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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.



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.2 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.* It is crucial for cell signaling, signal
transduction, and overall homeostasis of the cell.*5 Structurally, it consists of a dynamic lipid bilayer
approximately 5 nm thick interspersed with various proteins (Figure 1.1).57 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.”-°
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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."

Given the various functions and processes related to the cell membrane, such as signal
transduction,* 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.!" 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.'?'* 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).'5 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.'®'” 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.'®



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.’® They are commonly used in solution NMR to study
interactions of molecules with charged lipid headgroups.'®2° They have even been used to perform

NMR studies of membrane proteins and their structures.?'-??

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

1.3.22¢

Bulk water

Figure 1.3. A cartoon of a wp 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 wo= [H20]/[surfactant].?* 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



molecules in the interface may all be investigated with RMs.2628 RMs are also useful to study the

behavior of proteins and other molecules under confinement.2%-31

1.3.5. Langmuir Monolayers

The material properties of the cell membrane play a key role in cell function.3? 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 19" 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.?” 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.* 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.



A) DPPC B) DPPE

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.3% This allows for
morphological studies such as atomic force microscopy.36-3” 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 a,B-unsaturated ketones with numerous
biological uses.*? 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,*® while plastoquinones are typically found in plants.** Menaquinones (MK), the

class of lipoquinones of interest in this dissertation, are generally found in Gram-positive prokaryotes



such as Mycobacterium tuberculosis.*> 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.*3 For example, the homologue with four unsaturated units is known as MK-4.

@) @)

0 P = ] o }
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A) Ubiquinone B) Plastoquinone C) Menaquinone (MK)

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

Unlike ubigquinone, MK homologues are very hydrophobic. This makes biological studies
difficult as they cannot be studied in aqueous-based assays.*® 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.*®
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.% 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.5'
52 Therefore, if a pH gradient exists, the neutral form may diffuse across the bilayer and then be
deprotonated in the cytosol.5" 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 Membranes?

1. Introduction

Lipoquinones are an essential group of lipids that act as electron transfer donors and acceptors
within the electron transfer complex.’2 One type of lipoquinone typically associated with prokaryotes
is menaquinone (MK), which has a naphthoquinone headgroup, as well as an isoprenyl side chain.36
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.” Other MK homologues have been reported to have potent biological properties such as
antiseizure activity in model organisms.81° The native electron transport lipoquinone of Mycobacterium
spp., specifically M. smegmatis and M. tuberculosis, is MK-9 with a reduced B isoprene unit
(abbreviated as MK-9(lI-Hz), Figure 2.1A).""-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 agueous assays complicate analyses of these molecules.® Considering the challenges
of working with the native systems, we have initiated studies with truncated MK derivatives that are
slightly water soluble.'-8 13 Their simpler and less hydrophobic structures allow for characterization of
how these MK systems interact with membrane interfaces and elucidation of their conformations.5 '3
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.! 13

@ This manuscript is published in full or in part in the Canadian Journal of Chemistry.
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A) Menaquinone-9 (MK-9)
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Figure 2.1. Structures for (A) menaquinone (MK-9(1l-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.'#
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 monolayers'’-'® and microemulsions.®-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.! 2! 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
AQT), an organic solvent (isooctane), and water.?>?* This system forms self-assembled structures
with an interface resembling that of a charged membrane,’® 2527 making it a very useful tool for
studying the interactions and potential penetration of naphthoquinone and naphthoquinol

headgroups.' '8 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.2829

Langmuir monolayer

Bulk water

B) Reverse micelle

Stern layer/
interfacial
water

Water pool

Tail region

* Non-polar solvent

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.® 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.'* 3" 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.3?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.'- 34
Chloroform (299.5%), dithiothreitol (DTT), monosodium phosphate (299.0%), disodium phosphate
(299.0%), sodium hydroxide (=298%), 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.?® 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 MQ 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.' 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 umol) of
MEN in 100 mL of DDI water (18.2 MQ) until dissolved, approximately 10 min. A solution of 0.10
mmol/L MDL (pale purple powder) was made by sonicating 17 mg (10 pmol) 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 umol)
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, [VOxdipic]~ complex, possibly because the former imparts
greater solid-state interactions, which decrease the solubility.3¢
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 wp 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 MQ). 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 pL of phospholipid stock
solution (28 ng of DPPC) was added to the surface of the subphase in a dropwise manner using a 50
puL 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 uL 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 MQ) 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 1
is the surface pressure, yo is the surface tension of water (72.8 mN/m), and y is the surface tension at

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

T=Yy—Y 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 H20 (or D20), the AOT/isooctane RM samples were

prepared by dissolving MEN directly into a mixture of AOT in isooctane followed by the addition of
D20. A 0.5 mol/L stock solution of AOT in isooctane was prepared by dissolving 5.56 g, 12.5 mmol
AQT 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 D20 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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D20 were added to prepare samples with wo4, wo 8, wo 12, wp 16, and wo 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:D>O samples were prepared similarly to the DO samples
in a 10 mL volumetric flask adding first MeOH (7.0, 8.0, and 9.0 mL) followed by D»O to make up the
10 mL volume (note that MeOH:D>O 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 ymol in 1.00 mL mixed solvents). As MDL
was poorly soluble in aqueous and D20 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 pymol) 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 "H NMR Spectroscopic Studies of AOT/Isooctane RM Samples

One-dimensional (1D) '"H NMR spectra of MEN and MDL in D20, organic solvent, and RMs.
Two-dimensional (2D) 'H NMR studies of MEN and MDL were carried out in organic solvent and RMs
as reported previously.?® The parameters to record the NOESY and ROESY spectra were recorded

using parameters reported previously.'
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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 D20. 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 Il, 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.
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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.
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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.®-% 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 m—11 stacking in the agueous
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 A2 (0—10 mN/m), which is in
accordance to the literature for the amount of lipid added.®” 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 Il, 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.®” 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,®® though the physical properties of the lipid or surfactant will have an effect on
distribution of the molecule of interest.*® 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 D20 that a 'TH 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—Hq). 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 '"H NMR spectrum in DO

and in an organic solvent such as isooctane, as shown in Figure 2.6.
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Figure 2.6. '"H NMR spectra of MEN in de-DMSO, MeOD, ds-benzene, CDCls, and D20.

3.3.2 MDL in Microemulsions

The 'H NMR of MDL were recorded in a number of solvents including D-O, MeOD, ds- DMSO,
de-benzene, and CDCI3, 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 D20, de-
benzene, and CDCls required incubation overnight or sonication and agitation. As a result, for the MDL
samples in ds-benzene, D20, and CDCls, the NMR solvent was added to solid MDL in the NMR tube
and the 'H 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 'H 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.
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Figure 2.7. '"H NMR spectra of MDL in de-DMSO, MeOD, ds-benzene, CDCls, and D20. The signals
for MEN beginning to form in these spectra are labeled with an asterisk (*).

MDL was very soluble in ds-DMSO and MeOD. As shown in Figure 2.8, the MDL oxidized less
rapidly in ds-DMSOQO. The data for ds-benzene, CDCls, and D20 are given in Appendix Il. 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. 'H 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) de-DMSO and (B) MeOD. The increase in the 'TH 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 wo 12 RMs were collected to assess oxidation of MDL to MEN in the
RM system. As with the agueous 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.
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Figure 2.9. UV-vis spectra of solid MDL dissolving into a wo 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

H 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 wy sizes were varied from wo 4 to wo 20.
The 1D 'H 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 Hy 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.

w,20 Ho/H, 'j:d j
w,16
M I\
w,14
. .
w,8
’ M . I
wy4
M M o
H./H
Isooctane Ha/Hy Jf/‘\t d H.
A, A
D,0 H./H, H./Hq H,
VN
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
1 (ppm)

Figure 2.10. Partial 'H NMR spectra of MEN in AOT/isooctane RM ranging from wy from 4 to 20. The
"H NMR spectra of MEN in D20 and in isooctane are shown for comparison and demonstrate that the
AQOT/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 Il) 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 Hy, which serves as an internal control. Weak signals between Ha/Hp, He/Hg,

and He with AOT protons Hi and Hs and part of the AOT CHz and CHjs tail groups (Hs-H1o, Hz-H1o,
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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.

