2(H,) 26010 +1.81-10
MK3 17310 £1.95-10
MK3(II-H,) 16210 18610
MK3(H,) 13510 £2.16 10"
MK4 6.88 10 +3.49 10
MKAILILIV-H) {5 26.10” +4.01 10"

Data obtained here shows that with the exception of MK1, and to some extent, MK1(Hz), Do
values are 1-2 orders of magnitude lower than that of a compound freely rotating in aqueous
solution (Figure 2.5). This observation is logical in light of the confinement of the MK-n
compound to a liposomal bilayer; a molecule freely rotating in aqueous solution has only to
diffuse to the surface of the electrode, but a molecule confined to a liposomal bilayer must
diffuse to the surface of the bilayer as the liposome itself diffuses to the surface of the electrode,

lowering the observed Do value from what would be expected in aqueous solution.
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Diffusion Coefficients of MK-n Analogues
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Figure 2.5. Graphical comparison of diffusion coefficient values calculated for MK-n analogues.

Only MK1, MK1(H2), MK2, MK2(II-H>) and MK2(Ha) are statistically distinct from each other
(Appendix II), and as tail length and saturation increases there is a clear decrease in Do. As the
tail length and saturation increase beyond MK3(II-H»), however, error increases, often beyond
the scope of the measurement taken, with MK3(II-H>) , MK3(Hs), MK4 and MK4(ILIIIL,IV-He)
giving the highest error. This is likely due to these longer and/or more saturated analogues being
more deeply anchored into the membrane and less accessible, resulting in widely differing peak
currents used to calculate Do.
2.4. Discussion

Previous studies with these same MK-n analogues in organic solvent showed a clear
pattern with regards to the changes in E1,2 potentials brought about by structural differences
between compounds; that is, it was found that first chain length, then degree of saturation, are the

structural components responsible for predictable patterns of change. In organic solvent, it was
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found that a reduction in the beta-isoprene unit of the tail results in more positive Ei, potentials,
meaning that it is easier to oxidize and reduce. Further saturations in the tail, then, resulted in
more negative E; potentials. Data in the more biologically relevant context of a liposomal
bilayer, however, does not follow as clear of a pattern between the analogues.

As shown in Fig. 2.3, there does appear to be an odd-even effect in the E, potentials
measured for the analogues. Increasing the tail length of the fully unsaturated MK-n analogues
has very little difference on the Ei/2 potentials measured, with no significant differences between
any of the unsaturated analogues (Appendix II). However, depending on whether the MK-n
analogue has an odd- or even-length isoprene chain, addition of saturations in the chain has a
much different effect. In the case of MK-n analogues that have an even-length isoprene tail, the
addition of saturations in the tail results in E1, potentials that are more negative, meaning that
they require more extreme potentials to undergo oxidation and reduction. In contrast, for those
MK-n analogues which have an odd number of isoprene units in the tail, increasing the number
of saturations in the isoprene tail results in increasingly positive Ej, potentials, resulting in a
compound that is more easily oxidized and reduced (Fig. 2.3).

While it is unclear why this effect may be occurring, it is not unprecedented for
compounds with carbon chains of differing lengths to have different electrochemical properties
depending on whether the carbon chain has an odd or even number of carbon atoms. Previous
studies with monolayers of H2C=CH-(CH2),-phenyl that were directly bound to Si(111) showed
that these compounds with an even number of methylenes were more efficient electrical
conductors than those with an odd number of methylenes.** This is a result of the orientation of
both the ring plane and the long axis of the alkyl spacer being more perpendicular to the

substrate plane for these even length methylene molecules. This change in orientation affects the
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electron density on the aromatic rings with respect to the shortest tunneling path, which increases
the barrier for electron transport through the odd monolayers. Other studies with hydrocarbon
chains of odd and even length have also found discrepancies between electrochemical data
collected between those compounds with odd and even chains in self-assembled monolayers.*538
Despite the widely reported occurrence of an odd-even effect in hydrocarbon chains in self-
assembled monolayers (SAMs), this phenomenon is poorly understood, as it is difficult to
distinguish the effects that the conformation of the molecule itself has on its electrochemical
properties from the effect that the interface may have on its electrochemistry.>® 3% A similar
phenomenon may be occurring here in which a combination of the orientation of the MK-n and
its confinement in a particular region of the bilayer may affect how much electrochemical
potential is required to oxidize and reduce the MK-n. It is likely that, with the exception of MK1
and potentially MK1(Hz), the MK-n molecules are confined at least to some degree to a
particular region of the phosphatidylcholine bilayer due to their hydrophobicity, and a
combination of this and the natural conformation that they adopt in solution may lead to the
different electrochemical properties observed between MK-n analogues with odd- and even-
length isoprene chains. Indeed, we see a much sharper contrast between a fully unsaturated MK-
n analogue and its partially or fully saturated derivatives when the isoprene side chain length
increases to two units and beyond (Figure 2.3). This is consistent with previous studies of odd-
and even-length hydrocarbons in self-assembled monolayers and may be due to the increased
hydrophobicity of the compounds resulting in increased incorporation into the membrane. As a
result, the compound is located within the liposome such that it is more tethered to the liposomal
bilayer and confined, which, relative to the electrode, may result in a need to pass more

electrochemical potential before the compound is able to undergo oxidation and reduction.
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Electrochemical reversibility also follows an odd-even trend within the different MK-n
analogues. Electrochemical reversibility refers to the rate at which electron transfer occurs
between the working electrode and the redox-active MK-n molecule. Previous work in organic
solvent showed that the compounds were perfectly electrochemically reversible, meaning that the
electron transfer occurs quickly and without significant thermodynamic barriers. Again, this is
not the case when the same MK-n analogues are confined within a phosphatidylcholine bilayer.
In the context of a phosphatidylcholine bilayer with the notable exception of MK3 (Figure 2.4)
instead the compounds display quasireversibility, indicating that electron transfer from the
electrode to the MK-n is impeded. While it is difficult to determine what the cause of this may be
due to a lack of prior research on menaquinone or ubiquinone analogues with increasing
saturations, this quasireversibility may be due to the surrounding phospholipid environment
impeding electron transfer from the electrode to MK-n. It is possible, but unlikely, that a
different surrounding lipid environment may produce slightly different trends in reversibility
between the MK-n analogues, since it is speculated that the change in reversibility may be due to
the change in orientation of the naphthoquinone head group to the liposomal surface, which
could be affected by different lipid head groups. However, similar to the odd-even effect
observed with E12 potentials, this is likely a result of the confinement of the molecule within the
liposomal membrane. It is possible that in MK-n analogues with even-length isoprene chains, as
the saturations in the chain increase they are oriented in such a way that results in a faster, and
less impeded electron transfer, and increased saturations in isoprene chains of odd-length MK-n
analogues causes them to be oriented in such a way that electron transfer is impeded, and more
dependent on scan rate (Appendix III).

Interestingly, more negative E1, potentials seem to be correlated with increased
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reversibility. While more extreme potentials are required to reduce, for example, MK-n
analogues with odd length compared to even length of isoprene chain, the need for these more
extreme potentials does not seem to be related to the ease of electron transfer from the electrode
to the MK-n analogue. This indicates that while more extreme potentials may be needed for
even-length MK-n with increasing saturations and less electrochemical potential is required to
reduce odd-length MK-n with increasing tail saturations, this observation is not related to the
ease of electron transfer to and from the electrode as indicated by ipa./ipc ratios. It is not likely
that this observation has biological implications. The variations in ip./ipc ratios between MK-n
analogues, while potentially useful for gaining information about electron transfer of MK-n
compounds within a bilayer or vague information about differing conformations of MK-n
analogues at a bilayer surface, are not likely to have biological relevance as this is a reflection of
electron transfer between MK-n and the electrode’s surface. In a biological environment such as
the electron transport chain, electron transfer is not likely to happen at the liposomal surface, but
embedded slightly further in the bilayer by enzymes involved in electron transfer such as
hydrogenases, dehydrogenases and oxidoreductases. As a result, while the calculated ip./ipc
ratios and E12 values shown here show a unique chemical relationship that may be due to the
conformation of the MK-n analogue’s naphthoquinone head relative to the electrode or bilayer, it
is not likely that this unique and curious relationship has any biological implications. Again, it is
likely that this discrepancy is related to the confinement of the compound of interest in the
bilayer affecting its orientation relative to the electrode, which may impede the electron transfer
process. In the case of ipa/ip. ratios between shorter and longer chain MK-n analogues, with the
most notable example here being the comparison between MK1 with increasing saturations and

MK3 with increasing saturations, there is a sharper and more statistically significant difference
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between the ipa/ipc ratios of compounds with longer isoprene chains. This further supports the
hypothesis that the odd-even effect observed here is related to confinement and conformation in
the bilayer.

The calculation of diffusion coefficient from the cyclic voltammograms obtained shows
that even including the shorter and slightly more hydrophilic MK1, the MK-n analogues likely
prefer to localize either at the liposomal interface near the polar head groups, or in the case of
longer and more hydrophobic analogues like MK3 and MK4, further in the hydrophobic tail
region. This is evidenced by diffusion coefficients which are two to four orders of magnitude
smaller than values which are typically observed in aqueous solution.***! This decrease in
diffusion coefficient as a result of confinement in a liposomal bilayer is due to the need for the
liposome to diffuse to the electrodes surface at the same time that the MK-n analogue diffuses to
the surface of the liposome for electron transfer to and from the MK-n and electrode. This
observation is supported by the data collected for the diffusion coefficient analysis as well; there
is statistical significance observed between MK1, MK1(H2), MK2, and MK2(II-H2) in which
the Do decreases with increasing tail length and saturation. This is likely due to the increased
solubility of the MK-n analogues with shorter isoprene side chains and fewer degrees of
saturation. As the tail length increases, we see a significant decrease in the diffusion coefficient
which corresponds to less MK-n freely soluble in the aqueous environment surrounding the
liposome and increased incorporation of the MK-# in the liposomal bilayer. This observation is
supported in Chapter 3 as well, in which we will see that with increasing concentrations of MK-2
which are much lower than those used here, a freely soluble species of MK-2 emerges and can be
observed via 'H NMR. As tail length and saturation increase, we see this trend continued with

the increase in error of the samples collected, and this is likely due to increased incorporation of
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the hydrophobic MK-# analogues into the bilayer, causing difficulty in detection of the MK-n at
the electrodes surface and resulting in differing peak current values which are used to calculate
Do.
2.5. Conclusions

There is a distinct odd-even effect with regards to length of isoprene chain of the MK
compounds used in this study and experimentally obtained half-wave potentials and
electrochemical reversibility when these compounds are confined in phosphatidylcholine
liposomes. Interestingly, compounds with higher reversibility (ipa/ipc ratio closer to 1) require
more extreme potentials to undergo oxidation and reduction, and compounds with lower
reversibility (ipa/ipc deviates from 1) require less extreme potentials to oxidize and reduce. It is
possible that this odd-even effect that is observed is due to the electronic properties of the
menaquinone as a result of its conformation and interactions with phosphatidylcholine lipids as it
is confined within the liposomal bilayer. The naphthoquinone head group of the MK-n
analogues may be oriented differently relative to the electrodes surface as a result of having odd-
or even-length isoprene chains as well as the interactions of the phosphatidylcholine head groups
with the naphthoquinone head, effecting the electrochemical properties which are observed when
confined in an artificial bilayer. While the relationship observed between E1/2 and ipa/ip. is
curious and interesting, it is not likely that it carries any biological weight, as the reversibility
1pa/1pc ratios calculated here are a reflection of electron transfer to and from the MK-#n analogue
and the electrode at the liposomal surface, and electron transfer in a biological system is not
likely to happen at a cell surface but rather by membrane-bound enzymes such as hydrogenases,

dehydrogenases and oxidoreductases.
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Data obtained from diffusion coefficient analysis shows that MK-n analogues with
shorter and less saturated isoprene side chains are likely to be freely soluble in the bulk water
pool as opposed to being confined within the liposomal bilayer. This is shown by a decrease in
the value for diffusion coefficient calculated for the longer and more saturated MK-n analogues
such as MK-3 and MK-4 compared to those calculated for the shorter analogues MK-1 and MK-
2 (Figure 2.5). This observation is further supported in the next chapter, Chapter 3, in which
increasing concentrations of MK-2 relative to a phosphatidylcholine bilayer result in the

emergence of an aqueous MK-2 species which can be observed via '"H NMR.
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Chapter 3: '"H NMR Analysis of the Conformation and Location of Menaquinone-2 in

Phosphatidylcholine Liposomes

3.1. Menaquinone Odd-Even Redox Properties in Chapter Two may be Resultant from
Interactions with Phosphatidylcholine Lipids and Conformation Within a Bilayer

Menaquinones, as stated in the previous chapter, are lipoquinone electron transporters
which function to shuttle electrons to and from membrane-bound protein complexes in the
electron transport systems (ETS) of a number of Gram-positive and Gram-negative obligate
anaerobes, including Mycobacterium tuberculosis, Staphylococcus aureus, and Listeria
monocytogenes, pathogens which play a role in human disease worldwide.!” They consist of a
naphthoquinone head group covalently bound to an isoprene tail of varying length, and
saturation.*® In the species which produce menaquinone as their sole electron transporter, there
is often a specific analogue of menaquinone which is produced; for example, Mycobacterium
tuberculosis produces MK9(II-H>), or menaquinone with nine isoprene units, selectively
saturated at the beta-position.”® While it is clear that there are inherent preferences in which
menaquinone species is produced by each organism and the function of menaquinones as an
electron transporter are clear, it is not clear why different species may produce different
analogues and what advantages may lie therein.”!

Work in the previous chapter, which examined the impact of chain length and saturation
in synthesized truncated menaquinone analogues confined to a liposomal bilayer, shows that
there may be an odd-even effect at play with respect to the electrochemical properties of the
truncated menaquinones and the number of isoprene units in the side chain. A single isoprene

unit consists of four carbon units with a methyl group attached (2-methyl-1,3-butadiene), making
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the carbon length of the side chain of the MK-n analogue an even number for all analogues;
however, it is possible that each isoprene unit is held in such a conformation in this environment
that may account for the observation of an odd-even effect in the electrochemistry of the MK-n
analogues. Results from examining half wave potentials (E;.2) of truncated menaquinones
shown in Figure 2.3 showed that while there may not be a significant difference in E1,> between
fully unsaturated analogues, as the number of saturations in the side chain increases the
compounds require either more negative potentials (even length) or slightly more positive
potentials (odd length). It is hypothesized that, similar to other studies in which the redox active
molecule is immobilized on a surface, this may be due to their confinement within the bilayer
and the conformation and lipid interactions that they adopt as a result.!'!? A similar odd-even
effect has been documented extensively in electrochemical studies of odd- and even-length
hydrocarbon chains in self-assembled monolayers, and though it is well-known it is poorly
understood.!3!° It is possible that the same effect is happening in the MK-n analogues studied in
the previous chapter. The odd-even effect here could be due to differences in the orientations of
the plane of the naphthoquinone head group and isoprene side chain with respect to the outer
leaflet of the liposome, which is exposed to the electrodes surface.

To begin to determine what may be causing this observed odd-even effect, 1D and 2D 'H
NMR were used to probe the location and conformation of menaquinone-2 (MK-2) within egg
phosphatidylcholine (EPC) liposomes rather than the soybean PC used in the last chapter.
Phosphatidylcholine lipids are used so that data obtained with MK may be compared with that of
ubiquinone, which is frequently studied in the context of lipids found in eukaryotic cells,
particularly phosphatidylcholine. In addition to the ability to compare to data gathered with

ubiquinone in a liposomal context, EPC used here has higher purity (in addition to being the
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most cost-effective option) than soybean PC used for experiments in the previous chapter,
making it much more suitable for 'H NMR analysis. In this study, EPC liposomes are used to
examine the conformation as well as the behavior and characteristics of MK-2 at increasing
concentrations relative to the EPC used to form liposomes to determine what effect MK-2 may
have on the bilayer at these elevated concentrations compared to their concentrations in a
biological membrane (4.3 ng/10® CFU in Mycobacterium smegmatis).” Work performed here
found that at higher concentrations of MK-2 relative to PC, the compound resides at the outer
edge of the bilayer’s inner or outer leaflet in an aqueous environment, as evidenced by 1D 'H
NMR and 2D 'H -'H NOESY spectroscopic analysis. Dynamic light scattering analysis was
performed to verify the formation of liposome vesicles after extrusion and to examine
differences in vesicle sizes with increasing concentrations of MK-2 relative to PC. While this
study alone is not enough to determine why we observe an odd-even effect with regards to the
redox properties of MK in a liposomal bilayer, it lays the foundation for the further study of
similar compounds (such as MK-2 with increasing saturations in the isoprenyl side chain. In
addition, the work here finds that at the concentrations used to make MK-# containing liposomes
in the previous chapter, it is likely that some of the MK-2 compound is located just at the outer
leaflet of the liposome in an aqueous environment or in the aqueous environment itself in small
concentrations, which may account for the higher diffusion coefficient values observed for MK-1
as well as MK-2.
3.2. Materials and Methods
3.2.1. General Methods

Reagents were purchased and used without further purification including L-a-

phosphatidylcholine from egg yolk, Type XVI-E (=99%, Millipore Sigma), chloroform (99.8%,
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Sigma-Aldrich), deuterium oxide (D20, 99.9%, Cambridge Isotope Laboratories), and
tetramethylsilane (TMS, 99.9%, Cambridge Isotope laboratories). Menaquinone-2 was
synthesized in the lab as described previously °. Distilled deionized water (DDI H>O) for DLS
experiments was purified with a Barnstead E-pure system (~18 MQ cm). All pH measurements
were conducted using a Thermo Orion 2 Star pH meter with a VWR semimicro pH probe. When
conducting NMR experiments, deuterium oxide was used as the aqueous solvent, so the pH was
adjusted to consider the presence of deuterium (pD = 0.4 +pH).!%"!” The pD was adjusted using
0.1 M solutions of DC] and NaOD, and since pD is customarily referred to as pH, for the
remainder of the manuscript we refer to the pD as pH.
3.2.2. Preparation of MK-2 and Control Liposomes for 1D and 2D 'H NMR

Large unilamellar vesicles (LUV) of homogeneous size were prepared with L-a-
phosphatidylcholine from egg yolk (EPC) in pure D20 in 1 mL batches. Each MK-2 liposome
sample was made with the appropriate mass of MK-2 for 4, 6, 8, and mg/mL MK-2 with a total
sample concentration of MK and PC of 100 mg/mL (corresponding to molar ratios of MK-2:PC
of 1:10, 1:6, 1:5, and 1:3 respectively). Briefly, EPC and MK-2 are dissolved in 15 mL of
CHCI3 in a round bottom flask. The CHCl3is evaporated under vacuum to create a dried film of
only lipids (control) or lipids and MK-2 at the bottom of the flask, which is then rehydrated by
gently agitating in the presence of D>O at pH 7.39 in a water bath heated to 45°C, resulting in
large multilamellar vesicles. The solution of multilamellar vesicles of heterogeneous size is then
extruded using an Avanti Mini-Extruder incubated at 45°C and passed through a polycarbonate
filter (Whatman Nucleopore Track-Etch Membrane, 110606, 25 mm) with pore size of 0.1 pm to

form a solution of LUV of homogeneous size.
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3.2.3. 1D 'H NMR Spectroscopy of MK-2 liposomes

Data was collected using a Varian model MR400 operating at 400 MHz using routine
parameters (1.0 s relaxation time, 25°C temperature control and 45° pulse angle). Liposomal
spectra are referenced to the HOD peak, which is determined by using tetramethylsilane (TMS)
as an internal reference in D20 alone prior to collecting each spectrum. The NMR instrument
was locked onto the deuterium signal from DO and each spectrum was collected using 64 scans
per sample. The data were processed using MestReNova NMR processing software version
10.0.1. The spectra were manually phased and the baseline was corrected using a Bernstein
polynomial fit (polynomial order 3).
3.2.4. 'H-'H 2D NOESY spectroscopy of MK-2 liposomes

2D NMR spectroscopic studies in liposomal solutions were carried out on a Varian model
MR400 magnet operating at 400 MHz at 25°C. A standard NOESY pulse sequence consisting of
256 transients with 16 scans in the f1 direction using a 200 ms mixing time, 45° pulse angle, and
relaxation delay of 2.0 s. The instrument was locked onto the deuterium signal from D>O and
the spectrum was referenced to the HOD peak as previously described. The resulting spectrum
was processed using MestReNova NMR software version 10.0.1 as previously described.
To obtain visual aids of MK-2 conformations Merck molecular force field 94 (MMFF94)
molecular mechanics 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 anergy minimization to achieve the desired
conformation.
3.2.5. Preparation of MK-2 and Control Liposomes for DLS

LUVs of homogeneous size were prepared from PC in diH20O in 1mL batches, similar to
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the preparation of LUVs for NMR analysis. MK-2 and PC were dissolved in CHCI3 to make
stock solutions of 1 mg/100 uL and 1 mg/10 pL, respectively (6.4 mg MK-2 in 640 uL. CHCI3
and 94 mg EPC in 940 uL. CHCI3). Samples were made by adding appropriate volumes of each
stock solution to a round bottom flask to contain 4, 6, 8, and 12% MK-2 relative to PC (w/w%)
with a total combined mass of PC and MK-2 of 20 mg in 1 mL samples and the same molar
ratios of MK-2:PC as were used for 'H NMR analysis. A control sample consisting of pure PC
was also implemented. CHCI3; was evaporated to create a dried film of lipids, and DDI H>O at
pH 7.0 was added to the lipid film for a total final sample concentration of 20 mg/mL. LUV of
homogeneous size are prepared using the same method as those made for NMR analysis by using
an Avanti Mini-Extruder and polycarbonate filter with pore size of 0.1 pm.
3.2.6. DLS Measurements of MK-2 Liposomes

DLS measurements were carried out using a Zetasizer nano-ZS at 25°C. Each
measurement consisted of a 600 s equilibration time followed by 10 acquisitions consisting of 15
scans for each acquisition. The data was analyzed using Zetasizer software and the values
reported in Table 3.1 are the average of triplicate sample measurements. For statistical analysis
of DLS data, a standard t-test and one-way ANOV A were performed using Graphpad Prism 84.3
software. A p-value lower than 0.05 was used as an indicator of statistical significance.
3.3. Results and Discussion
3.3.1. DLS analysis of Liposomes with increasing MK-2 concentration

In order to confirm that liposomes of the appropriate size were formed (100nm) as well
as determine any effects that the increasing concentration of MK-2 may have on the size of the
vesicle, dynamic light scattering (DLS) was used according to the methods laid out in the

experimental section.

