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ABSTRACT 
 

 

 

INTERACTIONS OF BIOLOGICALLY ACTIVE MOLECULES, COFACTORS, AND DRUGS WITH 

MODEL MEMBRANES  

 

 

 The cell membrane is important for the structure, function, and overall homeostasis of the cell. 

It consists mainly of phospholipids which have different physicochemical and material properties. As 

such, molecular interactions between the membrane’s components and its environment are of 

importance. This manuscript explores the interactions of different classes of molecules with model 

membrane systems to gain a fundamental understanding. Chapter 1 provides background on the cell 

membrane and current models as well as an introduction to lipoquinones and small molecule drugs. 

Chapter 2 discusses the interactions of menadione and menadiol with Langmuir monolayers 

and reverse micelles. Menadiol and menadione are representative of the headgroup of menaquinones, 

a class of electron transporter, hence they are redox active. We hypothesized that the respective 

locations of menadione and menadiol within the membrane would vary due to their different 

physicochemical properties. We used Langmuir monolayers and NMR of reverse micelles to explore 

the location and association of menadione and menadiol with model membrane interfaces. 

 Chapter 3 investigates the location, association, and conformation of truncated menaquinones 

with Langmuir monolayers and simulated bilayers. Previous work found that truncated menaquinones 

fold at the interface of a reverse micelle, so we hypothesized that subtle differences in folding would 

cause variations in location and association with phospholipids. We used a combination of Langmuir 

monolayers and molecular dynamics simulations to probe location, association, and conformation of 

truncated menaquinone homologues, MK-1 through MK-4, in a phospholipid membrane. 
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 Chapter 4 explores the pH-dependent effects of two anti-tubercule molecules at the membrane 

interface. Recent studies have suggested that pyrazinoic acid behaves as a protonophore and we 

further explored this suggestion while simultaneously exploring physicochemical properties of 

pyrazinoic acid and pyrazinamide. This chapter utilized a combination of Langmuir monolayers, NMR, 

and fluorescence leakage studies to characterize the molecular interactions of pyrazinoic acid with 

model membranes so that POA could be compared to a previous study with benzoic acid, a known 

protonophore. 
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Chapter 1 
Fantastic Cell Membranes and How to (Physically) Model Them 

 
 
 

1.1 Introduction 

For a molecule to enter the cell, it must interact with the phospholipids of the cell membrane 

in some capacity. Recently, the interest in lipid formulations as a means of drug and vaccine delivery 

has increased.1-3 As such, studying the molecular interactions of both native and foreign molecules 

with the membrane interface is pertinent with regards to drug formulation and development. This 

manuscript aims to characterize these molecular interactions of different biologically relevant 

molecules with both eukaryotic and prokaryotic phospholipids as well as other interfacial models. 

Before discussing these interactions, it is appropriate to provide a short description of the cell 

membrane, its function, and current models used in research. 

1.2. The Cell Membrane 

The cell membrane is integral to both the structure and function of cells. It is the first line of 

defense of the cell from foreign molecules or organisms.4 It is crucial for cell signaling, signal 

transduction, and overall homeostasis of the cell.4-5 Structurally, it consists of a dynamic lipid bilayer 

approximately 5 nm thick interspersed with various proteins (Figure 1.1).5-7 The current fluid mosaic 

model describes a fluid-like bilayer composed mainly of lipids. This bilayer, as mentioned above, is 

interspersed with different proteins. There have been additions to the model since it was initially 

proposed. It now accounts for protein microdomains, lipid rafts, less fluidity than initially proposed, and 

even metal-induced signal transduction.7-10 
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Figure 1.1. Representation of the cell membrane bilayer, consisting of various phospholipids and 
proteins. Reproduced with permission from Bunea et al. 2020.11 

 Given the various functions and processes related to the cell membrane, such as signal 

transduction,4 and the interest in using synthetic cell membranes in drug and vaccine formulation, a 

fundamental understanding of the interactions of molecules at the cell membrane interface is needed.  

1.3. Modeling the Membrane 

1.3.1. Why Models are Necessary 

Ideally, all measurements would be made in live cells. However, live cell models introduce 

many confounding variables that can make it difficult to interpret data on molecular interactions. A 

single living cell may have 1000 different phospholipid species within the plasma membrane, further 

complicating interpretation.11 There is also an asymmetrical distribution of phospholipids within the 

inner and outer leaflets of the membrane bilayer, leading to different mechanical and physical 

properties in different areas of the membrane.12-14 Given the complexity of live cell membranes, 

chemists and membrane biophysicists often seek simpler interpretable models. 

Many physicochemical models have developed over the years, including liposomes, micelles, 

reverse micelles, Langmuir monolayers, and Langmuir-Blodgett films (Figure 1.2).15 Short descriptions 

are provided for each model system, but the two focused on in this manuscript are reverse micelles 

and Langmuir monolayers. 
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Figure 1.2. Common model membrane systems. A) Liposomes are spherical bilayers, typically 
phospholipid, with water both inside and outside. B) Micelles are non-polar core contained within an 
amphiphilic surfactant in bulk water. C) Reverse micelles are a water core encapsulated within an 
amphiphilic surfactant in bulk hydrophilic solvent, such as isooctane. D) Langmuir monolayers are self-
assembled monolayers at the gas-liquid interface consisting of amphiphilic molecules. E) Langmuir-
Blodgett films are multiple layers of amphiphilic molecules supported on either a hydrophobic or 
hydrophilic solid substrate. Pink represents lipids or surfactant, blue represents water, grey represents 
hydrophilic/non-polar regions, and black represents a solid such as glass or silicon. 

1.3.2. Liposomes  

Liposomes, or vesicles, are roughly spherical artificial bilayers, generally consisting of 

phospholipids, both enclosing and surrounded by water. They were first described in 1964 when it was 

discovered that phospholipids would spontaneously form vesicles in water.16-17 They are favored 

among those modeling the membrane because they are arguably the most biologically relevant. 

Liposomal solutions may be multilamellar or unilamellar and may have a range of sizes. They may be 

used to study the interactions of molecules in a bilayer, drug-induced leakage, and even the function 

of membrane proteins.18 
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1.3.3. Micelles 

 Micelles are composed of a hydrophobic pool surrounded by an amphiphilic lipid or detergent 

in bulk water (Figure 1.2B). The lipid or detergent generally occupies a roughly conical volume so that 

it may pack into a small, highly curved sphere.16 They are commonly used in solution NMR to study 

interactions of molecules with charged lipid headgroups.19-20 They have even been used to perform 

NMR studies of membrane proteins and their structures.21-22 

1.3.4. Reverse Micelles 

 As the name implies, a reverse micelle (RM) is the opposite of a micelle. RMs consist of a 

water pool surrounded by an amphiphilic surfactant, such as sodium dioctyl sulfosuccinate (AOT). This 

microemulsion is suspended in a non-polar solvent (Figure 1.3). Fully formed RMs have a Stern layer 

of more solid interfacial water near the charged headgroup of the surfactant, illustrated in blue in Figure 

1.3.23-24  

 

Figure 1.3. A cartoon of a w0 12 sodium AOT reverse micelle. Interfacial water is illustrated in blue 
while Na+ ions are in red. This figure was modified from Crans et al. 2017.25 

RMs are characterized by their size, expressed as w0= [H2O]/[surfactant].24 This system, like 

micelles, is often used in NMR spectroscopy studies as a model cell membrane. Association of 

molecules with the surfactant, location of probe molecules, and even the conformation of hydrophobic 
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molecules in the interface may all be investigated with RMs.26-28 RMs are also useful to study the 

behavior of proteins and other molecules under confinement.29-31 

1.3.5. Langmuir Monolayers 

The material properties of the cell membrane play a key role in cell function.32 Many of these 

material properties, such as packing and elasticity, can be investigated with Langmuir monolayers. 

Langmuir monolayers were named for Irving Langmuir, but they are based on the work of Agnes 

Pockles in the 19th century.33-34  

To form a Langmuir monolayer, an amphiphilic molecule such as a phospholipid is applied at 

the gas-liquid interface, usually the air-water interface. The molecules then form a self-assembled 

monolayer on the water’s surface which may then be laterally compressed to measure changes in 

surface pressure. The changes in pressure give information on the phase and packing of the 

monolayer. In this manuscript, the phospholipids dipalmitoylphosphatidylcholine (16:0 PC, DPPC) and 

dipalmitoylphosphatidylethanolamine (16:0 PE, DPPE) are used to create Langmuir monolayers 

(Figure 1.4) because they are well characterized and can be used to represent mammalian and 

bacterial membranes, respectively.27 DPPC is common in mammalian pulmonary surfactant. Its 

cylindrical shape allows it to spread over a greater area, making it a good candidate for both Langmuir 

monolayers and liposomes. DPPE, on the other hand, is less common in eukaryotic cells but is 

prevalent in bacterial cells. Its conical shape allows it to pack tightly into smaller areas.14 This allows 

for a greater number of lipids to pack into a smaller area which is required for bacterial membranes. 

Structurally, they are composed of 16:0 (palmitoyl) fatty acid tails, a glycerol group, a phosphate group, 

and then an amine headgroup.  
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Figure 1.4. The phospholipids A) dipalmitoylphosphatidylcholine (DPPC) and B) 
dipalmitoylphosphatidylethanolamine (DPPE) and their "shapes." The choline headgroup of DPPC 
gives an overall cylindrical shape, while DPPE has an overall conical shape. 

1.3.6. Langmuir-Blodgett Films 

 In the 1920s and 1930s, physicist Dr. Katherine Blodgett worked as an assistant to Langmuir. 

She found that a solid substrate dipped vertically into an aqueous solution with a Langmuir monolayer 

(or film) on the surface would then be homogeneously coated with the film.35 This allows for 

morphological studies such as atomic force microscopy.36-37 This technique has also been used to 

functionalize electrodes.35, 38-39 

1.4. Compounds of Interest in this Manuscript 

1.4.1. Lipoquinones 

 Lipoquinones (lipid quinones) are hydrophobic α,β-unsaturated ketones with numerous 

biological uses.40 There are three major categories of lipoquinone: ubiquinones, plastoquinones, and 

menaquinones (Figure 1.5).41-42 Ubiquinones are typically found in eukaryotes and some bacteria, 

such as Escheria coli,43 while plastoquinones are typically found in plants.44 Menaquinones (MK), the 

class of lipoquinones of interest in this dissertation, are generally found in Gram-positive prokaryotes 
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such as Mycobacterium tuberculosis.45 MK structurally consists of a naphthoquinone headgroup and 

a tail of repeating isoprenoid units (Figure 1.5C).46 MKs are identified based on their side chain length 

and saturation.43 For example, the homologue with four unsaturated units is known as MK-4. 

 

Figure 1.5. General structures of A) ubiquinone, B) plastoquinone, and C) menaquinone (MK), where 
n is the number of repeating isoprene units. 

 Unlike ubiquinone, MK homologues are very hydrophobic. This makes biological studies 

difficult as they cannot be studied in aqueous-based assays.45 The hydrophobicity of MKs increases 

as their isoprenoid chain increases in length. Longer homologues, such as MK-7 and MK-9, are used 

in biological systems. With their hydrophobicity and relative rarity in mind, MK analogues are not as 

well studied as other lipoquinones. Interestingly, they are also potential drug target for the treatment 

of tuberculosis, as MK-9 (II-H2) is the primary electron transporter for Mycobacterium tuberculosis.45 

Since these lipoquinones reside within the membrane, a fundamental knowledge of location in and 

association with the membrane may help with drug design and formulation as well as provide insight 

into the bacterial electron transport chain. 

1.4.2. Small Organic Drugs 

 All molecules entering or exiting the cell must interact with the cell membrane in some 

manner.3, 47 Small organic molecules such as benzoic acid and salicylic acid are able to diffuse across 

the bilayer (Figure 1.6).48-50 They are both protonophores, otherwise known as proton translocators.51-

52 Therefore, if a pH gradient exists, the neutral form may diffuse across the bilayer and then be 

deprotonated in the cytosol.51 This mechanism is accepted and understood, yet fundamental studies 

of these molecules associating with the membrane are uncommon. 
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Figure 1.6. Structures of A) benzoic acid and benzoate and B) salicylic acid and salicylate. The pKa 
values are experimental values from Serjeant and Dempsey 1979.53 

1.5. Concluding Remarks  

Chapter 2 investigates the location and interactions of the naphthoquinone and naphthoquinol 

headgroups of MK in model membranes. Chapter 3 addresses the interactions of truncated MKs in 

monolayers and bilayers. Chapter 4 investigates the interactions and locations of the anti-tuberculosis 

drugs pyrazinamide and pyrazinoic acid in model membranes. The primary technique in all three 

chapters is the compression of Langmuir monolayers, though other supporting methods such as UV-

vis, NMR, and fluorimetry are presented. 
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Chapter 2 
Location of Menadione and Menadiol Headgroups in Model Membranesa 

 
 

1. Introduction 

Lipoquinones are an essential group of lipids that act as electron transfer donors and acceptors 

within the electron transfer complex.1-2 One type of lipoquinone typically associated with prokaryotes 

is menaquinone (MK), which has a naphthoquinone headgroup, as well as an isoprenyl side chain.3-6 

MK abbreviations are based on the naphthoquinone headgroup and the number of isoprene groups in 

the side chain, where MK-4 is a menaquinone with four isoprene units. Some of the MK derivatives 

are known to have biological activities in humans such as MK-4, which is important in blood 

coagulation.7 Other MK homologues have been reported to have potent biological properties such as 

antiseizure activity in model organisms.8-10 The native electron transport lipoquinone of Mycobacterium 

spp., specifically M. smegmatis and M. tuberculosis, is MK-9 with a reduced β isoprene unit 

(abbreviated as MK-9(II-H2), Figure 2.1A).11-12 The electron transfer complexes of most organisms are 

membrane-associated and thus require that the MK derivatives are also affiliated with the membrane. 

Native prokaryotic MKs have long isoprenyl side chains, and their conformations within their native 

membrane environments are poorly understood. The hydrophobic nature of MK homologues and their 

insolubility in aqueous assays complicate analyses of these molecules.6 Considering the challenges 

of working with the native systems, we have initiated studies with truncated MK derivatives that are 

slightly water soluble.1, 6, 13 Their simpler and less hydrophobic structures allow for characterization of 

how these MK systems interact with membrane interfaces and elucidation of their conformations.6, 13 

It was previously shown that the truncated MK-1 and MK-2 molecules fold and that such folding adjusts 

as the molecule associates with a model membrane interface.1, 13 

 
a This manuscript is published in full or in part in the Canadian Journal of Chemistry. 



15 
 

 

Figure 2.1. Structures for (A) menaquinone (MK-9(II-H2)) present in M. tuberculosis, (B) the oxidized 
headgroup menadione (MEN), and (C) the reduced headgroup menadiol (MDL). 
 
 The MK derivatives are reduced by the electron transfer complex to form their quinol 

counterparts. Reduced MKs are suggested to interact differently with the interface compared with 

oxidized MKs, based on computational and experimental studies on MK’s counterpart, ubiquinone.14-

16 In this manuscript, we sought to obtain experimental evidence investigating whether the interaction 

with interfaces differs between the oxidized menadione (MEN, Figure 2.1B) and reduced menadiol 

(MDL, Figure 2.1C) headgroups. Previous studies of the MK derivatives with interfaces take advantage 

of work with two model interface systems, Langmuir monolayers17-18 and microemulsions.19-20 

Generalized diagrams of both model membranes and potential locations of probe molecules are 

shown in Figure 2.2. Studies using Langmuir monolayer systems with truncated MK derivatives have 

been reported and support the interpretation that the MK derivatives insert into the membrane 

interface.1, 21 The studies with microemulsions were carried out using a well-known model system for 

studying membrane interface interactions, consisting of a lipid or surfactant (aerosol-OT, abbreviated 

AOT), an organic solvent (isooctane), and water.22-24 This system forms self-assembled structures 

with an interface resembling that of a charged membrane,19, 25-27 making it a very useful tool for 

studying the interactions and potential penetration of naphthoquinone and naphthoquinol 

headgroups.13, 18 Both models have been used successfully in conjunction with each other to develop 
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a more in-depth framework of how different biologically relevant molecules associate with the cell 

membrane.28-29 

 

Figure 2.2. General diagrams of (A) a Langmuir monolayer and (B) a reverse micelle (RM) 
microemulsion. Black rectangles represent probe molecules found in the hydrophobic tails, black 
triangles represent molecules found in the interface, black ovals represent molecules found in the bulk 
water, and black stars represent molecules found in the non-polar solvent of the RM system. 
 

Computational analysis and other studies have been carried out, which suggested that the 

interactions of MK and ubiquinone derivatives within the membrane were dictated mainly by the length 

of the isoprene side chain.30 In other studies in neutral bilayers, the naphthoquinone headgroup was 

important for anchoring the lipoquinone, suggesting that the isoprene side chain may not be the only 

structural factor determining the location in the membrane.14, 31 Anchoring through a headgroup has 

been noted with other molecules as well, lending credence to the headgroup having greater bearing 

on location in the interface.32-33 In the following work, we examined the interaction of the headgroup, 

MEN (Figure 2.1A), and the corresponding reduced version, MDL (Figure 2.1C), with a model 

membrane interface. We hypothesize that MEN and MDL will both associate with and penetrate into 

the membrane but will sit in different locations within the interface.  
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2. Materials and Methods 

2.1 General Materials and Methods 

2.1.1 Materials 

MEN was purchased from Sigma-Aldrich. MDL was prepared as reported previously.1, 34 

Chloroform (≥99.5%), dithiothreitol (DTT), monosodium phosphate (≥99.0%), disodium phosphate 

(≥99.0%), sodium hydroxide (≥98%), hydrochloric acid (37%), and MEN were all purchased from 

Sigma-Aldrich. The phospholipids dipalmitoylphosphatidylcholine (16:0 PC, DPPC, 99%) and 

dipalmitoylphosphatidylethanolamine (16:0 PE, DPPE, 99%) were purchased from Avanti Polar Lipids. 

Most materials were used without further purification. AOT (Sigma-Aldrich) was purified using charcoal 

and methanol as described previously.35 The water content of the AOT was determined by NMR 

spectroscopy, measuring the water content in AOT solubilized in DMSO. Distilled deionized (DDI) 

water was generated by filtering distilled water through a water purification system until a resistance 

of 18.2 MΩ was obtained. 

2.1.2 Instrumentation 

All absorption spectra were run on an Avantes spectrophotometer (AvaSpec-USB2 with an 

AvaLight-DHc lamp) in 1 cm quartz cuvettes and collected with AfterMath software version 1.4.7881. 

The Langmuir monolayers were studied using a NIMA LB Medium Trough (Teflon) from Biolin 

Scientific. NMR studies were conducted on a Bruker Neo400 NMR. Dynamic light scattering (DLS) 

studies were performed in a Malvern Zetasizer Nano ZS equipped with a 633 nm red laser. 

2.2 Synthesis of MDL 

MDL was synthesized by the reduction of MEN by sodium dithionite, and NMR spectra of MDL 

were consistent with those reported previously.1, 34 

2.3 Stability Studies With UV-Vis Spectroscopy  

Because of the limited solubility of the oxidized and reduced headgroups, as well as the rapid 

oxidation of the reduced headgroup, different methods were investigated for preparation of the 
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solutions. Attempts to sonicate the samples under argon were not as effective as the addition of a 

reductant to MDL samples. 