I/| __AOTCH
A) H1 " }d L—goth B) i i UHELE Iso GH, ~
: s [ "SS-AOT CH, A * \W S nao0T CH,
| | |0 peetsocH | | leq 150 CH,
|
H, = W — N les j :
L ~= b 6.8
| 70 H, ;
! 72 \ 7.0
. ‘ 7.4 i 7.2
e | bt -
38 T Hy <—=iff=— =
Hu/Hy -+ Sl 0 | | 78
8.2 i
0 = 8 8.0
- HH, <= -
8.6 g 8.2
8.8 ‘ |84
8 7 6 5 4 3 2 1 8 7 L] 5 4 3 2 1
2 (ppm) f2 (ppm)

Figure 2.11. Partial 'H-'H 2D (A) NOESY and (B) ROESY NMR (400 MHz) spectra of MEN inside wo
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 D20, an alternative co-solvent in the RM “water
pool” based on MeOH/H20 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,**> we chose to use the mixtures
with high concentrations of MeQOD for better comparison with previous studies. 1D NMR studies were
recorded of MDL in MeOD:D20O 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:D>O 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 wy changed (data not shown), we concluded
that the MDL penetrated or associated with the interface in these MeOD:D>O/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:D>O 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 wo 16 sample in 70:30 MeOD:D>O 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.
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Figure 2.12. Partial 'H-'H 2D (A) NOESY and (B) ROESY NMR (500 MHz) spectra of MDL and MEN
in a 70:30 MeOD:D20 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 Hy 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.

3.5DLS
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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 Il, Table A2.3.1.

4. Discussion

MK is an important electron transport donor and accepter for bacteria, particularly pathogens
like the Mycobacterium genus.® - 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 ubiquinone# 3044 while a few
published computational studies have mentioned MK.*®> 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.® 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 [VOz(dipic-OH)] and [VOdipic]
complexes.®® 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.®® 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.®”-38 Qur 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.®® Our studies also confirm that the lipid environment impacts the location

and interaction of MEN in model membranes.4°

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 'H 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.*® 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 Bilayers®

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.’* MKs consist of a naphthoquinone headgroup
and an isoprenoid side chain of varying length (Figure 3.1).4® We have previously found that MK’s
structure allows it to fold into different molecular shapes depending on environment and side chain
length.8” MKs must be membrane-associated to function in the ETS,"® 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.®'" 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, % 1617 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.® '8

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.81°
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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.?%2! 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.?? 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),2® when the UQ molecules were compressed into the hydrophobic phospholipid tails.?*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.?”8 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.?” 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 (299.5%), monosodium phosphate (299.0%), disodium phosphate (299.0%),
sodium hydroxide (298%), hydrochloric acid (37%), and menaquinone-4 (MK-4, menatetrenone,
vitamin Kz) 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.57: 29
Distilled deionized (DDI) water was obtained by filtering distilled water through a Millipore water

purification system, obtaining a resistance of 18.2 MQ.

2.1.2 Instrumentation
The Langmuir monolayers were studied using a Kibron pTrough 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 HCI 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 MQ). 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 yL of phospholipid stock solution (20 nmol of lipid) was
then added to the surface of the subphase in a dropwise manner using a 50 yL 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 MQ) before each experiment. The ribbon barrier was rinsed with
isopropanol followed by ethanol and then water. The surface tension was monitored via Wilhemy plate
technigue 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 1 is the surface pressure, yo is the surface
tension of water (72.8 mN/m), and y is the surface tension at a given area per phospholipid after the

monolayer has been applied.
T=y, -y 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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2.3.3 Ideal Mixing Calculations

The ideal mixing was calculated at every 1 mN/m of surface pressure with Equation 3, where
A is the ideal mixed area (A2), xuk is the mol fraction of MK, Auk is the area per molecule (A2) of the
control MK monolayer, xpL is the molar fraction of DPPC or DPPE, and Ap. is the area per molecule

(A2) 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.?” 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.3® 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 3! and the CHARMM36 force-field.2>33 Parameters for MKs were
obtained by us previously.?”-28 Water was described by TIP3P 3* and the NPT ensemble was used.

Temperature was kept at physiological temperature (37 C, 310 K) with a Bussi thermostat 2 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 3¢ with a coupling constant of 1 ps and a compressibility of 0.5 1075 bar™'. 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.®® 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.”- 442 We have
previous reported compression isotherms of mixed films in terms of area per molecule for MK-1 and
MK-2.57 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).” 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.” 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.*3
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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 A2molecule. Hysteresis studies were therefore performed
on pure MK films to determine stability (see Appendix Ill). 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.® 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 pm. 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. Allimage
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.** 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 Ay is the normalized area per phospholipid (A2), A is the measured area per

molecule (A2), and x is the molar fraction of phospholipid (0, 0.25. 0.5, or 0.75, or 1).
An=A(X) (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.t”
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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.#546 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.?* 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 Il (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.® 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 CHARMMS36 force field

where the parameters for menaquinones developed previously.?”-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) lllustration of the monolayer system with a mix of phospholipid (pink) and
MK 9grey). B) lllustration 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 (8350-750 ns) was used, which may not be enough time to

sample the water-phospholipid partition process.®

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,?”
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).2”"2 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.?”-28
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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 sp?
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 sp?
hybridization of C8. The bond angle was often + 120°, indicating folding, but the trans (180°, extended)

configurations are also present in Figure 3.10B.

A 90°

-90°

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.?”

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 CHs-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 CHs 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 (£ 60°, 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.
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Figure 3.11. Plots of the distance between the terminal CH3s 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.
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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 A).
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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.*’#8 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.*”> 4 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.®® DPPE is found in bacterial cells and is only a minor component in
mammalian cells, such as in the inner leaflet of eukaryotic cells.>'-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.>* Compression
isotherms in this manuscript were accordingly run at 25 °C to maintain the distinct phases of DPPC,

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

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 A2molecule 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.?®
Although simulations of Langmuir monolayers are possible,%¢ they would require an extensive
reparameterization and testing of the force-field used for simulations?’-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,?’-?8 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.%” 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.?”
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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.?’?® 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.%8 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 MK-2 > MK-4 > MK-1 > MK-3

based on the increase in monolayer area

between 30-35 mN/m

MK headgroup location relative to the bilayer MK-1 ~ MK-2 ~ MK-3 ~ MK-4
midplane
Longest average distance from CT to MK-4 > MK-3 > MK-2 > MK-1

naphthoquinone headgroup

Frequency of CT residing within 0.6 nm of the MK-1 > MK-2 > MK-4 > MK-3

naphthoquinone headgroup

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.'”> %° 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.'" %8

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.®” 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.2+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-2.57 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,'" ¢ but not necessarily at concentrations found in most other
organisms.® 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 Cells®

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,
2 though the mechanism of action remains under discussion.?® Regardless, both PZA and POA must
interact with the cell membrane for uptake.®® In the case of POA, such interactions are important
because it has been demonstrated to be a protonophore in vivo.'®'" Therefore fundamental molecular
interactions with lipids and membranes are of interest.'?'3 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.'® Since there are several different routes by which drugs

enter cells, including active and passive transport studies, exploring drug-lipid interactions is of

interest.415
A) Dipicolinic Acid B) Isoniazid (IHN) C) Benzoic Acid
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Figure 4.1. The structures and pKi'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."3

¢ This manuscript is in preparation for Langmuir.
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Recently, POA has shown pH-dependent activity in vifro as well as activity as a
protonophore.’®'" 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 '® 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.!" 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.’®20  We used the phospholipids dipalmitoylphosphatidylcholine (DPPC) and
dipalmitoylphosphatidylethanolamine (DPPE) to represent both mammalian and bacterial
membranes, respectively.2'?* 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.® 2526 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 'H-'H 2D NMR in
reverse micelles, similar to POAn and POAc.” 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.?’-?8 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.?®
80 The environments in the RMs can change by varying the sizes represented by wy = [AOT]/[H20] as
well as changes in pH to report on the compound interface association. When studied with 'TH NMR,
detailed molecular information on the location of the probe molecule within the interface can be
obtained.”®
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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.3!

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 (299.5%),

monosodium phosphate (299.0%), disodium phosphate (299.0%), citric acid (299.5%), sodium citrate
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dihydrate (>99%), sodium chloride (299.0%), sodium hydroxide (=98%), hydrochloric acid (37%), 2-
pyrazincarboxamoide (pyrazinamide, PZA, 298.0%), 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-a-phosphatidylcholine (from egg yolk, Type XVI-E, 299%), 5(6)-carboxyfluorescein
(295%), and HEPES (299.5%), 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 (D20, 299%) was purchased from Cambridge Isotope laboratories. Aerosol-OT (AOT,
dioctyl sulfosuccinate sodium salt, 299.0%) was purchased from Sigma Aldrich and purified with
charcoal as previously described.? Distilled deionized (DDI) water was obtained by filtering distilled

water through a Millipore water purification system, obtaining a resistance of 18.2 MQ.

2.1.2 Instrumentation

The Langmuir monolayers were studied using a Kibron pTrough XS (stainless steel) equipped
with a Teflon ribbon barrier. All 'TH 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 HCI or NaOH. POA solutions were adjusted to pH 3.00, pH 5.00, or pH 7.40 +
0.02 with 1 M HCI or NaOH.
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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 MQ). 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 puL of phospholipid stock solution (20 nmol of lipid)
was then added to the surface of the subphase in a dropwise manner using a 50 uL 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 MQ) 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 17 is the surface pressure, yo is the surface tension
of water (72.8 mN/m), and y is the surface tension at a given area per phospholipid after the monolayer
has been applied.
T=Yy-VY 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.