58



Table 3.1. Dynamic light scattering measurements of EPC liposomes containing increasing

concentrations of MK-2.

Sample Size (d.nm) Standard Deviation (d.nm) Polydispersity Index
Empty liposome 162 51.0 0.082
4 mg/mL MK-2 153 47.7 0.091
6 mg/mL MK-2 164 55.6 0.137
8 mg/mL MK-2 174 67.4 0.145
12 mg/mL MK-2 184 78.7 0.165

DLS measurements presented here are an average of triplicate measurements and show

that there seems to be some minor effect on the liposomes by MK-2, in which increasing

concentrations cause increased vesicle size after an initial drop in vesicle diameter compared to

control upon addition of 4 mg/mL MK-2. However, these results are not statistically significant

as determined by a one-way ANOVA as detailed in the experimental section. While the standard

deviation within samples is high, the PDI is defined as the standard deviation of the particle

diameter distribution, divided by the mean particle diameter. It is thus a tool in DLS used to

estimate the average uniformity of a particle solution, with larger values corresponding to larger

size distribution in the sample. An acceptable PDI for distribution of particle size is typically

defined as PDI<0.2, as seen in the samples above.

18-19
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3.3.2. 'HNMR Analysis of MK-2 Liposomes with Increasing Concentrations of MK-2

Samples containing a total of 100 mg of EPC and MK-2 were prepared to make vesicles
containing varying concentrations of MK-2 (0, 4, 6, 8, and 12 mg/mL, or molar ratios of MK-2
to PC of 1:10, 1:6, 1:5, and 1:3 respectively) in ImL total of D>O as described in the
experimental methods. '"H NMR spectra of each liposome formulation were recorded at 300K,
well above the gel-to-liquid phase transition of the EPC, which is reported to be between 243 and

253, with the proton labeling scheme shown in Figure 3.1.
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Figure 3.1. Proton labeling scheme of MK-2 (shown bottom, red proton labels) and EPC (shown
top, blue proton labels) used in the following NMR spectra.

Results obtained with MK-2 and EPC controls in D20 are in good agreement with what
has previously been published in our lab as well as literature. 2! MK-2 peaks are readily

observed in all spectra containing both PC liposomes and MK-2 alone in D>O (Figure 3.2).
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Figure 3.2. Stacked '"H NMR spectra of MK-2 in D,0 alone (top), 6mg/mL MK-2 liposome
(middle), and empty EPC vesicles (bottom). Spectra are labeled according to Figure 3.1. Black
asterisks (*) denote an impurity as a result of residual ethanol.
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As can be seen in Figure 3.2, the chemical shifts of MK-2 in the context of the EPC
bilayer are shifted slightly downfield compared to their chemical shift in D>O alone. Due to this
slight downfield shift of liposomal MK-2 relative to its chemical shifts in DO, MK-2 peaks Hu
and Hn within the bilayer are occluded by the trimethylamine (TMA) peak of the EPC, and the
liposome-bound Hu; peak is visible just downfield of the HOD peak rather than appearing as a
barely discernable shoulder to the left of the HOD peak. All other MK-2 peaks are easily
observed within the context of the bilayer. The slight downfield shift of liposomal MK-2 relative
to aqueous MK-2 indicates that the compound is likely in a more charged environment than it is
in D>0O alone. This would be consistent with MK-2 being located near the lipid-water interface,

in the region of the charged phosphate group and acyl groups of the EPC (Figure 3.1).
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In order to determine if the downfield shift of MK-2 in the context of the EPC bilayer
remains consistent or changes as the concentration of MK-2 increases, samples containing 4, 6,
8, and 12 mg/mL MK-2 were analyzed via 'H NMR and compared to MK-2 in D,O and empty

liposome controls (Figure 3.3).

Empty liposome
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Figure 3.3. Stacked 'H NMR spectra of EPC liposomes containing increasing concentrations of
MK-2. Red boxes highlight major areas of change in the appearance of MK-2 peaks with
increasing MK-2 concentration. Boxes highlighted in red are shown zoomed in and annotated
below in Figures 3.4 (MK-2 head group protons, left) and 3.5 (MK-2 isoprenyl side chain
protons, right).

Differences between the spectra as the concentration of MK-2 increases appear subtle at
first, with the most prominent difference being visible in the head group peaks of MK-2 (Ha
and Hcp) between 7 and 8 ppm (Figure 3.3). As the concentration of MK-2 increases from 6 to
8 mg/mL, the appearance of an additional peak, barely discernable, at 7.35 ppm occurs, at at 12

mg/mL this extra peak becomes more prominent (Figure 3.3, 3.4). Integration of the three peaks

at 8.00, 7.68, and 7.35 ppm in the 12 mg/mL sample reveals a 1:2:1 ratio, and the 7.35 ppm peak
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that appears at higher concentrations of MK-2 coincides with the Ha g peak of MK-2 in D2O
alone, indicating the possibility that at higher concentrations (~8 mg/mL or 8% MK-2 relative to
EPC) the MK-2 is localized further out of the liposomal interface near the phosphate groups and

acyl chains, and further into the water pool.

Empty liposome
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Hep (Aq) Hap (Aa)
MK-2 in D,0

86 84 82 80 7.8 76 74 7.2 7.0 6.8 6.6
f1 (ppm)

Figure 3.4. Comparison of head group '"H NMR chemical shifts of MK-2 in EPC liposomes with
its shifts in D>O alone. Red asterisks (*) denote the appearance of peaks in the 12 mg/mL MK-2
spectrum that correlate to MK-2 peaks in D>0O alone. Small impurity at 7.73 ppm in 4 mg/mL
and 8 mg/mL samples correspond to a slight impurity from residual CHCls.

Further comparison of the 12 mg/mL sample of MK-2 to its counterparts with decreased
MK-2 concentration show the appearance of a peak at 3.06 ppm that coincides with the Hvn
peak in the aqueous MK-2 spectrum, as well as the appearance of several small peaks in the

region from 1.0-2.0 ppm where the aqueous peaks corresponding to the isoprene tail of MK-2

reside (Hw, Hx, Hor, Hy,z) (Figure 3.5).
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Figure 3.5. Comparison of '"H NMR chemical shifts of MK-2 isoprene protons in EPC
liposomes. Red asterisks (*) on the 12 mg/mL spectrum denote the appearance of peaks in the
liposomes which coincide with MK-2 peaks in the aqueous spectrum. Black asterisks (*)
indicate a slight impurity as a result of residual ethanol.

The appearance of peaks belonging to protons in the MK-2 isoprenyl chain which
correspond to their peaks in D2O alone further suggests that MK-2 is in two environments at
higher concentrations: a liposome-bound environment and an aqueous one. It is possible that at
higher concentrations of MK-2 relative to PC, the MK-2 is pushed out of the bilayer and into the
surrounding aqueous environment, which contribute to the appearance of these additional upfield
chemical shifts at higher concentrations. Notably, the additional shifts in the 12 mg/mL
spectrum of MK-2 in PC liposomes coincide perfectly with the chemical shifts corresponding to
protons Hw, Hqr, Hx, and Hyz in DO alone.

3.3.3. 'H-'H 2D NOESY NMR Analysis of 6 mg/mL MK-2 Liposomes
In order to determine whether or not the appearance of additional peaks in the 12 mg/mL

MK-2 NMR spectrum correspond to an aqueous, non-liposome bound species of MK-2, as well

64



as what conformation the MK-2 may adopt in each environment, the 2D NMR method 'H-"H 2D
NOESY was used. First, the sample containing 6 mg/mL MK-2 was studied via 2D NOESY
NMR, as this is the most concentrated sample of MK-2 that does not display the appearance of
additional MK-2 peaks, and will be best suited to give information about the conformation and
location of MK-2 when it is confined in a liposomal bilayer. Additional experiments were
performed with '"H-'H 2D ROESY NMR, however, these spectra did not contain adequate
information for analysis (Appendix IV).

The 'H-'H 2D NOESY spectrum of 6 mg/mL MK-2 in PC vesicles (Figure 3.6) shows
NOE cross peaks between protons Ha g and protons Hqr (very weak NOE cross peak), a stronger
cross peak with protons Hy z, with protons Hc,p displaying cross peaks with the same protons.
Head group protons Hc,p also show NOE interactions with protons Hy, but this is not observed
between Hy;1 and Ha . Protons Hy 1 display a strong NOE cross peak with Hy z, and a medium
NOE cross peak with Hx. Additionally, it appears that there may be an NOE cross peak between
Hu 1 and either the allylic peak of PC or Hor peak of MK-2, however, owing to the overlap of
the allylic PC peaks and the Hor peak of MK-2 bound by a liposomal environment it is difficult
to distinguish whether the cross-talk peak corresponds to the allylic peak or Hor. It is likely that
a peak here corresponds to an interaction between Hqr and Hp1 due to their proximity within the
molecule itself. Additionally, owing to the overlap of peaks Hv,n with the HOD peak, it is
difficult to distinguish NOE cross peaks between Hm N and any other MK-2 or lipid protons at
the 6 mg/mL concentration. Proton Hw displays NOE cross peaks with Hy z. This information

together strongly suggests that MK-2 adopts a folded conformation in a liposomal environment.

65



Hep Hag Vinylic , G2

} 4
T1
Et‘@
@- -2
-3
0 0 3
O%
o 8 4 E
T . =}
;_// a ~_5 o
- N/'
o
3 6
:
:
-7
£ — ® o - e oo
g — g = = e oo - 8
=
- O

9 8 7 6 5 4 3 2 1
PPmM
Figure 3.6. 'H-'H 2D NOESY spectrum of 6 mg/mL MK-2 in soybean PC liposomes. Red
labels denote MK-2 peaks and blue labels denote PC peaks, as outlined in Figure 3.1. Black
asterisks (*) denote a slight impurity as a result of residual ethanol.

From the spectrum in Figure 3.6, NOE cross peaks between the head group protons Ha
and Hc p with protons in the isoprene tail of MK-2 (weak interactions with Hw due to proximity
of the protons on the molecule, a weak interaction with protons HqRr, and stronger interactions
with Hy7) are visible, as well as NOE cross talk between Hu1 and Hc,p, indicating that Hj is
likely located near the Hc p protons in space. Given the pattern of cross-talk that is displayed
between protons on MK-2 as well as the similarity of these NOE cross peaks with previous work
in the lab with MK-2 it is reasonable to conclude that MK-2, when confined in a bilayer, is in a
folded conformation with the isoprene tail folded over in a way that causes it to have through-
space interactions with the naphthoquinone head protons.>!

Most MK-2 cross peaks and PC cross peaks display NOE interactions only within their
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respective compounds (MK-2 peaks display cross talk with MK-2 peaks and PC peaks display
cross talk with PC peaks), and there are very few EPC-MK-2 NOE interaction that are seen in
the 6 mg/mL MK-2 NOESY spectrum that help to determine the placement of MK-2 bound in a
liposome with regards to the bilayer. In this regard, it appears that protons Ha g, Hcp, and Hyz
of the isoprene tail display NOE cross peaks with the trimethylamine (TMA) group of PC
(Figure 3.6, 3.1). The slight downfield shift of the MK-2 protons in liposomes relative to their
chemical shifts in water and the spatial proximity indicated by NOE cross peaks between TMA
and Hy z and naphthoquinone head group protons Ha s and Hc,p indicates that when confined in
a liposomal bilayer, MK-2 resides mainly at the interface of the liposome, with the molecule
folded such that the end of the isoprene tail interacts with the TMA group of the lipids. Itis
likely that the liposome-bound MK-2 resides just at the lipid water interface in the region of the
phosphate and acyl groups of the lipid. This is further supported by the observation that there is
no other lipid-MK-2 cross talk observed, as all the proton signals in that area are very faint or not
present at all in the 'H-'"H NOESY of 6 mg/mL MK-2. This conformation and location are also
in good agreement with data that has previously been published in our lab on the placement and
confirmation of MK-2 within AOT reverse micelles rather than liposomes.

3.3.4. 2D 'H-'H NOESY NMR of 12 mg/mL MK-2 liposomes.

In order to compare the chemical shifts and NOE cross peaks of liposome bound MK-2
with the appearance of additional peaks at 12 mg/mL MK-2 in liposomal spectra, 'H-'H 2D
NOESY spectroscopy was used to examine the 12 mg/mL MK-2 liposomal sample. Like with
the 6 mg/mL MK-2 sample, experiments were performed to collect the 2D 'H-'"H ROESY
spectrum of the 12 mg/mL sample, however, these spectra did not contain adequate information

for analysis (Appendix IV).
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The 'H-'H 2D NOESY spectrum of 12 mg/mL MK-2 in PC vesicles (Figure 3.7) is a
much more complex spectrum, with the appearance of several new NOE cross peaks with the
increase in MK-2 concentration relative to PC. Interestingly, looking first at the NOE peaks
corresponding to the new head groups of MK-2, it becomes apparent that these new peaks only
display NOE cross peaks with other peaks that emerged as a result of the increase in MK-2
concentration. There are no interactions of emergent peaks with MK-2 peaks associated with the
MK-2 fraction that is presumed to be bound within the bilayer. It is also worth noting that peaks
corresponding to liposome-bound MK-2 are very faint, indicating that the new species is likely

much greater in concentration than the liposome-bound MK-2.
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Figure 3.7. 'H-'H 2D NOESY NMR of 12 mg/mL MK-2 in EPC liposomes. Peaks marked in
green denote peaks that likely correspond to aqueous MK-2 peaks at higher concentrations of
MK-2 relative to PC. Black asterisk (*) denotes a slight impurity as a result of residual ethanol.
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Similar to what was observed with the 6 mg/mL 'H-'H 2D NOESY of MK-2 in PC
liposomes, the emergent peaks that likely correspond to a the head groups of MK-2 in a different
environment (aqueous Ha g, Hcp at 7.68 and 7.35 ppm respectively) show NOE cross peaks with
peaks that correspond to MK-2 peaks in an aqueous environment in that there is clearly a strong
NOE cross peak with Ha g and Hcp with Hy z (Figure 3.7). Unlike in the 6 mg/mL liposomal
MK-2 spectrum, protons corresponding to aqueous MK-2 peaks Hcp at 7.68 ppm do not show
NOE cross peaks between protons Hu 1, and the NOE cross peaks between Ha s or He,p and
protons Hqr are very weak, indicating in this emergent set of peaks, that protons Hc p are not
likely spatially near proton Hyor Hor. Also, unlike in the 6 mg/mL spectrum, it is not possible
to tell whether Hw is interacting with Hy z to further support a similar U-shaped conformation to
what is seen in the liposome-bound MK-2 due to the increased number of peaks corresponding to
MK-2 causing the diagonal near the MK-2 isoprene tail to become less distinguishable. This
information suggests that even in an aqueous environment, MK-2 is still folded over on itself in a
U-shaped conformation similar to what has been observed in the 6 mg/mL MK-2 NOESY
spectrum and similar to what has previously been observed in other solvents, most notably
DMSO.°

Similar to the 6 mg/mL MK-2 'H-"H 2D NOESY spectrum, there are few EPC-MK-2
NOE cross peaks. Also similar to what is seen in the 6 mg/mL MK-2 NOESY spectrum, there
are no peaks between MK-2 and HOD despite the compound likely being located at the edge of
the liposomal interface near to the bulk water. This is likely due to the labile nature of the EPC
head groups, MK-2 and water in solution: their transient interactions with each other make it
unlikely to see any consistent NOE cross peaks. It initially appears that protons He,p show an

NOE cross peak with HOD; however, this is most likely protons He,p displaying an NOE cross
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peak with proton Hj, much like what is seen in the 6 mg/mL MK-2 sample, indicating that MK-2
is still tightly folded over itself. Given the observations of the NOE cross peaks of MK-2 protons
with each other as well as the upfield shift of MK-2 protons at this higher concentration, it seems
likely that as the concentration of MK-2 relative to PC increases, the MK-2 resides further at the
edge of the bilayer, at the interface near bulk water. Its conformation appears to be U-shaped,
similar to its liposome-bound form as well as its conformation in a variety of other solvents, with
the head group and isoprene tail of the MK-2 pointing outward towards the outer edge of the
liposomal bilayer.
3.3.5. Hlustration of MK-2 Conformation in a Bilayer using Molecular Mechanics

Despite the short isoprenyl side chain of MK-2, there are enough carbons in the side
chain that there are numerous degrees of rotational freedom, and thus even this short, truncated
version of MK-2 is able to adopt several conformations based on what is most energetically
favorable. In order to illustrate potential MK-2 conformations which correspond to the 'H-'H
2D NOESY spectral data collected and energy minima, and to provide a visual aid, molecular
mechanics were performed. This work was done as it has been previously in our lab.?! to
determine possible conformations for MK-2 within a bilayer based on the "H-'H 2D NOESY

spectra of the 6 mg/mL and 12 mg/mL liposomal MK-2 spectra.

Figure 3.8. Possible conformation of liposome-bound as well as aqueous species of MK-2 using
MMFF94 calculations to illustrate the conformations elucidated by 2D NMR studies. Possible
structure determined by 'H-"H 2D NOESY NMR and MMFF94 calculations of liposomal-bound
MK-2 (65.4 kcal/mol, internuclear distance Hy1 - Hep of 4.3 A.
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Based on the NOE cross peaks observed in 6 mg/mL and 12 mg/mL MK-2 liposomal
samples, there is little to no difference between the conformations of MK-2 which is bound by
the liposome and MK-2 which is located at the outer leaflet of the liposome in the region of the
bulk surrounding water. Of particular note is that in the 6 mg/mL MK-2 'H-'H 2D NOESY
spectrum, there was a small NOE cross peak observed between Hc,p and Hy 1, indicating that
Hcp is within 5 A of peak Huj, likely corresponding to proton Hy, and this NOE cross peak is
also present in the 12 mg/mL spectrum of MK-2 in '"H NMR peaks which correspond to the
aqueous species of MK-2. All other cross talk peaks within the MK-2 compound either in
aqueous or liposome-bound form remain the same. This information together indicates that the
liposome-bound MK-2 as well as MK-2 which is at the edge of the liposomal interface and more
associated with the bulk water environment adopt the same conformation, as evidenced by
similarities in intramolecular distance indicated by NOE peaks between Hc,p and Hu;1 in both

samples. (Figure 3.8, 3.9).
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Figure 3.9. Likely location of MK-2 in a PC liposome in the liposome bound environment (left)
and at higher concentrations when it is located at the edge of the bilayer (right).

After determination of the NOE cross peaks that MK-2 has with itself in both a liposome-
bound and aqueous environment as well as the cross peaks that MK-2 shares with both lipid and
solvent peaks as detailed in sections 3.3.2 and 3.3.3, the placement of liposome-bound MK-2 is
likely just within the liposomal interface in the region of the phosphate groups and acyl chains,
with head group and isoprene tail pointing towards the outer liposomal leaflet. At increasing
concentrations of MK-2 relative to PC when MK-2 is located at the edge of the bilayer and
loosely associated with the interface in the bulk water environment, it likely still resides at the

surface of the liposome with the naphthoquinone head group protons and the isoprene tail

interacting with water.
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3.4. Conclusions

Previous research in our lab has examined the conformation of MK-2 in a number of
aprotic solvents (pyridine, acetonitrile and DMSO) as well as AOT reverse micelles, and the
work presented here takes this one step further by examining the overall conformation and
placement of MK-2 in the context of a liposomal bilayer. Typically, menaquinones that are used
as electron transporters in bacterial species are much longer and thus are likely to have a
different conformation and potentially different location in a membrane bilayer than MK with
only two isoprene units in the side chain. However, this work lays the foundation for the study
of menaquinones in an environment that is more analogous to the one that would be found in;
that is, a membrane bilayer in an aqueous context.