2.3.1 Stability in DDI Water 

A solution of 0.10 mmol/L MEN (yellow powder) was made by sonicating 17 mg (10 μmol) of 

MEN in 100 mL of DDI water (18.2 MΩ) until dissolved, approximately 10 min. A solution of 0.10 

mmol/L MDL (pale purple powder) was made by sonicating 17 mg (10 μmol) of MDL in 100 mmol/L of 

DDI water for approximately 20 min. A third sample was prepared by adding 17 mg of MDL (10 μmol) 

to 100 mL of DDI water, shaking for five seconds, and removing the supernatant to observe the spectra 

of MDL immediately after contact with water. A fourth sample was prepared by adding a small amount 

of solid MDL to the bottom of a cuvette and then adding water. Spectra were collected every minute 

for 15 min and then at the 20, 25, 30, 45, and 60 minute marks. However, one may have anticipated 

that MDL would be more soluble than MEN because of the two hydroxyl groups, the fact that the MDL 

takes longer to dissolve than MEN is not consistent with this observation. Although hydroxyl groups 

typically increase solubility, this is not always the case. For example, the [VO2(dipic-OH)]− complex is 

less soluble than the parent complex, [VO2dipic]− complex, possibly because the former imparts 

greater solid-state interactions, which decrease the solubility.36 

2.3.2 Stability of MDL in DDI Water with a Reducing Agent 

DTT was used to create a reducing environment to test for an improvement in MDL stability. 

Due to the rapid oxidation of MDL in water, a small amount of MDL solid was added to the bottom of 

a quartz cuvette with a small amount of DTT. DDI water was added and a UV–vis spectrum was 

recorded immediately. Timepoints were taken with the same frequency as described in the previous 

section. 

2.3.3 Stability of MDL in a Reverse Micelle Microemulsion 

A stock solution of w0 12, AOT/isooctane reverse micelles was prepared by mixing appropriate 

amounts of 0.50 mol/L AOT in isooctane with DDI water and agitating for 30 s until the solution became 

translucent. The sample for UV–vis was prepared by diluting 1.0 mL of the stock solution into 4.0 mL 

of isooctane and agitating for 2 min to break up aggregates. Approximately 1.0 mL of the dilution was 
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added to a cuvette with solid MDL and immediately placed into the UV–vis spectrophotometer (t = 0). 

The same timepoints were collected as described in the previous sections. 

2.4 Preparation of Solutions for Langmuir Monolayers 

2.4.1 Phospholipid and MEN Stock Solutions 

Phospholipid stock solutions were prepared by dissolving dipalmitoylphosphatidylcholine (16:0 

PC, DPPC) (0.018 g, 0.025 mmol) or dipalmitoylphosphatidylethanolamine (16:0 PE, DPPE) (0.017 g, 

0.025 mmol) in 25 mL of 9:1 chloroform/methanol (v/v) for a final concentration of 1.0 mmol/L 

phospholipid. MEN stock solutions were prepared by dissolving MEN (0.0043 g, 0.025 mmol) in 25 

mL of 9:1 chloroform/ methanol (v/v) for a final concentration of 1.0 mmol/L MEN. Solutions with ratios 

of 50:50 and 25:75 (phospholipid/MEN) were prepared in 2.0 mL glass vials and vortexed for 10 s 

before each experiment. 

2.5 Langmuir Monolayer Studies 

2.5.1 Preparation of Phospholipid Langmuir Monolayers 

 The aqueous subphase consisted of 230 mL of 20 mmol/L sodium phosphate buffer (pH 7.4) 

in DDI water (18.2 MΩ). The subphase surface was cleaned using vacuum aspiration, and the surface 

pressure of a compression isotherm of just the subphase (no phospholipid present) was measured 

(surface pressure was consistently 0.0 ± 0.5 mN/m throughout compression) before each compression 

measurement. To prepare the DPPC phospholipid monolayer, a total of 28 μL of phospholipid stock 

solution (28 ng of DPPC) was added to the surface of the subphase in a dropwise manner using a 50 

μL Hamilton syringe approximately 1 inch from each expanded barrier. The film was allowed to 

equilibrate for 15 min during which time the chloroform and methanol evaporated. The resulting 

phospholipid monolayer was then used for the compression isotherm experiments. 

 The preparation of the Langmuir monolayer from DPPE phospholipids required a higher lipid 

amount and the injection volume of 58 μL was compared with the DPPC solution. Solutions with ratios 

of 50:50 and 25:75 (phospholipid/MEN) shared the base injection volume of phospholipid plus an 

appropriate amount of MEN to reach the desired ratio of phospholipid/MEN. 
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2.5.2 Compression Isotherm Measurements of Langmuir Monolayers 

The phospholipid monolayer was compressed from two sides with a total speed of 10 mm/min 

(5 mm/min from opposite sides) using a NIMA LB Medium Trough from Biolin Scientific. The 

temperature was maintained at 25 °C using an external water bath. The trough base and Teflon 

barriers were rinsed three times with ethanol followed by DDI water (18.2 MΩ) before each experiment. 

The surface tension of the subphase during each compression was monitored using a platinum 

Wilhemy plate. The surface pressure was calculated from the surface tension using Eq. 1.1, where π 

is the surface pressure, γ0 is the surface tension of water (72.8 mN/m), and γ is the surface tension at 

a given area per phospholipid after the film has been applied. 

𝜋 =  𝛾0 − 𝛾                      Equation 1.1 

The compression moduli were calculated as detailed and are shown in Appendix II. Each 

compression isotherm experiment consisted of at least three replicates, and the averages of the area 

per phospholipid and the standard deviation at every 5 mN/m were calculated using Microsoft Excel. 

The areas of the mixed monolayers were multiplied by the mol fraction to plot curves in terms of area 

per phospholipid as opposed to area per molecule. This allowed for easier comparison with the control. 

The worked-up data were transferred to OriginPro version 9.1 to be graphed. 

2.6 Reverse Micelle (RM) Solutions in Isooctane 

2.6.1 MEN 

Because MEN was sparingly soluble in H2O (or D2O), the AOT/isooctane RM samples were 

prepared by dissolving MEN directly into a mixture of AOT in isooctane followed by the addition of 

D2O. A 0.5 mol/L stock solution of AOT in isooctane was prepared by dissolving 5.56 g, 12.5 mmol 

AOT in 25 mL isooctane. To prepare a 14.3 mmol/L MEN solution, 0.6 g of MEN was added to a 25 

mL volumetric flask followed by the AOT/isooctane stock solution. The mixture was sonicated until 

MEN was fully dissolved and then diluted to the mark. The pH of a D2O solution was adjusted to 7.0 

(pD = pH + 0.4). To 2 mL of the MEN/AOT/isooctane stock of solution, varying amounts of pH adjusted 
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D2O were added to prepare samples with w0 4, w0 8, w0 12, w0 16, and w0 20 for MEN. These samples 

were vortexed until clear, indicating that microemulsions formed. 

2.6.2 MDL 

As in the case of solution preparation for studies by UV–vis spectroscopy, several methods 

were investigated to prepare the higher concentration solutions for NMR investigations, including the 

use of different solvents and solvent mixtures, as well as mixed solid systems, and the addition of the 

RM mixture into an NMR tube containing solid MDL at the bottom. Due to the rapid oxidation of MDL 

to MEN, methanol was added to the “water pool” of the RMs to both solubilize and stabilize MDL 

against oxidation. The mixed solvent MeOH:D2O samples were prepared similarly to the D2O samples 

in a 10 mL volumetric flask adding first MeOH (7.0, 8.0, and 9.0 mL) followed by D2O to make up the 

10 mL volume (note that MeOH:D2O mixtures decrease in volume when combined, so the values 

reported here overestimate the MeOH content). Several mixed solvent pools were made but only the 

70:30, 80:20, and 90:10 mixtures were able to dissolve MDL. After vortexing, the mixed solvents were 

used to prepare samples as described above (0.20 mg/1.15 μmol in 1.00 mL mixed solvents). As MDL 

was poorly soluble in aqueous and D2O solutions, solid MDL was added to the NMR tube prior to 

AOT/isooctane RM solution. Specifically, microemulsion solutions for NMR studies were prepared by 

the addition 0.20 mg (1.2 μmol) MDL to the tube followed by 1 mL of AOT/isooctane RM solution. This 

experiment corresponded to the addition of solid MDL to “empty” RM. NMR spectra were collected 

immediately. 

2.6.3 1H NMR Spectroscopic Studies of AOT/Isooctane RM Samples 

One-dimensional (1D) 1H NMR spectra of MEN and MDL in D2O, organic solvent, and RMs. 

Two-dimensional (2D) 1H NMR studies of MEN and MDL were carried out in organic solvent and RMs 

as reported previously.20 The parameters to record the NOESY and ROESY spectra were recorded 

using parameters reported previously.1 
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2.7 Dynamic Light Scattering (DLS) Studies 

DLS samples were prepared similar to the RM NMR samples described above but with the 

following modifications: DDI water was used in place of D2O. Once the 1 mL sample was made, 4 mL 

of isooctane were added to dilute the sample. Diluted samples were agitated for 2 min prior to 

measurements to break up RM aggregates. 

3. Results 

3.1 Stability of MEN and MDL in Aqueous Solution 

3.1.1 MEN and MDL in Aqueous Solution 

MEN was stable in aqueous solution albeit sparingly soluble, requiring agitation or sonication 

for dissolution. MDL, on the other hand, oxidized to MEN, so stability studies in water were conducted 

to determine the time over which the reaction takes place to define the parameters of the experimental 

design. Several different approaches to sample preparation for MDL were tested against MEN with 

UV–vis spectroscopy. These consisted of dissolving MDL completely in water, taking an aliquot of 

supernatant from a fresh mixture of MDL and water, and placing solid MDL at the bottom of a vessel 

such as a cuvette. The potential to carry out MDL solution preparation under argon was considered 

but not pursued because of the difficulties in dissolving the compound in a timely manner. 

The absorption spectrum shown in Figure 1.3.1 of 0.1 mmol/L MEN contains four peaks that 

appear at 198 nm, 248 nm, 263 nm, and 339 nm. This solution was found to be stable over 60 min 

(see Appendix II, Figure A2.2.1). The UV–vis spectra of the 0.1 mmol/L MDL sample prepared by 

sonication had four peaks at 198 nm, 248 nm, 261 nm, and 341 nm, which was identical to that 

observed for MEN and thus documents complete oxidation by the time the solid MDL had dissolved 

(Figure 1.3.1A). After 60 min, small differences were observed for the signal at 225 nm and the two 

signals at 248 nm and 263 nm. An aliquot of MDL supernatant taken from a sample where MDL had 

just been added to water had peaks at 194 nm, 248 nm, 263 nm, and 340 nm but at a lower intensity. 

Some of these peaks are slightly shifted from pure MEN (Figure 2.3). In addition, the peak at 194 nm 

had a higher intensity than the peaks at 248 nm and 263 nm, which is the opposite spectroscopic 
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signature for dissolved MDL. The shifts suggests that the sample contained something other than 

MEN. 

 

Figure 2.3. Aqueous UV–vis spectra of 0.10 mmol/L MEN (black), 0.10 mmol/L MDL that was fully 
dissolved before analysis (purple), supernatant from a 0.10 mmol/L MDL solution when MDL had just 
been added to water (blue), and aqueous solution added to solid MDL at the bottom of the quartz 
cuvette (green). Spectra are shown at times (A) t = 0 min and (B) t = 60 min after dissolution of the 
MDL material. The y axis is cut off at 1.5 as any peaks above that value in the absorbance spectrum 
are associated with high experimental uncertainly. 

The sample of solid MDL added directly in a cuvette followed by the addition of water showed 

the peaks that were present at 203 nm, 249 nm, and 262 nm had coalesced into a single signal with 

an intensity above an absorbance where the spectrophotometer measured intensities accurately 

(Figure 1.3.1B). These experiments demonstrate that MDL has limited solubility and is rapidly oxidized 

as it dissolves. In a system where solid MDL is present at the bottom of the cuvette, the MDL can 

continuously dissolve and consequently continuously oxidize. The data shown for both the 0 min and 

60 min time points of the MDL sample (Figure 2.3) demonstrate that even at t = 0 significantly more 

than 0.1 mmol/L MDL has been dissolved and oxidized to MEN. As the Langmuir monolayer studies 

take approximately 45 min for completion, where MDL would be exposed to bulk and interfacial water, 

such studies would be examinations of MEN instead of MDL. Thus, Langmuir monolayer studies were 

not attempted starting from MDL due to its rapid oxidation. Regardless, the data in Figure 2.3B show 

that the studies performed so far gives a spectrum identical to that of MEN and thus confirmed that 
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MDL oxidized in solutions where it was allowed to fully dissolve in the time it took to prepare the 

solution. To validate this interpretation, we sought to dissolve MDL under conditions where it remained 

in the reduced form. 

3.1.2 MEN and MDL in Reducing Aqueous Solution 

To keep MDL in a reduced form, solid DTT was added to the cuvette alongside solid MDL with 

the intent to generate a solution with a reducing environment, thus decreasing spontaneous oxidation 

of MDL. Such a solution allowed for the observation of MDL instead of MEN (Figure 2.4). Figure 4B 

shows that a solution formed from the addition of both MDL (239 nm signal) and DTT followed by the 

addition of water will begin oxidizing MDL to MEN as evidenced by the 263 nm signal by the 15 min 

timepoint. A control sample was recorded where solid DTT and MEN were added to the quartz cuvette, 

followed by the addition of water. This experiment verified the spectrum for MEN by the presence of 

the 263 nm signal as opposed to the MDL signals and is shown in Figure A1.3.2. 

 

Figure 2.4. UV–vis spectra showing (A) a solution of DTT (blue), a solution formed from the addition 
of solid MEN and DTT (purple) in a quartz cuvette followed by the addition of DDI water, and a solution 
formed from the addition of solid MDL and DTT in a quartz cuvette followed by DDI water (black) and 
(B) a solution formed by the addition of solid MDL and DTT to a quartz cuvette followed by DDI water 
as a function of time from the addition of the DDI water at time 0 over 60 min. The y axis is truncated 
to 1.5, as any peaks above that value are associated with high error. 

The use of a reducing agent did decrease the oxidation rate of MDL to MEN, and it was 

possible to record a spectrum of MDL in the presence of DTT. This verifies that the UV–vis spectrum 
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of MDL is different than that of the MEN. Considering that these spectra were recorded from solid 

added to the quartz cuvette, the concentrations cannot be accurately determined unlike those shown 

in Figure 2.3, which is why the signal intensity for the MEN is smaller than that observed for MDL. 

However, it is not appropriate to use such solid mixture in Langmuir monolayer studies due to the 

exposure to open air and continuous oxidation under those conditions, as well as the potential effects 

of DTT on the monolayer itself. Accordingly, an alternative model membrane system, microemulsions, 

was investigated in place of the Langmuir monolayer studies. 

3.2 Effects of MEN on DPPC and DPPE Monolayers 

The effects of MEN on a Langmuir monolayer were investigated using both DPPE and DPPC. 

These phospholipids were chosen as they have been thoroughly characterized in Langmuir monolayer 

systems and their biological relevance has also been characterized. DPPC is up to 40% of human 

lung surfactant, whereas DPPE is commonly found in prokaryotic cell membranes and the inner leaflet 

of eukaryotic cells.37-39 Although MEN is a hydrophobic molecule, it was unable to form a monolayer 

on the subphase, even with increasing amounts of MEN. This implies that MEN is either surface 

inactive, much like geranyl bromide (Chapter 3), or that MEN was π–π stacking in the aqueous 

solution, thus preventing the formation of a film. As shown in Figure 2.5, the DPPC monolayers 

exhibited the expected gas–liquid transition between 155 and 110 Å2 (0–10 mN/m), which is in 

accordance to the literature for the amount of lipid added.37 The 50:50 and 25:75 DPPC:MEN curves 

exhibit an overall similar shape as the pure DPPC samples, though both are slightly shifted to a smaller 

area per phospholipid. However, the observed variation in the area measurements overlap with the 

variation in the control; therefore, we cannot conclude that there is a difference in area. This indicates 

that MEN is located in either the bulk water or the hydrophobic tail region. Given the sparing solubility 

of MEN in water, it is more likely that MEN was compressed into the hydrophobic phospholipid tails. 

This was confirmed by compression modulus calculations shown in Appendix II, Figure A2.2.1, where 

the compression modulus was affected by the presence of MEN in DPPC. These observations are 

consistent with the insertion of MEN into the monolayer. 
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Figure 2.5. Compression isotherms of (A) DPPC and (B) DPPE with varying mol fractions of MEN as 
a function of area per phospholipid. Solid black curves represent DPPC or DPPE controls. Red dashed 
curves represent 50:50 lipid:MEN monolayers, and dotted blue curves are 25:75 lipid:MEN 
monolayers. Each curve is the average of a least three replicates. Error bars are the standard deviation 
of the area at every 5 mN/m of surface pressure. 

The DPPE control curves has a shape and areas that are consistent with what is reported in 

the literature.37 The curve shifts towards a greater area per phospholipid as the mol fraction of DPPE 

is decreased while the curve maintains its shape. These results are consistent with the possibility that 

MEN is located directly at the air–water interface without being compressed up into the phospholipid 

tails. These results support the report showing that the idebenone/idebenol pair remains at the water–

lipid interface,33 though the physical properties of the lipid or surfactant will have an effect on 

distribution of the molecule of interest.40 To this effect, the packing abilities of DPPC and DPPE 

resulted in differing amounts of disruption by MEN, which supports that lipid composition of the cell 

membrane could also affect the location of lipoquinones. 

3.3 MEN and MDL in the AOT RM Model Membrane System 

3.3.1 MEN in Microemulsions 

The solubility of MEN in aqueous solution is limited (albeit higher than MDL’s solubility), but 

enough compound can be dissolved in D2O that a 1H NMR spectrum can be recorded after agitating 

the suspensions (Figure 2.6). The aromatic protons are in a chemical shift range well separated from 

the signals from the RM surfactant with the quinone proton (He) slightly more upfield than the benzene 
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protons (Ha–Hd). The aliphatic methyl group on the quinone unit on the other hand is in the range of 

the AOT protons around 2.3 ppm. There is a large difference between the 1H NMR spectrum in D2O 

and in an organic solvent such as isooctane, as shown in Figure 2.6. 

 

Figure 2.6. 1H NMR spectra of MEN in d6-DMSO, MeOD, d6-benzene, CDCl3, and D2O. 

3.3.2 MDL in Microemulsions 

The 1H NMR of MDL were recorded in a number of solvents including D2O, MeOD, d6- DMSO, 

d6-benzene, and CDCl3, as shown in Figure 2.7. The oxidation of MDL is visually observed by the 

color change of the light purple MDL to the yellow MEN. Complete dissolution of MDL in D2O, d6-

benzene, and CDCl3 required incubation overnight or sonication and agitation. As a result, for the MDL 

samples in d6-benzene, D2O, and CDCl3, the NMR solvent was added to solid MDL in the NMR tube 

and the 1H NMR spectra were collected immediately. Although the rate of MDL oxidation was 

dependent on the solvent, the oxidation was found to be rapid in all solvents. Although some amount 

of the solid MDL samples was suspended in the NMR tube when the NMR spectrum was being 

recorded, the time it would take to dissolve the MDL sample fully would have caused significant or 

complete oxidation. The NMR results shown in Figure 2.7 indicate that the MDL was present in all 
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solvents tested regardless of the low solubility of the MDL. The 1H NMR spectra of MDL show five 

protons in the aromatic region, with the proton on the hydroquinone group being more than 1 ppm 

upfield from the other aromatic protons and the aliphatic protons around 2.3 ppm. The proton most 

different between the MEN and MDL is the proton on the quinone or the hydroquinone, He. However, 

even recording the sample immediately after adding deuterated solvent to the NMR tube led to 

formation of some MEN in the samples, indicated by the * in the spectra for MDL shown in Figure 2.7. 

 

Figure 2.7. 1H NMR spectra of MDL in d6-DMSO, MeOD, d6-benzene, CDCl3, and D2O. The signals 
for MEN beginning to form in these spectra are labeled with an asterisk (*). 