77



2.2.5 Compression Modulus Analysis

The compression modulus of each average was calculated according to Equation 2, where C's1 is the

compression modulus, A is the area per molecule (A2), and T is the surface pressure.

Ci = -A(j—:)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 'H NMR of Reverse Micelles

2.3.1 Preparation of Aqueous Solutions and Reverse Micelles

Solutions for studies by 'H NMR are done in D20, therefore the measured pH values are
adjusted to pD with pD = pH — 0.4.3% 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 D20. Stocks were then aliquoted into 2 mL samples. Each
sample was brought to a different pD (pH = pD + 0.4) with 0.1 M DCI 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 pK..

A 750 mM stock solution of purified AOT in isooctane was prepared by dissolving 8.34 g (18.8
mmol AQOT) 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 D-O were added to
AQOT/isooctane solution samples of sizes wp 12, wp 16, and wp 20, where wp = [H20])/[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) 'H NMR spectra of PZA and POA were conducted in both D-O and
RMs. Spectra were obtained using standard parameters (1 s relaxation time, 25T, and 45° pulse
angle).® 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 3233

2.4 Dynamic Light Scattering

DLS experiments were done to verify that the RMs were formed using methods described
previously.® 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. 2017.3* 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 H20. 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 H20. The buffer was then adjusted to pH 6.5 with 1.0 M NaOH and 1 M H>SOa.

2.5.2 Preparation of Liposomes

Lipid cakes were prepared by dissolving 0.20 g of L-a-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 pM 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.3®> Samples were allowed to incubate for one hour before fluorescence was measured in

triplicate. Data was collected with Aex = 492 nm and Aem = 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 POA (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)3* 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 A2 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;% 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 'H 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 wp 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 interface3® and would suggest that Ha is
associated with the interface possible near the AOT headgroup. In contrast, Hy, is a doublet at 8.84
ppm and shifts upfield as the RM size reduces. This implies that Hy, is located further up in the interface,
likely the AOT tails as reported previously.33 38 Similarly, H¢ at 8.78 ppm shifts upfield as the RM size
reduces, showing that this proton is located in a similar environment as that of Hp. 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. "H NMR spectra of 100 mM PZA in 0.75 MAOT/isooctane reverse micelles and 100%
D20O. 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, 'H 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 wp 8-
20 prepared from 0.75 M NaAOT in isooctane. When dissolved in D20 at pD 2.16 (POAn), the chemical
shift of Ha is 9.27 ppm, Hpis at 8.84, and Hc is at 8.77 ppm (Figure 4.6A). When a solution of POAN
was added to RMs of sizes wp 12-20, Hj shifts upfield, and Hy, and H¢ coalesce and shift upfield. As
described previously’ 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. "H NMR spectra of A) 100 mM POAn at pD 2.16 and B) 100 mM POAc at pD 6.96 in DO
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 wp ranging from 8
to 20. In the aqueous solution, the '"H 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.

"H 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 wp 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 t0 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 wp 16 and wp 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 Hx of 100 mM POA in D20 and 0.75 M AOT/isooctane reverse micelles
of varying sizes. Red circles represent wp 20, blue triangles represent wy 16, purples X’s represent wo
12, green diamonds represent wp 8, and black squares represent D>O. NMR spectra of the wol12, wp
16, and wp 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.67-33 These
acids were found to reside in the AOT interface using a variety of techniques, such as 'H NMR, 5V
NMR, Langmuir monolayers, RMs, and other model membrane techniques.® 8 29-30. 38 Previously,
anilinium was found to change the pKa value upon insertion into the AOT reverse micelle interface,®®
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 pKj 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 'H NMR studies suggest that POAx and POAc are
associating weakly with the interface. Studies in cellular systems show that POA is a protonophore °
and able to transport H* across a membrane, equilibrating an existing pH potential.*® 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-a-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.3! 4! 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 R? = 0.92,

thus validating the method (Figure 4.8A).
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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 (R? = 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.
POAnN 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, POA\,
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 | feel they deserve some mention. |
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). 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,?3 but | would like to see if a
more robust method for working with quinols could be developed. | have received suggestions of
degassing the water first and working under an argon atmosphere. | 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, | 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, | discussed side chain length of MKs. | 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.* While | would love to run the rest of
these compounds, it just is not feasible at this time. | 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.® 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 'H-'H NMR.56 While POPC is one of the most biologically
plentiful phospholipids, it is not found in bacteria, which use MKs in the electron transport chain.” As
such, the phospholipids DPPG, POPG, and POPE would be of use as they are common components
of bacterial cell membranes® with at least moderate ability to form liposomes when mixed together.®-
" 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 | 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.'? 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

100



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.

| do truly believe that we are starting to paint a fuller picture of how MKs work, and | can only
hope that these suggestions bear some fruit in the future. | am unsure where this will lead, but | 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 Simdes 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 'H 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 Il: Supporting Information for Chapter 2¢

A2.1. Stability UV-Vis Studies
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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.
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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.
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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 timet =0 min, B) isatt=5 min, C)isatt=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 agueous

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' is the compression modulus, A is the surface area per

molecule (A2), and T is the surface pressure (mN/m).
-1 am
Cst=—-ACD (A1)

A Savitsky-Golay smoothing function was used (2" 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.

pool” and MDL

Sample Hydrodynamic Diameter (nm)
wp 16 RM 12.8+15
wo 16 RM with MEN 126 +£1.5
wo 16 RM with 90:10 MeOH:H20 “water 145+1.6
pool”
wo 16 RM with 90:10 MeOH:H20 “water 142+1.9
pool” and MDL
wp 16 RM with 80:20 MeOH:H20 “water 142 +1.6
pool”
wp 16 RM with 90:10 MeOH:H20 “water 16.2+2.3
pool” and MDL
wo 16 RM with 70:30 MeOH:H20 “water 13.9+14
pool”
wp 16 RM with 90:10 MeOH:H20 “water 16.3 +2.1

A2.4. 1D NMR Stability Studies
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Figure A2.4.1. Stability studies of MDL in ds-benzene at time 0 (top), 1 hour (middle), and 1 day
(bottom). MEN peaks are indicated by *.
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Figure A2.4.2. Stability studies of MDL in CDCls 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 D20 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
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Figure A2.5.1. Proton labeling scheme of AOT.
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Figure A2.5.2. Full "H-"H 2D NMR NOESY NMR (400 MHz) spectra of MEN (50mM) in a wp 12 RM.
A standard NOESY pulse consisted of 256 transients with 16 scans in the f; domain using a 200 ms
mixing time and a 1.5 s relaxation delay.
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Figure A2.5.3. Full 'H-'H 2D NMR ROESY NMR (400 MHz) spectra of MEN (50mM) in a wp 12 RM.
A standard ROESY pulse consisted of 256 transients with 16 scans in the f; domain using a 200 ms
mixing time and a 1.5 s relaxation delay.
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Figure A2.5.4. Full 'H-'H2D NOESY (500 MHz) spectra of menadiol (30mM) in a 70:30 MeOD:D»0
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.
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Figure A2.5.5. Full 'H-'H2D ROESY NMR (500 MHz) spectra of menadiol and menadione (30mM) in
a 70:30 MeOD:D-O AOT RM suspension at 26°C. A standard ROESYAD pulse consisted of 256
transients with 16 scans in the f; domain using a 200 ms mixing time and a 2.0 s relaxation delay.
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Figure A2.5.6. Full '"H-'H2D NOESY (400 MHz) spectra of BEN (50mM) inside wo 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.
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Figure A2.5.7. Full 'TH-'H 2D ROESY NMR (400 MHz) spectra of BEN (50mM) inside wo 12 RM at
26°C. A standard ROESYAD pulse consisted of 256 transients with 16 scans in the f; domain using a

200 ms mixing time and a 1.5 s relaxation delay
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Appendix lll: Supporting Information for Chapter 3¢
A.3.1. Partition Coefficients

Table A3.1.1. Calculated logP values of truncated MK analogues obtained from molinspiration.com.

Analogue Structure Calculated logP
O
7
i 98 e
O
0]
Pz /
MK-2 5.67
O
o]
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 uL (800 nmol), MK-2 required a 60 pL (120
nmol) injection, and both MK-3 and MK-4 required a 40 uL (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.