The work presented here is in good agreement with this work that has been published
previously. This study, similar to previous work, finds that MK-2 adopts a U-shaped
conformation, both when it is bound by an EPC liposome as well as when it resides at the edge
of the liposomal interface in contact with the water pool. This is a logical conclusion; owing to
the size of the isoprene side chain of MK-2 it is not likely to be confined in the hydrophobic tails
of the bilayer. Additionally, previous work with ubiquinone analogues of varying length of
isoprene chain show that while the location of the isoprenoid tail changes within the bilayer with
increasing length, the ubiquinone head group remains in the region of the glycerol groups of
EPC.?2%:23-24 Despite the lack of presence of phosphatidylcholine in bacterial cells compared to
other lipids such as phosphatidylserine, phosphatidylinositol and phosphatidylethanolamine, it is
likely that the conformation and location of MK-2, or indeed, longer MK-# analogues, would not
change much with the change in lipid head group, since the hydrophobic nature of the

compounds causes them to localize in the region of the acyl and glycerol groups. Also owing to
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its size and location in the bilayer, it is not likely to deviate much from the U-shaped
conformation previously determined in aprotic solvents as well as reverse micelles except for
minor rotational or conformational changes to minimize unfavorable solvent or lipid head group
interactions, which are difficult to determine in the complex context of the liposomal 'H-'H 2D
NOESY spectra.

It appears that at low concentrations, MK-2 is located just within the head groups of the
lipids in the region of the acyl chain and phosphate groups, with minimal to no contact with the
bulk water solution. At higher concentrations, though, MK-2 appears to have two distinct sets of
chemical shift peaks, one corresponding to MK-2 which is bound by the liposome, as evidenced
by the downfield shift of peaks indicating that MK-2 is in a more charged environment. The
other set of peaks corresponds directly to the aqueous spectrum of MK-2 and is also evidenced
by the increased number of NOE cross peaks between HOD and MK-2. There are no NOE cross
peaks between chemical shifts corresponding to liposome-bound MK-2 and aqueous MK-2, but
MK-2 in liposome-bound and aqueous environments have the same NOE cross peaks within the
molecule. It is reasonable to conclude from this that at higher concentrations of MK-2, the
compound resides further out of the liposomal interface, still associated with the liposome but
largely in the bulk water pool. This conclusion is further supported by the minimal solubility
(logP=5.2) of MK-2 in water and additionally, with increasing MK-2 DLS measurements show a
slight increase in vesicle size, though this increase is not statistically significant. While these
conclusions are not enough to explain why we observe the odd-even effect in the
electrochemistry of MK-n analogues from the previous chapter, these results may account for the
increased diffusion coefficients observed for MK-1 and MK-2 analogues. It is likely that at the

concentrations used to study the electrochemistry of the MK-n analogues in the previous chapter

74



(6 mM, or 18 mg/mL MK-2 in 100 mg/mL SPC and 14 mg/mL MK-1 in 100 mg/mL SPC) that
some of the MK-1 and MK-2 may not have been bound by the liposome at all, but loosely
associated with the outer leaflet in the bulk water or freely solubilized in the aqueous
surroundings.

This work builds off previous work examining the conformation and placement of MK-2
in AOT reverse micelles and examines it in the more biologically relevant context of a liposomal
bilayer. It lays the foundation for the study of menaquinones with longer side chains as well as
the study of other hydrophobic molecules that may be found in a membrane bilayer via 1D and
2D 'H NMR, and may also provide information that, with future studies, will help to elucidate
the electrochemical odd-even effect observed in the previous chapter. The results found here are
in good agreement with literature previously published both on the conformation of MK-2 and
ubiquinone in different environments as well as recent literature showing the 'TH NMR spectra of

PC liposomes.?*?
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Chapter 4: The Interfacial Interactions of Glycine and Short Glycine Peptides in Confined
Spaces

4.1. Glycine as the Simplest Amino Acid

Small peptides play an essential role in a variety of biological functions, acting as
chemical messengers, intra- and intercellular mediators, hormones and neurotransmitters 13,
Peptides also play an important role as antibiotics, such as bacitracin and colistin, as well as
antimicrobial peptides (AMPs, also referred to as host defense peptides), also referred to as host
defense peptides “°. AMPs are peptides produced by multicellular organisms as part of the innate
immune response found in all classes of life, and function as a defense against pathogenic
microbes. They exert this function in a number of ways, such as the suppression of biofilm
formation, induction of the dissolution of existing biofilms, and attracting phagocytes via
chemotaxis to induce non-opsonic phagocytosis > -8, In addition to their antimicrobial function,
recently it has been found that AMPs may also have anticancer activity; they are able to trigger
cytotoxicity of a number of cancer cells through the interaction of the amphipathic or cationic
peptide with the plasma membrane of the cell, which selectively exposes negatively charged
phosphatidylserine lipids *!°. The combination of the function of AMPs as antimicrobial agents
as well as anticancer agents makes them a promising starting point for antimicrobial and
anticancer drug design !4,

In order to exert their antimicrobial or anticancer properties, AMPs must interact with the
plasma membrane of the bacterial or cancer cell > . This interaction with the membrane is
associated with their mechanism of action which can include disruption of the membrane,
disruption of membrane-associated physiological processes such as cell wall synthesis, or even

translocation across the membrane for interaction with a cytoplasmic target > 118, The
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interactions of these small peptides are dependent on a variety of variables, such as size, amino
acid composition, secondary structure and amphiphilic behavior, and their mechanism of action
is generally unknown with the exceptions of a few representative examples 8- 1920,
Additionally, AMP interactions with the membrane depend on the composition of the membrane
itself, as they tend to be attracted more to negatively charged membranes such as bacterial
membranes or plasma membranes of cancer cells, which selectively expose negatively charged

phosphatidylserine lipids '* 2!

. Because of this, AMPs prefer membranes with high
concentration of anionic lipids, those that maintain a high electrical potential gradient, and
membranes that tend to lack cholesterol > 2223, It is thus important to study the interactions of
peptides at a membrane interface using a small representative amino acid and a membrane
mimetic interface to determine the molecular placement of the molecules at the membrane as
well as the manner by which they interact.

Of the twenty amino acids that are found in peptides, glycine (G, Fig. 4.1) is both the
smallest and most versatile.?* Having only a hydrogen atom as its substituent, it is the only
amino acid that is achiral, and as such it is compatible with either hydrophobic or hydrophilic
environments. In addition, it has many biological functions, one of the most notable of which as
a simple inhibitory and excitatory neurotransmitter and as such, it is a logical representative
amino acid for investigation simple peptide and amino acid interactions with a membrane.?
Because we are interested in obtaining molecular information on how simple peptides interact
with membrane interfaces, we will use monomeric, dimeric, trimeric and tetrameric G-containing
peptides, hereafter referred to as G, GG, GGG and GGGG (Fig. 4.1). To study how these small

peptides behave near cellular membranes, we use a reverse micellar (RM) system (Fig. 4.1),

which consists of a self-assembled ternary system containing surfactant, organic solvent and
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water.’®?° The surfactant, aerosol-OT (AOT), also known as sodium 2-
diethylhexylsulfosuccinate, arranges itself such that the water pool is contained by the negatively
charged head groups of the AOT, and surfactant tails extend outward into the organic solvent,
isooctane (2,2,4-trimethylpentane).>**! Commonly, water droplets contained in this system range
from a size of 1-10 nm.?*** The RM system provides both a hydrophilic and hydrophobic
environment at a negatively charged interface, making it a good model system to investigate the

interactions of molecules with membrane interfaces.
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Figure 4.1. The structure of glycine (G) analogues (right) and the AOT reverse model system (left).
Protons on G, GG, GGG and GGGG are labeled according to subsequent "H NMR proton assignments.
Areas labeled in red in the AOT RM figure refer to possible locations of the G analogues within the RM:
A) within the bulk water pool, B) at the RM interface or C) deeper into the interface, near the acyl chains
of the AOT and nearer to the hydrophobic tails.

To investigate the interactions of G and G-containing peptides with model membranes, it
is of interest to determine its location within the RM. That is, whether it is located near the
charged AOT heads, bulk water pool or in the ordered, interstitial water between the charged
interface and the water pool, referred to as the stern layer.>* Furthermore, the location of the
molecule of interest may be closely related to the pH of the RM interior.

In this study, we use AOT RMs and Langmuir monolayers to gain insight into how G and
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G-based peptides interact with simple membrane model systems. Specifically, we investigate
here the interaction of G, GG, GGG and GGGG with an AOT RM interface and with dipalmitoyl
phosphatidylcholine (DPPC) and dipalmitoyl ethanolamine (DPPE) monolayers to determine the
interactions and placement of G compounds at a model membrane interface.
4.2. Experimental
4.2.1. General Materials and Methods

The following materials were purchased and used without purification: glycine HCI (G,
Mallinckrodt, 99.0%), diglycine (GG, Sigma-Aldrich, 99.0%), triglycine acid (GGG, Sigma-
Aldrich, 99.0%), tetraglycine (GGGG, Aurum Pharmatech, >96%), activated charcoal (carbon 6-
12 mesh), 2,2,4-trimethylpentane (isooctane) (Sigma-Aldrich, 99.0%), deuterium oxide (Sigma-
Aldrich, 99.0% deuterium), 4,4,-dimethyl-4-silapentane-1-sulfonic acid sodium salt (DSS,
Wilmad). The chemicals methanol (>99%), citric acid anhydrous (>99.5%), sodium citrate
dihydrate (>99%), sodium hydroxide (>99%) and hydrochloric acid were purchased from Fisher
Scientific. The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%) and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, >99%) were purchased from Avanti
Polar Lipids. Sodium aerosol-OT (AOT) (bis(2-ethylhexyl)sulfosuccinate sodium salt, Sigma
Aldrich, >99.0%) was purified as described previously to remove an acidic impurity.*> Briefly,
50.0g of AOT was dissolved into 150 mL of methanol to which 15g of activated charcoal was
added. 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.*® The pH of aqueous solutions measured at 25°C on an Orion 2STAR pH meter

prior to formation of the AOT RM in isooctane. The pH was adjusted throughout the experiment
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using varying concentrations of NaOH or HCI dissolved in diH>0 or DO, depending on
experimental need. NaOH or HCI dissolved in D>0O is referred to as NaOD or DCI,
respectively.?®
4.2.2. Preparation of Samples for Analysis
4.2.2.1. Preparation of stock solutions of G, GG, GGG and GGGG for 1H NMR and Dynamic
Light Scattering

Each of the 200 mM stock solutions used in the 'H NMR experiments were prepared
with 2.00x107 mol of each G, GG, GGG and GGGG dissolved in 10 mL D»O in a volumetric
flask and pH adjusted to the appropriate value as needed for the overall concentration of 200
mM. Each of the 50 mM stock solutions used for dynamic light scattering experiments were
prepared with 5.0x107 mol of each G, GG, GGG and GGGG and dissolved in 10 mL diH-0.

All stock solutions were sonicated until clear if not already, and all stock solutions were
pH adjusted with DCI or HCI and NaOD or NaOH, depending on experimental need. The pH of
the stock solutions was measured at 25°C with an Orion 2STAR pH meter. The pH values are
measured directly in D20, and are not a reflection of the solution pD (pD = pH + 0.4) before
addition to the RM suspension. 3"
4.2.2.2. Preparation of AOT-isooctane stock solution and RMs containing G, GG, GGG, and
GGGG for '"H NMR

The 750 mM AOT-isooctane stock solution was prepared by dissolving 7.5%10 mol
AOT in 10 mL isooctane. This mixture was sonicated and vortexed until clear, approximately 15
minutes. Once dissolved, the solution was equilibrated to ambient room temperature. RMs of wo
values of 6, 10, 14, 16, and 20, where wo = [H2O]/[AOT], were prepared by combining

appropriate volumes of the appropriate prepared stock AOT stock solution, depending on
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experimental need, and appropriate volumes of 200 mM stock solutions of G, GG, GGG or
GGGGQG, to create the desired size of RM.
4.2.2.3. Preparation of AOT-isooctane stock solution and RMs containing G, GG, GGG and
GGGG for Dynamic Light Scattering

The 200 mM AOT-isooctane solution was prepared by dissolving 2.00x10~ mol AOT in
10 mL isooctane. This mixture was sonicated and vortexed until clear, approximately 15
minutes. Once dissolved, the mixture was equilibrated to ambient room temperature. To prepare
the RM solutions, specific volumes of AOT stock solution and aqueous 50 mM G stock solution
were combined for a total of 5 mL to form RM sizes of wp 10 and 20. This mixture was vortexed
until clear, consistent with the formation of RMs.
4.2.2.4. Preparation of Lipid Stock Solutions and Aqueous Subphase

Sodium phosphate buffer (20 mM) was prepared in distilled deionized water and adjusted
to pH 6.00, 7.00, 8.00, 9.00 (+0.02) with either 1.0 M HCl or 1.0 M NaOH. Sodium phosphate
citrate buffer (20 mM) was prepared in distilled deionized water and adjusted to pH 4.00 + 0.02
in the same manner as the sodium phosphate buffers. Glycine subphase (1 mM) was prepared by
dissolving 75.0 £ 0.1 mg glycine into one liter of the previously prepared buffers. The pH was
readjusted to the previously mentioned values with 1.0 M HCI or 1.0 M NaOH. Stock solutions
of DPPC and DPPE were prepared by dissolving 0.025 mmol of powdered phospholipid into 5.0
+ 0.1 mL of freshly prepared 9:1 chloroform methanol (v:v).
4.2.3. '"H NMR spectroscopy and analysis of D,O and RM samples

The '"H NMR experiments were performed using a 400 MHz Varian '"H NMR
spectrometer using standard parameters (1s relaxation time, 25°C temperature control and 45°

pulse angle). The aqueous samples were referenced to an internal DSS sample. RM samples
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were referenced to the isooctane methyl peak at 8=0.90 ppm as has been previously reported and
were originally referenced to tetramethylsilane.*® The resulting spectra were referenced, baseline
corrected, normalized and analyzed using MestReNova version 10.0.1.

The pKa values were determined by plotting chemical shifts of the samples at their

varying pH values in D>O and wo 10 RMs and calculating the first derivative of the best fit curve

using OriginPro version 9.1.%!
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Figure 4.2. A comparison of each of the studied compounds and their chemical shifts as
determined by 'H NMR in wol0 reverse micelles (RMs) and D>O. A) Spectra beginning from
the bottom correspond to G, GG, GGG, and GGGG in D,0 and RM alternately at pH 7. Asterisk
in GGG RM spectrum denotes acetone impurity.

In the case of peaks corresponding to GGG and GGGG in RMs as shown in Figure 4.2,
these shifts were often masked by the AOT peaks, as shown in Figure 2. To elucidate these
peaks, the spectra were analyzed by MestReNova version 10.0.1 and baseline corrected,
referenced and normalized. The Arithmetic function was then used so that control spectra could
be subtracted from spectra containing probe molecule.

4.2.4. Langmuir Trough instrument preparation
Compression isotherms were obtained with a Kibron uTrough XS (stainless steel)
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equipped with a hydrophobic Teflon ribbon barrier. The trough was cleaned thoroughly with
three isopropanol washes, three ethanol washes, and a water rinse before each experiment.
Excess water was evaporated with compressed air. The wire probe used as a Wilhemy plate was
flamed with a Bunsen burner to remove lipids before each experiment.

After cleaning, approximately 50 mL of 20 mM buffer or 1 mM glycine in 20 mM buffer
was added to the trough. The subphase surface was then cleaned with vacuum aspiration to
remove dust contamination. The surface was considered clean when the surface pressure
remained at 0.0 = 0.5 mN/m throughout a full compression.

4.2.5. Formation and compression of Langmuir monolayers

Either DPPC or DPPE (20 uL, 20 nmol) was added to the surface in a drop-wise manner
with a glass Hamilton syringe (50 uL) followed by a 15-minute equilibration period.
Monolayers were compressed at a speed of 10 mm/min (5 mm/min on each side). The
temperature of the subphase was maintained at 25°C by an external water bath. All experiments
were run in triplicate, and the data presented was obtained by averaging the triplicate
measurements. Error bars are the standard deviation of the area taken every 5 mN/m of surface
pressure.

4.2.6. Percent difference calculations

The percent difference between control monolayers and monolayers with glycine present
in the subphase was calculated with Equation 1, where Agy is the area of monolayers with
glycine present and Acon 1s the area of control monolayers. Calculations were performed at every

5 mN/m of surface pressure.

Equation 1. %diff = (“22-2%) x 100
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4.2.77. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were performed using a Malvern Instrument
(Malvern Instruments Limited, UK) MAN0486.%*4" DLS and the autocorrelation method of
analyzing scattering were used to measure hydrodynamic radius of AOT RMs, temperature
controlled at 25.0°C. Each sample was equilibrated for 600 s at 25°C and then run for 10 scans
per acquisition for a minimum of ten measurements for every solution with and without G-
compounds at neutral pH (7.4) for each wo value. A ImL aliquot of sample was required for
measurement. The viscosity (0.4670cP) and refractive index (1.391) are needed for RM size
determination in the isooctane solvent used in this work.>> The photons scattered by the RMs
were collected at a 173° angle. Data processing was carried out using the Zetasizer version 7.11
software.

4.3. Results

The chemical shifts of G, GG, GGG and GGGG were examined by '"H NMR
spectroscopy to compare their chemical shifts in aqueous solution with those peaks obtained in
the environment of the RM model membrane (sections 4.3.1-4.3.4). Solutions containing each of
the G compounds were made at varying pH values to determine the pKa values of each in both
aqueous environment and in the environment of the RM (summarized in Discussion section), and
representative NMR spectra for each compound in RM and D20 as well as exact chemical shift
values are given in the Supplemental Materials. Each of these compounds showed a slight
difference in chemical shift values between RMs and the compound alone in D20, indicating a
difference in environment for the probe molecule. This data gives some structural information

about the location of the probe within the reverse micelle. The systems were also investigated
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using dynamic light scattering (DLS) to verify formation of the RMs and to examine the impact
of the G compounds on the RM system (section 4.3.5).

In section 4.6 we further support the observations made in this paper in sections 4.3.1-
4.3.5 by using Langmuir trough. These studies used a natural lipid as well as a different method,
and this was done to investigate whether the conclusion obtained by using the microemulsions
system could be confirmed and extended to studies physiological lipids and human cells.
4.3.1 '"H NMR spectroscopy of L-Glycine (G) in RM

A series of samples with RMs of size wo 10 (where wo = [AOT]/[H20]) were made
containing G at varying pH values by adding 200 mM G solution in D;0O at the pH specified to
the appropriate volume of 750 mM AOT solution dissolved in isooctane. The chemical shifts of
these were recorded using 'H NMR spectroscopy and chemical shifts are compared with
representative spectra shown (Fig. 4.3). The pKa values were calculated from the spectra both in
D70 and in microemulsions are listed in Table 2 in the Discussion. Values obtained from G in
aqueous and RM environments show that the pK. of the C-terminus differs very little between
aqueous and RM environments, but the N-terminus differs significantly, with a pKaof 10.7 in
D:0 and 8.51 in the RM model membrane. This difference or lack thereof in pK. values
between the two environments gives some information about the environments surrounding the
carboxy- and amine-terminal ends of G within the RM #*. Because there is little change between
the carboxyl pKain RM and D:O, this suggests that this portion of the compound is in an
environment that is the same. In the context of the RM model system, this observation is
consistent with the C-terminus is in the Stern layer/aqueous environment directed toward the

bulk water pool (Fig. 4.1). The significant decrease in pKa between aqueous and RM
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environment for the amine-terminal end of G indicates a significant change in environment, such
that the amine-terminal end is located near or in the charged region of the RM interface.

It is likely that the experimental N-terminal pKaof G in RM is lower than what is
reported in the literature due to the higher ionic strength near the charged interface. In pure
aqueous solution, the amine is free to hydrogen bond to the carboxyl moiety of the amino acid,
forming an energetically favorable 5-membered ring and stabilizing the amine. However, in
high ionic strength solutions, this H-bonding may be disrupted by the presence of the
counterions, which are known to accumulate near the interface of the AOT (Fig. 4.1) 4344
lowering the pK., of the N-terminus. Additionally, this H-bonding phenomenon could be
disrupted by the interaction of the amine with the sulfonate groups on the AOT head groups.
This disruption of H-bonding is consistent with the lowering of the pKa values in the reverse
micelle, which contains more Na* ions, the presence of charged sulfonate groups and therefore a
higher ionic strength.

To further support this conclusion, experiments were performed in which the size of RM
containing the G solutions was varied so that the chemical shifts could be analyzed as a function
of increasing vesicle size to give further information about their placement within the RM
system. The pH of the G solutions used to prepare the RMs was varied at representative pH
values: alkaline pH (pH 9), neutral/physiological pH (pH 7.4) and acidic pH (pH 2). By this
experiment, it was found that as the size of the water pool in the RM increased, the chemical
shift of the G peak in the neutral and alkaline pH RM environments decreased and approached its
shift value in D2O alone, which is 3.55 at pH 2 and 7.4 (Fig. 4.3). This suggests that the neutral
and negatively charged forms of G, predictably, are not attracted to the interfacial region of the

RM due to their charges not interacting with the negatively charged AOT heads *°. As the
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vesicle size increases, the interstitial water region becomes less ordered and more analogous to
bulk water, and as a result, the compounds that are not highly attracted to the polar interface
begin to transition to water that behaves more as bulk water. However, in the case of G at pH 2,
the carboxylate moiety is fully protonated, leading to an overall +1 charge of the molecule. As a
result, the positive charge of the molecule interacts with the negatively charged polar heads of

the AOT consistently, leading to the plateau in chemical shift as the size of the RM increases.
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Figure 4.3. G plotted as a function of pH in RM and aqueous (D20) environments. (Right)
Comparison of '"H NMR chemical shifts of G in aqueous and RM environments. (Left) The 'H
NMR chemical shift of G is plotted with increasing wo at pH 2 (squares), pH 7 (circles) and pH 9
(triangles).

