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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 1H 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.1-2  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.3 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.4  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.5-7  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.8-9  Sphingolipids are especially abundant in the brain as they play a role in the 

myelination process, which is closely associated with cognitive maturation.10  By contrast, the 
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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.11  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.12-13 

 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.14-15  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.15-16  

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.17  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.18-20 

 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 
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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.21-22 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 a result 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.23-24  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 



7 

 

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.25 

    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.26-27  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).27   
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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 

Schöne et al.28 
 

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.29-30 

 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.31-32 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.31  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).   

https://royalsocietypublishing.org/doi/10.1098/rsif.2016.1028
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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.30, 33 

 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 
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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.34  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.35  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. 

 

 
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. 36 
 

 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).37-38  They also facilitate the study of 

hydrophobic molecules found in a cell membrane.39-40  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.41-42 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 

isoprenyl 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).43-44   
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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.46  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.47  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-H2), or MK with nine isoprene 

units covalently bound to the naphthoquinone head group, and a saturation at the β-isoprene 

unit.45 Other pathogenic bacterial species which use MK in their electron transport system 

include Corynebacterium diptheriae, the causative agent of diptheria, which produces MK-8(II-

H2), and Listeria monocytogenes, the causative agent of listeria, which produces MK-7.48-51  It 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.51  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.52-54  

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.55  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.56  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 D2O 

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.57-58  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.58-59 

 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 

1H NMR.57, 60    2D NMR analysis allows us to take determination of probe molecule 

environment and location one step further; by examining cross peaks produced by 1H-1H 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.42, 61 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.62-64   
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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.44, 65  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.66-68  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.69 
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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.69 

 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.69-70  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.71  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.72-73  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.74 

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 1H 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.42  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 

E1/2 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, 1H NMR and 1H-1H 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.1-2  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.3-5  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.6-7  The resulting PMF is then used to generate ATP for 

the cell, making lipoquinones essential for survival.8-9   

 A number of bacteria, particularly Gram-positive and Gram-negative obligate anaerobes, 

produce MK as their sole electron transporter.10-11  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.12-13   For some of these 

bacteria which produce MK, a specific MK derivative has been identified. For example, 

Mycobacterium tuberculosis produces primarily MK9(II-H2), meaning that there are nine 

isoprene units covalently attached to the naphthoquinone head group, with a saturation at the II, 

or β, position.14  A number of other MK analogues have been identified in other bacteria, such as 

MK8(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.15-16  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.17-18  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.19-20  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 β-isoprene 

unit results in more positive (more easily reduced) E1/2 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 (Q2-) (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).23-

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(II,III,IV-H6)) in the context of a liposomal bilayer 

(Figure 2.2).   

+e- +e-
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Figure 2.2.  The structures of all MK analogues studied in this work: MK1, MK1(H2), MK2, 

MK2(II-H2), MK2(H4), MK3, MK3(II-H2), MK3(H6), MK4, and MK4(II,III,IV-H6) 
 

 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.5, 25-29  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 E1/2 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-α-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 H2O) was purified with a Barnstead E-pure system (~18 MΩ cm).  

Menaquinone-4 and phylloquinone (MK4 and MK4(II,III,IV-H6) were purchased from Sigma-

Aldrich and used without further purification.  All MK-n analogues were synthesized previously 

except for MK-3, and the procedures for the synthesis of the MK-n analogues are previously 

reported by us.19-20, 30. 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-α-

phosphatidylcholine (PC).  Each MK-n sample was made in 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 µm to form a solution of LUV of homogeneous size containing MK-n. 

2.2.3. MK-3 synthesis 

2.2.3.1.  General Methods 

Menadiol was synthesized as previously described.19, 31-32  Menadione (crystalline), sodium 

hydrosulfite (85.0%), 1,4-dioxane (anhydrous, 99.9%), BF3 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 m 60 Å 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 F254 

TLC plates were purchased from Merck.  Washed sea sand was purchased from Fisher Scientific.  

Deuterated NMR solvent, CDCl3 (chloroform-d, 99.8% atom % D), was acquired from Sigma-

Aldrich.  Distilled deionized water  (DDI H2O) was purified with a Barnstead E-pure system (18 

MΩ-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 Å, 0.250 mm thickness) or Merck TLC Silica gel 60 F254 

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 

m 60 Å). Yields refer to dried, chromatographically and spectroscopically (1H NMR) 
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homogenous materials unless otherwise noted. All chemicals were used without purification 

unless otherwise noted. 

 The 1H and 13C 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 (δ) 

are reported in ppm and referenced against the internal solvent peaks in 1H NMR (CDCl3, δ at 

7.26 ppm) and in 13C NMR (CDCl3, δ 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. 1H 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; q, 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 
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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-H2O 

(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 H2O (100 mL), and saturated NaCl 

(100 mL), dried over anhydrous Na2SO4, 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.  

 
Figure 2.3. Synthetic route to prepare MK-3 (4) from menadiol (2) and trans,trans-farnesol (3) 
using Lewis acid catalyst conditions.19-20, 32  
 

The results of the 1H and 13C NMR and HRMS are summarized below.  