(A) MK-1 (800 nmol) (B) MK-2 (120 nmol)
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Figure A3.2.1. Hysteresis of pure MK films as a function of surface pressure (mN/m) vs film area
(cm?). 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
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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
C;1 is the compression modulus, A is the area per molecule (A2), and T is the surface pressure.
A dm .
Cs —-A(J )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.
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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.! 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!) versus surface pressure (mN/m) of DPPC (left column)
and DPPE (right column) and phospholipid:MK fiims. 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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A) 100:0 DPPE:MK-3 B) 75:25 DPPE:MK-3

100 - 100 - Trial
fﬁ\\\\ “.-- A::ra e

801 / 801 9

60 - y R 60 -

40 - 40 -

20 i 20

0 1 1 1 1 1 1 él 0 1 1 1 1] 1 1 1

. 0 10 20 30 40 50 60 0 10 20 30 40 50 60
NN
Qo C) 50:50 DPPE:MK-3 D) 25:75 DPPE:MK-3
@ 100 100 -
.§ 80 - 80 -
= 60 - 60 -
.5 40 40
7 20 - 20 - N
e /\
Q_ 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
= 0 10 20 30 40 50 60 0 10 20 30 40 50 60
(@]
O E 0:100 DPPE:MK-3

100 -

80 -

60 -

40 -

20

oLy

0 10 20 30 40 50 60

Surface Pressure (mN/m)

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.
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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 A3.6.2. IUPAC labeling of UQ molecules.
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Appendix IV: Supporting Information for Chapter 4

A4.1. Area Values at Physiological Surface Pressure' 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 Surface Pressure Area per Molecule — | Area per Molecule —

PZA (mM) (mN/m) DPPC (A2 DPPE (A?)

0 30 57.9+0.7 52.2 0.7

35 56.7 + 0.6 50.9 £+ 0.7

01 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 Surface Pressure Area per Molecule — | Area per Molecule —

POAc (mM) (mN/m) DPPC (A?) DPPE (A%

0 30 54.8 +0.7 55 +1

35 53.3+0.7 53 £1
01 30 54 +1 54.0 + 0.6
' 35 52.8 + 52.8 + 0.6
] 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 pH Surface Pressure Area per Molecule | Area per Molecule
of POAnc (mM) (mN/m) - DPPC (A2 — DPPE (A?)
0 5 30 56.4+0.7 54.4+0.5
35 55.1 £0.7 52.9+0.5
01 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 pH Surface Pressure Area per Molecule | Area per Molecule

of POAN (mM) (mN/m) — DPPC (A?) — DPPE (A?

0 3 30 52.2+0.1 51.5+04

35 51.11 £0.09 50.6 + 0.4

01 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 30 521 +0.4 55.2 £0.7*

35 50.8 +0.3 53.1 £ 0.6*

A4.2 'H Spectra of PZA and POA in Different wy Reverse Micelles

HOD

2.0 11.0 10.0 9.0 80 7.0 6.0 50 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure A4.2.1. Full "H NMR spectrum of 100 mM POA at pD 6.96 in D20.
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Figure A4.2.2. An example full '"H NMR spectrum of a wp 16 RM containing POA at pD 6.96. A zoom-
in of the aromatic region is provided.

A4.3. Determination of pK. by 'H 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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9.30
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9.054

Figure A4.3.1. A demonstration of how pKa was calculated for 100 mM POA in D20. 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.

pD = 2.14

JLHa
D=325 |
A
A

pD = 4.79
pD = 7.62
pD = 9.95 e oy b
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Figure A4.3.2. Proton NMR chemical shifts of 100 mM PZA in D20, 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 D>O. Each spectrum was recorded at
a different stock pD.
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Figure A4.3.4. Proton NMR chemical shifts of 100 mM POA in wp 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 wp 16 AOT/isooctane (0.75M)
reverse micelles. Each spectrum was recorded with stock solutions of differing pD.
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Figure A4.3.6. Proton NMR chemical shifts of 100 mM POA in wp 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 R? 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 Liposome Solution POA/PZA Solution
Buffer Solution (uL)
(mM) (ML) (uL)
0.10 mM 500 pL 10 490
0.25 mM 500 pL 25 475
0.50 mM 500 pL 50 450
0.75 mM 500 pL 75 425
1mM 500 pL 100 400
1.5 mM 500 pL 150 350
2mM 500 pL 200 300
3mM 500 pL 300 200
5mM 500 pL 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.!
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Location of menaquinone and menaquinol headgroups in

model membranes

Cameron Van Cleave, Heide A. Murakami, Nuttaporn Samart, Jordan T. Koehn, Pablo Maldonado, Jr.,
Heidi D. Kreckel, Elana J. Cope, Andrea Basile, Dean C. Criclk, and Debbie C. Crans

Abstract: Menaquinones are lipoquinones that consist of a headgroup (naphthoquinone, menadione) and an isoprenyl side-
chain. They function as electron transporters in prokaryotes such as Mycobacterium tuberaslosis. For these studies, we used
Langmuir monolayers and microemulsions to investigate how the menaquinone headgroup {menadione) and the menahydrogui-
none headgroup imenadiol) interactwith model membrane interfaces to determine if differences are observed in the location of
these headgroupe in a membrane. It has been suggested that the differances in the locations are mainly caused by the izoprenyl
sidechain rather than the headgroup quinone-to-quinol reduction during electron transport. This study presents evidence that
suggests the influence of the headgroup drives the movement of the oxidized quinone and the reduced hydroguinone to
different locations within the interface. Utilizing the model membranes of microemulsions and Langmuir monolayers, it is
derermined whether or not there is a difference in the location of menadione and menadiol within the interface. Based on our
findings, we conclude that the menadione and menadiol may reside in different locations within model membranes. It follows
that if menaquinone moves within the cell membrane upon menaguincl 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 sidechain.

Key words: menaquinone, menadione, menadiol, Langmuir monolayer. reverse micelle.

Résumé : Les ménagquinones sont des lipoquinones formées d'un groupement de téte (naphtoquinone, ménadione) et d'une
chaine latérale isoprényle. Elles servent de transporteurs d*électrons dans les procaryotes tels que Mycobacterium tuberulosis. Dans
le cadre des présents travaux, nous avons employé des monocouches de La ir et des microémulsions pour étudier la
maniére dont le groupement de téte de la ménaguinone (la ménadione} et le groupement de téte de la ménahydroquinone ile
ménadiol) interagissent avec les interfaces du modéle membranaire. Cette érude avait pour but de déterminer si des différences
peuvent étre décelées quant aux endroits on ces groupements de téte se situent i I'intérieur d'une membrane. L'hypothése selon
laquelle ces différences de position seraient essentiellement attribuables & la chaine latérale plutit qu'a la réduction de la
quinone en quinol durant le ransport d°électrons a été posée. Cette étude présente des éléments qui tendent 3 démontrer que
la quinone oxydée et I"hydroquinone réduite se déplacent a des endroits différents dans la membrane cellulaire, et ce, sans
influence de la chaine latérale. & Faide de membranes modéles de microémulsions et de monocouches de Langmuir, nous avons
pu déterminer s'il y avait ou non une différence de position entre la ménadione et le ménadiol dans la membrane. Nos résultats
ont permis de conclure que la ménadicne et le ménadiol peuvent se simer & des endroits différents dans les membranes modéles.
Parconséquent, sila ménagninone se déplace dans la membrane cellulaire lorsquelle se transforme en ménaquinal, ce déplacement
est atiribuable non seulement a la chaine isoprényle, mais aussi, du moins en partie, & la différence des propriétés des interactions
entre le groupement de téte et la membrane. [Traduit par la Rédaction|

Mats-dés : ménaquinone, ménadione, ménadiol, monocouche de Langmuir, micelle inversée,

1. Introduction

Lipoquinones are an essential group of lipids that act as elec-
tron transfer donors and accepiors within the electron transfer
complex.** One wype of lipogquinone typically associated with
prokaryotes is menaquinone (MK), which has a naphthoquinone
headgroup, as well as an isoprenyl sidechain.*® The menagui-
none abbreviations are based on the naphthoguinone headgroup

and the number of isoprene groups in the sidechain. where ME-4
is a menaquinone with four isoprene units. Some of the MK deriv-
atives are known to have biological activities in humans such as
ME-4. which is important in blood coagulation.” Other MK ana-
logs have been reported to have potent biological properties such
as antiseizure activity in model organisms.*-* The native electron
transport lHpoquinone of Mycobacterfum spp., specifically M. smegmutis
and M. tuberculosis, is ME-9 with a reduced P isoprene unit {abbre-
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Fig. L Stru for (A)
headgroup menadiol (MDL).
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(MK-9{II-H,)) present in M. tuberadosis, (B) the axidized headgroup menadione (MEN), and (C) the reduced

A) Menaquinone-9 (MK-9{li-H;))

B) Menadione (MEN)
H, ©
H, H,

He C(H.)y
H, ©

viated as MK-9(II-H,), Fig. 1A).'%2 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 sidechains and their
native conformations are poorly understood. Their hydrophobic
nature and insolubility in aqueous assays complicates analyses of
these molecules.® Considering the challenges of working with the
native systems, we have initiated studies with truncated MK de-
rivatives that are slightly water soluble.’.* Their simplerand less
hydrophobic structures allow for characterization of how these
MK systems interact with membrane interfaces and elucidation
of their conformations.s** We have recently 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.'3