To test the hypothesis that as the vesicle size increases at neutral and alkaline pH, the
chemical shift of G approaches that of its shift in pure aqueous environment, experiments were
performed in which the pK. of G was calculated in a wo 30 RM (12.4nm diameter) instead of the
wo 10 (6.8 nm diameter) that was previously used *2. These experiments found that the carboxy-
terminal pKain this larger vesicle stayed the same at 2.5, but the amine-terminal pK. decreased
significantly to 9.6 from 8.51, a value much closer to the pKa. when G is in an aqueous

environment under ionic strength (Fig. 4.3). This is consistent with our hypothesis; that the G is

likely positioned such that the N-terminus is in the interstitial water region of the RM facing the
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negatively charged interface, while the C-terminus is located closer to the bulk water pool of the
RM #. As the size of the RM increases, the interstitial water region becomes less ordered and
behaves more as bulk water, and the N-terminus is in a more aqueous-like environment, and the
pKa reflects this as it increases with larger vesicle size.
4.3.2. 'H NMR Spectroscopy of Diglycine (GG) in RM

In a similar fashion to G, 'H NMR spectroscopy of solutions containing GG in the RM
model membrane system and aqueous solution was recorded and analyzed to identify any
differences in chemical shift that may occur as a result of confinement by wo 10 RM. Chemical
shift values are plotted and compared between environments, with representative spectra for each

given in Appendix V (Fig. 4.4).
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Figure 4.4. Chemical shifts of GG as a function of pH in D,O and RM samples based on 'H
NMR spectroscopic titration studies. Top) 'H NMR chemical shift values of protons B (CH>
near N-terminus) of GG measured at different pH values in D20, with the proton labeling
scheme shown in Figure 4.1. Bottom) "H NMR chemical shift values of protons A (CHz near C-
terminus) of GG measured at different pH values in RMs, with the proton labeling scheme
shown in Figure 4.1.

The solution pH values and resulting pK, that was calculated show that GG displays a
small increase in chemical shift from aqueous environment to the RM, indicating that the
compound is in a slightly more charged environment consistent with the interfacial water layer
containing the Na* counterions (Fig. 4.1). However, this change within pK, values from aqueous
to RM is small, with a pK, of 2.85 in D20 and 2.99 in RM for the C-terminal CHz, and 8.60 in
D70 and 8.48 for the N-terminal CHa.
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4.3.3. 'H NMR Spectroscopy of Triglycine (GGG) in RM

Solutions containing GGG were also studied in comparison in DO and RMs of wo 10
using 'H NMR to investigate its potential interactions within the confines of the RM. Results
obtained from solutions of GGG are similar to those obtained from GG in that there is little
change in the chemical shifts of the solutions in aqueous environment and in the AOT RM (Fig.
4.5). There was little change in the pKa of the N- and C-terminal ends of the peptide, with the C-
terminal pKa in D20 at 3.18 and in RM 3.27, and the N-terminal pK. in D20 at 8.29 and in RM

8.11.
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Figure 4.5. GGGG proton shifts compared at varying pH values in aqueous (D>0) and RM
environments, as determined by 'H NMR spectroscopy.

Further exploring this observation, that the chemical shift of the C-terminal CH> remains
relatively unchanged between aqueous and RM environments, consistent with the interpretation
that the C-terminal end of the peptide resides within the bulk water pool of the RM or the

molecule has folded over on itself. The chemical shifts of the middle CH: at all pH values tested
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is slightly elevated in the RM as compared to D>0, consistent with being located in a more
charged environment, and the N-terminal CH> protons show the most change in chemical shift
with values in the RM being higher than that of D>O, consistent with being located in a more
charged environment, or possibly if it is in a folded conformation (Fig. 4, Fig. S13-16).
However, similarly to those calculated for GG, there is little change in the calculated pK. values
with differences of only 0.1 pH unit.
4.3.4. 'H NMR Spectroscopy of Tetraglycine (GGGG) in RM

Aqueous solutions of GGGG at varying pH values and corresponding AOT RMs were
analyzed via "H NMR spectroscopy similarly to the other G compounds above. The results
obtained from GGGG in terms of pK., differences are small, as what was found for the GGG and
GG peptides. The pK. value found for the C-terminal end of the peptide in DO was determined
to be 3.05 and that in RM was determined to be 2.82. The pK, value found for the N-terminal
end of GGGG was found to be 7.75 in D20 and 7.94 within the RM. These small differences
may be attributed to the slight changes in the environment of the RM as compared to aqueous
solution, and suggest that the peptide itself resides between the interface of the RM and the Stern
layer. The increased pKa of the N-terminal protons as well as the slightly decreased pK. of the
C-terminal protons indicate that the zwitterionic form of GGGG is equally or more stable in the
RM, which is also consistent with the compound being between the bulk water and interface of

the RM (Fig. 4.6).
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Figure 4.6. Chemical shift values as determined by 'H NMR of GGGG at varying pH values in
RM and D,0O with peaks corresponding to labels in Figure 1D. Top) N- and C- terminal CH»
protons of GGGG in D20 and RM, or protons A and D as labeled in Fig. 1D. Bottom) Interior
CH; protons on N- or C-terminal side of GGGG in D0 and RM, or protons B and C as labeled
in Figure 4.1.
It is also noteworthy when looking at the chemical shifts of the middle protons (Hg and
Hc) of the compound, the difference in shift is <0.1ppm, indicating that the environment is
essentially the same between the two systems (Fig. 5B).
4.3.5. Dynamic Light Scattering of RM Samples
To verify that RMs formed in the RM samples for experimental analysis the solutions

were subjected to DLS analysis. Sizes of wo 20 RMs were made as representative for these

investigations to better visualize any changes, and the results are summarized in Table 2.
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Measurements were done for each solution of RMs containing G compounds and corresponding
RM sample with no probe molecule. As seen in Table 4.1, the size of the RMs did not
significantly change by the addition of G, GG, GGG, or GGGG and the values observed are in

agreement with the literature value of 8.9 nm for a w20 RM 2.

Table 4.1. DLS size measurements of RM containing each of the G peptides. Each of these
measurements was taken at pH 7.

Sample!® W20 diameter | W20 Std. Dev.
(nm) (nm)

Control 9.5 0.44

(no probe)

G 9.5 0.43

GG 9.2 0.47

GGG 9.2 0.36

GGGG 9.3 0.39

4.3.6. Compression Isotherms of Langmuir Monolayers Containing Glycine

Compression isotherm data is plotted as the percent difference in the area per molecule
from the control versus the surface pressure, as shown in Fig. 7. AtpH 4, 6, 7, and 8, DPPC
monolayers containing glycine all exhibit a similar trend in which monolayers with glycine
present have an expanded area at low surface pressure, but the amount of expansion decreases as

surface pressure increases. However, for pH 6 and 7, monolayers exposed to glycine always
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remain at least slightly expanded from the control. At pH 4, monolayers with glycine transition
from expanded to contracted around 30-35 mN/m, which is what is commonly regarded as
physiological surface pressure.***’ The pH 8 monolayer with glycine transitioned from
expanded to condensed around 25 mN/m. The pH 9 monolayer with glycine in the subphase
remained relatively near the control monolayer at all pressures, though slightly condensed.
Importantly, at physiological-like conditions at pH7 with glycine in the subphase and DPPC as
the lipid, the monolayer was 4-5% expanded relative to the control, implying that some glycine
was positioned at the interface, as opposed to the subphase or the acyl chains of the DPPC.
Overall, DPPC monolayers with glycine in the subphase have a trend of expanding the
monolayer at lower surface pressures and then transition to only a slight expansion, or to
condensing the monolayer as surface pressure increases. At pH 7, which is the most
physiologically relevant pH used in this study, the monolayer remains expanded relative to the

control, which suggests that glycine interacts weakly with the interface.
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Figure 4.7. Calculated percent difference between the area per molecule of control Langmuir
monolayers and monolayers with glycine in the subphase for (A) DPPC and (B) DPPE. R
represents the phosphate group, glycerol, and saturated Cis tails. Symbols each represent a
different pH, where solid squares are pH 4, hollow squares are pH 6, solid circles are pH7,

hollow circles are pH8 and solid triangles are pH 9. The region shaded grey represents

physiological surface pressure.

DPPE monolayers, then, followed nearly the same trend at pH 4,6, and 8; all are 15-20%
expanded relative to the control at a surface pressure of 5 mN/m and decreased as surface
pressure increased. All three monolayers reached an equilibrium of remaining approximately
5% expanded relative to the control at 35 mN/m. Much like with the DPPC monolayers, the pH
9 monolayer remained relatively constant, remining between 1.8 and 2.4% expanded relative to
the control throughout compression. While glycine slightly condensed DPPC at pH9, it slightly
expanded DPPE at the same pH. Interestingly, pH 7 differs greatly between DPPC and DPPE.

For DPPE, the pH 7 monolayer is 5% expanded relative to the control at 5 mN/m and then
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becomes condensed between 10 and 15 mN/m. The monolayer remains slightly condensed, and
at physiological surface pressure the monolayer exposed to glycine is approximately 2-3%
condensed relative to the control. However, the calculated error is such that the glycine exposed
monolayer is not significantly different from the control. Overall, DPPE monolayers with
glycine in the subphase at all pH values but 7 follow similar patterns to each other in which the
monolayer is expanded 15-20% at lower surface pressures and decreases to 5% expansion as the
surface pressure increases. Interestingly, at pH 7 the monolayer exposed to glycine becomes
slightly condensed and does not follow patterns typical of the other pH values, and the
experimental error is such that there is no statistical difference between glycine-exposed and
control monolayers. This suggests that glycine may interact with the membrane interface, but it
does not do so strongly.
4.4. Discussion

The studies described above determine pKa measurements of G-containing peptides, and
in doing so compare the data of small G-peptides in ageuous solution and associated with the
AOT interface. The longer G peptides, in the case of GGG and GGGG have chemical shifts in
the same region as the AOT and overlap in chemical shifts, as can be seen in Fig. S15 and S19.
G and GG are found to appear in a region where AOT and isooctane peaks are not observed,
however, GGG and GGGG show signals in the same region as the AOT, therefore limiting
observation of the signals of these short G-containing peptides. As a result, a subtraction method
was utilized in which the AOT RM spectra containing no compound were subtracted from AOT
RM spectra containing the G compound of interest. Analyzing the spectra using the subtraction
method described in the experimental section allows us to calculate the chemical shifts for all G

compounds and is also used to obtain the pK, results summarized in Table 4.2. The pK. values
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were calculated for both the R-group protons near the C-terminus and the N-terminus of the G
peptides in both aqueous environment and in the environment of the RM. The resulting pKa
values calculated in this work are summarized in Table 4.2 for all the systems investigated in this

work and detailed in the descriptions below.

Table 4.2. Comparison of experimental pK, values obtained for G compounds in aqueous (D-20)
and wo 10 RM systems, shown with 95% confidence interval, with literature aqueous pKa values.

Compound | System | pKa(1) pKa(1) pKa(2) pKa(2) lit.
Carboxylic | lit. Protonated | lit. citation
acid amine

G D.0 2.51 2.46 10.7 9.60 48

1=0.2 1=0.2
(NaClOa) (NaClOa)
RM 2.49 8.51 This work

GG D20 2.85 3.15 8.60 8.10 48

1=0.1 1=0.1
(KCI) (KCI)
RM 2.99 8.48 This work

GGG D20 3.18 3.18 8.29 7.87 48

1=0.1 1=0.1
(NaClOa) (NaClOa)
RM 3.27 8.11 This work

GGGG D20 3.05 3.25 7.75 7.98 48

RM 2.82 7.94 This work

Our hypothesis; that the G is likely positioned such that the N-terminus is near or in the
interstitial water region of the RM either facing the negatively charged interface or actually
associated with the interface is in line with previous observations and predictions with other
charged molecules ***°. This pattern was observed for all the G peptides, to different degrees
and with the largest change for G. The larger difference for G can be explained because this is a
smaller amphiphilic molecule, and penetration of the interface by the N-terminus will impact the
amphiphilic molecule more than with peptides. Although penetration will bring the C-terminus
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closer to the interface, little change is observed in the pKa of the C-terminal, suggesting that the
N-terminal is loosely associated with the interface, and not deeply penetrated in the the interface
(Figure 4.8). This difference in the pK. of the protonated amine of G may also be due to the
presence of ions at the RM interface: in pure water G forms an energetically favorable 5-
membered ring between the protons of the positively charged amine and the negatively charged
oxygen on the carboxyl group, which is disrupted by the presence of ions at the RM interface
where the N-terminus is likely located. This will result in a lower pKa as shown in Table 2. The
changes in the pKa value of the amino-terminus in the three G-peptides, by contrast, are much
smaller. Differences in pKa between different sizes of RMs containing G suggest that there may
be some subtle differences in the specific location of the amino-terminus of these G-peptides as
anticipated because the charge distributions are somewhat different depending on the specific
conformation of the molecule. Importantly, modest change is observed in the pKa value of the
C-terminus consistent with its environment changing much less compared to the aqueous and
microemulsion preparations of the G compounds, consistent with their location closer to or in the
bulk water pool of the RM as expected if the environment changed little *°.

The presented data for all the G-peptides investigated indicate that they all interact with
the interface, albeit in a different way. The smallest G which is a zwitterion at neutral pH is
likely to interact more strongly with the interface based on the large changes in the pKa of the
free amine part of the peptide. As we demonstrated with aniline, the observed differences are
likely to be caused by changes in location and not to an inherent different in pKa values in the

new environment *°

. This may also be due to the disruption of the favorable 5-membered ring
that is formed by the positively charged protons on the amine and the negatively charged oxygen

on the carboxylate group in water by the presence of Na* at the RM interface as mentioned
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previously. In the case of the GG, GGG and GGGG peptides, the observed difference is much
less and there are also variations in the direction of the change; for G, GG and GGG the pKa
value decreased (acidity increased) in the presence of the interface, whereas in the case of
GGGG the pKa value increased (acidity decreased). In order to get more information on this
system we examined the interactions of glycine with a lipid interfaces in the Langmuir
monolayer system. Since the major responses were observed with glycine, we limited these
studies with glycine but examined its response in a pH-dependent manner (section 2.6). These
result showed that glycine is likely to associate with the lipid interface at pH near neutral hence

confirming the observations made with the microemulsion system.
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Figure 4.8. Schematic figure depicting the likely positioning of the G compounds used in this
study relative to the RM interface. G compounds depicted here are shown in a linear
conformation; however, it is likely that longer G compounds, such as GGG and GGGG, rotate
around C-C bonds in solution such that the conformation of the molecule may be bent as
discussed previously, but the C-terminal end is still located at the bulk water pool.
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Comparison of the pKa values in aqueous solution and near RM-interfaces are most
valuable when considering the inherent differences between the two systems and recognizing
that the aqueous solution can change significantly depending on the other ions in solution and
overall ionic strength. Previous work done with GGG in aqueous solution found that GGG
adopts a U-shaped conformation in the presence of Na* and SOs™ °, with no similar studies being
found for GG or GGGG. In this study, it was found that there is a strong interaction between the
sodium ions and the sulfite, which then interacts with the protonated amine of GGG, and
favoring a bending that adopts a U-shape. A similar phenomenon may be occurring in the RM
systems, in which the Na* ions interact with the sulfate groups on the AOT surfactant molecules,
which then interact more strongly with the protonated amine. This would be consistent with the
increase in chemical shift of the protonated amine for GGGG in RM as compared to its shift in
D0 (Table 4.2). Additionally, the increased pKa of the N-terminal protons as well as the
slightly decreased pKa of C-terminal protons indicates that the zwitterionic form is equally or
more stable in the RM, consistent with being at the edge of the bulk water pool of the RM
between bulk water and interface (Fig 4.6, Fig. 4.8).

These results implicate that it is unlikely that peptides containing numerous glycine
residues will have a strong effect as a membrane-penetrating peptide for the use of development
of novel antibacterial or anticancer therapeutics unless there are other amino acids present which
are more likely to interact with a membrane interface, such as lysine. Even in the context of the
reverse micelle, which has a strongly negatively charged interface to mimic the exposure of
phosphatidylserine residues by cancerous cells, there is little to no interaction of the G peptides
with the RM interface, indicating that even when the interface has a negative charge

characteristic to bacterial or cancerous cells, there is still no penetration of the interface by a
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peptide, despite numerous reports of glycine-rich AMPs >33, This result stands in contrast with
the studies with G alone which is found to interact with the interface. Together these results
suggest that for AMP peptides to be effective in penetrating membranes resides other than G are
necessary for the action of these peptides. This is consistent with the fact that many AMP
peptides contain significantly higher concentrations of lysine residues and/or aromatic residues
such as phenylalanine and tyrosine in addition to higher concentrations of glycine than the
average presence of these amino acids in other proteins due to the two physical features required
for antimicrobial peptide activity: charge and hydrophobicity 3¢
4.5. Conclusions

Studies exploring the interaction of G, GG, GGG and GGGG compounds with model
membrane interfaces measured in microemulsions (AOT RMs) using '"H NMR spectroscopy and
DLS indicate that G-peptides prefer to locate themselves at the edge of the charged reverse
micellar interface, between the water pool and interface at the Stern layer. This location is
different for the single amino acid G which is penetrated further into the interface. These
findings are supported by the calculated pKa values of the G compounds in both aqueous and
RM systems. Minor differences are observed for the pK. values and the chemical shift between
the aqueous and micellar environments indicating similarity between environments that the G
peptides are inhabiting. Larger changes are observed for the amine-group on the G amino acid
suggesting that the N-terminus is further anchored into the interface. This finding is also
consistent with studies done with Langmuir monolayers containing DPPE and DPPC exposed to
glycine; in the case of DPPC, at physiological pH the interface remains only slightly expanded
relative to the control indicating weak interaction with the interface. At physiological pH, there

was no significant difference between DPPE monolayers exposed to glycine and the control. In
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the case of the short G peptides GG, GGG and GGGG, it is likely that they associate with the
RM interface by orienting themselves such that the N-termini interact weakly with the RM
interface and the C-termini oriented towards the bulk water pool of the RM (Figure 4.8).

The case of G is very different from that of its longer peptides. In an aqueous
environment the protons on the positively charged amine hydrogen bond with the negatively
charged carboxyl end and form an energetically favorable five-membered ring. This may explain
the large difference between the pK, measured in the aqueous environment compared to the
reverse micellar environment. In the RM, this hydrogen bonding is disrupted, likely by the
presence of the Na* counter-ions. Additionally, the observed gradually decreasing chemical shift
of G at pH 7 and 9 indicates that the amino acid likely is placed in the interstitial water layer
between the interface and the bulk water pool. As the RM grows larger and the water becomes
more similar to bulk water, the chemical shift approaches a shift more analogous to that in D,O
consistent with the G moving from the interface into the interior water pool. This conclusion is
very important because of the role of G as a neurotransmitter; that is, for G to function and
propagate a signal to be received after it has been confined within synaptic vesicles and excreted
through the synapse. These results suggest that in the large synaptic vesicle (40 nm), it is not
likely that G will have any significant interactions with the membrane interface and is readily
released for uptake 7.

Considering that AMPs (host defense peptides) generally contain a high level of G as
well as other key amino acids (Lys, Phe/Tyr) it was of interest to determine the effects of G and
G peptides to obtain a better understanding how specific amino acid residues and their
corresponding peptides interact with membranes. The data suggests that the amino acid G does

associate with the membrane whereas the G peptides interact less strongly with a membrane, and
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likely function to increase the hydrophobicity of reported AMPs which are glycine-rich. These
studies support the interpretation that the properties of the AMP peptides are more related to
other amino acids such as Lys and aromatic amino acids with regard to translocation of these

peptides across a membrane for anticancer or antimicrobial activities.
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Chapter 5: Model Membranes as a Tool for Probing Membrane Interactions

5.1. The Utility of Model Membranes for Studying Electrochemical Properties of Menaquinones

Chapters two and three of this thesis explore the redox properties, conformation and
placement of hydrophobic molecules such as menaquinones in a bilayer. These studies would
not have been possible, or would have been extremely difficult, without the use of liposomes as a
model membrane.

In Chapter 2, the electrochemistry of a variety of truncated menaquinones was examined
in the context of a simple soybean phosphatidylcholine liposomal bilayer. Previous work in our
lab has studied these compounds electrochemical properties in the aprotic solvents pyridine,
dimethyl sulfoxide (DMSO), and acetonitrile. This was good preliminary work for a number of
reasons. First, it is much easier to study menaquinones of varying chain length in solvents such
as these due to their increased solubility compared to water. Additionally, it provides a much
more simplified environment for the study of such molecules. Such a simplified environment
allows the experimental set-up to examine the electrochemical properties of menaquinones: they
have increased solubility in these solutions and there is minimal interference from other
compounds or structures in the sample. The molecule is able to freely rotate in solution to come
into contact with the electrode rather than needing to diffuse to the surface of a liposome, which
must then diffuse to the surface of the electrode as it must in a liposomal formulation.
Additionally, work done in aprotic solvent allowed the observation of two one-electron transfers
to the menaquinone, which is not observable in protic solvent or in the liposomal environment.
However, while these preliminary studies laid the groundwork for observing the properties of

menaquinones in solution, they do not provide as much biologically relevant information as
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studies done in a liposome can.