1H 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).  

13C NMR (101 MHz, CDCl3) δ: 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.  



34 

 

HRMS (ESI, WTOF): calculated for C26H33O2  [(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 0.707cm2
,
 3mm), a low-profile aqueous 

Ag/AgCl reference electrode (Pine Research, RRPEAGCL20, 3.5mm), and a platinum wire 

auxiliary electrode (BASi, 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 H2O. 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, E1/2, and calculated from Eq 2.1, in 

which Epc and Epa 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.20 

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

potential is set to zero (Fc+/Fc E1/2 = 0 V).    

Eq. 2.1.  𝐸1/2 =  12 (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 E1/2 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.19-20  The ip 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 (Q2-).  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).23-24  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 III. 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 E1/2 potentials of each truncated MK-n analogue studied in this work with 95% 
confidence intervals. 

MK-n E1/2 vs. Fc/Fc+, V 

MK1 -0.5131 ± 0.0016 
MK1(H2) -0.5114 ± 0.0017 

MK2 -0.5097 ± 0.0025 
MK2(II-H2) -0.5240 ± 0.0032 

MK2(I,II-H4) -0.5348 ± 0.0079 

MK3 -0.5239 ± 0.0098 
MK3(II-H2) -0.5132 ± 0.0016 

MK3(I,II,III-H6) -0.5115 ± 0.0032 

MK4 -0.5116 ± 0.0032 
MK4(II,III,IV-H6) -0.5466 ± 0.0016 

 

 With respect to the E1/2 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 II).  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 E1/2 potentials, meaning that more extreme 

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

 

 
Figure 2.4.  Graphical comparison of the change in E1/2 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 E1/2 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 E1/2 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 ipa/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
a
/ip

c
  

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(II-H2) 1.280 ± 0.3237 

MK3(H6) 1.714 ± 0.1395 

MK4 1.375 ± 0.1896 

MK4(II,III,IV-H6) 0.8920 ± 0.1861 

 

 Values calculated for ipa/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-n analogue is significantly different from the others with the 

exception of MK3-MK4 and MK1-MK4 (Appendix II), and like the analysis of the E1/2 

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 ipa/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 ipa/ipc ratios of MK1 

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

 

 
Figure 2.5.  Graphical comparison of the change in reversibility as denoted by the ipa/ipc 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.33-34   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  DO (cm
2
/s) 

MK1 2.25 ∙10
-8

 ± 1.05 ∙10
-8

 
MK1(H2) 8.24 ∙10

-9  
± 5.40 ∙10

-9
 

MK2 1.40 ∙10
-9

 ± 6.04 ∙10
-10

 
MK2(II-H2) 1.09 ∙10

-9  
± 7.58 ∙10

-10
 

MK2(H4) 2.69 ∙10
-10

 ± 1.81 ∙10
-10

 
MK3 1.73 ∙10

-10
 ± 1.95 ∙10

-10
 

MK3(II-H2) 1.62 ∙10
-9

 ± 1.86 ∙10
-9

 
MK3(H6) 1.35 ∙10

-9
 ± 2.16 ∙10

-9
 

MK4 6.88 ∙10
-10

 ± 3.49 ∙10
-10

 
MK4(II,III,IV-H6) 2.26 ∙10

-9
 ± 4.01 ∙10

-9
 

 

Data obtained here shows that with the exception of MK1, and to some extent, MK1(H2), 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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Figure 2.5.  Graphical comparison of diffusion coefficient values calculated for MK-n analogues.  

 

Only MK1, MK1(H2), MK2, MK2(II-H2) and MK2(H4) 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-H2), however, error increases, often beyond 

the scope of the measurement taken, with MK3(II-H2) , MK3(H6), MK4 and MK4(II,III,IV-H6) 

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 E1/2 potentials, 

meaning that it is easier to oxidize and reduce.  Further saturations in the tail, then, resulted in 

more negative E1/2 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 E1/2 potentials 

measured for the analogues.  Increasing the tail length of the fully unsaturated MK-n analogues 

has very little difference on the E1/2 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 E1/2 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 E1/2 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)n-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.35 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.36-38 

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.36, 39 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(H2), 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 E1/2 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 E1/2 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 ipa/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 ipa/ipc 

ratios and E1/2 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/ipc 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.40-41  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-n 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 1H 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-n 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/ipc is 

curious and interesting, it is not likely that it carries any biological weight, as the reversibility 

ipa/ipc 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 1H NMR.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



50 

 

References 
 
 
 