The MK derivatives are reduced by the electron transfer com-
plex to form their quinol counterparts. Reduced MKs are sug-
gested to interact differently with the interface compared with
oxidized MKs, based on computational and experimental studies
on MK’s counterpart, ubiquinone.’-'¢ In this manuscript, we
sought to obtain experimental evidence investigating whether
the interaction with interfaces differs between the oxidized men-
adione (MEN) and reduced menadiol (MDL) headgroups. Previous
studies of the MK derivatives with interfaces take advantage of
work with two model interface systems, Langmuir monolay-
ers”® and microemulsions.’*?° Generalized diagrams of both
model membranes and potential locations of probe molecules are
shown in Fig. 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."*! The studies with microemulsions were carried out
using a well-known model system for studying membrane inter-
face interactions, consisting of a lipid or surfactant (aerosol-OT,
abbreviated AOT), an organic solvent (isooctane), and water.?>-2¢
This system forms self-assembled structures with an interface re-
sembling that of a charged membrane,'»?>% making it a very
useful tool for studying the interactions and potential penetration
of naphthoquinone and naphthoquinol headgroups.’*¢ Both
models have been used successfully in conjunction with each
other to develop a more indepth framework of how different
biologically relevant molecules interactwith the cell membrane.?#>

Computational analysis and other studies have been carried
out, which suggest that the interactions of MK and ubiquinone
derivatives within the membrane are dictated mainly by the
length of the isoprene sidechain.® In other studies in neutral
bilayers, the naphthoquinone headgroup was important for an-
choring the lipoquinone, suggesting that the isoprene may not be
the only structural factor determining the location in the mem-
brane.'! Anchoring through a headgroup has been noted with
other molecules as well. 3233 In the following work, we examined

C) Menadiol (MDL)
Hy  OH,
He Hy
Hy CH.)y
Wy

Fig. 2 General diagrams of (A) a Langmuir monolayer and (B} a
reverse micelle (RM) micrc Ision. 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. [Colour
online.

A) Langmuir monolayer

B) Reverse micelle

Stern layer/
interfacial
water

* Non-polar solvent

the interaction of the headgroup, MEN (Fig. 1A), and the corre-
sponding reduced version, MDL (Fig. 1C), with a model membrane
interface. We hypothesize that the headgroup will interact and
penetrate into the membrane but that there are differences in
how MEN and MDL interact with the interface. These studies are
important and provide experimental evidence for the role of the
headgroup in the interaction of the MK derivatives at the cell
membrane interface.

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."** 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. Dipalmitoylphosphatidylcholine

< Published by NRC Research Press

137



b.com by COLORADO STATE UNIV LIBRARIES on 05/25/21

Oe%!::r personal use only.

Can. J. Chem, Downloaded from cdnscien

Van Cleave et al.

(DPPC. =99%) and dipalmitoylphosphatidylethanolamine (DPPE,
95%) 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.3s
The water content of the AOT was determined by NMR spectros-
copy, measuring the water content in AOT solubilized in DMSO0.
Distilled deionized (DDI) water was obmained by filtering distilled
water through a water purification system, cbtaining a resistance
of 18.2 M.

24.2, Instrumen tation

All absorprion spectra Were run on an Avantes spectrophotom-
erer (AvaSpec-USB2 with an AvaLight-DHc lamp) in 1 cm quartz
cuvettes and collecred with AfrterMath software version 1.4.7881
The Langmuir monolayers were studied using a NIMA LE Medinm
Trough (Teflon) from Biolin Scienrtific. NMR studies were con-
ducted on a Bruker Neo400 NMR. Dynamic light scatrering (DLS)
studies were performed in a Malvern Zetasizer Nano Z5 equipped
with a 623 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, 34

2.3. Stability studies with UV-vis spec

Because of the limited solubility of the oxidized and reduced
headgroups, as well as the rapid oxidation of the reduced head-
group. a number of different methods were investigated for prep-
aration of the solutions. ATTempts to sonicate the samples under
argon were not as effective as the addition of a reductant of MDL
samples.

2.3.1. Stobility in DDI water

A solution of 0.10 mmol/L MEN (yellow powder) was made by
sonicating 17 mg (10 wmol) of MEN in 100 mL of DDI water
{18.2 M1} until dissolved. approximately 10 min. A solution of
0.10 mmolfL. MDL {pale purple powder) was made by sonicating
17 mg (10 pwmol) of MDL in 100 mmol/L of DDI water for approxi-
mately 20 min. A third sample was prepared by adding 17 mg of
MDL (10 pmolj to 100 mL of DDI water, shaking for five seconds,
and removing the supernatant to observe the spectra of MDL im-
mediately 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.
Although 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 in-
crease solubility, this is mot always the case. For example, the
[VO,idipic-OH}]~ cornplex is less soluble than the parent complex,
[VO,dipic] complex, possibly because the former imparts greater
solid-state interactions, which decrease the solubiliy.

2.3.2. Svability in DDI water with a reducing agent

DTT was used to create a reducing environment to test for an
improvement in MDL stability. Due w the rapid oxidation of MDL
in water, a small amount of MDL solid was added to the bottom of
aquartz cuvette with a small amount of DTT. DDl waterwas 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 wy, 12, ADTjisooctane 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 selution
became translucent. The sample for UV-vis was prepared by dilot-

309

ing 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 added to a cuvette with solid MDL and imme-
diately 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
studies

2.41. Phospholipid and menagquinone stock solutions

Phospholipid stock solutions were prepared by dissolving
dipalmitoylphosphatidylcholine (DPPC) (0.018 g, 0.025 mmol) or
dipalmitoylphosphatidy lethanolamine (DPPE) (0.017 g. 0.025 mmaol)
in 25 ml of 5:1 chlorofo thanol {vj¥) fora final concentration
of 1.0 mmolL phospholipid. MEN stock solutions were prepared
by dissolving MEN (0.0043 g. 0.025 mmol) in 25 mL of %:1 chlo-
roformjmethancl (yvi for a final concentration of 1.0 m
MEN. Solutions with ratios of 50:50 and 2575 [phospholipid/ MEN)
were prepared in 2.0 mL glass vials and vortexed for 10 s before
each experiment.

2.5. Langmuir monolayers studies
2.51. Preparation of phospholipid Langmuir monolayers

The agueous subphase consisted of 230 mL of 20 mmolL so-
dium phosphate buffer {pH 7.4} in DDI water (18.2 M{l). The sub-
phase 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 0f 28 pL of phospholipid stock solution (28 ng
of DPPC) was added to the surface of the subphase in a dropwise
manner using a 50 pl 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 evap-
orated. The resulting phospholipid monolayer was then used for
the compression isotherm experiments.

The preparation of the Langmuir monolayer from DPPE phos-
pholipids required a higher lipid amount and the injection vol-
ume of 58 pL was compared with the DPPC solution. Solutions
with ratios of 50:50, and 2575 (phospholipidMEN) shared the
base injection volume of phospholipid plus an appropriate amount
of MEN to reach the desired ratio of phospholipid/MEN.

2.5.2. Compression isotherm surface pressure measurements of
Langmuir mnonolayers

The phospholipid monolayer was compressed from two sides
with a total speed of 10 mmmin (5 mm/min from opposite sides)
using a NIMA LE Medinm Trough from Biolin Scientific. The tem-
perature 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 Mil} 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, where aris the
surface pressure, vy, is the surface tension of water (7 2.8 mNmj),
and yis the surface tension at a given area per phospholipid after
the film has been applied.

) w=y-v

The compression moduli were calculated and are shown as de-
tailed in the Supplementary data. Each compression isotherm
experiment consisted of at Ieast three replicates, and the averages
of the area per phospholipid and the standard deviation at every
5 mMN/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
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molecule. This allowed for easier comparison with the control. The
worked-up data were transferred to OriginPro version 9.1 to be
graphed showing the variation in the measurements.

2.6. Reverse micelle (RM) solutions in AOTjisooctane

2.61.MEN

Because MEN was sparingly soluble in H,O (or D,0) the AOT/
isooctane RM samples were prepared by dissolving MEN directly
into a mixture of AOT in isooctane followed by the addition of
D,0. 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 pre-
pare 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 solu-
tion. The mixture was sonicated until MEN was fully dissolved and
then diluted to the mark. The pH ofa D,0 solution wasadjusted to
7.0 (pD = pH + 0.4). To 2 mL of the MENJAOTjisooctane stock of
solution varying amounts of pH adjusted D,0 was added to pre-
pare sampleswith w, 4, w,, 8, w, 12, w,, 16, and w,, 20 for MEN. These
samples were vortexed until clear, indicating that the micro-
emulsions were 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
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 the solid at the bottom. Due to the rapid oxida-
tion 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/D,0 samples were prepared similarly
to the D,0 samples in a 10 mL volumetric flask adding first MeOH
(7.0, 8.0, and 9.0 mL) followed by D,O to make up the 10 mL
volume (note that MeOH/D,0 decrease volume when combined,
so the values reported here overestimate the MeOH content). Sev-
eral 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 mg1.15 wmol in 1.00 mL mixed solvents). As MDL was poorly
soluble in aqueous and D,0 solutions, solid MDL was added to the
NMR tube prior to AOT/isooctane RM solution. Specifically, micro-
emulsion solutions for NMR studies were prepared by the addi-
tion of 020 mg (1.2 pmol) MDL to the tube followed by 1 mL of
AOT/isooctane RM solution. This experiment corresponded to the
addition of solid MDL to an “empty” RM. NMR spectra were col-
lected immediately.