Studies done here examining the half-wave potentials of truncated menaquinone
analogues in liposomes provide more biologically relevant information, however, their
confinement in the bilayer does not provide information that is as straightforward or as easily
interpretable as that obtained in aprotic solvent. Unpublished studies in our lab show that in the
same truncated analogues studied in Chapter 2 of this thesis, half-wave potentials of analogues
saturated at the B-isoprene unit required less extreme potentials to oxidize and reduce than fully
unsaturated or fully saturated analogues. Examination of half-wave potentials of truncated
menaquinone analogues in a liposomal context showed a much more complex, and less easily
interpretable result. While there was no significant difference in half-wave potential between
fully unsaturated analogues, as the number of saturations in the isoprene chain increased a
distinct odd-even effect manifested, in which an increase in saturations of the isoprene chain
results in a menaquinone analogue that requires either more or less extreme potentials to be
oxidized and reduced depending on chain length, or in the case of MK1, there was no effect at
all. While initially puzzling, this odd-even effect has been documented extensively in the
literature when studying self-assembled monolayers, or SAMs. Self-assembled monolayers are
layers of material, typically one molecule thick, that are bonded to a surface in an ordered way

(Figure 5.1).12
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Figure 5.1. Example of self-assembled monolayer in which pyridine-terminated thiolates are
assembled on gold. Figure published by Liu et. al.!
It has previously been found in a number of instances that differences between odd-length and
even-length hydrocarbon chains of molecules bound to a surface to create SAMS have different
electrochemical properties, despite potentially only differing by one carbon atom.?> This is due
to the length of the carbon chain affecting the placement of the aromatic head group, in the case
of menaquinone, naphthoquinone, relative to the plane of the electrode’s surface as well as to the
molecules surrounding it (Figure 5.1).° As a result, it is often difficult to determine what is
causing the odd-even effect observed, since it is difficult to separate the intramolecular effects of
the packing of the molecules from the effects that are caused by the placement of the aromatic
ring relative to the electrode.”®
A similar phenomenon is likely occurring in the case of truncated menaquinones bound
in the context of the liposome. Due to their limited solubility in water and increased solubility in
liposomal solutions, as well as the data shown here in Chapter 3, it is likely that menaquinone
analogues with the exception of MK are confined to a certain location in the bilayer, such as
menaquinone-2 residing at the charged interface of a PC liposome. In addition to being confined

to a certain location in the bilayer, it is also likely that they adopt a certain conformation based
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on their surrounding environment, as evidenced here in Chapter 3 as well as in previous
publications by our lab. This confinement in the liposome and preferred conformation of the
menaquinone analogue may produce a similar effect to the odd-even effect observed on SAMS: a
combination of conformation of the molecule itself and its interactions with the liposomal
environment may result in a majority of the MK-n molecules displaying similar electronic
characteristics, and resulting in the naphthoquinone head groups orientation being altered relative
to the surface of the electrode. The reason that MK is likely not affected as strongly, or at all, is
because of its increased water solubility: like the MK analogues studied in aprotic solvents, MK1
in an aqueous environment is likely not confined by the bilayer and is able to diffuse freely
through aqueous solution to the electrode’s surface. It is unclear, however, whether this odd-
even effect affects the biological process of oxidation and reduction in those organisms which do
use menaquinone in their electron transport system. The oxidation and reduction of menaquinone
is typically carried out by enzymes which transfer electrons from a donor to the menaquinone,
with another enzyme transferring the electrons from menaquinone to an electron acceptor. It is
possible that the electrochemical differences observed here are overcome by the enzymes
specific to the organisms which produce menaquinone as an electron transporter, and the
observation that more or less extreme potentials are required for MK to undergo redox processes
may have no difference to an enzyme which is simply transferring electrons to and from
menaquinone and an electron donor or acceptor. However, due to the widely differing MK-n
species which are produced by bacteria, even to the point that they are used for taxonomic
purposes, it is advantageous to understand the behavior and electrochemical properties of this
electron transporter in a bilayer.”!!

To further this project, though they have not yet been synthesized in our lab, longer chain
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MK analogues with saturations in the side chain should be used for electrochemical studies of
MK-n analogues in liposomes. Studies with alternating odd and even hydrocarbon lengths of
molecules immobilized on a surface in SAMs show that an increase in chain length of the
compound being studied shows greater differences between odd and even-length molecules.’
Certainly, it would be interesting to see if the same odd-event trend here remains the same, but
more pronounced, with longer isoprene chains attached to the naphthoquinone head group. In
addition to determining whether the trend observed here with truncated analogues remains the
same with longer MK-n analogues, it would also be of interest to study longer chain analogues
simply because they are more likely to act as electron transporters for bacterial species, where
shorter chain MK-n analogues do not.
5.2. The Utility of Model Membranes for Examining the Molecular Interactions and Placement
of Menaquinone-2 Within a Liposome

Similar to work done with the electrochemical characterization of MK-# analogues,
previous work done in our lab examined the conformation of menaquinone-2 in aprotic solvents
as well as in the context of a reverse micelle. The work presented here in Chapter 3 builds on
this previous work and characterizes the likely conformation of menaquinone-2 in the context of
the more biologically relevant liposome. Unlike the work examining the electrochemistry of
MK-# in solvents and reverse micelles, similar results were found here as in previous work.
Previous work determined that, with the exception of minor conformational changes in the tail of
MK-2 to minimize unfavorable solvent interactions, MK-2 in solution and in reverse micelles
adopts a folded, U-like shape in which the tail folds itself over the naphthoquinone head group to
one side of the ring’s plane.!?> However, there were some minor differences in the placement of

the molecule with respect to the surfactant or lipid head groups when moving from reverse
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micelles to a liposomal bilayer. In this instance, lipid-MK-2 cross peak interactions indicated
that MK-2 orients itself with the naphthoquinone head group oriented outwards towards the outer
liposomal leaflet, rather than with the bend in MK-2 pointed towards the polar head groups of
the AOT comprising reverse micelles. Additionally, at higher concentrations of MK2 relative to
PC, MK2 appears to be pushed out of the bilayer, as evidenced by an emergent set of peaks in
the 12 mg/mL MK?2 liposomal spectrum which correspond directly to its peaks in D>O. The
conformation of liposome-bound and aqueous forms of MK2 are similar, in which the isoprene
tail is folded over the naphthoquinone head group. However, the liposome bound form of MK?2
is folded over itself more tightly, as evidenced by interactions between protons Hu 1 and protons
Hcp which are not present in the liposomal spectra containing aqueous MK?2 peaks.

While this work is interesting in that it determines the conformation of MK?2 in the more
biologically relevant context of a liposome, I think that this work could be pushed further by
examining the placement of MK2(I1-Hz) and MK2(H4) within a liposomal bilayer and determine
how the increasing saturations in the tail affect both the molecules placement in the bilayer as
well as how their conformation may be affected by the lack of double bonds in the isoprene tail.
MK?2 is the ideal molecule for these preliminary studies because while the isoprene side chain is
shortened, there are numerous rotational degrees of freedom which can complicate the data
collected, particularly in the case of fully saturated MK2. MK-#n molecules of longer chain
length, while more biologically relevant, will prove difficult to study via 2D NMR or molecular
modeling for these same reasons. However, in the case of MK?2 with increasing saturations, the
rotational degrees of freedom are manageable, and in Chapter 2 we see that with increasing
saturations in the isoprenyl side chain of MK?2 both half-wave potentials and reversibility ipa/ipc

ratios change significantly. It is possible that this significant change in electrochemical
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properties comes as a result of different conformations and placement in the liposomal bilayer
due to the loss of the double bonds in the chain making the molecule more hydrophobic and
potentially changing interactions of the isoprene tail with the head group for the same reason.
Experiments should also be done with MK3 in a bilayer to determine if there are any significant
differences in the placement and conformation of MK3 compared to MK2 which may also
account for the odd-even effect observed in Chapter 2, however, again, this work may prove
difficult due to the length of the isoprene side chain. Work with the truncated MK2 analogues
mentioned here is being carried out currently in the lab. In all, the work presented in Chapter 3
on the placement and conformation of MK2 in a bilayer lays the foundation for the study of other
MK analogues, or indeed, a number of other hydrophobic molecules for the lab.
5.3. Utility of model membranes for probing membrane interactions of polar molecules

As shown in Chapter 4, it is also possible to use model membranes to probe the
interactions of molecules within a model membrane context using a reverse micelle. This
chapter shows the use of a reverse micelle to probe interactions of short glycine peptides in the
context of a membrane to determine what the placement of glycine and short glycine peptides are
in the RM relative to glycine’s function as a neurotransmitter as well as what effect glycine may
have in antimicrobial peptides, or AMPs. This work found that the short glycine peptides GG,
GGG and GGGG prefer to locate themselves at the reverse micellar interface rather than in the
bulk water pool, where glycine prefers to reside. This work shows that glycine likely would not
have much effect on a bacterial membrane as an AMP, and relative to its duties as a
neurotransmitter, when it is released from the synaptic vesicle into the neuron, as it does not
appear to have strong interactions with either the reverse micellar interface or with DPPC and

DPPE monolayers.
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5.4. Concluding remarks

The work shown in this thesis, particularly the work with menaquinones confined to
liposomal bilayers, has helped to further our understanding of how the electron transporter
menaquinone behaves in a more biologically relevant environment: a membrane bilayer.
Though the liposomal bilayers used in this context are greatly simplified from what would be
observed in an actual bacterial membrane as discussed in Chapter 1, we are still able to observe
an odd-even effect with regards to the electrochemical properties of truncated MK analogues as
well as the conformation that they are likely to adopt in such an environment. In addition to
furthering our understanding of MKs confined to a bilayer this work can be applied to a number
of other hydrophobic molecules, with potential applications such as determination of partitioning
coefficients of relevant hydrophobic molecules such as cannabinoids for assessment of
inebriation or the study of any number of other hydrophobic molecules whose study proves

difficult/irrelevant outside of the context of a bilayer.
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Appendix I: Contributions to works

The materials in Chapter 1 are largely review materials that were prepared for the purposes of
this thesis. Figures in Chapter 1 are adapted from literature and referenced accordingly.

Work in Chapter 2 shows the electrochemical properties of truncated menaquinones in
liposomal formulations. Liposomal formulations of MK-n compounds were made in triplicate
either by Kaitlin Doucette or Brian Heritage. Data collection was performed by Kaitlin Doucette
or by Brian Heritage. Data interpretation and workup was done by Kaitlin Doucette as well as
the writing. In this work, both Debbie C. Crans and Dean C. Crick provided valuable insight to
help with the interpretation of data and helped with the assembly of the story presented in several
meetings which proved invaluable to the writing of this chapter. Cheryle N. Beuning provided
training on this project and helped with initial set-up of the experiments.

Work in Chapter 3 shows the 1D and 2D '"H NMR spectra of menaquinone-2 in a
phosphatidylcholine liposome. MK-n compounds were synthesized in our lab previously by
Jordan T. Koehn and Heide Murakami. Liposomal formulations were made either by Kaitlin
Doucette or by Gaia Bublitz. Data collection was also carried out either by Kaitlin Doucette or
Gaia Bublitz. Kate Kostenkova and Heide Murakami gave invaluable advice for working up the
spectra obtained for interpretation. Data interpretation was carried out either by Kaitlin Doucette
or Gaia Bublitz. As always, Debbie C. Crans and Dean C. Crick provided valuable advice on
the interpretation of the results and creation of a story from the data.

Work in Chapter 4 explores the use of reverse micellar model membranes for the
investigation of glycine and glycine peptides at an interface. Reverse micelles containing

glycine and glycine peptides were prepared either by myself or Prangthong Chaiyasit. Kayli N.
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Martinez collected data determining the pK. of glycine in w30 reverse micelles. Mary Fisher
provided general lab advice and training. Data interpretation was carried out by Kaitlin Doucette
and Prangthong Chaiyasit. Writing and figure making was carried out by Kaitlin Doucette,
Prangthong Chaiyasit, and Nuttaporn Samart. Useful advice on data interpretation and
methodology was given by Debbie C. Crans.

The following appendices contain information about contributions to published works not
discussed in this thesis as well as supplementary information for data contained in Chapters two,

three and four.
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Appendix II: P-values Obtained for MK-n E1» Potentials, Reversibility and Diffusion
Coefficients

Table A2.1. P-values Calculated for Ei2 Values of Fully Saturated MK-n Analogues

MK-n comparison | P-value Sig.
MKI1-MK2 0.8428
MK2-MK3 0.0513
MK1-MK3 0.1022
MK3-MK4 0.0800
MK2-MK4 0.4110
MK1-MK4 0.4441

Table A2.2. P-values Calculated for E1» Values Comparing Each MK-n to Itself with Increasing
Saturations in Isoprenyl Chain

MK-n comparison | P-value Sig.
MKI1-MK1(H2) 0.2346
MK2-MK2(II-H2) | 0.0023 *
MK2(II-H2)- 0.0679
MK2(H4)

MK2-MK2(H4) 0.0039 *
MK3-MK3(I1I-H2) | 0.0495 *
MK3II-H2)- 0.4137
MK3(H6)

MK3-MK3(H6) 0.0487 *
MK4- 7.932E-05 *
MEKA4ILIILIV-H6)

Table A2.3. P-values Calculated for ip./ip. Ratios of Fully Saturated Analogues

MK-n comparison P-value Sig
MKI1-MK2 0.0295 *
MK2-MK3 0.0072 *
MK1-MK3 0.0287 *
MK3-MK4 0.1389
MK2-MK4 0.0105 *
MKI1-MK4 0.1093
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Table A2.4. P-values Calculated for ipa/ip. ratios Comparing Each MK-# to Itself with
Increasing Saturations in Isoprenyl Chain

MK-n comparison | P-value Sig.
MKI1-MK1(H2) 0.4518
MK2-MK2(II-H2) | 0.0986

MK2(II-H2)- 0.3471

MK2(H4)

MK2-MK2(H4) 0.0262 *
MK3-MK3(II-H2) | 0.3330

MK3II-H2)- 0.0730

MK3(H6)

MK3-MK3(H6) 0.0182 *
MK4- 0.0234 *
MK4(LIILIV-H6)

Table A2.5. P-values calculated for Do Comparing Fully Saturated Analogues

MK-n comparison | P-value | Sig.
MK1-MK2 0.017066 | *
MK2-MK3 0.019201 | *
MKI1-MK3 0.014056 | *
MK3-MK4 0.065338
MK2-MK4 0.115372
MK1-MK4 0.015221 | *
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Table A2.6. P-values Calculated for Do Comparing Each MK-# to Itself with Increasing
Saturations in Isoprenyl Chain

MK-n comparison | P-value Sig.
MKI1-MK1(H2) 0.0471 *
MK2-MK2(II-H2) | 0.0107 *
MK2(II-H2)- 0.0492 *
MK2(H4)

MK2-MK2(H4) 0.0244 *
MK3-MK3(II-H2) | 0.2512
MK3II-H2)- 0.8691

MK3(H6)

MK3-MK3(H6) 0.3498

MK4- 0.4863
MKA4JLIILIV-H6)

123



Appendix III: Cyclic Voltammograms of MK-n Analogues with Increasing Scan Rates
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Figure A3.1. Cyclic voltammograms of each MK-n analogue studied at scan rates 25 mV/s, 50
mV/s, 100 mV/s, 150 mV/s, and 200 mV/s in soybean phosphatidylcholine liposomes.
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Appendix IV. 2D 'H-'H ROESY NMR Spectra of MK-2 Confined in Egg Phosphatidylcholine

Liposomes
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Figure A4.1. 2D 'H-'"H ROESY NMR spectrum of 6 mg/mL MK-2 in PC liposomes.
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Figure A4.2. 2D 'H-'"H ROESY NMR spectrum of 12 mg/mL MK-2 in PC liposomes.
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Appendix V. 'H NMR Spectra of Glycine in Aqueous and Reverse Micellar Solutions
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Figure A5.1. 'H NMR of D,O solutions containing G at varying pH values are shown. Spectra
were run in triplicate and one representative series is shown.
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Figure A5.2. 'H NMR of RM solutions containing G at varying pH values in the DO pool are
shown. Samples are run in triplicate and one representative series is shown.
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Figure A5.3. 'H NMR of D,O solutions containing GG at varying pH values. Spectra were run
in triplicate and one representative series is shown. Protons are labeled according to the figure of
GG shown above.
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Figure A5.4. 'H NMR of RM solutions containing GG at varying pH values in the D20 pool are

shown here. Spectra were run in triplicate and one representative series is shown. Peaks are
labeled according to the structure of GG in Figure A3.3.
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Figure A5.5. 'H NMR of DO solutions containing GGG at varying pH values. Spectra were
run in triplicate and one representative series is shown. Peaks are labeled according to the figure

of GGG shown above.
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Figure A5.6. Representative spectrum showing subtraction technique utilized to elucidate GGG
peaks overlapped by AOT peaks.
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Appendix VI: Selective Speciation Improves Efficacy and Lowers Toxicity of Platinum
Anticancer and Vanadium Antidiabetic Drugs

This manuscript is published in the Journal of Inorganic Biochemistry with Kaitlin A. Doucette
as the primary author. This work is a review article which focuses on the speciation of vanadium
and platinum compounds as therapeutic compounds. Kelly N. Hassell prepared four figures
within this manuscript and wrote sections on Lipoplatin. Debbie C. Crans helped greatly with
preparation of the manuscript concerning vanadium, and Kaitlin A. Doucette prepared the

sections on platinum speciation. !
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ABSTRACT

Improving efficacy and lowering resistance to metal-based drugs can be addressed by consideration of the coor-
dination complex speciation and key reactions important to vanadium antidiabetic drugs or platinum anticancer
drugs under biological conditions. The methods of analyses vary depending on the specific metal ion chemistry.
The vanadium compounds interconvert readily, whereas the reactions of the platinum compounds are much
slower and thus much easier to study. However, the vanadium species are readily differentiated due tovanadium
completes differing in color. For both vanadium and platinum systems, understanding the proocesses as thecom-
pounds, Lipoplatin and Satraplatin, enter cellsis needed to bettercombat thedisease; there ame many celiularme-
tabolites, which may affect processing and thus the efficacy of the drugs. Examples of two formulations of
platimum compounds illustrate how changing the chemistry of the platinum will resultin less toxic and better
tolerated drugs Theconsequence ofthe much lower tondcity of the drug, can be readily realized because cisplatin
administration requires hospital stay whereas Lipoplatin can be done in an outpatient manner. Similarly, the
properties of Satrplatin allew for development of an oral drug. These forms of platinum demonstrate that the
direct consequence of more selective speciation islower side efferts and cheaper administration of the anticancer
agent. Therelore we urge that a the community goes forward in development of new drugs, contral of speciation

chemistry will be considered as one of the key strategies in the future development of anticancer drugs.

© 2016 Elsevier Inc. All rights reserved

1. Introd uction

Metal-based drugs have continued to play an impartant role in com-
bating a variety of diseases particularly in cancer. Cisplatin, for example,
remains an effective platinum (Pt)-containing anticancer agent still
used over 35 years after its introduction | 1-10]. Because the processing
of metal complexes is critical for the biological effects of metal-based
drugs, it is importznt to consider thelr speciadon [9-12). In a number
of different biological processes, hydrolytic, substitution and redox
chemical readtions result in the conversion of the original, clinically ad-
ministered metal complex, into new and distinct complexes with their
own inherent and sometimes beneficial biological properties [9,10]. As
a resulr of the coordination chemistry that takes place under biological
conditions, many different forms of a metal species may exist in differ-
ent environments and this can have advantageous consequences [12-
17]. These different forms are often referred to as species, and the for-
mation of these different compounds from one original species is re-
ferred to as speciation. The examination of spedation is the study of
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what specific species of a compound may exist under particular condi-
tons| 18], In the present manuscriptwe will review the Uterature of an-
ticancer drugs from the point of examining how speciation impact the
effects of drugsand thelr efficacy [19-21). Because speciation of vanadi-
um-hased drugs has been studied extensively and underline the impor-
ance of such studies by linking biological effects of spedific vanadium
species [22-25], we use vanadium-based drugs to draw parallels with
platinum-based drugs and their speciaton.

Previous work on V-hased drugs has demaonstrated the concept that
one metal com pound may result in several ather compounds under differ-
entenvironmental circumstances | 16.26). Thus, one metal compound may
also penerate several forms in different biological matrices [11,12,16). For
example, vanadate, the simplest V(V)-containing salt, is fourd to exist in
these different farms or spedes in aqueous and organic solvents [16.27-
29]. We and others have also shown that vanadate interacts o form com-
plexes with metabolites and buffer solutions | 27,30-33), and that each of
these V(V) species has different inherent chemical properties that gener-
ate different respanses from enzymes |34-37), cells [38,39), and ultimately
the animal or human system being reated as a whaole | 32 35-42 | Further
Mustrating that different forms of metak-based drugs may vary with their
processing, it has been shown that the metal complexes formed ina pure
aqueous solution will likely be different from those formed in a complex
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biological system [43 44), see Fiz. 1. We have recently reviewed the effects
of oxidovanadiumdipicalinates as antidiabetic agents [ 16,17). As part of
this review, we have illustrated that the form of the compounds studied
in solid state and aqueous solution are different as compared to the
same compounds in a hydrophobic environment | 16,17,27). In fact; the
properties of these compounds changed enough that even with limited
chamcterization of the new systems formed, it was dear that the new
structures were chemically distinct form of the parent compounds [16,
17). Specifically [n two cases, different axidovanadiumdipicalinates deriv-
atives were isolated in the solid state and characterized as having a
peroxido- and hydroxylamine derivative |16]. The reactivity and the spec-
trescopic characrerization of the species that exist in organic solution led
o the identification of a derivative that was very reactive and acted as
an axidation catalyst | 16,39,45]. Such changes in reactivity induced by
the difference in the environment are likely to be important for the
mode of action of these compounds [16,17]. Vanadium salts and some va-
nadium compounds have also shown potential as anticancer drugs [46,
47] These examples testify to the importance of the specation profile of
the drug upan administration.