MDL was very soluble in d6-DMSO and MeOD. As shown in Figure 2.8, the MDL oxidized less 

rapidly in d6-DMSO. The data for d6-benzene, CDCl3, and D2O are given in Appendix II. As illustrated 

in Figure 2.7, it was possible to obtain spectra of not only the MDL but also the MEN that is formed in 

these solvents, and we show the spectra as a function of time. 1H NMR spectra performed as a function 

of time in MeOD showed that the reduced MDL existed for about 1 h (Figure 2.8). Considering that 

microemulsions have been reported with “water pools” containing methanol, it was possible to record 

spectra of MDL in AOT reverse micelles with MeOH-containing “water pools”.41-42 
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Figure 2.8. Spectra recorded of MDL as a function of time in solvents where it is readily soluble such 
as (A) d6-DMSO and (B) MeOD. The increase in the 1H NMR signals are due to formation of MEN and 
these signals are indicated by an asterisk (*). 

3.3.3 Stability of MDL in RM Samples 

UV–vis spectra of MDL in w0 12 RMs were collected to assess oxidation of MDL to MEN in the 

RM system. As with the aqueous samples described in the above stability section, MDL was found to 

start oxidizing with the first 15 min of exposure to the solution, as shown in Figure 2.9. The 

characteristic MEN peak at 263 nm begins to appear by the fifth minute, confirming the NMR studies 

above in the need for a mixed solvent “water pool” to increase stability. 

 

Figure 2.9. UV–vis spectra of solid MDL dissolving into a w0 12 RM solution (0.5 mol/L AOT in 
isooctane) in 1 min increments over 15 min. The peak for the MDL (239 nm) increases rapidly until 
about 15 min, at which point a significant amount of both MDL and MEN (263 nm) have formed and 
the accuracy of the UV–vis spectra decreases due to experimental error. 
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3.4 Interactions of MEN and MDL in AOT/Isooctane RM Samples 

3.4.1 MEN in Microemulsions 

1H NMR spectra were recorded in 0.50 mol/L AOT/isooctane to investigate the interactions of 

MEN with another type of model membrane interface. The w0 sizes were varied from w0 4 to w0 20. 

The 1D 1H NMR spectra show that the chemical shifts for MEN were very different from those observed 

in isooctane and in D2O (Figure 2.10). The chemical shifts change for Ha was less than 0.1 ppm, 

whereas the shifting was 0.2 ppm for Hb and about 0.3 ppm as the quinone proton. These shifts show 

that MEN resides in neither the aqueous environment of the water pool, nor the organic isooctane 

solution, consistent with placement in the interface of the AOT RM. 

 

Figure 2.10. Partial 1H NMR spectra of MEN in AOT/isooctane RM ranging from w0 from 4 to 20. The 
1H NMR spectra of MEN in D2O and in isooctane are shown for comparison and demonstrate that the 
AOT/isooctane RM environment of the MEN is very different depending on proximity to a solvent. 

2D NMR spectra including NOESY and ROESY spectra (see Appendix II) were recorded for 

the MEN in RM samples and the partial spectra are shown in Figure 2.11. These spectra showed that 

proton He correlates to Hx, which serves as an internal control. Weak signals between Ha/Hb, Hc/Hd, 

and He with AOT protons H1 and H3 and part of the AOT CH2 and CH3 tail groups (H5-H10, H5’-H10’, 
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see Supplementary data for AOT labeling key) show that the placement of the MEN can vary from the 

headgroup to farther up in the tail region. Further investigation into whether similar conclusions could 

be reached with the MDL system led to the following NMR experiments. 

 

Figure 2.11. Partial 1H-1H 2D (A) NOESY and (B) ROESY NMR (400 MHz) spectra of MEN inside w0 
12 RM at 26 °C. Blue intensity contours represented negative NOEs or ROEs and red intensity 
contours represent positive NOEs or ROEs. A standard NOESY pulse consisted of 256 transients with 
16 scans in the f1 domain using a 200 ms mixing time and a 1.5 s relaxation delay. A standard 
ROESYAD pulse consisted of 256 transients with 16 scans in the f1 domain using a 200 ms mixing 
time and a 2.0 s relaxation delay. Green lines indicate MEN proton interactions with AOT protons. 

3.4.2 MDL in Microemulsions 

Given the insolubility and instability of MDL in D2O, an alternative co-solvent in the RM “water 

pool” based on MeOH/H2O was investigated. We successfully found that MDL readily dissolved and 

showed an increased stability in MeOH:D2O mixtures ranging from 70% methanol to 90% methanol. 

Because MeOD is known to also form RMs using AOT/isooctane,41-42 we chose to use the mixtures 

with high concentrations of MeOD for better comparison with previous studies. 1D NMR studies were 

recorded of MDL in MeOD:D2O mixture of AOT/isooctane. The fact that the chemical shifts of the 

observed protons in RMs differ from the chemical shifts of those in isooctane and MeOD:D2O shows 

that the probe molecules are neither in the aqueous center or the organic outer layer; this is evidence 

of the probe molecules being the very least associated with the interface of the RMs (Figure 2.10). As 

no changes were observed in the NMR spectra as the w0 changed (data not shown), we concluded 

that the MDL penetrated or associated with the interface in these MeOD:D2O/AOT/isooctane systems. 

As with the aqueous stability experiments, UV–vis spectra were recorded of NMR samples prepared 
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from solid MDL added to the NMR tube before the MeOD:D2O AOT RM solution was added, allowing 

the MDL to dissolve and then move to interact with the RM suspensions. 

To obtain information on the location of the MDL, we performed 2D NMR NOESY and ROESY 

spectra using the w0 16 sample in 70:30 MeOD:D2O mixture, shown in Figure 2.12. The oxidation of 

MDL took place while the 2D NMR NOESY and ROESY spectra were recorded. As a result, the 

spectra recorded show a mixture of the MEN and MDL and the amount of MDL present depends on 

when the spectrum was recorded. Similar studies were performed with the 90:10 and 70:30 mixtures 

and these spectra gave similar patterns. 

 

Figure 2.12. Partial 1H-1H 2D (A) NOESY and (B) ROESY NMR (500 MHz) spectra of MDL and MEN 
in a 70:30 MeOD:D2O 0.5 mol/L AOT RM suspension at 26 °C. Blue intensity contours represented 
negative NOEs or ROEs and red intensity contours represent positive NOEs or ROEs. A standard 
NOESY pulse consisted of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time 
and a 1.5 s relaxation delay. A standard ROESYAD pulse consisted of 256 transients with 16 scans 
in the f1 domain using a 200 ms mixing time and a 2.0 s relaxation delay. 

 In Figure 2.12, there is an interaction between the internal control of He’ and Hx’ which shows 

that an NMR of MDL was obtained, but the lack of other cross peaks in the NMRs makes it difficult to 

determine the placement within the RM. It may be associated with the water pool, but the time span 

of the studies combined with the rate of oxidation of the MDL should be sufficient to observe cross 

peaks if there was an interaction. These results are consistent with an interaction with the interface for 

MEN. However, no firm conclusions can be made on the location of MDL in the RM system. 

3.5 DLS 
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 DLS confirmed that RMs were formed. The slight increase in RM size with the addition of MEN 

or MDL is within experimental error, suggesting that the presence of these compounds is not interfering 

with the formation of RMs. Data are presented in Appendix II, Table A2.3.1. 

4. Discussion 

 MK is an important electron transport donor and accepter for bacteria, particularly pathogens 

like the Mycobacterium genus.6, 11, 43 Despite this importance, very little experimental data are 

available with regard to MK’s location in the cell membrane and how it moves between locations. 

Some experimental and computational work has been carried out with ubiquinone14, 30, 44 while a few 

published computational studies have mentioned MK.45 We have recently investigated how truncated 

MK derivatives interact with model membrane interfaces using both Langmuir monolayers and 

microemulsions. Considering the hydrophobicity of these compounds, they will undoubtedly be 

associated with the interface, but more experimental data detailing the nature of this association and 

how lipoquinones move in a lipid environment are important for future understanding of electron 

transfer systems. 

 Lipoquinones are known to shuttle electrons within cell membranes, which requires these 

molecules to cycle between two redox states to function. In the oxidized form, lipoquinones have a 

quinone headgroup, whereas the reduced form has a quinol headgroup. Quinones and quinols have 

different polarities, making it likely that they reside in different locations within the membrane. Current 

thought, however, favors the isoprenyl side chain of a lipoquinone as the main determinant of location 

and interaction within the membrane.30 For lipoquinones with a larger headgroup such as MKs, it is 

possible that the headgroup plays a greater role than in ubiquinones. The studies in this manuscript 

investigate the association of MEN and MDL with two model interfaces. We anticipated that the 

difference in physical properties would be translated to differences in interaction and location of the 

compounds in the membrane bilayer. 

 Both MEN and MDL are hydrophobic and nearly insoluble in water. It might be expected that 

MDL would be more soluble than MEN due to its two hydroxyl groups. The fact that the MDL takes 
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longer to dissolve than MEN is not consistent with this observation (see experimental section). 

Furthermore, MDL only dissolved in higher concentrations with it oxidized to MEN. Generally, hydroxyl 

groups increase water solubility due to the increased polarity and the potential for H-bonding. This is, 

however, not always the case as reported previously with [VO2(dipic-OH)]- and [VO2dipic]- 

complexes.36 Thus, spectroscopic studies for MDL were limited by rapid oxidation despite being 

synthesized in pure form. The most convincing MDL data were obtained in the presence of reductant 

or in a stabilizing organic solvent such as MeOD. 

 The effects of MEN on Langmuir monolayers were investigated using both DPPE and DPPC 

to properly characterize the interaction with different lipid interfaces. These lipids differ only in 

headgroup, where the choline headgroup of DPPC is a quaternary amine and the ethanolamine 

headgroup of DPPE is a primary amine. The different properties of these amine headgroup allow these 

phospholipids to fill different niches. The bulkier choline group allows for greater spreading of DPPC 

in conjunction with its fully saturated acyl tails, making it an ideal pulmonary surfactant.39 The smaller 

ethanolamine headgroup allows for tighter packing of DPPE which is why it is more commonly found 

in prokaryotic membranes and the inner leaflet of eukaryotic membranes.37-38 Our studies revealed a 

difference in the interaction of MEN with DPPC and DPPE. The DPPC compression isotherms showed 

no interaction. This implies that MEN either resides in the water or farther up into the acyl tails and 

thus not in the interface. The DPPE studies showed a greater area per phospholipid as the amount of 

MEN increased. This is consistent with MEN remaining in the interface and disrupting the 

ethanolamine headgroups. This is analogous to studies of idebenol and idebenol, which were found 

to remain in the interface.33 Our studies also confirm that the lipid environment impacts the location 

and interaction of MEN in model membranes.40 

 Despite the difficulties in spectroscopic investigation of the MEN/MDL pair caused by the 

instability of MDL, studies were completed. We found that MEN interacted with lipids and was able to 

penetrate the interface. MEN was confirmed to reside in the tails by NMR. Studies with MDL were 

more challenging and not as clean. Although conditions were found that allowed for characterization 
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of the interactions of MDL with the RM interface, the 2D NMR results showed no evidence for 

penetration of MDL into the interface. In contrast, results showed evidence for interactions with the 

HOD signal. However, 1D 1H NMR did show that the MDL was not in an environment akin to aqueous 

or organic solvent, suggesting a location in the interface. With these two pieces of evidence combined, 

we suggest that MDL is located at the interface near the water pool, although this and potential depth 

of penetration could not be confirmed. However, these results must be considered in the context of 

the full MK structure, where the isoprenyl side chain will impact the properties of the quinone/quinol 

pair. 

 In summary, the studies presented here show subtle differences in the location of the isolated 

headgroup MEN and MDL and subtle differences in the location of the isolated headgroup BEN 

compared with MEN in two types of model membranes, Langmuir monolayers and microemulsions. 

These studies provide experimental evidence that would be important to understand the location of 

menaquinones and menaquinols in membranes and their potential movement between membrane-

bound protein complexes. 

5. Summary and Conclusions 

Based on structural considerations, it would not be unreasonable to expect that the MEN and 

MDL would occupy different locations in a membrane interface. Computational studies have been 

reported supporting the interpretation that lipoquinones change location in the membrane during the 

electron transfer process.46 These studies also have demonstrated that the isoprenyl side chain is 

important for this process. We investigated the interactions and locations of the headgroups of these 

compounds, namely MEN and MDL, with two model membrane interface systems. We found that MEN 

associates with the lipid tails. The MDL system was readily oxidized, precluding any Langmuir 

monolayer studies. However, NMR studies of MDL in microemulsions suggest a location in the water–

lipid interface, albeit no exact location was identified. Considering that these studies are of isolated 

headgroups, this work suggests that the headgroup, in conjunction with the isoprenyl side chain, is 

important for the location and interaction of lipoquinones with the cell membrane. 
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Chapter 3 
Interactions of Truncated Menaquinones with Lipid Monolayers and Bilayersb 

 
1. Introduction 

Menaquinones (MK), belong to a class of molecules known as lipoquinones, or lipid-quinones. 

MKs are used in the electron transport system (ETS) of bacteria to generate cellular energy, such 

as the pathogenic Mycobacterium tuberculosis.1-3 MKs consist of a naphthoquinone headgroup 

and an isoprenoid side chain of varying length (Figure 3.1).4-5 We have previously found that MK’s 

structure allows it to fold into different molecular shapes depending on environment and side chain 

length.6-7 MKs must be membrane-associated to function in the ETS,1,8, and current knowledge 

regarding the interaction and conformation of MK homologues in phospholipid bilayers is limited 

and often conflicting. Thus, understanding MK’s location, association, and conformation with 

membranes will ultimately provide a better understanding of bacterial energy production, which 

aids drug development to address the looming antibiotic resistance crisis.9-11 MK homologues 

presumably reside in the hydrophobic region of the bilayer due to the hydrophobicity of the MKs, 

and we are seeking experimental confirmation further specifying the location of truncated MKs. 

Studies in model membrane systems of the structurally similar lipoquinone analogue, ubiquinone 

(UQ), have been used successfully to determine that UQ is located near the water interface of the 

membrane,10, 16-17 though there is some debate about whether the side chain is folded or extended. 

We anticipate that employing similar methodology will enable us to characterize the behavior of 

MK homologues within membranes. In this chapter, we use a combination of experimental and 

computational methods to investigate the location, conformation, and disruptive potential of a 

series of MK homologues with varying isoprenyl side chain length (MK-1, MK-2, MK-3, MK-4) in 

the membrane. We used shorter MK homologues in our studies because they are less 

hydrophobic, which enables their study in aqueous-based systems, such as enzyme assays.3, 18-

19 

 
b This manuscript is published in full or in part in the International Journal of Molecular Sciences. 
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Figure 3.1. The structures of menaquinones MK-1 to MK-4 (A-D) and the lipids, E) 
dipalmitoylphosphatidylcholine (DPPC), F) dipalmitoylphosphatidylethanolamine (DPPE), and G) 
palmitoyloleyoylphosphatidylcholine (POPC) that were used. Confirmations of H) MK-1 and MK-2 in 
the interface of an AOT reverse micelle interface are also shown.18-19 
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 Langmuir monolayers are a model membrane system that provides information on packing, 

disruption, and location of a target molecule in the context of a phospholipid monolayer. Langmuir 

monolayers consist of a single layer at the air-water interface, usually comprised of amphiphilic 

phospholipids or other lipid-like molecules.20-21 In this study, we used the phospholipids 

dipalmitoylphosphatidylcholine (16:0 PC, DPPC) and dipalmitoylphosphatidylethanolamine (16:0 PE, 

DPPE), which were mixed with the hydrophobic MK homologues to form a monolayer film.22 Previous 

Langmuir monolayer studies have been performed with different UQ homologues. These UQ 

homologues were found to expand and disrupt the packing of the phospholipids as the length of the 

UQ isoprenoid side chain increased until approximately physiological surface pressure (30-35 

mN/m),23 when the UQ molecules were compressed into the hydrophobic phospholipid tails.24-26 We 

expect to see a similar trend with the truncated MK homologues. However, since MKs are more 

hydrophobic than UQs, MKs may prefer to reside farther into the phospholipid tails at lower surface 

pressures. 

 We used molecular dynamics (MD) studies to provide support for the Langmuir monolayer 

experimental studies.MD simulations were used to obtain a more in-depth molecular view of the 

location, conformational folding, and disruptiveness of the MK homologues in a simulated bilayer 

system. In this chapter, we used a previously validated MD bilayer system consisting of 

phosphatidylcholine (16:0-18:1 PC, POPC) with a single MK molecule in each membrane leaflet, which 

corresponds to a 2-3% concentration of MK in the phospholipid bilayer.27-28 This is a more 

physiologically relevant system than what we used in the Langmuir monolayer studies. Previous MD 

simulations with UQ places the headgroup near the membrane interface by the phosphate group of 

the phospholipid with the isoprenoid side chain extended into the midplane of the bilayer.27 We 

hypothesize that under physiological conditions, i) the hydrophobic MK headgroup will be located 

further away from the interfacial water than UQ, ii) the side chain length influences the association of 

MK with phospholipids, and iii) the MK homologues adopt some type of folded conformation in a 

membrane environment. 
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2. Materials and Methods 

2.1 General Materials and Methods 

2.1.1 Materials 

Chloroform (≥99.5%), monosodium phosphate (≥99.0%), disodium phosphate (≥99.0%), 

sodium hydroxide (≥98%), hydrochloric acid (37%), and menaquinone-4 (MK-4, menatetrenone, 

vitamin K2) were all purchased from Sigma-Aldrich. The lipids dipalmitoylphosphatidylcholine (16:0 

PC, DPPC, 99%, SKU 850355P) and dipalmitoylphosphatidylethanolamine (16:0 PE, DPPE, 99%, 

SKU 850705P) were purchased from Avanti Polar Lipids as pure lyophilized powder. Since MK-1, MK-

2, and MK-3 are commercially unavailable, they were synthesized as previously described.6-7, 29 

Distilled deionized (DDI) water was obtained by filtering distilled water through a Millipore water 

purification system, obtaining a resistance of 18.2 MΩ. 

2.1.2 Instrumentation 

The Langmuir monolayers were studied using a Kibron µTrough XS (stainless steel) equipped 

with a Teflon ribbon barrier. 

2.2 Preparation of Solutions 

2.2.1 Preparation of Subphase Solutions 

The subphase consisted of 20 mM sodium phosphate buffer (pH 7.40 ± 0.02). Solutions were 

brought to pH 7.40 ± 0.02 with 1 M HCl or NaOH. 

2.2.2 Preparation of Lipid and MK Solutions 

 Phospholipid stock solutions were prepared by dissolving dipalmitoylphosphatidylcholine 

(DPPC) (0.018 g, 0.025 nmol) or dipalmitoylphosphatidylethanolamine (DPPE) (0.017 g, 0.025 nmol) 

in 25 mL of 9:1 chloroform/methanol (v/v) for a final concentration of 1.0 mM phospholipid.  

MK and GB stock solutions consisted of 1.0 mM MK-1 (0.0012 g, 5 nmol), MK-2 (0.0015 g, 5 

nmol), MK-3 (0.0019 g, 5 mmol), or MK-4 (0.0022 g, 5 nmol) dissolved in 5 mL of 9:1 

chloroform/methanol (v/v). Mixed phospholipid:MK solutions were created by mixing appropriate 

amounts of phospholipid and MK stock in a 2 mL glass vial to create a final volume of 1 mL and 
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vortexing until combined. Final molar fractions of mixes (phospholipid:MK) were 0:100, 25:75, 50:50, 

75:25, or 100:0. 

2.3 Langmuir Monolayer Studies 

2.3.1 Preparation of Phospholipid Langmuir Monolayers 

 The buffered aqueous subphase consisted of 50 mL of 20 mM sodium phosphate buffer (pH 

7.40 ± 0.02) in DDI water (18.2 MΩ). The subphase surface was cleaned via vacuum aspiration until 

a quick compression of the subphase provided a surface pressure which was consistently 0.0 ± 0.5 

mN/m throughout compression. A total of 20 μL of phospholipid stock solution (20 nmol of lipid) was 

then added to the surface of the subphase in a dropwise manner using a 50 μL Hamilton syringe. The 

monolayer was allowed to equilibrate for 15 minutes.  