1. Matarlo, J., Menaquinone Biosynthesis: An Antibacterial Target? The FASEB Journal 

2016, 30 (1_supplement), 612.2-612.2. 
2. Nowicka, B.; Kruk, J., Occurrence, biosynthesis and function of isoprenoid quinones. 
Biochimica et Biophysica Acta (BBA)-Bioenergetics 2010, 1797 (9), 1587-1605. 
3. Seigler, D. S., Benzoquinones, naphthoquinones, and anthraquinones. In Plant secondary 

metabolism, Springer: 1998; pp 76-93. 
4. Collins, M. D.; Jones, D., Distribution of isoprenoid quinone structural types in bacteria 
and their taxonomic implication. Microbiological reviews 1981, 45 (2), 316. 
5. Tekin, E.; Erkoc, S., Structural and electronic features of the ubiquinone and ubiquinol 
molecules: molecular dynamics and quantum chemical treatments. Molecular Simulation 2010, 
36 (10), 763-771. 
6. Foo, C. S.-Y.; Pethe, K.; Lupien, A., Oxidative Phosphorylation—an Update on a New, 
Essential Target Space for Drug Discovery in Mycobacterium tuberculosis. Applied Sciences 

2020, 10 (7), 2339. 
7. Maloney, P. C.; Kashket, E.; Wilson, T. H., A protonmotive force drives ATP synthesis 
in bacteria. Proceedings of the National Academy of Sciences 1974, 71 (10), 3896-3900. 
8. Rao, S. P.; Alonso, S.; Rand, L.; Dick, T.; Pethe, K., The protonmotive force is required 
for maintaining ATP homeostasis and viability of hypoxic, nonreplicating Mycobacterium 
tuberculosis. Proceedings of the National Academy of Sciences 2008, 105 (33), 11945-11950. 
9. Treberg, J. R.; Quinlan, C. L.; Brand, M. D., Evidence for two sites of superoxide 
production by mitochondrial NADH-ubiquinone oxidoreductase (complex I). Journal of 

Biological Chemistry 2011, 286 (31), 27103-27110. 
10. Kurosu, M.; Begari, E., Vitamin K2 in electron transport system: are enzymes involved in 
vitamin K2 biosynthesis promising drug targets? Molecules 2010, 15 (3), 1531-1553. 
11. Paudel, A.; Hamamoto, H.; Panthee, S.; Sekimizu, K., Menaquinone as a potential target 
of antibacterial agents. Drug discoveries & therapeutics 2016, 10 (3), 123-128. 
12. Wakeman, C. A.; Hammer, N. D.; Stauff, D. L.; Attia, A. S.; Anzaldi, L. L.; Dikalov, S. 
I.; Calcutt, M. W.; Skaar, E. P., Menaquinone biosynthesis potentiates haem toxicity in S 
taphylococcus aureus. Molecular microbiology 2012, 86 (6), 1376-1392. 
13. Collins, M.; Jonse, D.; Goodfellow, M.; Minnikin, D., Isoprenoid quinone composition as 
a guide to the classification of Listeria, Brochothrix, Erysipelothrix and Caryophanon. 
Microbiology 1979, 111 (2), 453-457. 
14. Upadhyay, A.; Fontes, F. L.; Gonzalez-Juarrero, M.; McNeil, M. R.; Crans, D. C.; 
Jackson, M.; Crick, D. C., Partial saturation of menaquinone in Mycobacterium tuberculosis: 
function and essentiality of a novel reductase, MenJ. ACS central science 2015, 1 (6), 292-302. 
15. Krogstad, D.; Howland, J., Role of menaquinone in Corynebacterium diphtheriae 
electron transport. Biochimica et Biophysica Acta (BBA)-Enzymology and Biological Oxidation 

1966, 118 (1), 189-191. 
16. Panthee, S.; Paudel, A.; Hamamoto, H.; Uhlemann, A.-C.; Sekimizu, K., Alteration of 
menaquinone isoprenoid chain length and antibiotic sensitivity by single amino acid substitution 
in HepT. bioRxiv 2020. 
17. Wang, Y.; Jiang, Y., Chemotaxonomy of actinobacteria. InTech: 2016. 



51 

 

18. Collins, M.; Goodfellow, M.; Minnikin, D.; Alderson, G., Menaquinone composition of 
mycolic acid‐containing actinomycetes and some sporoactinomycetes. Journal of applied 

bacteriology 1985, 58 (1), 77-86. 
19. Koehn, J. T.; Magallanes, E. S.; Peters, B. J.; Beuning, C. N.; Haase, A. A.; Zhu, M. J.; 
Rithner, C. D.; Crick, D. C.; Crans, D. C., A synthetic isoprenoid lipoquinone, menaquinone-2, 
adopts a folded conformation in solution and at a model membrane interface. The Journal of 

organic chemistry 2017, 83 (1), 275-288. 
20. Koehn, J. T.; Beuning, C. N.; Peters, B. J.; Dellinger, S. K.; Van Cleave, C.; Crick, D. C.; 
Crans, D. C., Investigating Substrate Analogues for Mycobacterial MenJ: Truncated and 
Partially Saturated Menaquinones. Biochemistry 2019, 58 (12), 1596-1615. 
21. Prince, R. C.; Leslie Dutton, P.; Malcolm Bruce, J., Electrochemistry of ubiquinones: 
menaquinones and plastoquinones in aprotic solvents. FEBS letters 1983, 160 (1-2), 273-276. 
22. Staley, P. A. The Electrochemistry of Quinones in Aprotic Solvents. UC San Diego, 
2016. 
23. Guin, P. S.; Das, S.; Mandal, P., Electrochemical reduction of quinones in different 
media: a review. International Journal of Electrochemistry 2011, 2011. 
24. Rich, P. R., Electron transfer reactions between quinols and quinones in aqueous and 
aprotic media. Biochimica et Biophysica Acta (BBA)-Bioenergetics 1981, 637 (1), 28-33. 
25. Sohlenkamp, C.; Geiger, O., Bacterial membrane lipids: diversity in structures and 
pathways. FEMS microbiology reviews 2016, 40 (1), 133-159. 
26. Strahl, H.; Errington, J., Bacterial membranes: structure, domains, and function. Annual 