We have shown that different protonation and olipomeric forms of
vanadate will exert different responses by enzymes. Specifically illus-
trating this example of diversity, enzymes such as phosphatases |23,
30,35,37,48.49] are kmown to be inhibited by the vanadate monomer
{HV03, HVOZ ) while vanadate tetramer, an oxovanadate species
with fourV atoms, is found tobe aninhibitor of 6-phosphogluconate de-
hydrogenase | 50}, glucose-6-dehydroge nase | 22|, glyceral-3-phosphate
dehydrogenase | 51] and aldolase [52). A few studies have been re
of vanadium (IV) solutions and is found to be as potent an inhibitor as
vanadate monomer with protein tyrosine phosphatase 1 B (FTP1B),
E. coli and mammalian alkaline phosphatases, Similarly, organic V deriv-
atwvesare more potent inhibitors for ribonudeases than the simple salts
|53-56] Because the environment plays a role inwhat species of metal
complex are formed, the V spedies can change as they move across the
cell and into different compar tments. For example, the isolated V com-
plex formed with triethanolamine (VO(tea)) was found to have the
triethanolamine( 3-) coomdinated in 2 tetradentate manner to the V=0

Fig 1. The anionde [V0f dipde ) |~ exdsting i n the aquess soletion znd (n the solid state
when placed (n diff ol resudis in the formation of different compound

that have very differant propenties. The top resul tant structure resal s from sxposurne oo
plar arganic medivm, middle srucneme resuls fiom e xposure to very polar organic
medium, and battam §s strecture resultng from exposure to hydrophobde medium
(Reviewed in Rel. [15])
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unit in the solid state and in organic solution | 27 ). By contrast, the struc-
ture in aqueous solution of the anlonic complex (VO tea) ™) has the
triethanclamine (tea) coordinated in a tridentate manner to the VYOI
unit amd had a free ethanol arm [27,37] Indeed, it was found that
using this amine as a cation that the V complex much more readily
was taken up into Caco cells [57].

After these many studies have indicated that speciation of the Vis an
impartant factor in its biological action, we now turn our attention to
platinum (Pt)-based antinimoral compounds where much less work
has been carried out in the area of speciation [9,10,58-63]. There are
currently three FDA-approved Pi-based drugs used for their anticancer
properties: namely, cisplatin, carboplatin, and oxaliplatin as shown in
Fig. 24.7.64.65). These drugs are used in the treatment of a variety of
cancers such as bladder, testicular, lung and ovarian, among many
others |66] In additon, a few more Pt-compounds have been inwesti-
gated and some are legalized in the clinics outside the USA. It is there-
fore important to, in a manner similar o the V-compounds, analyze
spedation of the Pt-based com pounds.

Approved by the FDA in 1978, cisplatin was the first small Pt-based
antitumoral drug [3-7,67,68]. Clinical use of cisplatin was followed by
the development of carboplatin and oxaliplatin, which were developed
to minimize some of the undesirable side effects of cisplatin such as
nephrotoxicty and ototoxicdty, or toxicity to the kidneys and ears, re-
spectively [62,69-71]. The generally accepted mechanism of action for
this class of antitumoral drugs is the complexation of the Pt species
with DMA, which leads to the bending of the DNA helical structure by
a 35-40 degree angle, When DMA polymerase progression is inhibited
as a result of this structural perturbation of the DNA chain, apoptosis
of the cancer cell s induced [2,3.9,10,72]. In the case of Pt-con @ining an-
titumoral drugs like cisplatin, the administered compound is not the bi-
ologically active compound that exhibits these antitumoral effects. The
Pt compound must first enter through the cell membrane, and upon
reaching the cytoplasmy, the chloride ligands are replaced by waters. It
is generally believed that it is this aquated compound that is then able
to bind to the DNA and induce apoptosis [3.73-75].

This biclogical conversion of the Pr-drug to its active form calls at-
tention to the importance of spediation in understanding its full biolog-
ical effects. Sucoess with this dass of drugs has demanstrated that there
are a number of different Pt-based drugs that have been effective in
treating cancer [1.7,76). In the following, we have reviewed the Infor-
mation that is avallable on Pt speciation and placed it in context of the
suocessful anticancer drugs. However, because of the increasing prob-
lems with development of drug resistance, it is important that sclentists
recognize how spedation impacts the complex problem of drug resis-
tance. Currently, recognized issues in cancer resistance indude changes
in drug targets, development of alternative pathways for DNA repair,
changes in cellular pharmacology such as increased drug e filux, changes
in regulatory paths, and changes in the physiology of cancer [65]. Al-
though these specific mechanisms are assisted by the intrinsic nature
of cancer evolution, amitting the consideration that chemical and bio-
transformatons of anticancer drugs may also contribute © this matter
would leave out entirely another level at which we can combat cancer.

Inthis manuscript we will discuss how the biological spedation of
Pt-complexes can be used to understand the anticancer effecs of cis-
platin and other platinum based compounds, This review will illustrate
the importance species that may arise from the bioprocessing and
chemical reactions within the cell in additdon to the active form of the
administered metal-based drug The topic is introduced by first describ-
ing the more well-known speciation of V-based compounds and their
biological activities. We point o the many V-containing products that
are sold for many different purposes including management of glucose
levels. Many different forms of V-containing products that are commer-
cialhy available contain variable levels of V and a range of additives Sim-
llarly, speciation of Pr-based anticancer drugs highlights the fact that
spedation chemistry can explain the reported improved efficacy of Pt-
drugs, and effidency of the fight against cancer. It is our hypothesis
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that the spedation of Fr-contzining drugs has considerable implications
with regards to the efficacy of Pt-containing antitumoral drugs. We
show that changes in speciation of the Pt-based compounds formed af-
fects the Pt metabalism, biological efficacy, and drug resistance and can
explain improved properties of second and third generation Pt-based
drugs. In the following we describe the biological properties of the V-
and Pt-containing drugs, and how this knowledge can improve biologi-
cal efficacy. In consideration of the spedation chemistry involved, we
recommend that the spedation chemisiry be a factor considered when
developing new anticancer drugs.

2. Definition of speciation

Speciation chemistry is a branch of chemisiry that was historially
developed in northern Europe and for decades had a home in the area
of solution chemistry [14,18,77-82). Because there are several discipline
and area specific definitions for speciation | 83-86], recent recommen-
dations have been crried out within the International Union of Pure
and Applied Chemistry (IUPAC) establishing a commission that devel-
oped several recommendations for the scientificcommunity on the def-
inition of speciation [ 18]. In addition to the dassical areas of solution
chemistry | 79-82], bioinor ganic chemistry and ¥ chemistry have also
embraced the principles of speciation and as a result [79-82,84.87]
have used these for development within these disciplines [37.43,88).
Spedation studies have been done for a number of metals ions and sys-
tems |33,83,84.89-93], using arange of analytical methods for analysis
|79,84.90,92,94.95]. The avallahility of the improved and high resolution
analytical methods and powerful tools for data analysis have revolu-
tionized the sdentists' ability to measure different species under biolog-
ical conditions [11,79,85,89,55] and environmental conditions | 83,90,
91} However, regardless of the Improved analytical methods available,
the coordination chemistry of the targetelement dictates the processing
and the potential of what can be observed. Such considerations are at
the essence of chemical speciation [10,11), and the focus for can be
observed.

For the purposes of this manuscript, we will here provide the dassi-
cal solution chemistry definition of speciation, illustrated by Egs. (1)
and (2) [11.18]

PHY +qM 4 rL=(H" ) _(M)o(L), M

G Ry

Eq. (1) shows H*, a metal lon (M}, and a ligand (L) forming a com-
plex with the swichiometry defined by p, g, and r respectively in an
equilibrium reaction. The formation constant of the complex B(p, q.r)
is shown in Eq. (2], in which the concentration of the complex is divided
by the multplied concentrations of the individual constituentsof H ', M
and L raised to their respective powers, p. q, and r [ 18]. The quotients
values for p,q. and rare determined by a titration followed by the eval-
uation of the constants of the entire syskem using computations in an it-
erative process [11,80-82). These patentiometric studies are most

Bip.a.1) (2]

effective whenan entire pH range is considered. Because hydrolysis re-
actions do not involve L these complexes will be described as
{p.g.0).where pand q are the coefficients for H" and the metal respec-
tively, and the farmation constant is defined by the concentration for
the respective precursors [ 11,77] Such speciation studies result ina se-
ries of constants that represent the system and allow for prediction of
species distribution.

Several important imitations with the classical speciation approach
include the types of reactions and specific species [11]. Only reactions
with changes in H* give observable changes and indicate differe nces
inthe speciation. In addition the hydration number (ie. the number of
water malecules in the farmula) in a complex canndt be measured be-
cause such addition does not add or ake away a proton and thus s
not detected. Furthermore, since this definition of speciation focuses
on composition, it is important o that stereachemistry is
not taken into account. Stated differently, the classical definition of
each species focuses on the atom composition rather than where the
atoms are located in space, However, In this manuscript, we will point
o both the differences in composition (that is, spedation) as well as
hon they are oriented in space,

1 Spedation case studies
31. Vanedium {abbreviated V)

The biological effects of the V salts and otherV unds are sen-
sitive to thelr structure and compositon [14,17,38,41-43,96-08). As a
result, speciation studies have played an important role in the develop-
ment of new antidiabetic, anticancer, and other thera peutic compounds.
The spedation of V compounds and salts are also sensitive to their con-
ditions, or environment, and s a result the chemical bioprocessing ises-
sential to their mode of action [16,32,48). Additionally, the speciation of
W is very sensitive o changes in oxidation state, thus similarly sensitive
are the analytical techniques that are effective in monitoring them |32,
57-105] The routine methods used for measurement of speciation in
aqueous solution include NMR and electron paramagnetic resonance
(EPR) spectrascopy, UV-Vis spectroscopy, potentiometry and electro-
chemistry [29,106,107 ). Less routine and instrumentally more demand-
ing techniques include electron nuclear double resonance (ENDOR ),
high resolution magnetic resonance techniques and x-ray absorption
spectrometry (XAS), and X-Ray absorbance near-edge spectroscopy
[MANES) [108-112]. Some of these methods such as XAS offer advan-
ages inthat it can monitor several oxidation states at once. However,
once the speciation is to be done in biological systems, fewer of these
methods are available because of the complexity of the media investi-
gated, and because itis difficulr tomanitar the low cancentration of ma-
terial in living beings. However, for the compounds with slower
exchange rates isolation methods can be used as well, This however
must be emphasized that it will not allow distindion of the faster ex-
changing materials [109-111]. Most of the methads listed are limited
w one oxidation state of the V, since the V undergo redax chemistry, it
is important that more than one method is used or a methods such as
XAS is used that can measure different oxidation step [108-111]
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3.1.1. Vanadium({'V) (V{V)) speciation

The aqueous vanadium(V) (V(V)) metal can exist in both cationic
and anionic forms, depending on the surrounding pH and the presence
of other components, V in this oxidation state and its derivatives are
readily monitored using 5"V NMR spectroscopy [29,32,113). Asa qua-
drupolar nucleus, its MMR properties are very favarable for analysis
with fast relaxation time and large spectral window. In Table 1 we
show the composition of a number of V(V) species in aqueous solution
[114]. Detailed studies based on composition and classical speciation
methods have characterized these species and the speciation is found
to be sensitive to pH, concentration and electrochemical potential
| 114].In addition, we show the species alangwith their chemical prop-
erties, such as pKa values that form in the presence of two simple
buffers, diethanolamine and tricine. For these two simple buffers, only
one complex forms, although it can exist in different protonation states
|80]. However, for other interesting biological systems, many more spe-
cies can form

It is generally believed that the six-coordinate cationic s pecies at low
pH have properties analogous to metal ions and the anionic four-coordi-
nate species at neutral and basic pH have properties mare analogous to
phosphorus |114-117). Recent studies exploring the coordination envi-
ronment of the solution species using extended X-ray absorption fine
structure (EXAFS) and large-angle X-ray scattering (LAXS) and in the
solid state by single-crystal X-ray diffraction and EXAFS suggest that
the V in neutral and alkaline pH could also have coordination numbers
higher than four, breaking the trend of phosphorous-like properties at
the lower pH values [118) However, generally the oligomeric
axovanadates are viewed as phosphate and pyrophosphate analogs, be-
cause monomeric vanadate is believed to be an excellent phosphate an-
alog with regard to its structure, pKa values and the biological response
that it exhibits [43,115] as shown in Table 1. The speciation of the V(V)
lons is particularly complex as there are environments and situations in
‘which some of these ions rapidly exchange ligands, wher eas others may
exchange more slowly [31.43,96]. In Fig. 3 we show the dramatic differ-
ence of the effiect that mere pH can have on vanadate solutions, inwhich
yellow decavanadate (the V' species containing 10V-atoms, see Table 1)
is compared o the colorless oligomeric vanadates. Decavanadate

Table 1
Farmation constants o varknes spece s n the bdnary systems H™-HaV05, H™-DEAE2and
H + -Tricine { L6 M Ka{01), 25 *C *® Adapted from Ref. (80,1 14)

[T log B, PE, Farmnla sbbeev
H*-vanadats

Lo == = H+

—L10 —782 - HWE . vanadaie monomer
0,10 = 792 HVOg, vanadate monamer
22-0 —152 = V04—, vanadate dimer
—120 -525 392 HVa0) ~, vanadate dimer
0z 37 802 HaVo0F ~, vanadate dimer
—240 —B88 - V4047, vanadate & tramer
— 140 022 210 HVyOR T, vanadate tetramer
0AD 1000 - V4T, vanadate i tramer
050 1238 - VoRT, vanadate pentamer
4,100 5213 - Viol, decamer

5,100 5113 &00 HVyoD ", decamer

5,10,0 5187 174 HaVoO, decamer

7,100 53147 L& HaV' O3, decamer

210 696 = WO cls-diosd dovanadium [ V)
H=-di ethanolamine (DEA)

oo = = Gyt o0 NDEA

181 9072 + 0003 ag72 CoHy 20:N™ HDEA™

1~ N tris{ hydr eyt }-me thyrll glycine (Tricine)

—10,1 —7529 + Q001 - Calty 20N Tricine™

041 - 7929 Gty /0 Tl clne

141 2020 + 01004 202 CaHy O W= /HT i clne

*The results were obtained by use of the computer program LAKEZS “Resuls takenfom
el |114] and recaiculsted with Ha V0§ 25 the companent in plaee of 105~
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readily forms from aqueous solution of colorless oligomeric vanadates
in the presence of a couple of drops of acid as shown in Fig. 3. At neutral
pH. the colarless oligomeric vanadates readily exchange, whereas the
yellow decavanadate only exchanges stowly. Methods needed to ex-
plore the V chemistry cantaining borh decavanad ate and the oligomeric
oxovanadates must be methods that can measure both fast exchanges
and slow exchange processes [37,1149].

Above describes the hyd mlytic reactions that V(V) engagesinand in
the presence of buffers would show similar results. However, V also un-
dergoes redox chemistry and accordingly more than one routine analyt-
ical method would be needed to properly describe the oxidaion states
in each system. In addition, powerful methods such as XAS require ac-
cess to a synchrotron can provide detailed information on all oxidation
states, howewver the available concentration ranges must be sufficiently
high far detection [108-111]. In the sections below we briefly describe
spediation of V in oxidation states IV and IIL

3.12. Vanadium{TV) speciation

The aqueous V({IV) metal can also exist in both cationic and andonic
forms [14,43,105,32]. The catianic forms are more common at a low
pH, and the anionic forms at neutral and high pH. Less is known about
the speciation of aqueous V{IV) compared to Vi{V), particularly at neu-
tral pH, because at this pH there is no electron pammagnetic resonance
(EPR) signal, presumably because of dimerization joligomerization of
the vanady| species |32,105). However, V(IV) forms tend to form maore
stable coordination complexes with ligands, and the equilibration of
these systems is slower than for V(V) systems [28.97,105] Dissolved
V050, forms [VOH0)s P+ and is a bright turquoise color and will re-
main this color at acidic pH. However, when the pH of the solution is in-
creased and approaches neutral and basic pH, the blue color of the
solution disappears, However, the species with this form of V is depen-
dent on preparation, at high pH the turquoise color change to colorless
VO[{OH)y , which gives a strong EPR signal, or a different form of V de-
pending on how the solution is prepared [32,105].

(helated V{IV) is gener ally viewed as the most stable of the forms of
V [28,32,105]. This is because for some ligands, such as maltolato, the
speciation profile is shifted one pH unit in favor of newtral pH (28,33,
97,120]. In addition, because the V{ IV} complexes generally hydrolyze
slower than thelr corresponding V(V) complexes, they are typically
viewedas more desirable to work with. However, recent work has dem-
onstrated that this perception does not hold for all types of ligards, and
that there are V{ V) complexes that are mare potent antidiabetic agents
than the mrresponding V(IV) complexes [37,39.41.42) Furthermare,
more is known with regards to the interaction of V(V)-protein com-
plexes and thus potential mode of action of the antidiabetic agents
[37.49.98.117].

Although V(IV) is the most stable form of V in the redudng intracel-
lular environment, it is prone to redox processes in the presence of ox-
idizing metabolites and in more oxidizing environments [121})
However, controversy has existed because ligand [26] and environ-
ments will change their redox state | 16]. For example, dissolution of
VOS50, into an aqueous solution at pH 7 in the presence of dissolved
dioxyzen will immediately oxidize about 30% of the solution t V(V)
spedes [121] Thus, maintzining the V(IV) in the lower oxidation state
requires that the pH of the solution s acidic and for that the samples
must be prepared under an nitrogen or argon atmosphere at neutral
pH [121]. The major routine method for measurement of V{IV) Is EPR
spectroscopy, but other methods such as UV-vis and IR spectroscopy
can be helpful [28,122]. More speclalized methods such as XAS and
high field EPR spectroscopy can also be informative [123-125] Many
studies have addressed the issue of redax state of vanadium and differ-
ence have been dbserved depending on the study [ 126-129]. Studies
with vanadium compounds as antidiabetic agents have demansirated
that there are efficacy differences with regard w the oxidation st
[126] and different effects depending on axidation state [127]. Feeding
studies in rats have shown that both V(IV) and V(V) result [128]. The
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stability in serum of V(IV) and V{V) complexes also contribute to the
distribution af the V | 128}, Studies in yeasthave shown that the addition
of V(V) to the media will give both V(IV) and V() [130]. Undoubtedly
there are significant differences depending on cell type. Recent studies
using the powerful XANES technique from cells treated with both a
V(IV) and V(V) complex have demonstrated some time dependent ef-
fects related to the nature of the intracellular V cxidation state. It was
shown in mammalian cell culture that incubation of the cells with
V(W) resultsin V(V) dominating in the early stages, and V(1V) dominat-
ing after about 16 h. However, interestingly at further time points the
V(V) concentration increased thereafter. This is relatively inde pendent
of the oxidation state with which the cells are treated. The increase in
 content and the proportion of V(W) with time after 16 h is consistent
with the speciaton showing that both V(IV) and V(V) spedes in the cell
medium canverge to the same ratio of V(V) to V{IV) after 24 h in a ratio
of -4:1 [131],

Considering more than one axidation state is critical for an element
likee vanadium, because in biological systems V undergoes redox cycling
between oxidation states IV and V and possibly also in same cases with
oxidation state 1ll, IV and V[ 101-103,132| Interestingly, the biological
respanse s not the same when compounds with different oxidation
states are administered indicating that the redox processes are initiating
other processes that are not reversible,

3.1.2 Vanadium{1Nl) and Jower oxidation states

There js less information on lower oxidation states of V, although
V(1II) may have an important role (n V-containing nitrogenases [43)
and intunicates [133], and in the gastrointestinal tract when mammals
are administered with V supplements [132], Vanadium salts in the
lower oxidation states are generally only stable at low pH at ambient
temperatures and atmospheres unless the metal ion is complexes to
srong ligand [43,101-103]. In the past, V(1ll) was considered very un-
stable, possibly because upon dissolution of salts, this oxidation state
readily oxidizes. However, in the presence of a ligand, the V(I ) com-
pounds can be stable [43,101-103,132.134}, and have even recently
been reported to form in the presence of ascorbic acid [135). The recent
finding of V(Ill) under less rigorous conditions remains o be validated
in biological studies in mammals, although XAS experiments have indi-
cated the presence of V(1) in acidic gastric medium after addition of
V{IV) or V(V) supplements (132} Studies have been carried out using
KAS of tunicates and there V(1) has been documented in a range of dif-
ferent arganisms | 133). Unfortunately, the electronic properties of the
ViIll) compounds preclude cbse rvation with routine EPR spectroscopy
and more specialized techniques such as high-frequency and high-

S0 M in V-atomns. The milddle image is 2 sohetlon of oligomerle
the (st rate of formaton of decwvanadate when the locl pH i acldic.

field EPR speciroscopy [104,135] and XAS are necessary for detection
[25] Since mammalian biological samples are not commanly investigat-
ed using high-frequency and high-field EPR spectroscopy or XAS, how
widely spread these compound are in biological systems is not known
at this ime,

3.1.4.The biological activities of specific V-species

Information on species distribution s important because different V
species have differenteffects in biological systems. Although this topic is
extensive we are only mentioning a few examples to illustrate that
some V derivatives inhibit some enzymes and others are more readily
2ken up in cells. For example, phosphatases are generally inhibited
by vanadate monomer [44.49,96,136), while vanadate dimer inhibit
few enzymes such as glucose-6-dehydrogenase |22], aldalase |52),
the prostatic acid |23}, the Yersinla acid (YOPH) and the PTP1B phos-
phatases [2549,137,138). Vanadate tetramer is an inhibitor of 6-
phosphogluconate dehydrogenase |22], glucose-6-dehydrogenase
[22]. glyceral-3-phosphate dehydrogenase [51] and aldolase [52).
Similarly, V-uridine is also found to be an inhibitor for this enzyme
[139] and decavanadate has been found to be a potent inhibitor to RN-
ases [ 139). Less is known with regards to the specific effects of V(IV)
species although the vanadyl cation is significantly faster taken up
by yeast cells than its V(V) counterpart [39,130]. A study was carried
out with V(V), V(IV) and V() complexes of dipicolinate [ 140] {and
chiorodipicolinate) {103], and each oxidation state was found tointeract
differently with a mode| interface [140) correlating with the observed
effects in animal studies [ 102.103). However, the effects of V com-
pounds in general are difficult to rack because once administered toan-
imals and cells, the compounds no longer remain in the form
administered | 17.32,39,41-43,96,103,134,136,141-143).