2.3.2 Compression Isotherm Measurements of Langmuir Monolayers 

The phospholipid monolayer was compressed from two sides with a total speed of 10 mm/min 

(5 mm/min from opposite sides). The temperature was maintained at 25 °C using an external water 

bath. The trough plate was scrubbed three times with isopropanol, then three times with ethanol, then 

rinsed with DDI water (18.2 MΩ) before each experiment. The ribbon barrier was rinsed with 

isopropanol followed by ethanol and then water. The surface tension was monitored via Wilhemy plate 

technique where a steel wire was used as the probe instead of a plate. The surface pressure was 

calculated from the surface tension using Equation 1, where π is the surface pressure, γ0 is the surface 

tension of water (72.8 mN/m), and γ is the surface tension at a given area per phospholipid after the 

monolayer has been applied. 

π = γ0 - γ                            Equation 1 

Each compression isotherm experiment consisted of at least three replicates. The averages 

of the area per phospholipid and the standard deviation at every 5 mN/m were calculated using 

Microsoft Excel. The worked-up data were then transferred to Origin 2021 to be graphed with error 

bars. 



46 
 

2.3.3 Ideal Mixing Calculations 

 The ideal mixing was calculated at every 1 mN/m of surface pressure with Equation 3, where 

Ai is the ideal mixed area (Å2), xMK is the mol fraction of MK, AMK is the area per molecule (Å2) of the 

control MK monolayer, xPL is the molar fraction of DPPC or DPPE, and APL is the area per molecule 

(Å2) of DPPC or DPPE. The possible mol fractions were 0.25, 0.5, or 0.75. 

Ai=xMKAMK+xPLAPL                   Equation 3 

2.3.4 Brewster Angle Microscopy 

Brewster angle microscopy (BAM) images were obtained using a Biolin NIMA medium trough 

equipped with a MicroBAM (659 nm laser). Differing amounts of 2 mM stocks of MK-1 (800 nmol), MK-

2 (120 nmol), MK-3 (80 nmol), and MK-4 (80 nmol) were applied to the subphase and allowed to 

equilibrate for 15 minutes before compression. The compression parameters are the same as above.  

2.4 Molecular Dynamics Simulations 

We employed a previously developed fully hydrated POPC (16:0-18:1 phosphatidylcholine) 

bilayer model system and added MK molecules (one MK in each layer, corresponding to a ~2-3% 

concentration), composed of n = [1-4] isoprenoid units (MK-1 through MK-4, Figure 3.1A-1D). 

Symmetric lipid bilayers were built containing 126 molecules of POPC and 7794 water molecules 

which have been previously characterized to represent a biological membrane.27 NaCl was added until 

a final concentration of 150 mM was achieved. The protocol described by Javanainen was used to 

insert one MK-4 in each layer of the membrane.30 The system was relaxed by a 50 ns MD run, and 

mean area and bilayer thickness were monitored to check for equilibration. Initial configurations for 

MK-1, MK-2 and MK-3 systems were derived from an equilibrated configuration from MK-4 system by 

deleting tail atoms and adapting the atomic connectivity to generate MK-1, MK-2, and MK-3. 

Conformations were sampled using classical molecular dynamics (MD) simulations were performed 

with GROMACS version 2020.3 31 and the CHARMM36 force-field.32-33 Parameters for MKs were 

obtained by us previously.27-28 Water was described by TIP3P 34 and the NPT ensemble was used. 

Temperature was kept at physiological temperature (37 ̊C, 310 K) with a Bussi thermostat 35 and a 
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coupling constant of 0.1 ps. The pressure was kept at 1.0 bar with Parrinello-Rahman barostat for 

productive runs 36 with a coupling constant of 1 ps and a compressibility of 0.5 10−5 bar−1. Semi-

isotropic coupling was applied. Electrostatic interactions were handled by Particle-Mesh Ewald 

(PME)37 with grid spacing of 0.14 nm and quartic interpolation. All bonds were constrained using the 

LINCS algorithm.38 No dispersion corrections were applied.39 The integration time step was 2 fs and 

MD run 200 ns for equilibration MD was run for 200 ns. Trajectories with 350 ns were collected for 

MK-1, MK-2 and MK3 and with 750 ns for MK-4.  

3. Results 

3.1 Compression Isotherm Studies of MKs in Langmuir Monolayers 

Compression isotherms of Langmuir monolayers consisting of phospholipids were obtained to 

provide insight into the interactions between the truncated MK-1 through MK-4 with both DPPC and 

DPPE phospholipids. Langmuir monolayers are often investigated to examine the ability of a molecule 

to penetrate an interface, disrupt packing, and affect the elasticity of the monolayer.7, 40-42 We have 

previous reported compression isotherms of mixed films in terms of area per molecule for MK-1 and 

MK-2.6-7 The Langmuir monolayer data may be analyzed differently depending on the system of 

interest (hydrophobic vs hydrophilic target molecule). Here, we normalized to the area per 

phospholipid because that allows for more facile interpretation of the results and comparison between 

multiple compounds such as MK-1, MK-2, MK-3, and MK-4. A similar analysis was previously used by 

Quinn and Esfahani in 1980.43 

3.1.1 Compression Isotherms and Brewster Angle Microscopy of Pure MK Films 

The pure MK-2 monolayer reached a maximum pressure of ~ 13 mN/m (figure 3.2B). This 

result is slightly lower than previously reported (20 mN/m).7 As found in previous studies, target MK 

homologues can undergo varying degrees of aggregation and are likely to cause small differences 

between reported MK experiments.7 The pure MK-3 monolayer collapsed at 12 mN/m and the pure 

MK-4 monolayer reached a maximum pressure of 13 mN/m. A potential decrease in collapse pressure 
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of these MK homologues as the isoprene side chain length increased was experimentally 

indistinguishable in contrast to the larger differences reported with UQs.43 

 

Figure 3.2. Compression isotherms for pure films of (A) MK-1, (B) MK-2, (C) MK-3, and (D) MK-4. 
Curves are the average of at least three replicates. Error bars represent the standard deviation of the 
area. 

We sought verification that a film was formed because the surface pressure of the MK 

homologues did not begin rising until ~ 40 Å2/molecule. Hysteresis studies were therefore performed 

on pure MK films to determine stability (see Appendix III). All truncated homologue films showed a 

decreased surface area with each compression cycle, which confirmed the formation of films Figure 

A3.2.1). The decreased surface area demonstrates that MK films are all unstable and inelastic. A 

decrease in observed surface area may indicate that MKs are either self-aggregating or dissolving into 

the aqueous subphase. We anticipated that the most soluble MKs would form the least stable films 

due to the compound continually dissolving into the subphase. In the hysteresis studies, the most 

elastic films are those films which are able to compress and expand multiple times and remain the 
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same, and as such are more stable. We would have anticipated that MK-1 and MK-2 formed less 

elastic films due to their ability to dissolve into the subphase. However, even though MK-1 and MK-2 

are more soluble in aqueous solution, they formed more elastic films. Both MK-2 and MK-3 formed 

less stable films, which implies that self-aggregation is a more important contributor to film elasticity 

than solubility. 

 We obtained BAM images of MK homologues in order to visualize the surface morphology of 

MK films, Figure 3.3. At the start of compression, a gray surface was observed, which indicates no 

organization. Upon reaching pressures > 7 mN/m (collapse point in Figure 3.2), white circular features 

were observed, which indicates aggregation. In Figure 3.3A, we show a Bam image of MK-1 that 

documented some aggregation occurred. Ten times the amount of MK-1 relative to MK-3 and MK-4 

was needed to obtain meaningful BAM images. This may be due to MK-1 dissolving into the aqueous 

subphase.6 Images of MK-2, MK-3, and MK-4 demonstrate that the surface was densely covered with 

MK aggregates. It is clear from these images that MK-1 behaves differently from the other three MK 

homologues. 
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Figure 3.3. BAM images of pure MK films demonstrating the droplet-like structures formed between 
7.5 mN/m and 13 mNm of surface pressure during compression. Images A) MK-1 (800 nmol), B) MK-
2 (120 nmol), C) MK-3 (80 nmol), and D) MK-4 (80 nmol) were captured at 12.5 mN/m, 10.0 mN/m, 
11,8 mN/m, and 10.7 mN/m, respectively. Each panel is 2387 x 1925 µm. Images in this figure were 
cropped from raw images (640 x 480 px) to a final size of 382 x 308 px. All images were cropped from 
the upper right corner for consistency. Cropped images were then scaled up to 720 x 582 px. All image 
manipulation was done in GIMP 2.10.22. 

Geranyl bromide (trans-1-bromo-3,7-dimethyl-2,6-octadiene, Figure 3.4A) was used to further 

investigate a surface inactive compound that shares structural similarity to MK. Geranyl bromide is a 

relatively surface-inactive molecule that contains a two-unit isoprenoid chain and a bromine atom in 

place of a headgroup, which provides an appropriate comparison for MKs. The related farnesol 

(containing three isoprene units) and a farnesyl diphosphate have been reported to favor extended 

conformation in a number of solvent and in x-ray structures coordinated in proteins.44 When geranyl 

bromide was applied to the air-water interface and compressed, the surface pressure remained at 0 

mN/m until the end of compression when it rose to ~ 3 mN/m (Figures 3.4B and 3.4C). The surface 

pressure of geranyl bromide was significantly lower than the pure truncated MK films (10-17 mN/m). 

Given this information, MKs are surface-active but are unable to form a stable-elastic film. These 

compression isotherms and hysteresis studies confirmed that MK-1 through MK-4 form films, but the 

films are inelastic. In contrast, geranyl bromide, which lack a headgroup, did not form a film. 
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Figure 3.4. A) The structure of geranyl bromide, consisting of two isoprene units with a bromine 
headgroup. Panel B) shows compression isotherms of geranyl bromide and DPPC, while panel C) 
shows compression isotherms of geranyl bromide with DPPE. Solid black curves represent either pure 
DPPC or DPPE. Red dashed curves show 75:25 phospholipid:geranyl bromide films. Blue dotted 
curves are 50:50 phospholipid:geranyl bromide films. Purple dash-dot curves are 25:75 
phospholipid:geranyl bromide films. Green dash-dot-dot curves are pure geranyl bromide films. 

At high geranyl bromide concentrations above 50% molar fraction, a disappearance of the 

gas-liquid transition in DPPC was observed (0-6 mN/m). While geranyl bromide is relatively surface 

inactive, it is likely affecting the packing of the model membrane at low surface pressure, but not 

physiological pressure.  

3.1.2. Compression Isotherms of Normalized Mixed MK/Phospholipid Films 

The compression isotherm were measured for MK-1, MK-2, MK-3, and MK-4 and the 

normalized compression isotherm curves for the mixed monolayers of MK-1, M-2, MK-3 and MK-4 

were replotted as a function of area per phospholipid, Figure 3.5. Normalization was calculated by 

using Equation 4 where AN is the normalized area per phospholipid (Å2), A is the measured area per 

molecule (Å2), and x is the molar fraction of phospholipid (0, 0.25. 0.5, or 0.75, or 1). 

 AN=A(x-1)                                     (Equation 4) 

Mixed films of MK-1 and DPPC show an overall increase in area as molar fraction of MK-1 

increases, though the 75:25 and 50:50 lipid:MK-1 curves are similar (Figure 3.5A). The typical gas-

liquid transition (0-6 mN/m) seen in the pure DPPC curve disappears in the mixed monolayers. In 

addition, the 25:75 DPPC:MK-1 film did not undergo a full collapse (end of compression where there 

is no longer a monolayer). This trend is also seen with mixed films containing MK-2, MK-3, and MK-4. 

In addition, increasing amounts of MK were found to increase the compressibility of both DPPC and 

DPPE mixed monolayers by compression modulus analysis (see Supplemental Information). 
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Figure 3.5. Normalized compression isotherms of mixed monolayers of either DPPC (left column) or 
DPPE (right column) with MK-n. Panels (A) and (B) are MK-1, (C) and (D) are MK-2, (E) and (F) are 
MK-3, and (G) and (H) are MK-4. Pure phospholipid monolayers are represented with solid black 
curves, 75:25 phospholipid:MK with red dashed curves, 50:50 phospholipid:MK with blue dotted 
curves, and 25:75 phospholipid:MK with green dash-dot curves. Each curve is the average of at least 
three trials. Error bars represent the standard deviation of the area at every 5 mN/m of surface 
pressure. Data for MK-1 and MK-2 were previously reported.6-7 
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Studies with DPPE are more difficult to interpret because there is only one phase change. 

Therefore, we will only focus on large differences between the data. Overall, gentler slopes were 

observed with increasing molar fractions of all MK molecules with DPPE. However, the 50:50 and 

75:25 DPPE:MK-4 films exhibited a liquid condensed phase from 1 mN/m to 17 mN/m. The liquid 

condensed phases seen in the DPPE-MK-2 and DPPE-MK-4 mixed films indicate an expansive effect, 

which is observed in literature with UQ.45-46 This expansion at lower surface pressure may be due to 

aggregation and/or conformation of the MK homologues. Interestingly, for both DPPC and DPPE, the 

mixed corves tended to overlap the control curve at physiological surface pressure (30-35 mN/m).23 

This has previously been reported with UQ and was interpreted as the lipoquinone migrating into the 

phospholipid tails.24 These studies confirm the interpretation that MK homologues reside slightly higher 

in the interface than UQ, thus confirming our initial hypothesis that MKs would reside further into the 

interface than UQ in model membranes. 

3.2 Ideal Mixing of MK and DPPC or DPPE 

Ideal mixing calculations were performed to elucidate whether or not any interactions were 

occurring between phospholipids and MK homologues, as well as the differences in free energy of the 

films, Figure 3.6. The ideal mixing was plotted to show where the ideal and experimental fall relative 

to both the MK and phospholipid control (plotted using un-normalized data). Assuming no interactions 

between the two components of the film, the experimental film will match the calculated ideal. Ideal 

mixing curves for 50:50 phospholipid:MK mixtures are presented in the main text as representative 

results while curves for 25:75 and 75:25 phospholipid:MK mixtures are shown in Appendix III (Figure 

A3.5.1 and Figure A3.5.2).  
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Figure 3.6. Ideal mixing of 50:50 phospholipid:MK films compared to experimental data. DPPC films 
are in the left column. DPPE films are in the right column. (A) and (B) show MK-1 mixed films, (C) and 
(D) show MK-2 mixed films, (E) and (F) show MK-3 mixed films, and (G) and (H) show MK-4 films. 
Solid black curves are pure phospholipid monolayers. Blue dotted curves represent experimental 
50:50 phospholipid:MK films. Solid red curves represent calculated ideal mixed films. Purple dash-dot-
dot curves represent put MK films. 
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The general trend of the 50:50 DPPC:MK films indicate ideal mixing, in that the experimental 

curves do not deviate significantly from the ideal. As such, DPPC and the MK homologues likely do 

not interact directly with each other. In the DPPE films, the 50:50 mixture containing MK-4 is expanded 

relative to the ideal mixing area. This suggests that MK-4 is able to associate with DPPE, possibly due 

toc onformational folding and molecular shape. We sought further mean of computationally 

investigating molecular reasoning for this, specifically MD simulations. 

Langmuir monolayers studies were studied at molar fractions well above the biological molar 

fraction in order to be able to observe the effects of MKs on the DPPC and DPPE films.9 As such, it is 

not clear whether these observed effects in the monolayers are relevant to effects observed within 

bilayers and native membranes. We hypothesized that conformation might be important for the exact 

method of disruption between phospholipids and MK homologues. We investigated this question us a 

computational model to probe the MK conformation in a physiologically relevant bilayer system.  

3.3 Molecular Dynamic Simulations of MKs in a Membrane Bilayer 

Computational studies were performed to determine the location, association, and 

conformation of MK homologues in a bilayer at physiological concentrations. We modeled fully 

hydrated bilayers based on the lipid phosphatidylcholine (POPC, 16:0-18:1 phosphatidylcholine) 

mixed with one MK molecule in each layer, which correspond to a ~2-3% concentration of MK-1, MK-

2, MK-3, or MK-4 (Figure 3.7A). Classical MD simulations were done with the CHARMM36 force field 

where the parameters for menaquinones developed previously.27-28  
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Figure 3.7. Cartoons of different model membrane systems as well as the numbering of carbons for 
computational studies. A) Illustration of the monolayer system with a mix of phospholipid (pink) and 
MK 9grey). B) Illustration of a bilayer system with a molecule of MK in each leaflet of the bilayer. C) 
Labeling scheme of MK-1 of MK-4 (MK composed of n = [1-4] isoprenoid units) used in computational 
studies. The terminal carbon (CT) groups on MK-1 are labeled 10 and 11, the CT groups on mK-2 are 
labeled 15 and 16, the CT groups on MK-3 are labeled 20 and 21, and the CT groups on MK-4 are 25 
and 26. 

The Langmuir monolayer studies showed that at lower concentration (25% molar fraction), the 

MK homologues were associated with the monolayer film. However, at higher concentrations the MK-

homologues were compressed out of the film (Figure 3.5). In the computational studies with a 

phospholipid bilayer, in no example was the MK homologue compressed out from the phospholipid 

bilayer at physiological conditions. The lack of MK exclusion from the bilayer is likely due to two 

reasons: i) lower MK concentrations similar to those existing under biological conditions were 

investigated and ii) a finite simulation time (350-750 ns) was used, which may not be enough time to 

sample the water-phospholipid partition process.9 

Figure 3.8 details the position of the MK headgroup in the bilayer in terms of center of mass. 

The plot shows the distance from the center of the membrane (0 nm) and the interface as indicated 

by the POPC phosphate group’s center of mass at about 2 nm. As shown in the plot for MK-1, MK-2, 

MK-3, and MK-4, the centers of mass for the MK headgroups were all located around 1.3 nm. The 

small variations in peak position are not statistically significant. Thus, the MK headgroups are about 

0.7 nm into the interface and below the water-phospholipid interface as defined by the lipid phosphate 
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(2 nm). Our simulations show that the MK headgroups will have the same location in the membrane, 

regardless of differences in hydrophobicity, length of the MK side chain, and the ability to disrupt the 

membrane. These studies are in line with previous simulations of UQ in POPC and mixed bilayers,27-

28 and suggest that these lipoquinone headgroups are both located in a similar membrane region, 

about 0.5 nm below UQ (z = 1.8 nm) toward the membrane midplane. These data also support the 

interpretation that for truncated MK homologues, the headgroup anchors the location of the MK 

homologue slightly farther into the membrane than that of UQ (MK z = 1.3 nm, UQ z = 1.8 nm, POPC 

phosphate z = 2 nm).27-28 The placement of MK in a more hydrophobic region compared to UQ is 

consistent with Langmuir monolayer findings that placed the MK homologues in the phospholipid tails 

at physiological surface pressure. In addition, there was no appreciable disruption to the permeability 

of the bilayer, which is in agreement with previous studies.27-28 

 

Figure 3.8. Mass density of the MK naphthoquinone headgroup along the membrane normal for MK-
1 (black, MK-2 (red), MK-3 (green), and MK-4 (blue. The phosphate group of POPOC (PO4) is shown 
in magenta. Data from both layers were symmetrized. The normal zero corresponds to the center of 
the bilayer. 

The MD studies provided a quantitative representation of the conformation and distribution of 

the dihedral angles of the side chain of MK-1 through MK-4 in a simulated phospholipid bilayer (Figure 

9). Rotation around the C6-C7 bond was restrained in all MK homologues due to steric restriction 
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limiting rotation. Specifically, the methyl group on the naphthoquinone headgroup and the sp2 

hybridization of the C6 atom limit the rotation around the C6-C7 bond. Thus, this torsional angle is ± 

110° (Figure 3.9A). Rotation around the C7-C8 bond was freer than around the C6-C7 bond but still 

somewhat restrained due to the methyl group on the naphthoquinone headgroup and the sp2 

hybridization of C8. The bond angle was often ± 120°, indicating folding, but the trans (180°, extended) 

configurations are also present in Figure 3.10B. 