review of microbiology 2017, 71, 519-538. 
27. Bansal-Mutalik, R.; Nikaido, H., Mycobacterial outer membrane is a lipid bilayer and the 
inner membrane is unusually rich in diacyl phosphatidylinositol dimannosides. Proceedings of 

the National Academy of Sciences 2014, 111 (13), 4958-4963. 
28. Hoyo, J.; Guaus, E.; Oncins, G.; Torrent-Burgues, J.; Sanz, F., Incorporation of 
ubiquinone in supported lipid bilayers on ITO. The Journal of Physical Chemistry B 2013, 117 
(25), 7498-7506. 
29. Frei, B.; Kim, M. C.; Ames, B. N., Ubiquinol-10 is an effective lipid-soluble antioxidant 
at physiological concentrations. Proceedings of the National Academy of Sciences 1990, 87 (12), 
4879-4883. 
30. Koehn, J. T.; Crick, D. C.; Crans, D. C., Synthesis and characterization of partially and 
fully saturated menaquinone derivatives. ACS omega 2018, 3 (11), 14889-14901. 
31. Payne, R. J.; Daines, A. M.; Clark, B. M.; Abell, A. D., Synthesis and protein conjugation 
studies of vitamin K analogues. Bioorganic & medicinal chemistry 2004, 12 (22), 5785-5791. 
32. Suhara, Y.; Wada, A.; Tachibana, Y.; Watanabe, M.; Nakamura, K.; Nakagawa, K.; 
Okano, T., Structure–activity relationships in the conversion of vitamin K analogues into 
menaquinone-4. Substrates essential to the synthesis of menaquinone-4 in cultured human cell 
lines. Bioorganic & medicinal chemistry 2010, 18 (9), 3116-3124. 
33. Neghmouche, N.; Lanez, T., Calculation of electrochemical parameters starting from the 
polarization curves of ferrocene at glassy carbon electrode. International Letters of Chemistry, 

Physics and Astronomy 2013, 4, 37-45. 
34. Aristov, N.; Habekost, A., Cyclic voltammetry-A versatile electrochemical method 
investigating electron transfer processes. World J. Chem. Educ 2015, 3 (5), 115-119. 



52 

 

35. Toledano, T.; Sazan, H.; Mukhopadhyay, S.; Alon, H.; Lerman, K.; Bendikov, T.; Major, 
D. T.; Sukenik, C. N.; Vilan, A.; Cahen, D., Odd–even effect in molecular electronic transport 
via an aromatic ring. Langmuir 2014, 30 (45), 13596-13605. 
36. Chen, J.; Giroux, T. J.; Nguyen, Y.; Kadoma, A. A.; Chang, B. S.; VanVeller, B.; Thuo, 
M. M., Understanding interface (odd–even) effects in charge tunneling using a polished EGaIn 
electrode. Physical Chemistry Chemical Physics 2018, 20 (7), 4864-4878. 
37. Jiang, L.; Sangeeth, C. S.; Nijhuis, C. A., The origin of the odd–even effect in the 
tunneling rates across EGaIn junctions with self-assembled monolayers (SAMs) of n-
alkanethiolates. Journal of the American Chemical Society 2015, 137 (33), 10659-10667. 
38. Newcomb, L. B.; Tevis, I. D.; Atkinson, M. B.; Gathiaka, S. M.; Luna, R. E.; Thuo, M., 
Odd–even effect in the hydrophobicity of n-alkanethiolate self-assembled monolayers depends 
upon the roughness of the substrate and the orientation of the terminal moiety. Langmuir 2014, 
30 (40), 11985-11992. 
39. Feng, Y.; Dionne, E. R.; Toader, V.; Beaudoin, G.; Badia, A., Odd–even effects in 
electroactive self-assembled monolayers investigated by electrochemical surface plasmon 
resonance and impedance spectroscopy. The Journal of Physical Chemistry C 2017, 121 (44), 
24626-24640. 
40. Niesner, R.; Heintz, A., Diffusion coefficients of aromatics in aqueous solution. Journal 

of Chemical & Engineering Data 2000, 45 (6), 1121-1124. 
41. Gharagheizi, F., Determination of diffusion coefficient of organic compounds in water 
using a simple molecular-based method. Industrial & engineering chemistry research 2012, 51 
(6), 2797-2803. 
 