31.5. Comparisan of Vwith Pt

V isan early ransiton metal and Pt is a late ransition metal and asa
result these metal ions have some similar and some differe nt properties
which are compiled in Table 2. As an early first row ransition metal ion
V can be more kinetically reactive in comparison with the less kinetical-
Iy labile third row transition metal PL As a result the V compounds can
exchange ligands rapidly, In contrast to the Pt compounds that do not
convert readily. Therefore, it is much simpler to carry out speciation
studies on the Pr-com pounds, because it is possible to isolate and char-
acterize them, whereas in the case of the V compounds there may be
both rapidly converting and slowly converting species.
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Tahle 2
The propertles af the eary transivon metal W and Lite slian metal Pt are compared
Progenty Vanadivm sbbrevisted V Rl Plati e a bbreviated Pr el
Atomic number 23 [raa) 78 [raa}
ichara crerlstle Early transicion metal [ra4] Late transitan metal (a4}
Multiple accessible aeidation states IV and W [1aa] Mand M [1z.54144]
(bess comman 10, 0, 1 and D)
Comman oxides Vi, YOS [144] Pid, Py [12.54144)
Chiorides VIO, VO [LEEY] [rcti—) [12.54,144)
Chior de stabdlity Reartive; unstable in water [raa] 5 table and 5 tabde in waber (12,641 44)
Onldo metalate aq. stabllity High [1a4] High [12,54144]
Do metalate Exchange rates High Bz] Low 12 54]
tsolation of species Not Hizly Bz] Lik=ly [1z2.145]
Reaoton with ghetathi ane Reda; lability produt Bz] Substitution; stable Produa [v2.64]
Enzyme inhibitor Phosphatases: Bz] [ras}
Glyoalyd ¢ enzymes.
DNA hinder yes 251 Yes l1z.s148]
Coamm an spack ton methad ik V. M [11,105.115]  HPLC, LC NMR, potentlometry, UV-Vis MS 62,147
EFE, Lv-uis, IR, M5
Non-foutine methods High field and high resonance EPR. XAS, ENDOR, XANES  [108-111) KAS, ENDOR, XANES [roa-111]
4. Platinum positively charged Pt-compound would undergo Coulombic attraction

4.1, Patinum( ) drugs

The most common platinum (Pt) drugs and the three that are cur-
rently FDA-approved for clinical use in the US are Pr{ i) drugs (dsplatin,
carboplatin and oxaliplatin], Fig 1 (47,64 They are believed to follow
the same general mode of action, in which the drug chelates DNA and
results in cellular a poptosis | 3,148-151). The generally accepted mech-
anism shown below in Fig 4 suggests that the neutral form
[depronated hydrolysis product) of the cisplatin is the form that is
traversing the nuclear membrane after having been formed in the cyto-
plasm, however, this mechanism is not accepted uniformly, because a
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to the membrane and are formed prior to formation of the neutral spe-
cles, However the hydrolyss islikely to follow the steps shown in Fig. 5.
This schematically underlines the fact that dsplatin by hydrolysis forms
charged species, but that upon deprotonation the hydrolysis project(s)
can be neutral or have one positive charge [3,5). We will discuss several
aspects of the spedies in this scheme and the speciation in greater detail
below.

Pt can also exist in oxidation state IV, and such Pt-compounds are
even more inert than P ll) compounds. In general Pr{IV) compounds
believed to undergo reduction forming Pt ll) complexes upon reaching
the tumaor, and their mode of action proceeds according to the mecha-
nism for the other Pt 1) complexes |5,70,152). Most of the re ported pro-
cessing of Prill) drugs generally invalves hydrolytic reactions, thus
keeping the Pt in oxidation state II, Fig. 5. Characterization of the chem-
ical and biological processing of cisplatin and other Pt(1l) compounds
has been investigated using several analytical approaches including
HPLC-ICP-MS, XAS, XANES, LC and potentiometry [6273,109-111.147,
153,154, The fact that the Pr(ll) compounds undergo slow ligand ex-
change readionsallows the isolation and characterization of the differ-
ent species using a wide range of analytical methods |155-158]. In the
following we will describe the fundamental speciation of the Pt-gystems
including the different processes that dsplatn and other Pr-drugs un-
dergo under physiological conditions.

In addition to cisplatin the two other main FDA-approved Pt-drugs,
carboplatin and oxaliplatin, were both developed to improve the prop-
erties of cisplatin so that it would be a more efficacious and less taxic
drug to a wider range of cancers [69,70,159]. Specifically, carboplatin
was developed as a more water soluble and have less nephrotoxic ef-
fects for treatment of a wide range of cancers, and oxaliplatin was devel-
oped similarly and is used for treatment of coloredal cancers (70,160,
161,

4.1.1. Proposed mechanim of action: for platinumy 1) complexes and inter-
action of Pt with DNA

Because the Pt{ 1) com pounds reactupon entering cells [10,151],it s
important to understand the products that it forms in a biological ma-
trix Cisplatin isadministered intravenously and the focus here is there-
fore on the spedation that takes place as the Pt-drug is about to enter
the cellular arget. The more extensive processing leading to the ulti-
mate speciation that oocurs in the various different biological matrices
includ ing the G ract, blood, cell media and cells are beyond the over-
age [n this review and the readers are referred elsewhere [132] The spe-
cific reactions in the cytoplism which we describe here will impact the
mechanism of action of dsplatin and the ather Pt(1I) anticancer drugs.
Generally itis expected that upon entrance through the cellular mem-
brane into the gytoplasm, that the two chloride ligands are replaced
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by aqua ligands, see Fig. 6]1,3,162,163], which because they are posi-
tively charged can deprotonate to form the neutral ditydroxy substitut-
ed Proomplex, see both Figs. 4 and 5. Aqua ligands thatare bound to the
Pt comiplex before they are deprotonated are addic, with pk; vales in
the range of 5-8 | 164). Monoaquated cisplatin has a pK; of 6.6 while
diaquated cisplatin (both chloride ligands replaced with aqua ligands)
has a pk, of 5.5. Cisplatin with an aqua and hydroxide ligand repladng
the chloride ligands has a pK, of 7.3 [164].

Which spedes enter the cel of the spedes shown in Fig. 4 is as far as
we can tell tenuous, Many are convinced that itis the diaquated Pt-com-
pound that enters the cell | 9], but a number of researchers believe thatit
Is the monoaqua derivative that penetrates the nudeus | 70,149 and re-
acts with DNA. Stong arguments favor each position. The neutral
diaguated Pt-compound, because of the neutral charge would seem to
readily traverse the membranes and is the final hydrolysis product,
see Fig. 6. However, the positively charged mono or diaquated Pt-derdv-
atives are readily attracted to the membrane interface, and since more
ofthis compound has been chserved inspedation studies, this possibil-
ity seems like a vialie alternative. Whether it is a manochlorido=or a
dihydroxid o-Pt cornplex that reacts with DNA, such a s pecies will result
in coordination of the two guanosine moieties on one DNA sirand to the
Pt atom, which will induce a35-40 degree bend in the DNA, which will
induce cellular apoptosis, as shown in Fig 4]3.5,10.75,162]. Cisplatin
and oxaliplatin are found to form about 60-65% intrastrand adducts be-
tween two adjacent guanine bases ( PrCG), 25-30% intrastrand adducts
between adjacent adenine and guanine bases (PtAG), and 5-10%
intrastrand adducts of the type PIGNG, where N is any of the four
bases, and 1-3% interstrand adducts ( G-Pt-G) |62, 148]. These types of
experiments distinguishing between these possibilities are nontrivial
It wotld be very valuable for the community.

When used as an anticancer agent, the taxic nature of cisplatin does
require that patients are carefully monitored when drug is adminis-
tered. The dsplatinis administered by intravenous injection, and gener-
ally requires that the patient is checked in at an appropriate treatment
facility for a couple of days |9]. The aquation and hydrolysis of cisplatin
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Fig. 6. Speciatian of | PrCly '~ was me asured at ackdic pii and ks shown a8 a funcoian of O
ooncentration. Adapted from Rel. {171 ] with permission.

is deareased by administering the drug in saline solution because the
higher concentration of C1~ thermodynamically stabilizes the chloride
complex, dsplatin, with respect to the aqua complexes and reduces hy-
drolysis [73,165). Even after administration, cisplatin is reported to be
relatively stable within the blood stream and extracellular fluid We at-
fributed these observations to slow ligand exchange allowing for use of
analytical techniques that involve solation of the compounds using
HPLC and LC based methods | 166,167,

4.1.2. Speciation of etrachloridoplatinate] 1) and its conversion to cisplatin

Because of the importance of hydralysis and aquation of the chloride
ligands, we turnto the substituton reaction, that is, aguation of the Pt—Cl
bond. We therefore briefly summarize the preparation of dsplatin with
the objectve of giving the reader a sense of the chemistry invobeed in pre-
paring this compound, and thus indirectly the first reactions taking place
upon cellular uptake, Because the ligand exchange to Pi{ 1) israther slow
It is possible to isolate of both cis and trans forms of the compound with
the formula [PICla(NHs)z] [151,168]. The preparation of dsplatin begins
with potassium tetrachloridoplatinate(ll), which is originally formed
from treamment of Pt with Cl at high temperatures (350 "C) [168]
Treatment of tetrachloridoplatinate(1l) [PICl,F~ with KI results in
tetraiodidoplatinate(ll) ([Pt ), which is weated with two equivalents
of ammonia to form the yellow solid ds-diamminediiodidoplatinum(IT)
[cis-| Pth,{ NH3),]} | 76]. Treatment of this product with two equivalents
of AgNO; results in the formation of cis-diamminediaquaplatinumi IT)
(cis-|Pt(H20)2( NHa)2]*" ) [ 168 169). The final product is formed after
reacting this compound with excess KOl resulting in cisplatin (cfs-
[PHClz(NHs)zF* ) [ 165, It is interesting to note that these last two steps
are the reverse reaction that takes place intracellularly upon uptake of
the Pt-compound. Furthermare, the fact is that dsplatin is used and not
the diaguated compound (cis-|Pt{ Hz0 ) (NHz):F ) because of the mare
favorable drug uptake properties.

The speciaton of tetrachloridoplatinate( 1) was reported in aqueous
solution at basic pH | 170] and in acidic solution | 171,172 ]. These studies
are important because this compound can be viewed as a reference
compound o which the reactivity of Pt-based antitumoral drug com-
pounds can be compared. The major species present in aqueous salu-
tions is the original tetrachloridoplatinate (1) spedes. however, several
additional hydrolysis products were also obse rved, see Fig. 6. The speci-
ation of this com pound as determined as a function of the chloride con-
centration at acidic pH and the equilibrium concentrations are shown in
6 [171-173|. As anticipated, in the presence of higher Cl~ concen fration
less of the aquation product is found. The kinetics of the hydrolysis reac-
tions were also determined. The first and second aquation steps were
found to be sufficiently different for each of the products m have a def-
inite lifetime. The firstaquation step, or replacement of one of the chlo-
ride ligands for an aqua ligand, was found o have a first order rate
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constant of 3,69 = 10° s, Furthermaore, this study reported a logp =
29.9 + 1.0 for the double substituted product at high pH. This value
measured for the stbility of | PHIOH)]™ compares relatively well with
a theoretically estimated value of 28.3 [174].

These results suggest that the predominant form of Pt in agqueous so-
lution near neutral pH is not likely to be the charged monoagua- or
diaqua- spedes, but instead the Pr-species containing two chloride 1i-
gands and two ammine ligands [ 73,171,173} Indeed some studies sug-
gest, because in part that the predominant form is the monoaqua-
species, that the species causing the biological activity may be the
monoaqua-species instead of the diaqua-species that is generally
depicted in many reviews [866,175). Arguments are often made thata
neutral species is best at penetration af the cell membrane, though it
is well known that positively charged compounds readily penetrate cel-
lular membranes [ 176}

4.1.3 Speciation of cisplatin in agueous solution and in the presence of
metabolites

Incontrast to the V solutions discussed above, the aqueous solutions
of cisplatin only slowly convert to form both the monoaqua- and
diaqua- forms (cis-[PCI(H0)(NH)2] " and cis-{Pt{H0)(NH; . P *)
that after deprotonation, produce OH-analogs { ds-{PECIHO) NHs )z
and cis-[PE(HO}(NHz) ). illustrated in Fig 5 [73.165). These reactions
lead to a derivative that can react and form adducts with the DMNA. The
producion of these ydrolysis products was investigated by monitaring
the reaction for days t assure that equilibrium was established [177].
The changes in cisplatin concentration (thatis measuring the decay, disap-
pearance or hydrolysis) were monitred for 50 h and the results are
shown in Fig 7. Despite the slow reactions, it was found that the reaction
rates are sensitive to the surrounding environment. For example, in the
presence of high concentrations of O, the rate of the first and second
aquation steps will decrease by 10-20%. The first order rate constants k;
of cisplatin aquation for three different chloride concentrations were
1.79 . 107" s~ (O mg/L €17), 1.68 » 1075 s~ (50 mg/L C1™), and
2406 % 1055~ (100 mg/L €1~ ). For dsplatin second arder reverse reac-
tion, rate constants of k—; =65 x W™ M ' s7, 58 107 M5!
and 4.1 x 10=* M~ 5= " were measured [10,73). Although the changes
in the reaction kinetics are modest, the data in Fig. 7 show that there are
some accumulation of unknown Pr-species after about 24 h in solution.
Importantly, this data was used to justify the fact thatcisplatin is adminis-
tered in salt solutions in order toimprove the spedation of cisplatin and its
efficacy [12]
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Since the speciation of cisplatin changes in the presence of the CI™
anior, it follows that it will also change significantly if other, more nu-
cleophilic metabolites, including protein or DNA that are present in so-
lution or in the cell. As a late third row transition metal, Pt prefers soft
ligands both in terms of thermodynamics and kinetics. That is, sulfur li-
gands are preferred over nitrogen, which again are preferred over oxy-
gen ligand, Many studies have been done illustrating the reactvity of
Pt{i1) compounds, and the following example describe a case study.
The reactions of cisplatin with S-based ligands have been investigated
and in the case of methionine were also monitored at high (150 mb)
and low (1.5 mM) chloride concentrations (using HPLC-ICP-DRCMS),
The first order rate constant of cisplatin substitution in the presence of
methionine at low chloride concentration was k, = 228 = 107%™,
which is one order of magnitude higher than the rate constant observed
for dsplatin aquation in water containing the equal amount of chloride
and no methionine, At high chloride concentration, the first order rate
canstantof cisplatin aquation wask, = 1.41 x 107*s ™" inthe presence
of methionine and thus faster than the rate constant in water [178)
These results demonsirate that the environment is important and that
cisplatin hydrolyzes faster in the presence of metabolites. Therefore,
subtle changes in the reactivity and properties of the drug upon admin-
istration are likely. Presedent with V-compounds document different
reactivities based on environment [ 16] and similarly a report with Co-
compounds demonstrated a dramatic change in reactivity based on
compourd environment | 179),

The cytoplasm contains metabolites including phosphate, citrate,
glucose, amino acids as well as cellular components such asglutathione
and ascorbate that maintain the redox environment of the cell [180-
183]. Reduced drug accumulation of cisplatin has been reported in
drug-resistant cell lines [65,184-186). This reduced drug accumulation
could be exphined by a number of different mechanisms including re-
duced drug uptake from the culture media due to alterations in some
specific membrane transporters, enhanced drug efflux, or changes in
the metabolite concentrations in the resistant cell lines [65,187] or a
combination of these factors. Once formed, the Pt-DNA add ucts can be
repaired by specific enzymes that recognize the DNA damage [188-
190} Another limiting factor is that once incor porated into the cells,
the drug can be inactivated by binding to different biomolecules present
within the cell oytosal such as glutathione and other sulfur-con
proteins | 163,191). Because of the high affinity of Pt for sulfur ligands,
glutathione is likely to react with dsplatin|10,192193). Indeed gluta-
thione adducts are reported upon administration of cisplatin, and,
once formed, it is exported out of the cell This is consistent with
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Fig- 7. Osplatin decay 300 mM O~ concentrstion. Adspted from Ref | 10,73 | with penmission.
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reduced drug accumulation cisplatin-resistant cell lines | 194,195]. In
contrast, studies done with carboplatin and glutathione have indicated
that reactions between carboplatin and thidls such as glutathione are
very slow, with only small amounts of Pt-thiolato complexes being de-
tectable via "N NMR spectroscopy and HPLC in mice treated with N
carboplatin. This difference in reactivity with thiols between carboplatin
and dsplatin may account for the decreased nephrotoxicity observed
with carboplatin | 196]. However, it is important to recognize that the
identification of one pathway to reduce dsplatin accumulation does
not preclude activity of other mechanisms,

Studies with amino acids and other metabolites are of interest be-
cause stability of the complexes is important withregard tounderstand-
ing potential reactions that ke place in the cyoplasm | 197,198] As
shown in Table 3, the stability of Pt-complexes with peptides and the
aming add guanidincacetic add (GAA) with both chloride, ammine
and hydraxide ligands demonstrate that the dsplatin complex has com-
parable stahility with most except a few complexes | 199]. It also shows
that cisplatin complexing with guanidinoacetic acid in the place of its
chloride ligands has a higher formation consiant that does dsplatin it-
self, as do several other simiar studied Pt complexes Increased stability
of these complexes can have a profound effect on the ability of these
compoumds to react with DNA. This study investigated the reaction
with the unusual amino acid guanidinoacetic acid because is found at
high concentrations in the kidney and liver, and thus complexes formed
with it may have significance with regards to toxicity and development
of resistance | 199-201 ). Since dsplatin accumulates in the kidney and
the liver, the dramatic reduction in the levels of this amino add is ob-
served upon administration of cisplatin in urinary trac cancer patients,
Guanidinoacetic acid is significandy involved [n renal mebollism, since
it is mainly synthesized in the kidneys and subsequenty excreted in
urine or methylated for creatine production | 199,200). The com parable
stability of cisplatin in the presence of a sea of alternative nucleophiles
including GAA thus explains why the ariginal compound remains intac
as long as it does,

In addition to cellular metabolites having the potential to inactivate
these anticancer Pt complexes, other components in the administration
liquidcould potentially react similarly. This is an important fact, because
dimethyl sulfoxide (DMSO) can be used by clinicians to solubilize Pt-
drugs and it was recently reported that this practice has the
to inactivate cisplatin and other anticancer Pt-complexes |63 ] Because
DMSO is commonly used as a salvent for solubilizing small molecules
at high concentrations in biological studies, clinical Pt compounds are
commaonly dissolved in DMSO for biologic experiments as well [63,
202]. This is very important, because DMSO is nucleophilic, and will co-
ordinate with the platinum, displacing its chloride ligands and thus
changing the structure and reactivity of the anticancer agent by chang-
ing the speciation [203] This change in the structure of the Pt com-
pound has been reported to dramatically inhibit the cytotoxicity and
ability to initiate apoptosis of Pt-drugs [63). This recent report further
underlines how necessary [t is totake into considemtion the administra-
tion fluld by the Pr-drug so that the efficacy of the drug isnot decreased
during drug ad ministration [63].
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Fig & The many possible pathways for influx and efflu for csplatin are deplaed. Ref.
[14g}

4.1.4. Uptake of cisplatin and interocrion with proteins

The toxic nature of cisplatin requires that patients are carefully hy-
drated and monitored prior, during and following the drug administra-
ton [9.204]. The common mode of administration of Pt-based drugs is
by intravenous injection, and generally requires that patient is checked
inone additional day pre-and post-treatment at an appropriate outpa-
tent facility [205]. It is the perception that cisplatin and other Pt-based
anticancer drugs, as neutrally charged molecules, will enter the cell 7.
149)] however, a reasonable potental exists that positively charged
drugs enter aswell [206-212] (or that amechanism involving an initial
pre-complex forms). This point is particularly important because only a
small fraction of the administered Pt-drug will reach the nuclear DNA
and produce the critical cytotoxic regions (10,213,214,

The many possible uptake pathways that are open to the Pt-drug are
ustrated in Fig. 8. Such pathways include the copper influx transparter
1 and other transporters (Ctrl., ATP7A and ATP7E) [206.207).
polyorganic spedfic cation transporters such as OCT1-3 [208.209,215)
aswell a5 a sodium dependent process that has yet tobe fully character-
ized with regard to its role and interaction [210-212), Melanosomes

Table 3

Formatian ¢ of Pr-mample ves with guankdinoacetic 3dd (G) and chiarkde, smmine. and hydroxdde substients, whene GAA has 2 newral charge Adapted from Rel_ [199)
Species. Log i Species Logf
HEAA] 10.97 {0.01)/10.84" 10 85" [Pz (O} GAA) 6.98 (003)
e Q- 1627 {0.05) 1Pt (01 aGAA] 1836 {Q02)
[Pe dsfom)f~ 452 {0.03) cls- Pt (W k] 2253 {001}
[Pe dsfo)sF (=224 (002) [P (O Nt o) (=611 [0um)
[PraCly{OH)aF — 637 (0.05) [Pt (Wt GuAAP~ 2208 {007
[ 2.1 {0.02) [Pe o) fret) AL 1299 (002)
[P AP~ 15.99 (0.0 ) [Ptz (OH R M) 1460 {001)
[P (HGAALT .11 (0.01) [Pr (et o HGuAA) 4R20 {005)
[P (0H)2(GAN):] {—) 483 (002) [Pt {1 o HGAAA) GuAA] 3946 (0.04)
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provide another method for the transport of Pt-drugs through cells
[216). Finally, endocytosis and passive diffusion are common mecha-
nisms for Pt-based drug entry of the cell. In contrast, reactions of the
Pt-drug with glutathione can lead to their exportation via the multidrug
resistant protein transporters, MRP 1-5 [217).