2.6.3. '"H NMR spectroscopic studies of AOTfisooctane RM samples

One-dimensional (1D) 'H NMR spectra of MEN and MDL in D,0,
organic solvent, and RMs. Two-dimensional (2D) *H NMR studies of
MEN and MDL were carried out in organic solvent and in RMs as
reported previously.2® The parameters to record the NOESY and
ROESY spectra were recorded using parameters reported previ-
ously.!

2.7. Dynamic light scattering (DLS) studies

DILS samples were prepared similar to the RM NMR samples
described above but with the following modifications: DI water
was used in place of D,0, and once the 1 mL sample was made,
4 mL of isooctane were added to dilute the sample. Diluted sam-
ples 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 is stable in aqueous solution albeit sparingly soluble, re-
quiring agitation or sonication for dissolution. MDL, on the other

Can. J. Chem. Vol. 98, 2020

Fig. 3. Aqueous UV-vis spectra of 0.10 mmol/L MEN (black).

0.10 mmol/L MDL that was fully dissolved before analysis (red),
supernatant from a 0.1 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. Full spectra are provided in Supplementary Fig. S2.
[Colour online.]
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hand, oxidizes to MEN, so stability studies in water were con-
ducted to determine the time that the reaction takes place to
define the parameters of the experimental design. Several differ-
ent approaches to sample preparation for MDL were tested
against MEN with UV-vis spectroscopy. These consisted of dissolv-
ing 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 Fig. 3 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
Supplementary Fig. S1). The UV-vis spectra of the 0.1 mmo}/L. MDL
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sample prepared by sonication has four peaks at 198 nm, 248 nm,
261 nm, and 341 nm, which is identical to that observed for MEN
and thus documents complete oxidation by the time the solid
MDL had dissolved (Fig. 3A). 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 (Fig. 3). In addi-
tion, the peak at 194 nm had a higher intensity than the peaks at
248 nm and 263 nm, which is the opposite spectroscopic signature
for dissolved MDL. This suggests that the sample contained some-
thing other than MEN.

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 spectrophotom-
eter measured intensities accurately (Fig. 3B). These experiments
demonstrate that MDL has limited solubility and it rapidly oxi-
dizes 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 (Fig. 3) demon-
strate that even att = 0 significantly more than 0.1 mmoljL MDL
has been dissolved and oxidized to MEN. As the Langmuir mono-
layer studies take approximately 45 min for completion, where
MDLwould be exposed to bulk and interfacial water, such studies
would be examinations of MEN as opposed to MDL. Thus, Lang-
muir monolayer studies were not attempted starting from MDL
due to its rapid oxidation. Regardless, the data in Fig. 3B show that
the studies performed so far gives a spectrum identical to that of
MEN and thus confirmed that 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 oxi-
dation of MDL. Such a solution should allow for the observation of
MDL instead of MEN (Fig. 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 ofwater. This
experiment verifies the spectrum for MEN by the presence of the
263 nm signal as opposed to the MDL signals and is shown in
Fig. 4A.

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 of MDL
is different than that of the MEN. Considering that these spectra
were recorded from solid added to the quartz cuvette, the concen-
trations cannot be accurately determined unlike those shown in
Fig. 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 con-
ditions, as well as the potential effects of DTT on the monolayer
itself. Accordingly, an alternative model membrane system, mi-
croemulsions, was investigated in place of the Langmuir mono-
layer studies.

3.2. Effects of MEN on DPPE and DPPC monolayers
The effects of MEN on a Langmuir monolayer were investigated
using both DPPE and DPPC. These phospholipids were chosen as

3n

Fig. 4. UV-vis spectra showing (A) a solution of DTT (blue), a
solution formed from the addition of solid MEN and DTT (red)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. [Colour online.|
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they have been thoroughly characterized in Langmuir monolayer
systems and their biological relevance has also been character-
ized. 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.¥-*

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
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Fig. 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 2575 lipidMEN monolayers. [Colour online.|
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geranyl bromide (unpublished data), or that MEN was mr stacking
in the aqueous solution, thus preventing the formation of a film.

As shown in Fig. 5. the DPPC monolayers exhibited the expected
gas-liquid transition between 155 and 110 A? (0-10 mN/m), which
is in accordance to the literature for the amount of lipid
added.'s.* The 50:50 and 25:75 DPPC/MEN curves exhibit an over-
all 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 Sup-
plementary Fig. S5, where the compression modulus was affected
by the presence of MEN in DPPC. These observations are consis-
tent with the insertion of MEN into the monolayer.

The DPPE control curves has a shape and areas that are consis-
tent with what is reported in the literature. The cuive 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 show-
ing that the idebenonefidebenol pair remains at the water-lipid
interface,** though the physical properties of the lipid or surfac-
tant will have an effect on distribution of the molecule of inter-
est.4¢ To this effect, the physical properties of DPPC and DPPE
resulted in different interaction with MEN, which supports that
lipid composition of the cell membrane could also affect the loca-
tion of lipoquinones.

3.3. MEN and MDL in the AOT RM model membrane system

3.31. MEN in microemulsions

The solubility of MEN in aqueous solution is limited (albeit
higher than MDL’s solubility), but enough compound can be dis-
solved in D,0 that a 'H NMR spectrum can be recorded after
agitating the suspensions (Fig. 6). The aromatic protons are in a
chemical shift range well separated from the signals from the RM
surfactant with the quinone proton (H.) slightly more upfield
than the benzene protons (H_~H,). 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
'H NMR spectrum in D,0 and in an organic solvent such as isooc-
tane, as shown in Fig. 6.

3.3.2. MDL in microemulsions
The 'H NMR of MDL were recorded in a number of solvents
including D,0, MeOD, d -DMSO, d-benzene, and CDCL,, as shown
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Fig. 6. 'H NMR spectra of MEN in d -DMSO, MeOD, d -benzene,
€DCL,, and D,0.

CeDy

CDCly

D,0

in Fig. 7. The oxidation of MDL is visually observed by the colour
change of the light purple MDL to the yellow MEN. Complete
dissolution of MDL in D,0, ds-benzene, and CDCl; required incu-
bation overnight or sonication and agitation. As a result, for the
MDL samples in d-benzene, D,0, and CDCL,, the NMR solvent was
added to solid MDL in the NMR tube and the 'H 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 Fig. 7 indicate that the MDL was present in all
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,
H.. However, even by 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 Fig. 7.

MDL was very soluble in de-DMSO and MeOD. As shown in
Fig. 8, the MDL oxidized less rapidly in de-DMSO and the data for
de-benzene, CDCl5, and D,0 are given in the Supplementary data.
As illustrated in Fig. 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. 'H NMR spectra performed
as a function of time in MeOD showed that the reduced MDL
existed for about 1 h (Fig. 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-<ontaining “water pools” 442

3.3.3. Stability of MDL in RM samples

UV-vis spectra of MDL in w, 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 oxidiz ing with the first 15 min of exposure to the solution,
as shown in Fig. 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.
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Fig. 7. *H NMR spectra of MDL in d,-DMS0O, MeOD, dbenzene,
CDCl,, and D,0. The signals for MEN beginning to form in these
spectra are labeled with an asterisk (*).

H, om0
DMSO G 4 Hllm‘ l nonJ I."' ™ L
| TR l
HHe
HoHe | Y weo Moo H,
MeOD . | X =
,,,,,, S " =
HyHy M.
CoDs “. a rl i J
TH,| O
\ H. Ha H
wa, NI e )

3 £
H' }m L
H,/Hy HoHy H,
0,0 4AH_L i o

A

100 90 80 70 60 50 40 30 20 10 00
1 (ppm)

Fig. 8. Spectra recorded of MDL as a function of time in solvents
where it is readily soluble such as (A) d-DMSO and (B) MeOD. The
increase in the *H NMR signals are due to formation of MEN and

these signals are indicated by an asterisk (*).
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3.4. Interactions of MEN and MDL in AOTjisooctane RM
samples

3.41. MEN in microemulsions

'H NMR spectra were recorded in 0.50 mo}L AOT/isooctane to
investigate the interactions of MEN with another type of model
membrane interface. The w, sizes were varied from w, 4 to w,, 20.
The 1D H NMR spectra show that the chemical shifts for MEN
were very different from those observed in isooctane and in D,0
(Fig. 10). The chemical shifts change for H, was less than 0.1 ppm,

313

Fig. 9. UV-vis spectra of solid MDL dissolving into a w,, 12 RM
solution (0.5 moljL 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 begins
tod due to experi | error. [Colour online.|
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Fig. 10. Partial 'H NMR spectra of MEN in AOTfiscoctane RM
ranging from w, from 4 to 20. The 'H NMR spectra of MEN in D,0
and in iscoctane are shown for comparison and demonstrate that
the AOT/isooctane RM environment of the MEN is very different

depending on proximity to a solvent.
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whereas the shifting was 0.2 ppm for H, 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 isooc-
tane solution, consistent with placement in the interface of the
AOT RM.