 

 

 

 

 

 

 

 

 

 

 

 



53 

 

Chapter 3: 1H 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.1-3 They consist of a 

naphthoquinone head group covalently bound to an isoprene tail of varying length, and 

saturation.4-6  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-H2), or menaquinone with nine isoprene units, selectively 

saturated at the beta-position.7-8 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.9-10 

 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 (E1/2) of truncated menaquinones 

shown in Figure 2.3 showed that while there may not be a significant difference in E1/2 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.11-12 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.13-15 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 1H 

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 1H 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/108 CFU in Mycobacterium smegmatis).7  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 1H 

NMR and 2D 1H -1H 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-n 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-α-

phosphatidylcholine from egg yolk, Type XVI-E (≥99%, Millipore Sigma), chloroform (99.8%, 
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Sigma-Aldrich), deuterium oxide (D2O, 99.9%, Cambridge Isotope Laboratories), and 

tetramethylsilane (TMS, 99.9%, Cambridge Isotope laboratories). Menaquinone-2 was 

synthesized in the lab as described previously 6. Distilled deionized water (DDI H2O) for DLS 

experiments was purified with a Barnstead E-pure system (~18 MΩ 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).16-17 The pD was adjusted using 

0.1 M solutions of DCl 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 1H NMR 

 Large unilamellar vesicles (LUV) of homogeneous size were prepared with L-α-

phosphatidylcholine from egg yolk (EPC) in pure D2O 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 

CHCl3 in a round bottom flask.  The CHCl3 is 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 D2O 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 µm to 

form a solution of LUV of homogeneous size. 
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3.2.3.  1D 1H 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 D2O alone prior to collecting each spectrum. The NMR instrument 

was locked onto the deuterium signal from D2O 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.  1H-1H 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 D2O 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 diH2O in 1mL batches, similar to 
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the preparation of LUVs for NMR analysis.  MK-2 and PC were dissolved in CHCl3 to make 

stock solutions of 1 mg/100 µL and 1 mg/10 µL, respectively (6.4 mg MK-2 in 640 µL CHCl3 

and 94 mg EPC in 940 µL CHCl3). 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 1H NMR analysis. A control sample consisting of pure PC 

was also implemented. CHCl3 was evaporated to create a dried film of lipids, and DDI H2O at 

pH 7.0 was added to the lipid film for a total final sample concentration of 20 mg/mL. LUVs 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 µm. 

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 ANOVA 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. 
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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.  1H NMR 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 1mL total of D2O as described in the 

experimental methods. 1H 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.  

 
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 D2O are in good agreement with what 

has previously been published in our lab as well as literature. 20-21 MK-2 peaks are readily 

observed in all spectra containing both PC liposomes and MK-2 alone in D2O (Figure 3.2).  
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Figure 3.2.  Stacked 1H NMR spectra of MK-2 in D2O 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. 

 

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 D2O alone.  Due to this 

slight downfield shift of liposomal MK-2 relative to its chemical shifts in D2O, MK-2 peaks HM 

and HN within the bilayer are occluded by the trimethylamine (TMA) peak of the EPC, and the 

liposome-bound HH,I 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 D2O 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 1H NMR and compared to MK-2 in D2O and empty 

liposome controls (Figure 3.3).  

 
Figure 3.3.  Stacked 1H 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,B 

and HC,D)  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,B 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. 

 

 
Figure 3.4.  Comparison of head group 1H NMR chemical shifts of MK-2 in EPC liposomes with 
its shifts in D2O alone.  Red asterisks (*) denote the appearance of peaks in the 12 mg/mL MK-2 

spectrum that correlate to MK-2 peaks in D2O alone. Small impurity at 7.73 ppm in 4 mg/mL 
and 8 mg/mL samples correspond to a slight impurity from residual CHCl3.  

 

 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 HM,N 

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, HQ,R, HY,Z) (Figure 3.5). 
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Figure 3.5.  Comparison of 1H 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, HQ,R, HX, and HY,Z in D2O alone. 

3.3.3. 1H-1H 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 
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as what conformation the MK-2 may adopt in each environment, the 2D NMR method 1H-1H 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 1H-1H 2D ROESY NMR, however, these spectra did not contain adequate 

information for analysis (Appendix IV). 

 The 1H-1H 2D NOESY spectrum of 6 mg/mL MK-2 in PC vesicles (Figure 3.6) shows 

NOE cross peaks between protons HA,B and protons HQ,R (very weak NOE cross peak), a stronger 

cross peak with protons HY,Z, with protons HC,D displaying cross peaks with the same protons.  

Head group protons HC,D also show NOE interactions with protons HH,I, but this is not observed 

between HH,I and HA,B.  Protons HH,I 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 

HH,I and either the allylic peak of PC or HQ,R peak of MK-2, however, owing to the overlap of 

the allylic PC peaks and the HQ,R 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 HQ,R. It is likely that 

a peak here corresponds to an interaction between HQ,R and HH,I due to their proximity within the 

molecule itself.  Additionally, owing to the overlap of peaks HM,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.  
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Figure 3.6.  1H-1H 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,B 

and HC,D 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 HQ,R, and stronger interactions 

with HY,Z) are visible, as well as NOE cross talk between HH,I and HC,D, indicating that HI is 

likely located near the HC,D 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.21 

 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,B, HC,D, and HY,Z 

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,B and HC,D 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.  It is 

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 1H-1H 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 1H-1H 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, 1H-1H 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 1H-1H 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 1H-1H 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. 