Protein systems are recognized as a principal contributor to the re-
duction in efficacy of Pt-drugs and the development of resistance, in ad-
dition to the transporters described above. The efficiency of the drugsin
reaching and reacting with the DNA is dependent on its ability to pro-
duce active hydrolysis products once inside the cell and whether or
not these hydrolysis products are inactivated by binding to serum pro-
teins [218-220] and other proteins. Proteins such as HSA and y-globu-
lin, which make up about 80% of total plasma proteins, have been
studied to explore how they bind and to determine how much Pt they
bind [10,218]. Such studies with serum proteins have indicated that
after administration, the largest percentage of the Pt-drugs are bound
to extra and intracellular proteins, with as much as 80-85% of Pt-com-
pound being bound after a 5 h incubation period [10,219,221-223). In
studies with human serum albumin (HSA) it wasfound that as a result
of Pt-binding, disulfide bonds may break, and this is possibly accompa-
nied by intramolecular cross-linking of the protein which may result in
the partial unfolding of protein HSA at high drug concentrations [221,
224, Such changes may lead to a change in the protein's biological ac-
tivity, as disulfide bonds play an impaortant role in maintaining the
shape of the protein, which may contribute to the observed toxidty of
Pt-compounds [221]. More studies with HSA indicate that there is no
saturation of the albumin with cisplatin, but rather that the bound
metalcomplex is influenced by the ratio between the drug and the pro-
tein, initial concentration of the protein, incubation time, and nature of
the incubation medium [218]. A 14-day incubation of HSA with cisplatin
in a 60-fold drug excess yielded as much as 20 Pt atoms bound to each
protein. Generally, shorter incubation periods and lower cisplatin/albu-
min ratios lead to lower fractions of bound Pt to protein [218). We refer
the readers to mare comprehensive coverage of the reactions with HSA,
transferrin, vy-globulin and transporters with the Pt-drugs [65,146,215,
217,219.220.225).

5. Examples where speciation has changed drug formulation and
efficacy

5.1. Vanadium

Although the V salts (sodium metavanadate and vanadyl sulfate)
and one coardination compound (BEOV, bis(ethylmaltolato)
oxidovanadium(IV)) that have been in clinical trials for treatment of di-
abetes, none of these compounds are currently in the clinics in the USor
worldwide. The effect of the BEOV compound on the human subjects in
the type Il clinical trial was variable, butsince it went off patent Sept. 30,
2011 this compound is nolonger being investigated for treatment of di-
abetes. However, both the salts and new compounds are continuously
being investigated in cell and animal studies.

The V(1V) salt, vanady] sulfate, is, however effectively, used for body
builders and as a food additive to manage glucose levels [226]. However,
the form of the V that can be purchased in stores varies dramatically. For
example, in the three nutritional additives Vana Trace, Good sugar and
Glu-pro VM, the V content varies from 15.5 mg, 7.75 mg and 1.55 mg
in the pills with the vanadyl dosage of 50 mg, 25 mg and 5 mg, respec-
tively. However, as shown in Fig. 9, many more for mulations of vanadyl
sulfate are available as found by searching the web and showing com-
merdal products [ 219]. The abundance of different products is a testi-
mony to the fact that such formulation even for nutritional additives is
a profitable industry.

52 Platinum

Qsplatin was the first Pt-based- drug and remains an important anti-
cancer drug [1-10]. We selected here two recent examples of Pt-based
drugs [227-231], which are developed using fundamentally different
approaches to treatment and delivery. The assodated differences and
thus resulting in placing these drugs in a different speciation space,
one in which the dsplatinis wrapped in a liposome and a second one
in which the Pt axidation state is IV in place of 11

Vi;adyl

_,.,i
Sulfate |
o

Fig 9 Commerclally different forms of vanady! sulfate found on the internet in 2016 [219)
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521, lipoplatin — changes in speciation decrease toxicity of cisplatin and
increase efficacy

We will first describe Lipoplatin, also known as liposomal cisplatin,
which utilizes a liposomal delivery system for the intracellular deposit
of cisplatin, Fig. 10 [227]. Lipoplatin was developed in an effort o cir-
cumnavigate the high nephrotoxicity levels patients experienced
when using cisplatin as a primary line of meatment [ 196]. The lower to-
icity presumably arises in part because of reduced ghitathione or metal-
lothionein mediated detaification levels when treating some types of
cancers. By targeting cisplatin resis@mnt cell lines and specific cancerous
organelles, the liposomal preparation permits the drug to enter the sys-
tem through the vascular network tissue of the malignant nmor.

The lipids in the Lipoplatin capsule emulate the cellular membrane
of the tumor cells they are targeted to, and consist of soy phosphatidyl
choline, chalesterol, dipalmitoyl phosphatidyl glyceral (DFPG). and
methayl-polyethylene glyceroldiesteroyl phosphatidylethanolamine.
This membrane composition allows for fusion with the phospholipid
cellular membrane | 232 of the targeted turnor, and is found o rapidly
enter the mrgeted cell via endocytosis and direct fusion of the lipoplatin
nanoparticles of the membrane due to the presence of fusogenic lipid
DPFPG on its shell | 225). Through direct fusion of nanoparticles that pen-
etrate the leaky cell membranes of malignant tumors, illustrated in
Fig. 10, lipoplatin re presents a promising srategy to combat the cells re-
sisnt to Pr(ll}-compounds [ 228-230]. Once inside the cell, the cisplat-
in is released, hydrolyzed as detailed in Figs 4 and 5, and exhibits its
anticancer activity by forming the cymotoxic intrastrand DNA adducts.

By utilizing this nanoparticle (110 nm) administration, dsplatin de-
rived drugs exhibit increased specificity to the targeted cancer tumor
[232-235| presumably because the method of liposomal uptake
circumvents other methods of Pr resistance, such as up- or down-

Fig. 1. Lipoplatin injected into malignant tumar, enter the bood vis vasoular tssae
metwark (top). Lipopladn fused with the phosphalipid cellilar membrane dsplatin
Intercelhular delivery { bomom | Adapted with modification from Ref. {2400

regulation of metal jon transporters | 236]. In addition to preventing
e decrease in cyrotoxic Pt concentrations, the pharmacokinetic stud-
ies with lipoplatin indicated that this delivery method has resulted in
a decrease in the distribution volume, shortened the half-life of the Pt-
drug and has increased the plasma clearance in comparison to cisplatin
[229). These studies have shown that lipoplatin reached a higher plasma
cancentration while decreasing nephrotoxic side effects {227], The di-
rect consequences of these improved properties indicate that ipoplatin
can be administered using an outpatient treatment fadlity |232], which
Is contrary o the intravenous treatment of cisplatin that requires con-
stant monitoring and thus pre and post-administration overnighthospl
alstay [227].

Lipoplatin has been tested in clinical trials studies asboth a primary
course of action and secondary line of treatment for malignant tumors
|227]. Previous studies have indicated that lipoplatin could be success
as a secondary line of treatment for patients that had developed cisplat-
in resistance during the course of chemotherapy [ 237 In clinical trials,
drugs administered in concert with Lipoplatin include gemcitabine,
used for treatment of pancreatic cancers [238), and Paditaxel, used as
an anti-microtubule agent given to treat Kaposi sarcomas | 239]. Phase
Il clinical trials with lipoplatin administered in concert with
gemcitabine as trearment for pancreatic cancer patients was also re-
ported [ 240]. Additionally, phase Il dinical trials have utilized ipoplatin
in combination with gemcitabine or paclitaxe] for patients with non-
small cell lung cancer was also reported [241).

Combined, these studies demansirate that the subtle change in the
speciation chemistry of the cisplatin has a profound effect on the effica-
cyand toxicity of the drug. Although the fundamental mechanism of ac-
ton remains the same, the changes in the stability and speciation allow
administration of a systemic lower dose resulting in overall lower
toxicity.

522 Sarraplatn - Pt{IV)-compounds modify uptake and speciation
profiles

In addition to the Pt(ll} based drugs, researchers have
found that Pt(IV) compounds also exhibit desirable anticancer
properties |231). We here describe satraplatin (transcis.cis
dizcetatoamminedichiorido{cyclohexylamine ) platinum(TV), M216), the
most successful orally active Pti V) antiturnor drug to date, Rg. 171 [242,
243]. Satraplatin has a six-coordinate PE(IV) with bwo ammine and two
chloride ligands in the plane and two additional axial acetate groups,
making this compound more lipophilic, Once in the bloodstream and in-
fracellular, the satraplatin compound is metabolized. The PE1V) is re-
duced to Pt} in cells [244] and the Pr(IV) loses its acetato groups,
forming a structure analogous to cisplatin (except for the replacement
of one of the ammine groups with a cyclohexylammine group. This

0
T
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Fig 1L Chemical stripcture of sxtrap atin.
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new cisplatin-analog metabolite, referred to a M 118 ais-
amminedichlorido(cyclohexylamine ) platinum( 1) then follows 2 mecha-
nism of action similar to that of cisplatin in that it enters the nudeus
where it binds t DMNA to form inter- and intrastrand cross-links,
distorting the DNA. Because satraplatin is an orally active anticancer
agent, exhaustive consideration of speciation for this compound would
include examination of biological emvironments including the Gl tact.
Since this topic is beyond this manwscript, we are referring the readers
to the elsewhere for information on such speciation as well for speciation
in vivo [132245]. We hypothesize that the speciation of this drug is con-
tributing to the improved efficacy of this compound.

Satraplatin is low molecular weight, neutral, and kinetically inert in
acidic media, The lower reactivity of the Pt{ V) compound allows aral
administration because degradation in the gastric environment is not
as problematic as with the Pt II) compounds. Satraplatin is unstable in
light and alkaline media, however, considering the oral administration
its stability in acidic environments is much mare Important. Indeed,
the half-live of reduction of satraplatin with 5 mM ascorbate is around
50 min, leaving adequate time for gastrointestinal absorption as parent
Pt{ IV} complex and allowing it to be administered orally [246 ] The
asymmetrical stable ligands, the ammine and cyclohexylammine, of
satraplatin aleer its DNA adduct profile such that inhibition of DNA syn-
thesis isincreased and likelihood of being recognized by DMA-mismatch
repair is decreased |247,.248], which contributes to the ability of
satraplatin to overcome cisplatin resistance, In additlon to incre ased ef-
ficacy as a result of its DNA binding and inhibition properties, satrapltin
represents a disting class of Pt-compounds that act very differently in
uptake and during cellular processing than the Pt{1I) com pounds as a re-
sult of its increased lipophiicity and asymmetrical stable ligands. The
effectiveness of satraplatin is related in part to the reduction of the
PE(IV) compound as it reaches the tumor sites and its ability o survive
the uptake and the processing before entering the nucleus and reaching
DMA |242,243). Therefore, being hydrolytcally inert, and considering
the slow hydrolyzation of the Pt ligands, it is more likely o reach
turmor DMA without reacting with other metabalites [249.250].

Although intraveneous injection cisplatin te nds to be stable, there is
the potential that in addition to reacting in the more reducing cellular
environment in tumats that the PtV )-drugs react and farm the toxic
Pr(11) prematurely before reaching the tumor, It is possible that in red
blood cells { RBC) the reducing environment is responsible for forming
the reactive PrIl) form of the metal drug. Studies done with V() indi-
cate that in the blood, the oxidation state of the metal is reduced o
V{IV}[251] and similarly was observed in cell culture [252]. Such reac-
tion may be ocauring at least partly with PE(IV) drugs as well, particu-
lady in the reducing environments of the RBC before the drugs reach the
rumor site. This possibility shouldbe routinely be investigated in studies
with Pt{IV) drugs.

Related to satraplatinis mitaplatin, Other examples of Pt V) -based
drugs have been investigated Including mitoplatin combining the cis-
platin structure with two dichloroacetam groups in the axial positions
[231} Upon uptake in the tumor cells, this cmompound decomposes
form cisplatin by losing the two equivalents of dichloroacetato | 253,
254, Dichloroacetate inhibits pyruvate dehydrogenase kinase involved
im the glucose metabolism and found in excess incancer cells and inhi-
bition of PDK blocks the proliferation and survival of cancerous cells
[255). By Inhibiting the phosphorylation of pyruvate de hydrogenase in
the mitochorndria, it primes the mitochondria of cancer cell for apopto-
sis, induced by the platination of nudear DNA [231). Although the de-
sign of this compound with cisplatin as a Trojan horse is conceprually
interesting, mitaplatin was not found to be any more effective than cis-
platinin animal and human studies [ 256] leaving satraplatin as a better
Pt{IV }-compound | 67).

Satraplatin on the other hand has shown success in Phase 111, and I
clinical trials. Satraplatin is given in concert with other anticancer
agents, such as docetaxel for the treatmentof prostate cancer, paditacel
in the reatment of non-small cell lung cancer, and capecitabine for
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treatment of advanced solid tumors [67]. Positive results in clinical rials
caused GPC biotech to file for the accelerated approval of satraplatin
However, this application was rejected by the FDAon the basis that
satraplatin did not show convincing enough benefit in terms of overall
survival, and concerns were raised that only 51% of patients in the
trial had received prior docetaxel |67, Recenty, clinical trials with this
drug have continued. In 2016, experiments were reported in which
satraplatin was reformulated by encapsulation of cyclodextrin This
modification increased satraplatin's solubility, making it more suitable
for medical treatments, while enhancing its stability in cellular environ-
ments by protecting against undesirable hydrolytic decomposition
[257]. Time will show whether this or related approaches will be suc-
cessfully lead m introduction of et another Pr-agent to the dinic.

523, Current challenges

Consideration of speciation could point to efficient approaches for
drug formulation in the future and would be an inexpensive way to
probe the system. Topics needing character ization include basic chem-
istry, studies in vivo and consideration of the formulation used in ad-
ministration of the drugs. Application of the range of routine methods
that are availsble and are needed for speciation studies are readily
done in aqueous solutions [28,119,123]. Similar studies are more diffi-
cultto carry out in vive, That is, the biological matrices are very complex
and the concentration of drug generally very low, essentially precluding
studies identifying species in vivo. For example, potentometry Is not
likely to be a method useful in complex systems but remains important
in aqueous solutions and in the absence of many matric components
128]. However, non-routine methods have been developed such as
high-frequency and field EPR specroscopy and XAS and are found to
be very informative even though such methods are generally not done
in vivg, but of tissue samples that have been fixed and treated [ 123,
124]. However, the many imaging techniques that ame being developed
could potentially be used for identification of key metabalite species
[133.258), though most such methods have not been used for identifica-
tion of small maolecules. The overriding challenges in all such studies re-
mains low concentration and the fact that most methods are not done
in vivo, Additional challenges remain identification of systems and the
mebolires that are condusive to such investigations,

The information described in this manuscript shows how Lipoplatin
efficiently modifies the speciation of cisplatin and results in drugs that
have lower texicity and enhanced efficacy. It is important to recognize
that details in the mode of action were not required for these consider-
ations, although studies documenting the pharmacakinetic behavior of
the compound was helpful to develop the hypothesis presented in this
work Further recommendations thus include spedaton studies at all
levels, Challenges in the area of metals in medicine and specifically an-
ticancer compounds include difficulties in cases when kinetics is rapid
and different spedes may not be isolated as well as the low concentra-
tions of the drugs and their metabolites,

&. Conclusion

I this article we describe the fundamental speciation reactions and
the role and importance of spedation with regard to the activity of V-
compounds and Pt-drugs, The V-compounds have been extensively
studied with regard to characterization of the speciation, and their bio-
logical effects. Less work in the area of spedation has been carried out
with Pt-based anticancer agents even though they are among the
most successful anticancer agents, The problems associated with Pt-
treatment indude high toxicity, lowered specificity and developing re-
sistance and can be combated by developing new and improved strate-
gies and systems,

Pr(ll) and Pr(V) both undergo slow ligand exchange reactions,
which is why lsolation af a range of s pecies is possible. That is in contrast
to a metal like vanadium, where the es on some of the
systems are much faster. The inherent stability of the Pt-compounds
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can readily be illustrated by description of the aquation and hydralysis
of the parent tetrachloridoplatinate(ll) |PtCL)* ", as well as cisplatin
Most of the administered cisplatin obtained from tissue samples from
subjects reated with Pt-compounds from biological samples is in the
form of the parent drug and only a small percentage is present as the
manoaguated form and even less as the diaquated form. Some investi-
gators favaor the interpretation that the diaquated product of dsplatin
reacts with DMA because these camplexes are neutral, however, very lit-
tle of this compound forms, so it is possible that the monoaquated hy-
dralysis product is a compound that reacts directly with DNA and is
responsible for most of the Pt bound to DNA. This would imply a differ-
ent mechanism of action than what is generally believed.

As we illustrate with the case of lipoplatin and satraplatin, speciation
can be used to improve efficacy. Lipoplatin is prepared by endosing ds-
platinin a liposome and this modification of the csplatin results in de-
creased toxicity. The lower toxicity of Lipoplatin is presurnably because
of the improved uptake and targeting and decreased systemic conoen-
tration of the drug. The practical consequence of the lower taxicity of
the drug is that lipoplatin administration can be done in an outpatient
manner, rather than requiring a hospital stay as in the ase of cisplatin.
Consideration of Pt chemistry also allows the administration of the inert
nontoxic PLIV) compound, satraplating and the selecivity for tumor tis-
sues even though it is administered orally. Importanty, both Lipoplatin
and satraplatin have potential as a second line of treatment of tumors
that have developed dsplatin resistance, In summary, we urge that as
the community going forward in development of new drugs will consid-
er speciation chemistry asone of the key strategies that will be consid-
ered in the future development of anticancer drugs. Indeed, minor
reformulations or reconsiderations of Pt-based drug speciation can im-
prove Pr's significance in targeted cancer treatment methodology; espe-
clally individualized medicine, The data presented here utilizing
liposomes ( that is nanoparticles) for Pt prodrug entry has promiseas a
low cytotoxic method for patients, as well as more cost effective for
both the provider and insured.

Abbreviations

v Vanadium

Pt Platinum

NME Nudear Magnetic Resonance
ViVv) Vanadate

FDA Federal Drug Administration
FTP1BE  protein tyrosine phosphatase 1 8

XAS x-ray absorption spectroscopy
International Union of Pure and Applied Chemistry
EPR eledraon paramagnetic resonance

Kl potassium iodine

AgNOD,  silver nitrate

ENDOR  eledron nuclear double resonance

DEAE  diethylminoethanol

EXAFS  extended x-ray absorpton fine structure
LAXS large angle x-ray scattering

YOPH  Yersinia acid phosphatase

Gl gastrointestinal

Lc liguid chromatography

HPLC  high performance liguid chromatography

HPLC-ICP-DRCMS  HPLC with inductively coupled plasma
GAA guanidinoacetic acid

ocT organic cation ransporter

MRP multidrug resistance protein transporter

HSA human serum albumin

ctrl copper influx transporter

DPPG  dipalmitayl phos phatidyl glycerol

GPC German maceutical Campany
KANES  X-Ray absorption near-sdge spectroscopy
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