2D NMR spectra including NOESY and ROESY spectra (see Sup-
plementary data) were recorded for the MEN in RM samples and
the partial spectra are shown in Fig. 11. These spectra showed that
proton H, correlates to H,, which serves as an internal control.
Weak signals between HyfH,,, HjH,. and H. with AOT protons H,
and H; and part of the AOT CH, and CH, tail groups (H5-H10,
H5"-H10', 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.
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Fig 1L Partial *H-'H 2D (A) NOESY and (B} ROESY NMR (400 MHz) spectra of MEN inside w, 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 f, 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 f, domain using a 200 ms mixing time and a 2.0 s relaxation delay. Green lines indicate MEN proton

interactions with AOT protons. [Colour online.]
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3.4.2. MDL in microemulsions

Given the insolubility and instability of MDL in D0, an alter-
native co-solvent in the RM *warter pool™ based on MeOH/H,0 was
investigated. We successfully found that MDL readily dissolved
and showed an increased stability in MeOH/D,0 mixmures ranging
from 7 0% methanol to 90% methanol. Because MeOD is known to
also form RMs using AOTjisooctane, **? we chose to use the mix-
tures with high concentrations of MeOD for better comparison
with previous smdies. 100 NMR studies were recorded of MDL in
MeOD/D,0 mixture of AQTfisooctane. The fact that the chemical
shifts of the observed protons in BEMs differ from the chemical
shifts of those in isooctane and MeODVD,0 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 (Fig. 10). As no changes
were observed in the NMR spectra as the w, changed (data not
shown), we concluded that the MDL penetrated or associated with
the interface in these MeOD/D,0JACT/isooctane systems. As with
the aqueons stability experiments, UW-yis spectra were recorded
of NMR samples prepared from solid MDL added to the NMR mbe
before the MeOLYD,O AOT EMs solution was added. allowing for
the MDL to dissolve and move to interact with the RM sospen-
sions.

To obtain information on the location of the MDL, we per-
formed 20 NMR NOESY and ROESY spectra using the w, 16 sample
in 70:30 MeOD/D,O mixture, shown in Fig. 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 pat-
LETTIS

InFig. 12. there is an interaction between the internal control of
Hy and Hs which shows that an NME of MDL was obtained, but the
lack of other cross peaks in the NMEs malkes it difficult to deter-
mine the placement wirhin 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 iftherewas an interaction. These results are consistent with
an interaction with the interface for MEN. However, no firm con-
clusions can be made on the location of MDL in the BM system.

3.4.3. Benzoquinone (BEN) in microemulsions
To Investigate the similarity of the interactions of 2 3-«dimethoxy-
S5-methyl-1.4-benzoguinone {BEN). the headgroup of ubiquinone,
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with a model membrane interface, *H NMR spectra were recorded
in 0.50 moljL AOTjisooctane (Fig. 13). The w, sizes were varied from
W, 4 tow, 20. The 10 'H NMR specira show that the chemical shifis
for BEN are very different from those observed in Isooctane and in
D,0 (Figs. 13A and 13B). These shifts are consistent with BEN re-
siding in neither the aqueous environment of the water pool, nor
the organic isooctane solution, suggesting placement in the inter-
face of the AOT RM. There is a small chemical shift change for H,
as the w, changes from 4 to 20. That is consistentwith the fact that
the BEN is located more in the Stern layer of the interface, placing
it closer to the water pool than the tail region of interface.

To obtain confirmation regarding the location of BEN at the
agqueous part of the interface, we performed *H-'H zD NOESY and
ROESY NMR (400 MHz) spectra of BEN inside w, 12 EM at 26 °C
(Figs. 13C and 13D}. The partial 'H-'H 2D NOESY spectrum of BEN
inside w, 12 KM show an interaction between H, with the CH,
groups in the ADT consistent with penetration of BEN into the
interface. The partial *H-'H 2D NMR ROESY NMR spectra in a w,
12 RM (Fig. 13D} show this interaction, as well are some additional
interactions between Hy and the AOT pretons, confirming the
penetration of BEN with the interface.

3.5. DLS

DLS confirmed that RMs were formed and that the slight in-
crease in RM size with the addition of MEN or MDL is within
experimental error and suggest that overall the presence of these
compounds is not interfering with the formation of the RMs. Data
are presented in Supplementary Table 51

4, Discussion

MK is a very important electron transport donor and accepter
for bacteria and particularly pathogens like the Mycobacterium
family.5t443 Despite this importance, very little experimental
data are available wirh regard to MK's location in the cell mem-
brane and how it moves from one location to another. Some ex-
perimental and computational work has been carried out for
ubiquinone.**3%4 A few computational studies have been re-
ported that mention MK We have recently investigated how
truncated ME derivatives interact with interfaces using both
Langmuir monolayers and microemulsions. Considering the hy-
drophobicity of these compounds, they will undoubtedly be
associated with the interface, but experimental data. more details
on the nature of this association, and how lipoquinones move in a
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Fig. 12. Partial‘H-’HZDlA)NOESYand(B) ROESY NMR (500 MHz) spectra of MDL and MEN in a 70:30 MeOD/D,0 0.5 mol/L. AOT RM suspension at
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Fig. 13. (A) Structure with proton assignments of BEN. (B)IDNMRofBEvaarymguzesofRMdenmnstnnngdlatBENnm:hemerﬁm Partial

*H-H 2D (C) NOESY and (D) ROESY NMR (400 MHz) spectra of BEN inside w, 12 RM at 26 °C. Blue i
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lipid environment are important for future understanding of elec-
tron transfer systems.

Lipoquinones are known to shuttle electrons within cell mem-
branes, which requires these molecules to cycle between two re-
dox states to function. In the oxidized form, lipoquinones have a
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quinone headgroup, whereas the reduced form has a quinol head-
group. Quinones and quinols have different polarities, making it
likely that they reside in different locations within the mem-
brane. Current thought, however, favors the isoprenyl sidechain
of a lipoquinone as the main determinant of location and inter-
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action within the membrane.3® For lipoquinones with the larger
headgroup such as in menaquinones, it is possible that the head-
group plays a greater role than in ubiguinones. The studies in this
manuscript investigate the association of MEN and MDL with two
model interfaces. We anticipated that the difference in physical
properiies would be ranslated to differences in interaction and
location of the compounds in the membrane bilayer.

Both MEN and MDL are hydrophobic and insoluble compounds.
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 disselve than MEN is not consistent with this
observation (see experimental sectionf furthermore, MDL only
dissolved to higher concentrations when it oxidized to MEN. Gen-
erally, hydroxyl groups increase water solubility due to the in-
creased polarity and the potential for H-bonding; however, this is
not always the case as reported previously with, for example, the
[VO,|dipic-OH)J- and [VO_dipic} complexes.? 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 a Langmuir monolayer were investigated
using both DFPE and DPPC in Langmuir monolayers 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
DFPE is a primary amine. The different properties of these amine
headgroups 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.*® The smaller ethanolamine headgroup al-
lows for tighter packing of DPPE, which is why it is more com-
monly found in the inner leaflet of the cell membrane.®32 Jur
studies revealed a difference in the interaction of MEN with DPPC
and DPPE. The DPPC compression isortherms showed no interac-
tiom. This implies that MEN either resides in the water or father up
into the acyl rails 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 packing of the ethanolamine headgroups. This
is analogous to studies of idebenone and idebenol, which were
found to remain in the interface.?® Our studies also confirm that
the lipid environment impacis the location and interaction of
MEN in model membranes+®

Despite the difficulties in spectroscopic investigation of the
MENMDL pair caused by the instability of MDL, studies were com-
pleted. We found that MEN interacted with the lipids and was able
m penemrate the imterface. Indeed, the isolated headgroup was
found to reside in the tail ends of the interface. The NME studies
in the microemulsion model system supported the findings from
the Langmuir monolayers with regard to the localization of the
isolated headgroup. Studies with the MDL were more challenging
and not as clean. Although conditions were found that allowed for
characterization of the interactions of MDL with the reverse mi-
cellar interface, the 2D} NME resulis showed no evidence for pen-
etration of the MDL into the interface. In contrast, results showed
evidence for interactions with the HOD signal. However, 1D 'H
MNME data did show that the MDL was not in an environment akin
o aqueous or organic solvent, which suggests a location at the
interface. With these two pieces of evidence combined, we sug-
gest that the MDL is located at the interface near the water pool,
although if and how deep the molecule penetrated could not be
confirmed. Importantly, these results must be considered in the
context of the full MK structure, where the isoprenyl sidechain
will impact the properties of the quinonejquinol pair.