 
Figure 3.7.  1H-1H 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 1H-1H 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,B, HC,D 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,B and HC,D with HY,Z (Figure 3.7).  Unlike in the 6 mg/mL liposomal 

MK-2 spectrum, protons corresponding to aqueous MK-2 peaks HC,D at 7.68 ppm do not show 

NOE cross peaks between protons HH,I, and the NOE cross peaks between HA,B or HC,D and  

protons HQ,R are very weak, indicating in this emergent set of peaks, that protons HC,D are not 

likely spatially near proton HI or HQ,R.  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.6   

 Similar to the 6 mg/mL MK-2 1H-1H 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 HC,D show an 

NOE cross peak with HOD; however, this is most likely protons HC,D displaying an NOE cross 
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peak with proton HI, 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.  Illustration 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 1H-1H 

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.21 to 

determine possible conformations for MK-2 within a bilayer based on the 1H-1H 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 1H-1H 2D NOESY NMR and MMFF94 calculations of liposomal-bound 
MK-2 (65.4 kcal/mol, internuclear distance HH,I - HC,D of 4.3 Ȧ.  
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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 1H-1H 2D NOESY 

spectrum, there was a small NOE cross peak observed between HC,D and HH,I, indicating that 

HC,D is within 5 Ȧ of peak HH,I, likely corresponding to proton HI, and this NOE cross peak is 

also present in the 12 mg/mL spectrum of MK-2 in 1H 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,D and HH,I 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.22 29, 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-n 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 1H-1H 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 



75 

 

(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 1H 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 1H NMR spectra of 

PC liposomes.20-23  
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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 1-3.  

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 4-6. 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 5, 7-8. 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 9-10.  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 11-14. 

 In order to exert their antimicrobial or anticancer properties, AMPs must interact with the 

plasma membrane of the bacterial or cancer cell 5, 15.  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 5, 16-18.  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 8-9, 19-20.  

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 10, 21.  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 5, 22-23.  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.24  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.25  

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.26-29   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).30-31 Commonly, water droplets contained in this system range 

from a size of 1-10 nm.32-33  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.   

 
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 1H 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.34  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 HCl (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.35  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 1H NMR 

spectroscopy.36  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 HCl dissolved in diH2O or D2O, depending on 

experimental need.  NaOH or HCl dissolved in D2O is referred to as NaOD or DCl, 

respectively.36 

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 1H NMR experiments were prepared 

with 2.00×10-3 mol of each G, GG, GGG and GGGG dissolved in 10 mL D2O 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 5.0×10-3 mol of each G, GG, GGG and GGGG and dissolved in 10 mL diH2O.  

 All stock solutions were sonicated until clear if not already, and all stock solutions were 

pH adjusted with DCl or HCl 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 D2O, and are not a reflection of the solution pD (pD = pH + 0.4) before 

addition to the RM suspension. 37-39    

4.2.2.2. Preparation of AOT-isooctane stock solution and RMs containing G, GG, GGG, and 

GGGG for 1H NMR 

 The 750 mM AOT-isooctane stock solution was prepared by dissolving 7.5×10-3 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 w0 

values of 6, 10, 14, 16, and 20, where w0 = [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 

GGGG, 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 2.00×10-3 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 w0 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 HCl 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.  1H NMR spectroscopy and analysis of D2O and RM samples 

 The 1H NMR experiments were performed using a 400 MHz Varian 1H 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 δ=0.90 ppm as has been previously reported and 

were originally referenced to tetramethylsilane.40  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 D2O and w0 10 RMs and calculating the first derivative of the best fit curve 

using OriginPro version 9.1.41  

 
Figure 4.2.  A comparison of each of the studied compounds and their chemical shifts as 

determined by 1H NMR in w010 reverse micelles (RMs) and D2O.  A) Spectra beginning from 
the bottom correspond to G, GG, GGG, and GGGG in D2O 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 μTrough 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 µL, 20 nmol) was added to the surface in a drop-wise manner 

with a glass Hamilton syringe (50 µL) 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 Agly is the area of monolayers with 

glycine present and Acon is the area of control monolayers.  Calculations were performed at every 

5 mN/m of surface pressure.  