 

Figure 3.9. Polar plot showing distributions of dihedral angles rotating around the C6-C7 bond (panel 
A) and the C7-C8 bond (panel B) observed in the MD simulation of MK-4 located in the lipid POPC 
bilayer. Interestingly, the energy function observed when rotating around the C6-C7 bond is not 
symmetrical because the molecular shape is not symmetrical. Steric repulsions to the ring substitutions 
are directional as described previous in detail.27 

Torsional angle distributions of corresponding rotations around C6-C7 and C7-C8 bonds 

similar to Figure 3.9 were observed for all MK derivatives studied here.  However, MK-2, MK3, and 

MK-4 contain longer tails and additional C-C bonds, which are more flexible than MK-1. Figure 3.10A 

shows a trans (extended) conformer in which the C11-C12 torsional angle is ± 180°. Figure 3.10B 

shows that the gauche (folded) conformer, in which C11-C12 torsional angle is ± 60° which will allow 

for partial folding of the side chain over the naphthoquinone headgroup. Overall, truncated MK 

homologues undergo some amount of folding in a phospholipid bilayer. 
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Figure 3.10. Two representative conformers observed for the MK-2 MD simulations in POPC lipid 
bilayer. Torsion around the C11-C12 bond modulates the distance between the terminal CH3-carbon 
labeled CT and the center of the naphthoquinone ring, termed here d(CT-H). Panel A shows a trans 
conformer with a long distance and panel B, a gauche conformer with a much smaller distance. 
 

Figure 3.11 shows the distances (termed d(CT-H)) generated through rotation of the dihedral 

angle between the terminal CH3 group (CT) C2-C3 (UQ numbering) bond in the middle of the 

naphthoquinone headgroup; the different distances are observed due to rotations around the C11-

C12 bond. The panels in Figure 3.11 all show conformations with angles in trans (~180°, extended) 

are more populated than conformation with gauche (± 60o, folded) geometry for all MK-2, MK-3, and 

MK-4. However as shown in Figure 3.11 for MK-3, the relative population of gauche is significantly 

lower than for MK-2 or MK-4.  

 

Figure 3.11. Plots of the distance between the terminal CH3 groups in MK-2, MK-3 or MK-4 to the 
middle of the quinone ring, d(CT-H), as obtained when the dihedral angle is changing as the rotation 
around the C11-C12 bond takes place. 
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Figure 3.12 summarizes the population distribution of the terminal carbon from the C-C bond 

in the middle of the headgroup for all MKs. As the isoprenoid chain length increases, there is the 

potential for a greater distance between the terminal carbon and the headgroup. Since MK-1 has 

limited length and rotation, the entire distribution occurred within a small range of distances. MK-2 can 

reach d(CT-H) < 0.5 nm only when C11-C12 is in gauche conformation. In the case of MK-3 and MK-

4, short distances could be reached when C11-C12 was in gauche or trans because their isoprene 

chains contain additional rotatable C-C bonds and are long enough to fold back over the 

naphthoquinone headgroup. Figure 3.11 also shows that d(CT-H) > 0.7 nm when C11-C12 in MK-3 is 

trans. Even when in gauche, fewer MK-3 conformers will have smaller d(CT-H). MK-4 may reach d(CT-

H) < 0.5 nm when C11-C12 is trans due to increased side chain length and flexibility of the additional 

isoprene units. As demonstrated in Figure 3.10, C11-C12 torsion in gauche allows the side chain to 

partially fold upon itself and, thus, a lower d(CT-H) was obtained. Similar results (data not shown) are 

obtained if we examine the equivalent torsions for bonds closer to the terminal carbon, such as the 

C16-C17 bond in MK-3 and MK-4. 

 

Figure 3.12. Distance distribution from terminal carbon (CT) to the center of the MK naphthoquinone 
head group, d(CT-H) in MK-1 (black), MK-2 (red), MK-3 (green), and MK-4 (blue). The upper right 
panel zooms in at the distance range 0.3 to 1.0 nm (3-10 Å). 
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4. Discussion 

 Langmuir monolayers were used to experimentally probe the location and association of 

truncated MK homologues within phospholipid monolayers. There are two ways to conduct Langmuir 

monolayer experiments depending on the solubility of the compound of interest. When the compound 

is water-soluble, it is added to the aqueous subphase. With hydrophobic molecules, experiments are 

conducted by mixing and applying different molar ratios of substrate and phospholipid as described 

by Hoyo et al. in 2015.22 In order to observe a response on the monolayer, concentrations are typically 

higher than micromolar. This is above the solubility of even the water-soluble truncated MK 

homologues. In our studies using molar ratios of lipid vs MKs, information about potential aggregation 

of MK homologues and film formation was gathered.47-48 Using the Langmuir trough, we studied how 

truncated MKs (MK-1, MK-2, MK-3 and MK-4) interact with DPPC and DPPE films.  

 Biologically, DPPC is present in up to 40 % of mammalian lung surfactant while little, if any, is 

found in bacterial membranes.47, 49 However, DPPC has been well characterized in Langmuir 

monolayers and demonstrates distinct behavioral phases (gas, gas-liquid, liquid condensed, solid) 

which give information on the disruption of phospholipid packing. Therefore, it is used extensively in 

model membrane systems.50 DPPE is found in bacterial cells and is only a minor component in 

mammalian cells, such as in the inner leaflet of eukaryotic cells.51-53 As such, DPPE is the most 

biologically relevant phospholipid for the study of MKs. While the more biologically plentiful POPC has 

been used in Langmuir monolayer studies, it did not demonstrate the same phase changes as DPPC 

and is therefore less informative with regards to the association of MK homologues.54 Compression 

isotherms in this manuscript were accordingly run at 25 oC to maintain the distinct phases of DPPC, 

as the gas-liquid phase is not present at physiological temperature.55 

 We investigated the ability of truncated MK homologues to form films. We found that MKs were 

surface-active even though the surface pressure did not begin to rise until ~ 40 Å2/molecule and that 

these MK films were unstable. Using BAM, we were able to visualize the aggregation of the MK 

homologues and we observed strong aggregation of MK-2, MK-3, and MK-4. However, the self-
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association with MK-1 was weaker, possibly due to enhance water solubility. Because of the limiting 

solubility of MK homologues, the studies of the MK derivatives on the films were performed using 

ratios of MK homologue to DPPC or DPPE. By mixing ratios of phospholipid, and MK, we found that 

the MK homologues associated with the phospholipid interface, and that at low surface pressure 

disruptive effects were greatest for MK-2 and MK-4, Figure 3.5. However, we observed little, if any, 

increase in disruptiveness between 30-35 mN/m. Moreover, the curves of 75:25 phospholipid:MK 

overlap the control in all but the DPPE:MK-4 trials. The conclusions of the lack of disruption at 

physiological surface pressure are that i) the MK homologues were compressed into the phospholipid 

tails from the interface and ii) that this migration to the saturated phospholipid tails allows for greater 

accommodation of the volume of the MK homologues, hence the lack of MK disruption. We used MD 

simulations to confirm he location and association with phospholipids and additionally explore the 

conformation of MK homologues. 

The MD simulations were performed in a phospholipid bilayer, and at a phospholipid:MK ratio 

that approximated the concentrations found in biological systems. We chose a model bilayer 

composed of MK homologues embedded in a POPC bilayer, which was previously developed in out 

laboratory to investigate the interaction of phospholipids with native UQs or MKs in eukaryotic cells.28 

Although simulations of Langmuir monolayers are possible,56 they would require an extensive 

reparameterization and testing of the force-field used for simulations27-28 and would provide little detail 

on the biological context in which MKs are found. Instead, we chose to carry out simulations at a 

physiologically relevant MK concentration within a model phospholipid bilayer which are more reliable 

with our current force-field technology,27-28 and resulted in detailed information on the intrinsic folding 

of MK isoprenoid chains in its (MK-4) native membrane environment. Eukaryotic membranes have a 

large POPC concentration and pure POPC bilayers have been well-characterized as models for the 

simulation of biological membranes.57 In particular, we have previously characterized in detail the 

location and water-phospholipid partition of UQ with variable isoprenoid chain length to POPC bilayers, 

in good agreement with experimental observations.27  
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The MD simulations also showed that once the MK was associated with the membrane, the 

average (equilibrium) location of the MK headgroup did not depend on the number of isoprenoid units 

(Figure 3.8). The tiny differences observed between the four MK homologues in Figure 3.8 are not 

statistically significant and are due to fluctuations of the finite sampling. Thus, our simulations do not 

show any dependence of MK headgroup location with side chain length, in line with previous 

simulations of UQ with various side chain length in POPC and in mixed membranes.27-28 The MD 

studies also suggested that the location of lipoquinones along the membrane midplane in an intrinsic 

physicochemical property of the quinone molecule due at least in part to its amphiphilic character and 

more polar headgroup. This finding supports the possibility that in the monolayer system, the MK 

headgroup location will not change with isoprenoid chain length. However, the redox state (quinone 

vs quinol form) of the headgroup affects its location, as we previously demonstrated within reverse 

micelle membrane environments.58 Combined, our work supports the possibility that the headgroup 

structure and redox state, as opposed to tail length, is a major contributing factor driving the location 

and association of MK homologues in a membrane. 

 The conformational distribution of C-C bonds in the MK side chain described in the MD results 

have a subtle but potentially relevant impact on side chain folding upon the MK head and the related 

distance d(CT-H) (Figure 3.12). The possible distances for MK-1 are quite narrow due to restricted 

torsion around the C6-C7 bond (Figure 9). For the other MKs, longer distances are reached and the 

distribution spreads due to increasing the number of isoprenoid units and increased side chain 

flexibility. The conformations where the side chain fold over the headgroup have a different chape 

compared to MK-1 where the side chain is at an angle with the headgroup. Interestingly, the excerpt 

of Figure 12 shows that the side chain of the distance distribution in which MK-3 visits low d)CT-H) 

values have the lowest probabilities among MK-1 through MK-4. Thus, we suggest that the non-ideal 

behavior observed for these MK homologues in the monolayer insotherms may be caused by the more 

frequent partial folding of the side chain over the MK head group as observed in the MD simulations 

for MK-2 and MK-4 and the related shorter d(CT-H) (Figure 6). 
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 The interactions of lipoquinones with membranes are a multi-faceted topic in which many 

different factors are important to the location, association, and conformation of the lipoquinones in the 

phospholipid bilayer. In order to illustrate some of these effects we compare the properties of the 

different MK homologues are list them in Table 3.1. We order the properties of MK-1 through MK-4 in 

terms of clogP, ability to disrupt a monolayer (based on increase in monolayer area at physiological 

surface pressure), MK headgroup location, longest average distance of the terminal carbon of the 

isoprene chain from the naphthoquinone headgroup, and the ability of the terminal carbon to be within 

0.6 nm of the naphthoquinone headgroup (which is a measure of folding). The only two properties that 

show the same order are the clogP and the longest average distance of the terminal carbon of the 

isoprene chain from the naphthoquinone headgroup. The later correspond to the largest MK derivative 

and hence thus also the most hydrophobic.  

Table 3.1. comparing carious physicochemical properties of the four MK homologues investigated in 
this work. 

Property Ranking 

clogP MK-4 (8.86) > MK-3 (7.52) > MK-2 (5.67) > MK-

1 (3.83) 

Ability to disrupt a phospholipid monolayer 

based on the increase in monolayer area 

between 30-35 mN/m 

MK-2 > MK-4 > MK-1 > MK-3 

MK headgroup location relative to the bilayer 

midplane 

MK-1 ~ MK-2 ~ MK-3 ~ MK-4 

Longest average distance from CT to 

naphthoquinone headgroup 

MK-4 > MK-3 > MK-2 > MK-1 

Frequency of CT residing within 0.6 nm of the 

naphthoquinone headgroup 

MK-1 > MK-2 > MK-4 > MK-3 

We confirmed that MK homologues occupy a more hydrophobic region of the membrane than 

UQ, though there was less disruption of phospholipid packing. We hypothesize that the lack of 
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disruption is due to the location of the MK homologues. The free rotation of the phospholipid tails 

allows for compensation of the MK volume while UQ’s location in the interface does not.17, 59 In 

addition, we also found that all MK homologues adopted some folded conformation in a simulated 

bilayer, though conformations varied. We would be interested in exploring the physicochemical 

properties of the reduced quinol forms of these MK homologues. However, menaquinols are unstable 

under atmospheric conditions, making experimentation difficult.11, 58 

5. Summary and Conclusions 

MKs are membrane-associated lipoquinones that are used as essential components in the 

ETS of many bacteria. Therefore, understanding the behavior of MKs in membranes could provide 

fundamental knowledge of the ETS and could aid in antimicrobial drug development. We have 

previously demonstrated that truncated MKs fold in a model membrane interface.6-7 However, we 

sought more information on the location of MKs as well as how MKs associate with and affect the 

packing of phospholipid s in a membrane environment. We hypothesized, but did not confirm, that 

MKs would behave in a similar manner to UQs, in that there would be a side chain-dependent 

disruption of phospholipid packing and association with MKs. Moreover, we wanted to further explore 

their predicted location can conformation in a membrane bilayer. We used a combination of 

experimental and computational methods to probe these open questions. Langmuir monolayer studies 

provided experimental data pertaining to location of MK homologues as well as phospholipid packing 

and association while MD simulations provided molecular information of exact location, association, 

and conformation in a phospholipid bilayer at physiological MK concentration. 

Langmuir monolayers were created with biologically relevant phospholipids, DPPC and DPPE, 

to experimentally model the cell membrane interface. All truncated MK homologues were found to 

migrate from the air-water interface into the phospholipid tails at physiological surface  pressure, which 

is consistent with our hypothesized location. We demonstrated that truncated MKs do associate but 

do not disrupt the phospholipid packing at physiological surface pressure that was observed with 

UQs.24-26 Using MD simulations, we found, in accordance with the hydrophobic nature of MKs, that 
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the MK headgroup was located closer to the phospholipid tails than UQ, which was located closer to 

the interfacial water, which is consistent with our hypothesized location. Furthermore, we found 

through MD simulations that MK-2, MK-3, and MK-4 favored an overall folded conformation, which is 

in agreement with our previous experimental studies with MK-1 and MK-2.6-7 In line with Langmuir 

monolayer studies, there was no observed dependence on MK side chain length for MK location, 

association, or conformation within the bilayer under physiological conditions. However, it is possible 

that this lack of dependence on MK side chain length is limited to truncated MK homologues and that 

the longer MK homologues, a=such as MK-9, would exhibit an appreciable difference in folding and 

disruption due to the significantly larger volume of MK-9. As the MKs are located further into the 

phospholipid tails than UQs, it is possible that the tails adjust to compensate for the volume of the 

lipoquinones. Hence, MK would be less disruptive than UQ based on membrane location. 

Combined, Langmuir studies and MD simulations demonstrated that truncated MKs are 

located closer to the phospholipid tails, regardless of the truncated MK side chain length. A lack of 

dependence on side chain length was also observed in the association and packing of truncated MK 

homologues with phospholipids. Additionally, truncated MKs generally demonstrated some amount of 

folding. In conjunction with previous studies detailing the different environment-dependent folded 

conformations of MK-1 and MK-2, this provides a fundamental view of the behavior of MKs in a 

membrane environment. Overall, MK homologues may disrupt phospholipid packing at higher 

concentrations as seen in Archaea,11, 60 but not necessarily at concentrations found in most other 

organisms.9 These truncated MK homologues were also found to fold, which may influence their 

behavior, recognition, and function in the ETS that is essential for bacterial survival.
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Chapter 4 
The Physicochemical Properties of Pyrazinoic Acid and Pyrazinoate are Consistent with Their 

Protonophore Activity in Cellsc 
 

1. Introduction 

Two simple aromatic molecules, pyrazinamide (PZA) and isoniazid (Figure 4.1), are known 

first-line antituberculosis prodrugs. PZA is metabolized to pyrazinoic acid (POA) by pyrazinamidase,1-

2 though the mechanism of action remains under discussion.2-5 Regardless, both PZA and POA must 

interact with the cell membrane for uptake.6-9 In the case of POA, such interactions are important 

because it has been demonstrated to be a protonophore in vivo.10-11 Therefore fundamental molecular 

interactions with lipids and membranes are of interest.12-13 According to the Lipinski rules determined 

based on statistical evaluation of known drugs, successful drugs are small neutral molecules, with 

hydrogen acceptors and donors. These molecules have some hydrophobicity and affinity for the 

hydrophobic region of the cell membranes.13 Since there are several different routes by which drugs 

enter cells, including active and passive transport studies, exploring drug-lipid interactions is of 

interest.14-15  

 

Figure 4.1. The structures and pKa’s of A) dipicolinic acid, B) isoniazid, C) benzoic acid, D) 
pyrazinamide (PZA), E) pyrazinoic acid (POAN) pyrazinoate (POAC) The pKa values for PZA and POA 
are predicted values from www.chemicalize.com. The pKa’s of dipicolinic acid, isoniazid, and benzoic 
acid were obtained from Serjeant and Dempsey 1979.13 

 
c This manuscript is in preparation for Langmuir. 
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Recently, POA has shown pH-dependent activity in vitro as well as activity as a 

protonophore.10-11 Protonophores are capable of transporting protons across the bilayer, thus 

disrupting the pH gradient and acidifying the cytoplasm (when the outside of the cell is more acidic) 

without disrupting the packing of the bilayer.2, 18 Interestingly, POA was more effective at inhibiting 

mycobacterial growth at acidic pH than neutral pH. This suggests that the neutral species has a greater 

inhibitory effect than the charged species due to its greater ability to cross the bilayer due to its neutral 

charge.11 The fully protonated POA species will be referred to as POAN, while the conjugate base, 

pyrazinoate, will be referred to as POAC. We are interested in investigating PZA and POA for their 

interaction with model membrane systems. Three different model membranes will be used: Langmuir 

monolayers, reverse micelles, and liposomes. 

Langmuir monolayers are a layer of phospholipids one molecule thick at the air-water interface. 

A probe molecule may be dissolved into the subphase, and effects on area and lipid packing can be 

observed.19-20 We used the phospholipids dipalmitoylphosphatidylcholine (DPPC) and 

dipalmitoylphosphatidylethanolamine (DPPE) to represent both mammalian and bacterial 

membranes, respectively.21-24 DPPC is prevalent in mammalian pulmonary surfactant and shows 

distinct behavioral phases, while DPPE is common in bacterial bilayers and the inner leaflet of 

eukaryotic cells due to its ability to pack tightly.8, 25-26 Reverse micelles (RM)  may be used to probe 

the location of a molecule within the interface. Previous work has been done by Peters et al. to 

investigate the location of benzoic acid and its charged species, benzoate, through 1H-1H 2D NMR in 

reverse micelles, similar to POAN and POAC.7 RMs are self-assembled structures formed by surfactant 

microemulsions. The RMs consist of a polar water pool encapsulated in a surfactant (AOT) and 

dissolved in a non-polar solvent such as isooctane.27-28 The water layer which is closest to the interface 

and exhibits tighter packing than the bulk water at the center of the RM is known as the Stern layer.29-

30 The environments in the RMs can change by varying the sizes represented by w0 = [AOT]/[H2O] as 

well as changes in pH to report on the compound interface association. When studied with 1H NMR, 

detailed molecular information on the location of the probe molecule within the interface can be 

obtained.7-8 
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Since cells contain bilayers and not monolayers, it is desirable to investigate how POA and 

PZA interact with bilayers. Since pH equilibration across a membrane could take place through 

compound transport of the proton or by simple disruption, it is desirable that we investigate whether 

the bilayer is disrupted in the presence of PZA and POA.  To this end, we investigated large unilamellar 

vesicles from phosphatidylcholine loaded with a fluorescent dye at self-quenching concentrations. 

These fluorophore-filled liposomes are overall stable; therefore, the ability of compounds such as POA 

to disrupt the membrane can be measured, as membrane disruption results in the release of the dye 

from within the liposome into the bulk water, diluting it and leading to an increase in fluorescence.31 

In this paper, we characterize the physicochemical properties of the interaction of 

PZA and POA with a model membrane using these three methods.  First, we investigate 

the interactions of PZA and POA in the model membrane system, Langmuir monolayers.  