Equation 1.  %𝑑𝑖𝑓𝑓 = (𝐴𝑔𝑙𝑦−𝐴𝑐𝑜𝑛𝐴𝑐𝑜𝑛 ) × 100 
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4.2.7.  Dynamic Light Scattering (DLS)  

 Dynamic light scattering (DLS) experiments were performed using a Malvern Instrument 

(Malvern Instruments Limited, UK) MAN0486.33, 40  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 w0 value.  A 1mL 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.35  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 1H 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 D2O 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 D2O, 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 1H NMR spectroscopy of L-Glycine (G) in RM 

A series of samples with RMs of size w0 10 (where w0 = [AOT]/[H2O]) were made 

containing G at varying pH values by adding 200 mM G solution in D2O at the pH specified to 

the appropriate volume of 750 mM AOT solution dissolved in isooctane. The chemical shifts of 

these were recorded using 1H NMR spectroscopy and chemical shifts are compared with 

representative spectra shown (Fig. 4.3).  The pKa values were calculated from the spectra both in 

D2O and in microemulsions are listed in Table 2 in the Discussion.  Values obtained from G in 

aqueous and RM environments show that the pKa of the C-terminus differs very little between 

aqueous and RM environments, but the N-terminus differs significantly, with a pKa of 10.7 in 

D2O and 8.51 in the RM model membrane.  This difference or lack thereof in pKa values 

between the two environments gives some information about the environments surrounding the 

carboxy- and amine-terminal ends of G within the RM 42.  Because there is little change between 

the carboxyl pKa in RM and D2O, 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 pKa of 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) 43-44, 

lowering the pKa 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 45.  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. 

 
Figure 4.3.  G plotted as a function of pH in RM and aqueous (D2O) environments. (Right) 

Comparison of 1H NMR chemical shifts of G in aqueous and RM environments. (Left) The 1H 
NMR chemical shift of G is plotted with increasing w0 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 pKa of G was calculated in a w0 30 RM (12.4nm diameter) instead of the 

w0 10 (6.8 nm diameter) that was previously used 32.  These experiments found that the carboxy-

terminal pKa in this larger vesicle stayed the same at 2.5, but the amine-terminal pKa 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 45.  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.  1H NMR Spectroscopy of Diglycine (GG) in RM 

 In a similar fashion to G, 1H 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 w0 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 D2O and RM samples based on 1H 
NMR spectroscopic titration studies.  Top) 1H NMR chemical shift values of protons B (CH2 

near N-terminus) of GG measured at different pH values in D2O, with the proton labeling 
scheme shown in Figure 4.1.  Bottom) 1H NMR chemical shift values of protons A (CH2 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 pKa 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 pKa values from aqueous 

to RM is small, with a pKa of 2.85 in D2O and 2.99 in RM for the C-terminal CH2, and 8.60 in 

D2O and 8.48 for the N-terminal CH2.  
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4.3.3.  1H NMR Spectroscopy of Triglycine (GGG) in RM 

 Solutions containing GGG were also studied in comparison in D2O and RMs of w0 10 

using 1H 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 D2O at 3.18 and in RM 3.27, and the N-terminal pKa in D2O at 8.29 and in RM 

8.11.   

 ,  
Figure 4.5.  GGGG proton shifts compared at varying pH values in aqueous (D2O) and RM 

environments, as determined by 1H NMR spectroscopy.  
 

 Further exploring this observation, that the chemical shift of the C-terminal CH2 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 CH2 at all pH values tested 
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is slightly elevated in the RM as compared to D2O, consistent with being located in a more 

charged environment, and the N-terminal CH2 protons show the most change in chemical shift 

with values in the RM being higher than that of D2O, 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 pKa values 

with differences of only 0.1 pH unit. 

4.3.4.  1H NMR Spectroscopy of Tetraglycine (GGGG) in RM 

 Aqueous solutions of GGGG at varying pH values and corresponding AOT RMs were 

analyzed via 1H NMR spectroscopy similarly to the other G compounds above. The results 

obtained from GGGG in terms of pKa differences are small, as what was found for the GGG and 

GG peptides.  The pKa value found for the C-terminal end of the peptide in D2O was determined 

to be 3.05 and that in RM was determined to be 2.82.  The pKa value found for the N-terminal 

end of GGGG was found to be 7.75 in D2O 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 pKa 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).     

  



94 

 

 
Figure 4.6.  Chemical shift values as determined by 1H NMR of GGGG at varying pH values in 

RM and D2O with peaks corresponding to labels in Figure 1D. Top) N- and C- terminal CH2 
protons of GGGG in D2O and RM, or protons A and D as labeled in Fig. 1D. Bottom) Interior 

CH2 protons on N- or C-terminal side of GGGG in D2O 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 (HB 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 w0 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 w020 RM 32.   

 

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

Sample[a] W020 diameter 

(nm) 

W020 Std. Dev. 

(nm) 

Control      

(no probe) 

9.5 0.44 

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.  At pH 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.46-47  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 C16 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 aqeuous 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 pKa results summarized in Table 4.2. The pKa 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 pKa values obtained for G compounds in aqueous (D2O) 
and w0 10 RM systems, shown with 95% confidence interval, with literature aqueous pKa values. 

Compound System pKa(1) 

Carboxylic 

acid 

pKa(1) 

lit. 

pKa(2) 

Protonated 

amine 

pKa(2) 

lit.  

lit. 

citation 

G D2O 2.51 2.46  

I=0.2 

(NaClO4) 

10.7 9.60 

I=0.2 

(NaClO4) 

48 

RM 2.49  8.51  This work 

GG D2O 2.85 3.15  

I=0.1 

(KCl) 

8.60 8.10 

I=0.1 

(KCl) 

48 

RM 2.99  8.48  This work 

GGG D2O 3.18 3.18 

I=0.1 

(NaClO4) 

8.29 7.87 

I=0.1 

(NaClO4) 

48 

RM 3.27  8.11  This work 

GGGG D2O 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 40, 49.  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 pKa 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 45.   