Second, we investigate the location of PZA and POA with studies in the AOT-reverse 

micellar microemulsion system.  Finally, examine the integrity of the lipid bilayer by 

preparing large unilamellar vesicles loaded with a fluorescent dye to determine whether 

the vesicle remains intact upon addition of PZA or the charged form of POA (POAC). We 

hypothesize that the interaction of PZA and POA with lipid monolayers and bilayers does 

not disrupt the lipid bilayer, leaving the membrane intact. The studies carried out in this 

manuscript provide information on the effects of these compounds on both mono- and 

bilayers of lipids. 

2. Materials and Methods 

2.1 General Materials and Methods 

2.1.1 Materials 

The following materials were used without further purification. Chloroform (≥99.5%), 

monosodium phosphate (≥99.0%), disodium phosphate (≥99.0%), citric acid (≥99.5%), sodium citrate 
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dihydrate (>99%), sodium chloride (≥99.0%), sodium hydroxide (≥98%), hydrochloric acid (37%), 2-

pyrazincarboxamoide (pyrazinamide, PZA, ≥98.0%), 2-pyrazincarboxylic acid (pyrazinoic acid, POA, 

99%), 2,2,4-trimethylpentane (isooctane, 99.8%), 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt 

(DSS, 97%), L-α-phosphatidylcholine (from egg yolk, Type XVI-E, ≥99%), 5(6)-carboxyfluorescein 

(≥95%), and HEPES (≥99.5%), were all purchased from Sigma-Aldrich. Phospholipids 

dipalmitoylphosphatidylcholine (16:0 PC, DPPC, 99%) and dipalmitoylphosphatidylethanolamine 

(16:0 PE, DPPE, 99%) were purchased from Avanti Polar Lipids as a pure lyophilized powder. 

Deuterium oxide (D2O, ≥99%) was purchased from Cambridge Isotope laboratories. Aerosol-OT (AOT, 

dioctyl sulfosuccinate sodium salt, ≥99.0%) was purchased from Sigma Aldrich and purified with 

charcoal as previously described.8 Distilled deionized (DDI) water was obtained by filtering distilled 

water through a Millipore water purification system, obtaining a resistance of 18.2 MΩ. 

2.1.2 Instrumentation 

The Langmuir monolayers were studied using a Kibron µTrough XS (stainless steel) equipped 

with a Teflon ribbon barrier. All 1H NMR experiments were performed using a 400 MHz Varian NMR 

spectrometer. Dynamic light scattering studies were performed on a Malvern Zetasizer ZS equipped 

with a 633 nm red laser. Fluorescence studies were done on a Horiba Jobin-Yvon FluoroLog-3 where 

the cuvette was attached to the light source and detector by fiber optic cables. All pH values were 

obtained with a Thermo Orion 2 Star pH meter (pH = pD + 0.4). Liposome extrusions were performed 

with a mini-extruder and heating block purchased from Avanti Polar Lipids. 

2.2 Langmuir Monolayer Studies 

2.2.1 Preparation of Subphase Solutions 

The subphase consisted of 20 mM sodium phosphate-citrate buffer. Buffers were prepared to 

be pH 3, 5, or 7.4. Solutions of PZA or POA were created by dissolving an appropriate amount of solid 

into 250 mL of buffer to create a 10 mM solution (0.3078 g PZA, 0.3105 g POA). Solutions of 1 mM 

and 0.1 mM were created by diluting from the 10 mM solutions. PZA solutions were brought to pH 

7.40 ± 0.02 with 1 M HCl or NaOH. POA solutions were adjusted to pH 3.00, pH 5.00, or pH 7.40 ± 

0.02 with 1 M HCl or NaOH. 



77 
 

2.2.2 Preparation of Lipid Solutions 

Phospholipid stock solutions were prepared by dissolving dipalmitoylphosphatidylcholine 

(DPPC) (0.018 g, 0.025 mmol) or dipalmitoylphosphatidylethanolamine (DPPE) (0.017 g, 0.025 mmol) 

in 25 mL of 9:1 chloroform/methanol (v/v) for a final concentration of 1.0 mM phospholipid.  

2.2.3 Preparation of Phospholipid Langmuir Monolayers 

The buffered aqueous subphase consisted of 50 mL of 20 mmol/L sodium phosphate-citrate 

buffer (pH 3.00, 5.00, 7.40) in DDI water (18.2 MΩ). The subphase surface was cleaned via vacuum 

aspiration until a quick compression of the subphase until the surface pressure was consistently 0.0 ± 

0.5 mN/m throughout compression. A total of 20 μL of phospholipid stock solution (20 nmol of lipid) 

was then added to the surface of the subphase in a dropwise manner using a 50 μL Hamilton syringe. 

The monolayer was allowed to equilibrate for 15 minutes.  

2.2.4 Compression Isotherm Measurements of Langmuir Monolayers 

The equilibrated monolayer was compressed from two sides with a total speed of 10 mm/min 

(5 mm/min from each side). The temperature was maintained at 25 °C using an external water bath. 

The trough plate was scrubbed three times with isopropanol, then three times with ethanol, then rinsed 

with DDI water (18.2 MΩ) before each experiment. The ribbon barrier was rinsed with isopropanol 

followed by ethanol and then water. The surface tension was monitored via Wilhemy plate technique, 

where a steel wire was used as the probe instead of a plate. The surface pressure was calculated 

from the surface tension using Equation 1, where π is the surface pressure, γ0 is the surface tension 

of water (72.8 mN/m), and γ is the surface tension at a given area per phospholipid after the monolayer 

has been applied. 

π = γ0 - γ                            Equation 1 

Each compression isotherm experiment consisted of at least three replicates. The averages 

of the area per phospholipid and the standard deviation at every 5 mN/m were calculated using 

Microsoft Excel. The worked-up data were then transferred to Origin 2021 to be graphed with error 

bars. 
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2.2.5 Compression Modulus Analysis 

The compression modulus of each average was calculated according to Equation 2, where Cs
-1 is the 

compression modulus, A is the area per molecule (Å2), and π is the surface pressure.  

Cs
-1 = - A( dπ

dA
)
T
                             Equation 2 

 The 1st derivative of the surface pressure with respect to temperature was calculated in Origin 

2021 and smoothed with a second degree polynomial Savitsky-Golay function (350 points per 

window). The derivative was then multiplied by the negative area and graphed versus surface pressure 

in Origin 2021. 

2.3 1H NMR of Reverse Micelles 

2.3.1 Preparation of Aqueous Solutions and Reverse Micelles 

Solutions for studies by 1H NMR are done in D2O, therefore the measured pH values are 

adjusted to pD with pD = pH – 0.4.30 Stock solutions of 100 mM PZA or POA were made by dissolving 

0.123 g PZA or 0.124 g POA in 20 mL of D2O. Stocks were then aliquoted into 2 mL samples. Each 

sample was brought to a different pD (pH = pD + 0.4) with 0.1 M DCl and/or 0.1 M NaOD. Each of the 

pD values were within the range of 1.2 to 10 and were used to determine the pKa. 

A 750 mM stock solution of purified AOT in isooctane was prepared by dissolving 8.34 g (18.8 

mmol AOT) in 25 mL isooctane. This mixture was sonicated and then allowed to equilibrate to room 

temperature. Appropriate amounts of pD-adjusted PZA or POA solution in D2O were added to 

AOT/isooctane solution samples of sizes w0 12, w0 16, and w0 20, where w0 = [H2O]/[AOT]. These 

samples were vortexed for ~ 1 minute until clear, indicating that the microemulsions had formed. 

2.3.2 1H 1D NMR Spectroscopic Studies 

One-dimensional (1D) 1H NMR spectra of PZA and POA were conducted in both D2O and 

RMs. Spectra were obtained using standard parameters (1 s relaxation time, 25 ̊C, and 45 ̊ pulse 

angle).8 The determination of pKa values were measure by recording a series of spectra at different 

pH and plotting the chemical shifts as a function of pD. The data are shown in Appendix IV. 

Corresponding studies were done in RM as well, and the data are presented. 
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Aqueous spectra were referenced to DSS. RM spectra were referenced to the internal 

isooctane methyl peak at 0.90 ppm corresponding to previously reported chemical shifts recorded in 

reference to tetramethylsilane at 0 ppm.8, 32-33 

2.4 Dynamic Light Scattering 

DLS experiments were done to verify that the RMs were formed using methods described 

previously.8 RMs were prepared as above. A 1 mL aliquot was then diluted in 5 mL of isooctane and 

vortexed for ~ 2 minutes to break up aggregates. The DLS cuvette was rinsed three times with 

isooctane, then three times with sample before each reading. Samples were allowed 15 minutes to 

reach temperature equilibration before data were recorded. Each reading consisted of 15 

measurements, with each measurement consisting of 10 scans. The average result was recorded. 

2.5 Liposome Leakage Assay 

2.5.1 Preparation of Buffers 

The following were based on Jimah et al. 2017.34 The carboxyfluorescein (CF) buffer was prepared 

by dissolving 0.596 g HEPES (50 mM), 0.146 g NaCl (50 mM), and 1.88 g of 5(6)-carboxyfluorescein 

into 50 mL of DDI H2O. The buffer was then brought to pH 7.4 with 1 M NaOH and 1 M H2SO4. Column 

buffer was prepared by dissolving 5.96 g HEPES (100 mM) and 1.46 g NaCl (100 mM) in 250 mL of 

DDI H2O. The buffer was then adjusted to pH 6.5 with 1.0 M NaOH and 1 M H2SO4. 

2.5.2 Preparation of Liposomes 

Lipid cakes were prepared by dissolving 0.20 g of L-α-phosphatidylcholine in 25 mL of 

chloroform in a 100 mL round bottom flask. The solution was then lyophilized by removing the solvent 

with a rotary evaporator. After all excess solvent was removed, the lipid cake was then rehydrated in 

5.2 mL of CF buffer to create a 50mM solution of lipid suspended in the buffer. The round bottom flask 

was then agitated in a 55 ̊C water bath for one hour. The rehydrated solution was then extruded eight 

times through a 0.1 µM filter to create large unilamellar vesicles. Excess CF was removed by running 

the sample through a size-exclusion column of Sephadex G-50 that was incubated with column buffer 

for a minimum of 12 hours. 
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2.5.3 Fluorescence Leakage Assay of Lipososmes 

Liposomes were diluted in a 1:8 ratio with column buffer to make solutions of appropriate 

concentration to measure small increases in fluorescence as induced by membrane-disruptive drugs. 

Increasing amounts of 10 mM PZA or 10 mM POA in column buffer (pH 6.5) were added, up to 5 mM. 

Exact amounts of PZA or POA solution added to the liposomal solution are detailed in Supplemental 

Information. Varying concentrations of the surfactant Triton X-100 were used as a positive control for 

fluorescence-induced membrane leakage, as Triton X-100 is known to destabilize membrane 

bilayers.35 Samples were allowed to incubate for one hour before fluorescence was measured in 

triplicate. Data was collected with λex = 492 nm and λem = 517 nm. 

3. Results and Discussion 

3.1 Compression Isotherms of Langmuir Monolayers 

3.1.1 PZA vs POAC at pH 7.4 

The interactions of PZA and POAC were determined at physiological pH at concentrations of 

0.1 mM, 1 mM, and 10 mM in Langmuir monolayers prepared from dipalmitoylphosphatidylcholine 

(DPPC) and dipalmitoylphosphatidylethanolamine (DPPE).  The data are shown in Figure 4.2. For 

POAC, DPPC monolayers do not exhibit a difference in area in the presence of 0.1 mM or 1 mM POAC. 

However, the 10 mM POAC experiment does exhibit statistically significant, albeit small, expansion of 

the monolayer at physiological surface pressure. This is consistent with the interpretation that POAC 

slightly penetrates into the interface but that this observation is only detected at higher concentrations. 
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Figure 4.2. Compression isotherms of DPPC (left column) or DPPE (right column) with either PZA (A 
and B) or POAC (C and D) as the analyte at pH 7.4 ± 0.02. Black solid curves represent control 
monolayers with no analyte present, blue dotted curves represent monolayers with 10 mM PZA/POAC 
present, red dashed curves represent monolayers exposed to 1 mM PZA/POAC, and purple dash-dot 
curves represent monolayers exposed to 0.1 mM PZA/POAC. Each curve is the average of at least 
triplicate measurements. Error bars are the standard deviation of the area and are reported at every 5 
mN/m of surface pressure. 

Compression isotherms of DPPC with PZA showed only a small expansion of the monolayer 

from 5-20 mN/m for 1 mM and 10 mM concentrations, where the isotherm also flattens (Figure 4.2A). 

While it does not affect the area of the interface, it may force the monolayer into the liquid-condensed 

phase earlier during compression than the control. However, the error bars on at 10 and 20 mN/m 

overlap with the control, suggesting no real difference in area or packing. As with DPPC, there was no 
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appreciable difference in the isotherms of DPPE in the presence of PZA, consistent with the 

interpretation that PZA does not reside in the interface of DPPE (Figure 4.2B).  

Compression isotherms suggest that PZA and POA do not interact with the membrane. 

However, considering that POA has different protonation states, the effects of pH on the interactions 

of the different species with the monolayer was investigated. 

3.1.2 Changes in pH Change POA’s Interaction with Langmuir Monolayers 

Compression isotherms were obtained of POA at pH 5, where there should be a mixture of 

both POAN and POAC, and pH 3, where the majority of molecules should be POAN (Figure 4.3). With 

DPPC, we see an overall expansion of the monolayer at all concentrations, unlike the similar 

responses at pH 7.4 shown above. At physiological surface pressure (30-35 mN/m)34 and a pH of 5, 

DPPC is slightly condensed. However, the differences are small enough that there may not be any 

physiological implications. There is also an expansion of at least 2 Å2 at physiological surface pressure 

for DPPE monolayers. As with the DPPC monolayers, this is likely not an indication of more than a 

moderate interaction. 
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Figure 4.3. Compression isotherms of DPPC (left column) or DPPE (right column) with the subphase 
at either pH 3 (A and B) of pH 5 (C and D). Structures of species present are provided. Solid black 
curves represent control monolayers with no POA present, blue dotted curves represent 10 mM POA, 
red dashed curves represent 1 mM POA, and purple dash-dot curves represent 0.1 mM POA. Each 
curve is the average of triplicate measurements. Error bars are the standard deviation of the area. 

At pH 3, there is some expansion of the DPPC monolayer, though overall, the response is 

moderate just like at pH 5 and pH 7.4. This can be interpreted as POAN residing within the interface 

but not causing any significant differences in packing. In contrast to DPPC, DPPE demonstrates a 

significant expansion of the monolayer at 0.1 mM and 10 mM concentrations of POAN. It is possible 

that these expansive effects are due to the pH instead of the protonation state of POA. However, the 

pKa’s of both DPPC and DPPE are below two;37 thus, these differences are more likely due to the 

different protonation states of POA as opposed to those of the phospholipids. 
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3.1.3 Compression Modulus Analysis of Langmuir Monolayers 

Compression moduli were calculated from the isotherms to assess monolayer elasticity and to 

confirm phase transitions in DPPC (Figure 4.4). An increase in the compression modulus indicates 

increased rigidity of the monolayer, while a decrease indicates that the monolayer is becoming more 

elastic. When exposed to PZA, DPPC did not show a disappearance of the gas-liquid phase transition, 

indicating that there is not likely a rearrangement of the monolayer. The monolayers exposed to 0.1 

mM and 10 mM exhibit little to no difference in compressibility, while the 1 mM showed increased 

elasticity. For DPPE, PZA showed no effect except at 10 mM, where the monolayer becomes more 

compressible. Together, the compression moduli of DPPC and DPPE exposed to PZA may make 

monolayers more tolerant to compression despite seeing no difference in the compression isotherms. 

A difference in the modulus but not the isotherm suggests that PZA is at the interface but does 

preferentially reside within the interface at physiological pH. 
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Figure 4.4. Compression moduli of DPPC (left column) or DPPE (right column). Black curves 
represent phospholipid controls, blue dotted curves represent 10 mM of probe molecule, red dashed 
curves represent 1 mM of probe molecule, and purple dash-dot curves represent 0.1 mM probe 
molecule. Curves are the average of at least three replicates. 

 POAC increased the rigidity of DPPC at all concentrations at pH 7.4. While it may not increase 

the area or phase transitions of the monolayer at pH 7.4, POAC is still exerting an effect on the 

monolayer by making it less tolerant to changes due to compression. In conjunction with observations 

of compression isotherms, it is likely that POAC is at the interface but not within the interface at pH 7.4. 

The increased rigidity is of interest. To investigate this further, we carried out an NMR analysis.  
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3.2 1H NMR Studies of PZA and POA in Reverse Micelles 

3.2.1 1H NMR Measurement of PZA in AOT Reverse Micelles 

PZA was added to a series of differently sized reverse micelles (RM) prepared from NaAOT 

in isooctane and with w0 ranging from 8 to 20. In Figure 4.5, we focus on the aromatic region of the 

spectrum, highlighting the protons from PZA. Ha in D2O had a chemical shift of 9.22 ppm (Figure 4.5). 

When the stock solution is placed in RMs, Ha shifts downfield as the RMs size is reduced. Downfield 

shifts have previously been associated with a location in the interface38 and would suggest that Ha is 

associated with the interface possible near the AOT headgroup. In contrast, Hb is a doublet at 8.84 

ppm and shifts upfield as the RM size reduces. This implies that Hb is located further up in the interface, 

likely the AOT tails as reported previously.33, 38 Similarly, Hc at 8.78 ppm shifts upfield as the RM size 

reduces, showing that this proton is located in a similar environment as that of Hb. Based on the 

differences in shifting, we suggest that Ha and the amide functionality are facing the polar headgroup 

of the AOT (towards the bulk water pool), whereas Hb and Hc are oriented toward the hydrophobic 

tail groups. The spectra of PZA were also recorded at different pD values. However, since there is no 

acidic proton, no major change in chemical shifts was observed (Figure A4.3.2). 
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Figure 4.5. 1H NMR spectra of 100 mM PZA in 0.75 MAOT/isooctane reverse micelles and 100% 
D2O.  The key to the proton labels are defined in Figure 4.1. 

3.2.2 1H NMR Measurement of POA in AOT Reverse Micelles 

Since POA has an acidic proton, 1H NMR spectra were recorded from stock solutions at 

different pD values to represent POAN and POAC in the AOT/isooctane model membrane interface 

system, Figure 4.6. An acidic solution of POAN was added to a series of reverse micelles sized w0 8-

20 prepared from 0.75 M NaAOT in isooctane. When dissolved in D2O at pD 2.16 (POAN), the chemical 

shift of Ha is 9.27 ppm, Hb is at 8.84, and Hc is at 8.77 ppm (Figure 4.6A). When a solution of POAN 

was added to RMs of sizes w0 12-20, Ha shifts upfield, and Hb and Hc coalesce and shift upfield. As 

described previously7 these shifts are interpreted as POAN residing further up in the interface and AOT 

tails than POAC as opposed to residing in the water pool. 
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Figure 4.6. 1H NMR spectra of A) 100 mM POAN at pD 2.16 and B) 100 mM POAC at pD 6.96 in D2O 
and different sizes of 0.75 mM AOT/isooctane reverse micelles. 

A solution of pD 6.96 (POAC) was added to 0.75 M mM AOT/isooctane with w0 ranging from 8 

to 20. In the aqueous solution, the 1H NMR chemical shift Ha appears at 9.06 ppm, significantly upfield 

from that observed at acidic pH (9.27 ppm). When this solution was added to the RMs, the chemical 

shifts increased above 9.1 ppm, with the peaks shifting increasingly downfield as the RM water pool 

becomes smaller. These observations are interpreted as the POAC being associated with the interface 

but will most likely reside in or near the Stern layer. This is in line with the Langmuir monolayer studies 

described above, where POAC interacted with the monolayer but mainly remained in the water. 

1H NMR spectra were recorded for a series of POA solutions with varying pD values in different 

sizes of RM to investigate the pKa value of the POA associated with the interface (Figure 4.7). The is 

a consistent pattern across all sizes, so only w0 16 will be discussed (Figure A4.3.4, Figure A4.3.5, 

Figure A4.3.6). Ha shifted downfield from 9.32 to 9.12 when the pD of the stock solution n rose from 

1.26 to 2.16. Ha then shifted to 9.11 at pD 3.92 where it remained for the increasing pD values. These 

studies demonstrated that the pKa of POA associated with the AOT/isooctane interface is significantly 

less than the calculated 3.46 (Figure 4.1). A change in pKa value would be anticipated if the POA was 

associated with the interface. Spectra recorded for the Ha proton of POA in w0 16 and w0 12 RMs 

(Figure S4.3.4, Figure A4.3.5) demonstrate a consistent decrease of the pKa value when associated 

with the interface. In the case of POA, the pKa change is more than one pH unit and hence consistent 

with the interpretation that the POA is interacting with the AOT interface. 
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Figure 4.7. Chemical shifts of Ha of 100 mM POA in D2O and 0.75 M AOT/isooctane reverse micelles 
of varying sizes. Red circles represent w0 20, blue triangles represent w0 16, purples X’s represent w0 
12, green diamonds represent w0 8, and black squares represent D2O. NMR spectra of the w012, w0 
16, and w0 20 reverse micelles are provided in Appendix IV. 

 Previously, several studies observed that different acids, such as the aforementioned benzoic 

acid and dipicolinic acid (Figure 4.1), had a decreased pKa value upon addition to RMs.6-7, 33   These 

acids were found to reside in the AOT interface using a variety of techniques, such as 1H NMR, 51V 

NMR, Langmuir monolayers, RMs, and other model membrane techniques.6, 8, 29-30, 38  Previously, 

anilinium was found to change the pKa value upon insertion into the AOT reverse micelle interface,39 

but these changes are smaller than the differences observed here. We conclude that the large 

reduction in pKa value is also consistent with placement in the interface. In this case, the placement 

may be further up into the interface since there is a large change in the chemical environment, causing 

a greater change in pKa value. 
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3.3 Liposome Leakage Assay to Determine Ability of PZA and POA to Disrupt a Bilayer 

Membrane 

Combined, the Langmuir monoloyer and 1H NMR studies suggest that POAN and POAC are 

associating weakly with the interface. Studies in cellular systems show that POA is a protonophore 9 

and able to transport H+ across a membrane, equilibrating an existing pH potential.40 Hence it is 

believed that POAN and POAC are both able to traverse membranes without causing disruption. In the 

following experiments, we aim to demonstrate that neither POAN nor POAC are able to disrupt the 

membrane. In the following, we test the ability of PZA and POAC to cause leakage in a bilayer by 

loading a large unilamellar vesicle (LUV) prepared from L-α-phosphatidylcholine lipids with a 

fluorophore to determine whether the lipid bilayer is compromised in the presence of the additive. 

 Specifically, LUVs encapsulating self-quenching 5(6)-carboxyfluorescein (CF) were exposed 

to varying concentrations of PZA or POA with the objective to determine if the additive is capable of 

disrupting the liposomal membrane. If the membrane is disrupted, the self-quenching dye is released 

and an increase in fluorescence intensity is observed.31, 41 A positive control experiment was done in 

which concentrations varying from 0-0.5% of Triton X-100 were added to test the validity of the assay 

(Figure 4.8A). This experiment serves as a control experiment, as Triton X-100 is known to penetrate 

and disrupt lipid bilayers causing the dye to fluoresce when the lipid bilayer is compromised.  

Increasing the percent volume of Triton resulted in a linear increase in fluorescence with an R2 = 0.92, 

thus validating the method (Figure 4.8A). 

 



91 
 

 

Figure 4.8. Induced CF leakage studies with A) Triton X-100 or B) PZA and POA. Panel A) shows 
fluorescence vs percent Triton X-100 fitter to a linear regression model (R2 = 0.92). Panel B) shows 
fluorescence vs concentration of PZA (black squares) or POA (blue circles). It should be noted that 
the scales of B is 10-fold lower than that of Panel A. Error bars are the standard deviation of triplicate 
measurements. A bar graph with the average fluorescence intensity of experimental groups is provided 
in the Appendix IV. 

Addition of 1-5 mM PZA and POA overall did not induce any appreciable fluorescence, as all 

values are within a magnitude of the zero (Figure 4.8B). It should also be noted that the maximum 

fluorescence observed in the Triton control experiment is tenfold higher than that of any sample 

exposed up to 5 mM of PZA or POA. This observation supports the conclusion that negligible 

fluorescence is resulting from adding up to 5 mM PZA or POA to a LUV documenting the integrity of 

the lipid bilayer in the LUV. Since the bilayer is not compromised, this conforms to our studies with 

Langmuir monolayers and RMs and suggests that cells in a biological system will also remain intact 

and not cause disorganization of a biological membrane bilayer. 

3.4 Implications and Future Directions 

Much like benzoic acid and benzoate, POAN and POAC reside in different locations of the 

membrane as suggested by several lines of evidence. Specifically, POAN resides further up in the 

hydrophobic part of the interface while POAC resides in the hydrophilic Stern layer. This observation 

is consistent with the possibility that POA, like benzoic acid, is able to behave as a protonophore in a 

bilayer when there is a pH gradient across the membrane. These results suggest that PZA, POAN and 
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POAC do not compromise the organization of the lipid bilayer even though we show that they are able 

to incorporate themselves with a membrane interface. Hence, although POA behaves as a 

protonophore, such disruption of the pH gradient is not due to disruption of the membrane but more 

likely due to the transport POAN across the membrane and delivery of the acidic proton. Combined, 

these studies confirm our hypothesis that the interaction of PZA and POA with lipid monolayers and 

bilayers does not disrupt the lipid bilayer but leaves the membrane intact. 

4. Summary and Conclusions 

The membrane interactions of PZA and POA were investigated to determine if their interaction 

is able to disrupt a lipid bilayer, and their physicochemical properties are consistent with the 

designation of POA as a protonophore for M. tuberculosis. Langmuir monolayer studies show that 

PZA has little to no interaction with the interface, while POAC slightly associates with the interface. 

POAN showed moderate expansion of the monolayer, consistent with the neutral species residing in 

the interface as opposed to the bulk water. NMR studies suggest that the neutral form of POA 

penetrates the interface while the deprotonated and charged species of POA resides in the interfacial 

water layer. Large unilamellar vesicles prepared from egg phosphatidylcholine loaded with a 

fluorescent dye did not show any leakage of dye, documenting that the vesicles are intact and not 

compromised by the presence of PZA or POAC. These studies support the interpretation that when 

POA acts as a protonophore, it does not disrupt the membrane bilayer.  Instead, the neutral and 

protonated form of POA is transported across the membrane, delivers the proton and transport 

deprotonated and charged POA back to equilibrate the pH potential over the membrane.  

Computational studies may be able to provide insights into the origins of these physical processes.
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Chapter 5 
Summary and Future Directions 

 

5.1 Summary 

 The research in this dissertation provides fundamental experimental insight into the location 

and association of small biologically relevant molecules with model membrane systems.  

 Chapter 2 explored the locations of menaquinone (MK) headgroups withing model membrane 

interfaces. For these studies, we used Langmuir monolayers and reverse micelle (RM) 

microemulsions to investigate how the menaquinone headgroup (menadione, MEN) and the 

menahydroquinone headgroup (menadiol, MDL) associate with model membrane interfaces to 

determine if redox state (oxidized vs reduced) caused a difference in molecule location within a model 

membrane interface. The literature suggested any variation in the location of MKs within the interface 

was mainly caused by the isoprenyl side chain rather than the headgroup quinone-to-quinol reduction 

during electron transport. We have now presented experimental evidence to the contrary; quinone-

quinol cycling likely drives location of MKs within the cell membrane. Utilizing Langmuir monolayers 

and NMR of RMs, we determined that MEN resided farther into the interface while MDL resided near 

the interfacial water. These findings are in line with the more hydrophobic nature of MEN compared to 

MDL. It follows that if MKs moves within the cell membrane upon menaquinol formation, it is due at 

least in part, to the differences in the properties of headgroup interactions with the membrane in 

addition to the isoprenyl side chain. 

 Chapter 3 investigated the effects of varying the tail length of truncated MKs with phospholipid 

monolayers and bilayers We have previously demonstrated that the folded conformation 

of truncated MK homologues, MK-1 and MK-2, in both solution and reverse micelle 

microemulsions depended on environment. There is little information on how MKs associate with 

phospholipids in a model membrane system and how MKs affect phospholipid organization. In 

this chapter, we used a combination of Langmuir monolayer studies and molecular dynamics 

(MD) simulations to probe these questions on truncated MK homologues, MK-1 through MK-4 
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within a model membrane. We observed that truncated MKs reside farther away from the 

interfacial water than ubiquinones are located closer to the phospholipid tails. We also observed 

that phospholipid packing does not change at physiological pressure in the presence of truncated 

MKs, though a difference in phospholipid packing has been observed in the presence of 

ubiquinones. We found through MD simulations that for truncated MKs, the folded conformation 

varied, but MKs location and association with the bilayer remained unchanged at physiological 

conditions regardless of side chain length. Combined, Chapter 3 provides fundamental 

information, both experimental and computational, on the location, association, and conformation 

of truncated MK homologues in model membrane environments relevant to bacterial energy 

production. 

 Chapter 4 explored the physicochemical properties of two molecules related to the 

treatment of tuberculosis, pyrazinamide (PZA) and pyrazinoic acid (POA). PZA, a pro-drug, is 

converted by the host into POA, which has demonstrated anti-tubercule activity as well as 

protonophore-like behavior in vitro. To exert drug or protonophore activity, POA must inter the cell 

and therefore must interact with the cell membrane. However, there is little fundamental 

information on the physicochemical properties of POA within the cell membrane interface. To 

investigate, we used a combination of model membranes to explore i) association and ii) location 

in an interface. We observed that the charged species, POAC, showed very minor association 

even at high concentration with a phospholipid monolayer while the neutral species, POAN, 

showed much greater association. The increased association implied that POAN resided within 

the interface, so NMR studies in RMs were pursued. We demonstrated that POAC remained closer 

to the water pool while POAN was further towards the surfactant tails. Together, these studies are 

comparable to studies with benzoic acid, a known protonophore, possibly providing insight into 

the protonophore-like activity of POA.  
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5.2 Future Directions 

The following is a series of suggestions for future avenues of inquiry pertaining to MKs within 

the cell membrane. Some pathways are already underway, but I feel they deserve some mention. I 

will first start with the study of headgroups. The most obvious next step is to test the headgroups of 

other lipoquinones to see if the trend we found with MEN and MDL in model membranes holds true. 

Margaret (Maggi) Braasch-Turi, Dr. Jordan T. Koehn, Kateryna (Kate) Kostenkova, Heide A. 

Murakami, and myself have already contributed to the study of ubiquinone (UQ) and its benzoquinone 

headgroup in model membranes. While not presented in this dissertation, the published manuscript of 

Chapter 2 contains NMR of benzoquinone in RMs (see Appendix V).1 We have not, however, run 

benzoquinol. The quinols are not what they seem; they are not trivial to work with due to their instability 

under atmospheric condition. Ubiquinols are reported to be more stable,2-3 but I would like to see if a 

more robust method for working with quinols could be developed. I have received suggestions of 

degassing the water first and working under an argon atmosphere. I suggest that studies may be 

completed with liposomes, provided that any water is degassed. Simplified, the steps would consist of 

i) forming a lipid cake, ii) rehydrating the lipid cake with degassed D2O under argon, iii) adding the 

quinol under inert atmosphere, and iv) running NMR immediately after addition of the quinol. This 

could be done with MEN and MDL, as well as benzoquinone and benzoquinol to compare the 

differences in location of the two sets. However, I anticipate that it will be difficult to answer Professor 

Crans’s inevitable question of “what is the pH?” 

In the same vein of investigating the effects of headgroup, Maggi, Jordan, and Kate are 

currently (September 2021) writing up a manuscript on the differences in location and association of 

UQ-2 and MK-2 within RMs and Langmuir monolayers. This manuscript will provide insight into how 

headgroup structure (as opposed to headgroup redox state) influences the location of lipoquinones 

within model membranes.   

In Chapter 3, I discussed side chain length of MKs. I used only MK-1 through MK-4. While the 

next logical step may be to use MK-5 through MK-9, these are not trivial to synthesize or isolate. For 
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perspective, 10 mg of MK-9 costs approximately $300 USD at the writing of this manuscript (Santa 

Cruz Biotechnology), and the synthesis of MK-2 is seven steps.4 While I would love to run the rest of 

these compounds, it just is not feasible at this time. I believe the best way forward is to study the 

compounds we have (MK-1 through MK-4) with liposomes made of different phospholipids, such as 

DPPC, DPPG, POPC, POPG, and POPE. A variety of techniques may be used to study location and 

behavior, such as NMR and electrochemistry. As of 2021, Dr. Kaitlin A. Doucette has performed 

electrochemistry of differing MKs in POPC liposomes which is described in her dissertation.5 Dr. Kaitlin 

A. Doucette and Gaia R. Bublitz have also explored the location and conformation of MK-2 within 

POPC liposomes through the use of 2D 1H-1H NMR.5-6 While POPC is one of the most biologically 

plentiful phospholipids, it is not found in bacteria, which use MKs in the electron transport chain.7 As 

such, the phospholipids DPPG, POPG, and POPE would be of use as they are common components 

of bacterial cell membranes8 with at least moderate ability to form liposomes when mixed together.9-

11 NMR and electrochemical studies of MKs with DPPG, POPG, and POPE will give fundamental 

information on the association of MKs with phospholipids of varying phospholipid tail length and 

saturation as well as varying phospholipid headgroups.  

However, it will be necessary at some point to create liposomes with lipids extracted from 

Mycobacterium tuberculosis or Mycobacterium smegmatis in order to answer the overarching 

questions of location, association, conformation, and redox behavior of MKs in their native membrane 

environment. This will not be trivial, as we will then be analyzing a mixture of more than two lipids as 

opposed to a single phospholipid. This will no doubt convolute any NMR spectra, so other techniques 

will be needed. Dr. Kaitlin A. Doucette’s aforementioned work on electrochemistry in liposomes will 

still be useful, but I anticipate the use of differential scanning calorimetry (DSC) and Raman 

spectroscopy will be helpful. A previous study carried out by Roche et al. in 2006 successfully 

combined DSC and Raman to demonstrate the location and association of UQs in DPPC liposomes 

whereby the location of a foreign molecule in a phospholipid bilayer may be determined based on the 

gel-liquid transition.12 They demonstrated that shorter UQs were located in aggregates close to the 

interface while longer UQs were homogeneously dispersed in the bilayer midplane. A DSC/Raman 
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study does not give the same molecular information as NMR, but combined with computational 

modeling, there will likely be a wealth of information inaccessible with our current techniques. 

I do truly believe that we are starting to paint a fuller picture of how MKs work, and I can only 

hope that these suggestions bear some fruit in the future. I am unsure where this will lead, but I am 

sure it will be fantastic.
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Appendix I: Distribution of Work 
 
 
 

Chapter 1 

 A review. Written by Cameron Van Cleave. 

Chapter 2 

 Writing of the manuscript was done by Cameron Van Cleave. UV-vis studies and data were 

performed by Cameron Van Cleave. Langmuir monolayer experiments and data workup were 

performed by Pablo Maldonado, Jr., Heidi D. Kreckel, and Andrea Basile with project management 

from Cameron Van Cleave. NMR studies of MEN were recorded by Jordan T. Koehn and Elana J. 

Cope and processed by Heide A. Murakami. NMR Studies of MDL were performed by Heide A. 

Murakami and Nuttaporn Samart. DLS studies were performed by Heidi D. Kreckel. 

Chapter 3 

 Manuscript was written by Cameron Van Cleave and Dr. Jordan T. Koehn. Langmuir 

monolayer studies of MK-1 and MK-2 were performed by Cameron Van Cleave, Benjamin J. Peters, 

and Allison A. Haase. Langmuir monolayer studies of MK-3 were performed by Cameron Van Cleave. 

MK-4 Langmuir monolayer studies were performed by Cameron Van Cleave, Allison A. Haase, and 

Katarina J. Werst. Ideal area calculations were performed by Seth W. Croslow and Kyle G. 

McLaughlin. BAM images were taken by Allison A. Haase and Cameron Van Cleave. Simulations and 

modeling were performed by Professor Guilherme Menegon Arantes and Dr. Caroline Simões Pereira. 

Chapter 4 

 Writing was done by Cameron Van Cleave. Langmuir monolayer studies were performed by 

Cameron Van Cleave, Allison A. Haase, and John Peter B. Hough with assistance from Benjamin J. 

Peters. 1D 1H NMR studies were performed by Benjamin J. Peters. DLS experiments were performed 
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by Benjamin J. Peters. Fluorescence leakage studies were performed by Kaitlin A. Doucette and 

LaRee L. Henry. 

Chapter 5 

 Closing remarks and future directions. Written by Cameron Van Cleave.
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Appendix II: Supporting Information for Chapter 2d 
 
 
 

A2.1. Stability UV-Vis Studies 

 

Figure A2.1.1 UV-vis spectra of 0.1 mM MEN in water over 60 minutes, demonstrating the stability 
of MEN in aqueous solution. 

 

Figure A2.1.2. Full UV-vis spectra of 0.1 mM MEN (black), 0.1 mM MDL that was fully dissolved before 
analysis (red), supernatant from a 0.1 mM MDL solution when MDL had just been added to water 
(blue), and aqueous solution added to solid MDL at the bottom of the quartz cuvette (green). Spectra 
are shown at times A) t = 0 min and B) t = 60 min. 

 
d This material is published in the Canadian Journal of Chemistry. 



107 
 

 

Figure A2.1.3. UV-vis of DTT reference (black), solid MEN with solid DTT (red), and solid MDL with 
solid DTT (blue) over 60 minutes. Panel A) represents time t = 0 min, B) is at t = 5 min, C) is at t = 15 
min, and D is at t = 60 min. Figures presented in the main text truncate the y-axis to 1.5 as any 
measurement above 1.5 has high experimental error. 
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Figure A2.1.4. Full UV-vis spectra of similar amounts of MDL and DTT dissolving into aqueous 
solution over 60 minutes. Figures presented in the main text truncate the y-axis to 1.5 as any 
measurement above 1.5 has high experimental error. 

A2.2. Calculation of Compression Moduli 

Compression moduli were calculated using OriginPro version 9.1 from the compression isotherm 

average results using equation A1, where Cs
-1 is the compression modulus, A is the surface area per 

molecule (Å2), and π is the surface pressure (mN/m). 

𝐶𝑆−1 = −𝐴(𝑑𝜋𝑑𝐴)                      (A1) 

 A Savitsky-Golay smoothing function was used (2nd degree polynomial, 250 points in the 

window). 
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Figure A2.2.1. Compression moduli of mixed monolayers containing menadione and either DPPE 
(left) or DPPC (right). Pure phospholipid monolayers are represented by solid black curves, 50:50 
phospholipid:MEN by red dashed curves, and 25:75 phospholipid:MEN by blue dotted curves. There 
is a possible increase in rigidity for DPPE monolayers with the addition of MEN and a possible 
decrease in DPPC monolayers. However, it is uncertain why MEN would affect the elasticity of the 
DPPC monolayer in a 25:75 MEN:DPPC mixture instead of a 50:50 mixture. 

A2.3. Dynamic Light Scattering of RM Samples 

Table A2.3.1.  Hydrodynamic diameters of RM samples. 