 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 49. 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. 

 

 

 

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. 
 



102 

 

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 SO3
- 50, 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 

D2O (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 51-53.  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 54-56 

4.5.  Conclusions 
 

 Studies exploring the interaction of G, GG, GGG and GGGG compounds with model 

membrane interfaces measured in microemulsions (AOT RMs) using 1H 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 pKa 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 pKa 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 D2O 

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 57.  

 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 β-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).1-2  
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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.1  
 

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.3-5  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).6  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.7-8 

 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 MK1 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 MK1 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.9-11 

 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.7 

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-n 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-n 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.12  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 MK2 liposomal spectrum which correspond directly to its peaks in D2O.  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 MK2 

is folded over itself more tightly, as evidenced by interactions between protons HH,I and protons 

HC,D which are not present in the liposomal spectra containing aqueous MK2 peaks.   

 While this work is interesting in that it determines the conformation of MK2 in the more 

biologically relevant context of a liposome, I think that this work could be pushed further by 

examining the placement of MK2(II-H2) 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.  

MK2 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 MK2 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 MK2 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.   



117 

 

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 1H 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. 



120 

 

Martinez collected data determining the pKa of glycine in w030 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 E1/2 Potentials, Reversibility and Diffusion 
Coefficients 

 
 
 

Table A2.1. P-values Calculated for E1/2 Values of Fully Saturated MK-n Analogues 
 

MK-n comparison P-value Sig. 
MK1-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 E1/2 Values Comparing Each MK-n to Itself with Increasing 

Saturations in Isoprenyl Chain 
MK-n comparison P-value Sig.  
MK1-MK1(H2) 0.2346  
MK2-MK2(II-H2) 0.0023 * 
MK2(II-H2)-
MK2(H4) 

0.0679  

MK2-MK2(H4) 0.0039 * 
MK3-MK3(II-H2) 0.0495 * 
MK3(II-H2)-
MK3(H6) 

0.4137  

MK3-MK3(H6) 0.0487 * 
MK4-
MK4(II,III,IV-H6) 

7.932E-05 * 

 

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

MK-n comparison P-value Sig 
MK1-MK2 0.0295 * 
MK2-MK3 0.0072 * 
MK1-MK3 0.0287 * 
MK3-MK4 0.1389 

 

MK2-MK4 0.0105 * 
MK1-MK4 0.1093 
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Table A2.4.  P-values Calculated for ipa/ipc ratios Comparing Each MK-n to Itself with 
Increasing Saturations in Isoprenyl Chain 

MK-n comparison P-value Sig.  
MK1-MK1(H2) 0.4518 

 

MK2-MK2(II-H2) 0.0986 
 

MK2(II-H2)-
MK2(H4) 

0.3471 
 

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

 

MK3(II-H2)-
MK3(H6) 

0.0730 
 

MK3-MK3(H6) 0.0182 * 
MK4-
MK4(II,III,IV-H6) 

0.0234 * 

 

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 * 
MK1-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-n to Itself with Increasing 
Saturations in Isoprenyl Chain 

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

0.0492 * 

MK2-MK2(H4) 0.0244 * 
MK3-MK3(II-H2) 0.2512 

 

MK3(II-H2)-
MK3(H6) 

0.8691 
 

MK3-MK3(H6) 0.3498 
 

MK4-
MK4(II,III,IV-H6) 

0.4863 
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Appendix III:  Cyclic Voltammograms of MK-n Analogues with Increasing Scan Rates 
 
 
 
 

  

         

 

 

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.  

 



125 

 

Appendix IV.  2D 1H-1H ROESY NMR Spectra of MK-2 Confined in Egg Phosphatidylcholine 
Liposomes 

 
 
 

 
Figure A4.1.  2D 1H-1H ROESY NMR spectrum of 6 mg/mL MK-2 in PC liposomes.  
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Figure A4.2.  2D 1H-1H ROESY NMR spectrum of 12 mg/mL MK-2 in PC liposomes. 
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Appendix V.  1H NMR Spectra of Glycine in Aqueous and Reverse Micellar Solutions 
 

 

 

 
Figure A5.1.  1H NMR of D2O solutions containing G at varying pH values are shown.  Spectra 

were run in triplicate and one representative series is shown.   
 

 
Figure A5.2.  1H NMR of RM solutions containing G at varying pH values in the D2O pool are 

shown.  Samples are run in triplicate and one representative series is shown.  
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Figure A5.3.  1H NMR of D2O 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.  1H NMR of RM solutions containing GG at varying pH values in the D2O 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.  1H NMR of D2O 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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Figure A5.7.  1H NMR solutions of D2O containing GGGG at varying pH values.  Spectra were 
run in triplicate and one representative series is shown here.  Peaks are labeled according to the 

figure of GGGG shown above.  
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Figure A5.8.  Representative spectrum showing subtraction technique utilized to elucidate 
GGGG 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.1 
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