Sample Hydrodynamic Diameter (nm) 
w0 16 RM 12.8 ± 1.5 
w0 16 RM with MEN 12.6 ± 1.5 
w0 16 RM with 90:10 MeOH:H2O “water 
pool” 

14.5 ± 1.6 

w0 16 RM with 90:10 MeOH:H2O “water 
pool” and MDL 

14.2 ± 1.9 

w0 16 RM with 80:20 MeOH:H2O “water 
pool” 

14.2 ± 1.6 

w0 16 RM with 90:10 MeOH:H2O “water 
pool” and MDL 

16.2 ± 2.3 

w0 16 RM with 70:30 MeOH:H2O “water 
pool” 

13.9 ± 1.4 

w0 16 RM with 90:10 MeOH:H2O “water 
pool” and MDL 

16.3 ± 2.1 

 

A2.4. 1D NMR Stability Studies 
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Figure A2.4.1. Stability studies of MDL in d6-benzene at time 0 (top), 1 hour (middle), and 1 day 
(bottom). MEN peaks are indicated by *. 

 

Figure A2.4.2. Stability studies of MDL in CDCl3 at time 0 (top), 1 hour (middle), and 1 day (bottom). 
MEN peakes are indicated by *. 
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Figure A2.4.3.  Stability studies of MDL in D2O at time 0 (top), 1 hour (middle), and 1 day (bottom). 
MEN peaks are indicated by *. 

A2.5. 2D NMR Studies of MEN, MDL, and BEN in Reverse Micelles 

 

Figure A2.5.1.  Proton labeling scheme of AOT. 
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Figure A2.5.2. Full 1H-1H 2D NMR NOESY NMR (400 MHz) spectra of MEN (50mM) in a w0 12 RM. 
A standard NOESY pulse consisted of 256 transients with 16 scans in the f1 domain using a 200 ms 
mixing time and a 1.5 s relaxation delay. 

 

Figure A2.5.3. Full 1H-1H 2D NMR ROESY NMR (400 MHz) spectra of MEN (50mM) in a w0 12 RM. 
A standard ROESY pulse consisted of 256 transients with 16 scans in the f1 domain using a 200 ms 
mixing time and a 1.5 s relaxation delay. 
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Figure A2.5.4. Full 1H-1H2D NOESY (500 MHz) spectra of menadiol (30mM) in a 70:30 MeOD:D2O 
AOT RM suspension at 26°C. A standard NOESY pulse consisted of 256 transients with 16 scans in 
the f1 domain using a 200 ms mixing time and a 1.5 s relaxation delay. 

 

Figure A2.5.5. Full 1H-1H2D ROESY NMR (500 MHz) spectra of menadiol and menadione (30mM) in 
a 70:30 MeOD:D2O AOT RM suspension at 26°C. A standard ROESYAD pulse consisted of 256 
transients with 16 scans in the f1 domain using a 200 ms mixing time and a 2.0 s relaxation delay. 
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Figure A2.5.6. Full 1H-1H2D NOESY (400 MHz) spectra of BEN (50mM) inside w0 12 RM at 26°C. (A 
standard NOESY pulse consisted of 256 transients with 16 scans in the f1 domain using a 200 ms 
mixing time and a 1.5 s relaxation delay. 

 

Figure A2.5.7. Full 1H-1H 2D ROESY NMR (400 MHz) spectra of BEN (50mM) inside w0 12 RM at 
26°C. A standard ROESYAD pulse consisted of 256 transients with 16 scans in the f1 domain using a 
200 ms mixing time and a 1.5 s relaxation delay 
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Appendix III: Supporting Information for Chapter 3e 

A.3.1. Partition Coefficients 

Table A3.1.1. Calculated logP values of truncated MK analogues obtained from molinspiration.com. 

Analogue Structure Calculated logP 

MK-1 

 

3.83 

MK-2 

 

5.67 

MK-3 

 

7.52 

MK-4 

 

8.86 

 

 A3.2. Hysteresis 

 A3.2.1 Hysteresis Methods 

 The hystereses of MK films were performed on a NIMA trough (Teflon) with Teflon block 

barriers. The injection volumes of 2 mM MK varied based on the ability to generate a surface pressure 

greater than 1 mN/m. MK-1 required an injection of 400 µL (800 nmol), MK-2 required a 60 µL (120 

nmol) injection, and both MK-3 and MK-4 required a 40 µL (80 nmol) injection. As with the compression 

isotherms, films were allowed to equilibrate for 15 minutes before hysteresis. Films were compressed 

at a speed of 10 mm/min until a surface pressure between 6 and 8 mN/m. Compression was paused 

for one second, then expansion proceeded at a speed of 10 mm/min until a surface pressure of 1 

 
e This material is published in the International Journal of Molecular Sciences. 
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mN/m was achieved. This compression/expansion cycle was repeated until the trough ran out of area 

for compression. 

 

Figure A3.2.1. Hysteresis of pure MK films as a function of surface pressure (mN/m) vs film area 
(cm2). Panels are representative of (A) 800 nmol of MK-1, (B) 120 nmol of MK-2, (C) 80 nmol of MK-
3, and (D) 80 nmol of MK-4. 
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A3.3 Visualization of Compression Modulus Terminology 
 

 

Figure A3.3.1. A representative compression isotherm demonstrating and visualizing the different 
behavioral phases that are observed and described in Langmuir monolayer studies. 

 

A3.4. Compression Modulus Analysis 

A3.4.1. Compression Modulus Methods 

The compression modulus of each average was calculated according to Equation A3.1, where 

Cs
-1 is the compression modulus, A is the area per molecule (Å2), and π is the surface pressure. 

CS
-1=-A( dπ

dA
)
T
                                                                                                                      Equation A3.1 

The first derivative of the surface pressure with respect to the area at a constant temperature was 

calculated in Origin 2021 and smoothed with a second degree polynomial Savitsky-Golay function 

(500 points per window). The first derivative was then multiplied by the negative of the area and 

graphed versus surface pressure in Origin 2021. 



118 
 

A3.4.2. Interpretation 

The calculated compression modulus showed phase transitions and changes in monolayer 

compressibility (Figure A3.4.1). The maximum compression modulus (highest point of the curve) may 

be used to indicate the state of the film (such as liquid or solid). These states are thought of as a range 

as opposed to one indicative value.1 For example, a maximum compression modulus between 50 and 

100 mN/m is indicative of a liquid condensed film. The values obtained in Figure A3.4.1 mixed 

phospholipid:MK films are either liquid or liquid-expanded. A general trend for DPPC films mixed with 

MK is that the maximum compression modulus decreased with increasing MK homologue 

concentration, indicating a more fluid film. Likewise, increasing MK concentration suppressed the gas-

liquid phase transition peak between 0 and 10 mN/m. The DPPE:MK films all demonstrated decrease 

in maximum compression modulus as the molar fraction of MK increased, similar to DPPC. Despite 

errors (Figures A3.4.2 and A3.4.3), the overall trend of decreased compression modulus with 

increased MK fraction is clear. 
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Figure A3.4.1. Compression modulus (𝐶𝑆−1) versus surface pressure (mN/m) of DPPC (left column) 
and DPPE (right column) and phospholipid:MK films. Panels A) and B) are MK-1, C) and D) are MK-
2, E) and F) are MK-3, and G) and H) are MK-4. Solid black curves represent pure lipid, red dashed 
curves represent 75:25 phospholipid:MK, blue dotted curves represent 50:50 phospholipid:MK, green 
dash-dot curves represent 25:75 phospholipid:MK, and purple dash-dot-dot curves represent pure 
MK. 
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Figure A3.4.2. Representative compression modulus versus surface pressure plots demonstrating 
experimental trials versus calculated averages of A) DPPE, B) 75:25 DPPE:MK-3, C) 50:50 DPPE:MK-
3, D) 25:75 DPPE:MK-3, and E) MK-3. These plots demonstrate that the average curve is a decent 
representation of compression modulus data. 
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Figure A3.4.3. A representative compression modulus versus surface pressure graph in which all 
experimental trials of the DPPE:MK-3 monolayers were transformed into compression modulus and 
plotted versus surface pressure. This demonstrates that while there may be large error, an overall 
trend of increased compressibility (decreased compression modulus) is identifiable. 

A3.5. Ideal Mixing 
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Figure A3.5.1. Ideal mixing of 75:25 phospholipid:MK films compared to experimental DPPC films are 
in the left column. DPPE films are in the right column. A) and B) show MK-1 mixed films, C) and D) 
show MK-2 mixed films, E) and F) show mixed MK-3 films, and G) and H) show mixed MK-4 films. 
Solid black curves are pure phospholipid monolayers. Blue dotted curves represent experimental 
75:25 phospholipid:MK films. Solid red curves represent calculated ideal mixed films. Purple dash-dot 
curves represent pure MK films. 
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Figure A3.5.2.  Ideal mixing of 25:75 phospholipid:MK films compared to experimental DPPC films 
are in the left column. DPPE films are in the right column. A) and B) show MK-1 mixed films, C) and 
D) show MK-2 mixed films, E) and F) show mixed MK-3 films, and G) and H) show mixed MK-4 films. 
Solid black curves are pure phospholipid monolayers. Blue dotted curves represent experimental 
25:75 phospholipid:MK films. Solid red curves represent calculated ideal mixed films. Purple dash-dot 
curves represent pure MK films. 



124 
 

 

A3.6. Labeling and Nomenclature 

The IUPAC name of MK-4 is 2-methyl-3-(3,7,11,15-tetramethylhexadeca-2,6,10,14-

tetraenyl)naphthalene-1,4-dione. The labeling scheme is provided below in Figure A3.4.1. This differs 

from the labeling scheme in the main manuscript as we used the UQ scheme (Figure A3.4.2) for easier 

comparison. 

 

Figure A3.6.1. IUPAC labeling of MK-4. 

 

Figure A3.6.2. IUPAC labeling of UQ molecules. 
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Appendix IV: Supporting Information for Chapter 4 

A4.1. Area Values at Physiological Surface Pressure1 of Langmuir Monolayers 

Table A4.1.1. Area values of monolayers with PZA present at pH 7.4. The selected surface 
pressures are physiological. An * denotes the value is significantly different from the control at p < 
0.05. 

Concentration of 
PZA (mM) 

Surface Pressure 
(mN/m) 

Area per Molecule – 
DPPC (Å2) 

Area per Molecule – 
DPPE (Å2) 

0 
30 57.9 ± 0.7 52.2 ±0.7 
35 56.7 ± 0.6 50.9 ± 0.7 

0.1 
30 57 ± 1 52.2 ± 0.7 
35 56.2 ± 0.9 51.4 ± 0.7 

1 
30 58.2 ± 0.3 52.3 ± 0.6 
35 57.2 ± 0.2 51.2 ± 0.5 

10 
30 58.6 ± 0.9 51.9 ± 0.7 
35 57.8 ± 0.8 50.7 ± 0.8 

 

Table A4.1.2. Area values of monolayers with POAC present at pH 7.4. The selected surface 
pressures are physiological. An * denotes the value is significantly different from the control at p < 
0.05. 

Concentration of 
POAC (mM) 

Surface Pressure 
(mN/m) 

Area per Molecule – 
DPPC (Å2) 

Area per Molecule – 
DPPE (Å2) 

0 
30 54.8 ± 0.7 55 ± 1 
35 53.3 ± 0.7 53 ± 1 

0.1 
30 54 ± 1 54.0 ± 0.6 
35 52.8 ± 52.8 ± 0.6 

1 
30 54.4 ± 0.6 52.9 ± 0.6 
35 53.2 ± 0.6 51.6 ± 0.5 

10 
30 56.4 ± 0.3* 53.4 ± 0.7 
35 54.9 ± 0.3* 51.9 ± 0.7 

 

Table 4.1.3. Area values of monolayers with a mix or POAN and POAC at pH 5. The selected surface 
pressures are physiological. An * denotes the value is significantly different from the control at p < 
0.05. 

Concentration 
of POAN/C  (mM) 

pH Surface Pressure 
(mN/m) 

Area per Molecule 
– DPPC (Å2) 

Area per Molecule 
– DPPE (Å2) 

0 5 
30 56.4 ± 0.7 54.4 ± 0.5 
35 55.1 ± 0.7 52.9 ± 0.5 

0.1 5 
30 53.7 ± 0.6* 56.5 ± 0.5* 
35 52.3 ± 0.5* 52.3 ± 0.4* 

1 5 
30 53.9 ± 0.4* 56.0 ± 0.5* 
35 52.3 ± 0.4* 55.7 ± 0.2* 

10 5 
30 55.3 ± 0.7 57.2 ± 0.3* 
35 53.9 ± 0.7 53.1 ± 0.4* 
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Table A4.1.4. Area values of monolayers with a mix or POAN at pH 3. The selected surface 
pressures are physiological. An * denotes the value is significantly different from the control at p < 
0.05. 

Concentration 
of POAN  (mM) 

pH Surface Pressure 
(mN/m) 

Area per Molecule 
– DPPC (Å2) 

Area per Molecule 
– DPPE (Å2) 

0 3 
30 52.2 ± 0.1 51.5 ± 0.4 
35 51.11 ± 0.09 50.6 ± 0.4 

0.1 3 
30 53 ± 1 57.3 ± 0.6* 
35 51 ± 1 55.7 ± 0.6* 

1 3 
30 53.8 ± 0.3* 53.2 ± 0.5* 
35 52.5 ± 0.3* 52.0 ± 0.5* 

10 3 
30 52.1 ± 0.4 55.2 ± 0.7* 
35 50.8 ± 0.3 53.1 ± 0.6* 

 

A4.2 1H Spectra of PZA and POA in Different w0 Reverse Micelles 

 

Figure A4.2.1. Full 1H NMR spectrum of 100 mM POA at pD 6.96 in D2O. 
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Figure A4.2.2. An example full 1H NMR spectrum of a w0 16 RM containing POA at pD 6.96. A zoom-
in of the aromatic region is provided. 

A4.3. Determination of pKa by 1H 1D NMR 

The procedure for determining pKa was adapted from Gift et al. 2012.2 Briefly, chemical shift 

was plotted against pD for each proton. Curves were then fit using a sigmoidal function (Boltzmann) 

in Origin 2021. The first derivative was then taken of the fit to determine the point where the slope was 

the steepest. Figure A4.3.1 gives a visual demonstration. 
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Figure A4.3.1. A demonstration of how pKa was calculated for 100 mM POA in D2O. Points were fit 
with a Boltzmann sigmoidal fit. The first derivative was then taken. The smallest value in the derivative 
was representative of the steepest slope, which is correlated to pKa. 

 

 

Figure A4.3.2. Proton NMR chemical shifts of 100 mM PZA in D2O, demonstrating no significant 
change in chemical shift with a change in pD of the stock solution.  
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Figure A4.3.3. Proton NMR chemical shifts of 100 mM POA in D2O. Each spectrum was recorded at 
a different stock pD. 

 

 

Figure A4.3.4. Proton NMR chemical shifts of 100 mM POA in w0 20 AOT/isooctane (0.75 M) 
reverse micelles. Each spectrum was recorded with stock solutions of differing pD. 
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Figure A4.3.5. Proton NMR chemical shifts of 100 mM POA in w0 16 AOT/isooctane (0.75M) 
reverse micelles. Each spectrum was recorded with stock solutions of differing pD. 

 

Figure A4.3.6. Proton NMR chemical shifts of 100 mM POA in w0 12 AOT/isooctane (0.75 M) reverse 
micelles. Each spectrum was recorded with stock solutions of differing pD. 
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A4.4. Fluorescence Studies 

To test the validity of the fluorescence leakage assay, different concentrations of Triton X-100 

were used to induce leakage. A linear fit of the data was calculated in Origin 2021. A positive linear 

relationship of fluorescence intensity vs concentration was found with an R2 of 0.92, thus validating 

the method. 

Table A4.4.1. Exact amounts of each component added to the liposome solution for leakage 
experiments. 

Drug Concentration 

(mM) 

Liposome Solution 

(µL) 

POA/PZA Solution 

(µL) 
Buffer Solution (µL) 

0.10 mM 500 µL 10 490 

0.25 mM 500 µL 25 475 

0.50 mM 500 µL 50 450 

0.75 mM 500 µL 75 425 

1 mM 500 µL 100 400 

1.5 mM 500 µL 150 350 

2 mM 500 µL 200 300 

3 mM 500 µL 300 200 

5 mM 500 µL 500 0 
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Appendix V: Location of menaquinone and menaquinol headgroups in model membranes 

This is the manuscript that corresponds to Chapter 2 and is published in the Canadian Journal 

of Chemistry.1 
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Appendix VI: Interactions of Truncated Menaquinones in Lipid Monolayers and Bilayers 

 This manuscript corresponds to Chapter 3 and is published in the International Journal of 

Molecular Sciences.1 
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Appendix VII: Investigating Substrate Analogues for Mycobacterial MenJ: Truncated and 

Partially Saturated Menaquinones 

 This manuscript contains Langmuir monolayer data previously reported in Biochemistry.1 This 

data was incorporated in the comparison of MK-1 through MK-4 presented in Chapter 3. 
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Appendix VIII: Structure Dependence of Pyridine and Benzene Derivatives on Interactions 

with Model Membranes 

 This manuscript discusses the interactions of hydrophilic structural analogues with model 

membranes and is published in Langmuir.1 Although C. Van Cleave partook in this work, it was 

presented in the thesis of Benjamin J. Peters.
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Appendix IX: The First-Row Transition Metals in the Periodic Table of Medicine 

 This manuscript is a review of the uses of first-row transition metals in medicine and is 

published in Inorganics.1  
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Appendix X: The Interfacial Interactions of Glycine and Short Glycine Peptides in Model 

Membrane Systems 

 This manuscript is published in the International Journal of Molecular Science.1 

Van Cleave partook in this work, but it was previously used in Kaitlin A. Doucette’s thesis.
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Appendix XI: Permissions for Figures 

 Permissions for figures reproduced in Chapter 1. 
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LIST OF ABBREVIATIONS 
 

AOT – aerosol-OT, dioctyl sulfosuccinate (Chapter 1, Chapter 2, Chapter 4) 

CDCl3 – deuterated chloroform (Chapter 2) 

CF – 5(6)-carboxyfluorescein (Chapter 4) 

CT – terminal carbon (Chapter 3) 

DCl – deuterated hydrochloric acid (Chapter 2, Chapter 4) 

D2O – deuterium oxide (Chapter 2, Chapter 4) 

DLS – dynamic light scattering (Chapter 2, Chapter 4) 

DMSO – dimethylsulfoxide (Chapter 2) 

DPPC – 16:0 PC, dipalmitoylphosphatidylcholine (Chapter 1, Chapter 2, Chapter 3, Chapter 4) 

DPPE – 16:0 PE, dipalmitoylphosphatidylcholine (Chapter 1, Chapter 2, Chapter 3, Chapter 4) 

DTT – dithiothreitol (Chapter 2) 

HCl – hydrochloric acid (Chapter 2, Chapter 3, Chapter 4) 

MD – molecular dynamics (Chapter 3) 

MDL – menadiol (Chapter 2, Chapter 5) 

MEN – menadione (Chapter 2, Chapter 5) 

MeOD – deuterated methanol (Chapter 2) 

MK – menaquinone (Chapter 1, Chapter 2, Chapter 3, Chapter 5) 

NaOD – deuterated sodium hydroxide (Chapter 2, Chapter 4) 

NaOH – sodium hydroxide (Chapter 2, Chapter 3, Chapter 4) 

NOESY – nuclear Overhauser effect spectroscopy (Chapter 2) 

NMR – nuclear magnetic resonance (Chapter 1, Chapter 2, Chapter 3, Chapter 4, Chapter 5) 

POA – pyrazinoic acid (Chapter 1, Chapter 4, Chapter 5) 

POAC – neutral species of pyrazinoic acid (Chapter 4) 

POAN – charged species of pyrazinoic acid, pyrazinoate (Chapter 4) 

POPC – 16:0-18:1 PC, phosphatidylcholine (Chapter 3) 

PZA, pyrazinamide (Chapter 1, Chapter 3, Chapter 5) 

ROESY – rotating-frame Overhauser effect spectroscopy (Chapter 2) 

RM – reverse micelle (Chapter 1, Chapter 2, Chapter 4, Chapter 5) 

UQ – ubiquinone (Chapter 3, Chapter 5) 

UV-vis – ultraviolet-visible light spectroscopy (Chapter 2) 

 