We have recently shown that the truncated MK derivatives,
ME-1 and ME-2. adopt a folded conformation observed near the
model AOT/RM membrane interface.'* Such a folded conforma-

Can. . Chem Vol. 98, 2020

tion would impact the lecation of the molecule. However, it is
clear from these studies that the headgroup has the ability to
direct the location of the lipoguinone, which in turn affects the
action of these electron carriers and their travels between protein
complexes within the membrane. Undoubtedly, structural and
polarity differences in the lipoguinone headgroups contribute to
different redox potentials, but perhaps less recognized is the fact
that these differences may also aid in shuttling of these essential
electron transport lipids in the membrane, aiding their fonction.

We were able to obtain experimental evidence that MEN is
associated with the interface. likely through interactions with the
AOT il groups. This may be differentiated from headgroups of
other lipoquinones such as BEN, the headgroup of ubiquinone.
Additional NOESY and ROESY of BEN were collected under similar
conditions to MEN as described in this manuscript. Specira of BEN
are shown in Fig. 13, and we observe interactions between H_ and
the AOT protons found in the headgroup (H1, HT', H3, H3"), aswell
as the water pool. Comparing the two quinones, this implies that
there are several factors in lipoquinone structure that may affect
the location in the interface. Although we do not have data on the
benzoquinol headgroup. it is likely that it would be locared in a
more polar environment, similar o both MDL and BEN. Previous
studies with quinonejquinol pairs found that both molecules re-
mained at the lipid-water interface.* However, we cannot iden-
tify an exact location of MDL at the water-lipid interface. Further
studies on compounds with quinol headgroups are desirable.

Interestingly, but not unexpectedly. MEN is located father up in
the hydrophobic tail region than BEN considering that MEN is
significantly more hydrophobic than BEN. Computational studies
have found ubiquinone low in the tail region, nearer the water
interface, which is consistent with the interactions of the head
groups of AOT observed in the spectrum shown in Fig. 13.4% These
findings suggest that both the isoprenyl sidechain and the head-
group will influence the location of lippquinones.

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 com-
pared with MEN in two types of model membranes, Langmuir
monolayers and microemulsions. These studies provide experi-
mental evidence that would be important to understand the loca-
tion of menagquinones and menaquinols in membranes and their
potential movement between membrane-bound protein com-
plexes.

5. Conclusions

Based on structural considerations, it would not be unreason-
able to expect that the MEN and MDL would occupy different
locations in a membrane nterface. Computational smdies have
been reported supporting the interpremation that lipoquinones
change location in the membrane during the electron transfer
process.*® These smudies also have demonstrated that the iso-
prenyl side chain is important for this process. We investigated
the imteractions and locations of the headgroups of these com-
pounds, namely MEN and MDL, with two model membrane inter-
face 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 microemul-
sions suggest a location in the water-lipid interface, albeit no
exact locationwas identified. Considering that these studies are of
isolated headgroups, this work suggests that the headgroup. in
conjunction with the isoprenyl sidechain, is important for the
location and interaction of lipoquinones with the cell membrane.

Supplementary data

Supplementary data are available with the article through the
Jjournal Web site at hittp://nrcresearchpress.comjdoi/suppl/ 10,1135/
Cje-2020-0024.
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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."

147



References

1. Van Cleave, C.; Koehn, J.T.; Pereira, C.S.; Haase, A.A.; Peters, B.J.; Croslow, S.W_;
McLaughlin, K.G., Werst, K.R.; Goach, A.L.; Crick, D.C.; Arantes, G.M.; Crans, D.C., Interactions of

Truncated Menaquinones with Lipid Monolayers and Bilayers. Int. J. Mol. Sci. 2021, 22 (18), 9755.

148



International Journal of
Molecular Sciences

Article

Interactions of Truncated Menaquinones in Lipid Monolayers

and Bilayers

Cameron Van Cleave (7, Jordan T. Koehn 1, Caroline Simées Pereira 2, Allison A. Haase !, Benjamin J. Peters !,
Seth W. Croslow 3, Kyle G. McLaughlin 3, Katarina R. Werst !, Audra L. Goach 3, Dean C. Crick %3,
Guilherme Menegon Arantes 2 and Debbie C. Crans 1/4*

check for

updates
Citation: Van Cleave, C.; Koehn, J.T;
Pereira, C.S.; Haase, A.A.; Peters, BJ.;
Croslow, S.W.; McLaughlin, K.G.;
Werst, K.R.; Goach, A.L.; Crick, D.C.;
etal. Interactions of Truncated
Menaquinones in Lipid Monolayers
and Bilayers. Int. J. Mol. Sci. 2021, 22,
9755. https:/ /doi.org/10.3390/
ijms22189755

Academic Editor: Claudiu T. Supuran

Received: 12 July 2021
Accepted: 5 September 2021
Published: 9 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Department of Chemistry, Colorado State University, Fort Collins, CO 80523, USA;

camvc@colostate.edu (C.V.C.); jordan_koehn@med.unc.edu (J.T.K.); Allison.Haase@colostate.edu (A.A.H.);

ben.peters252@gmail.com (B.J.P); katarina.werst@gmail.com (K.R.W.)

Department of Biochemistry, Institutio de Quimica, Universidade de Sao Paulo, Av. Prof. Lineu Prestes 748,

Sao Paulo 05508-900, SP, Brazil; caroline013@gmail.com (C.S.P.); garantes@iq.usp.br (G.M.A.)

3 Department of Chemistry, Monmouth College, Monmouth, IL 61462, USA;
SCROSLOW@monmouthcollege.edu (S.W.C.); kmclaughlin@mcw.edu (K.G.M.);
ASOSTARECZ@monmouthcollege.edu (A.L.G.)

4 Cell and Molecular Biology Program, Colorado State University, Fort Collins, CO 80523, USA;

dean.crick@colostate.edu

Department of Microbiology, Inmunology and Pathology, Colorado State University, Fort Collins,

CO 80523, USA

*  Correspondence: Debbie.Crans@colostate.edu; Tel.: +1-(970)-491-7635

Abstract: Menaquinones (MK) are hydrophobic molecules that consist of a naphthoquinone head-
group and a repeating isoprenyl side chain and are cofactors used in bacterial electron transport
systems to generate cellular energy. 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 manuscript,
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 within a model membrane.
We observed that truncated MKs reside farther away from the interfacial water than ubiquinones are 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
MKSs, the folded conformation varied, but MKs location and association with the bilayer remained
unchanged at physiological conditions regardless of side chain length. Combined, this manuscript
provides fundamental information, both experimental and computational, on the location, associa-
tion, and conformation of truncated MK homologues in model membrane environments relevant to
bacterial energy production.

Keywords: Menaquinone (MK); Vitamin Kj; lipoquinone; phospholipid; Langmuir monolayer;
bilayer; conformation

1. Introduction

Menaquinones (MK) belong to a class of molecules known as lipoquinones or lipid-
quinones. MKs are cofactors used in the electron transport system (ETS) of bacteria to
generate cellular energy, such as in the pathogenic Mycobacterium tuberculosis. [1-3] MKs
consist of a naphthoquinone headgroup and an isoprenoid side chain of varying length
(Figure 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
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membrane-associated to function in the ETS [1,8], and current knowledge regarding the in-
teraction and conformation of MK homologues in phospholipid bilayers is limited and often
conflicting [9-11]. 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 [12-15].
MK homologues presumably reside in the hydrophobic region of the bilayer membrane
due to the hydrophobicity of the MKs, and we are seeking experimental confirmation fur-
ther 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 a similar methodology will enable us to characterize the behavior of MK
homologues within membranes. In this manuscript, we use a combination of experimental
and computational methods to investigate the location, association, and conformation 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].

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 dipalmi-
toylphosphatidylethanolamine (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 ex-
pand 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 UQ, 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. Furthermore, MD simulations were used to obtain a more
in-depth molecular view of the location, association, and conformational folding of the
MK homologues in a simulated bilayer membrane system. In this manuscript, we used a
previously validated MD bilayer system consisting of POPC with a single MK molecule in
each membrane leaflet, which corresponds to an approximately 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, but nonetheless complements the DPPC
and DPPE Langmuir monolayer studies. Previous MD simulations with UQ placed the
headgroup near the membrane interface by the phosphate group of the phospholipid with
the isoprenoid side chain extended into the middle 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 MKs with phospholipids, and (iii) the MK homologues adopt some type of
folded conformation in a membrane environment.
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Figure 1. The structures of MK-1 through MK-4 (A-D) and the phospholipids (E) dipalmitoylphosphatidylcholine (DPPC),
(F) dipalmitoylphosphatidylethanolamine, and (G) palmitoyloleyoylphosphatidylcholine (POPC). Conformations of (H)
MK-1 and MK-2 within the AOT reverse micelle interface are adapted from refs [6,7].

2. Results
2.1. Compression Isotherm Studies of MKs in Langmuir Monolayers

Compression isotherms of Langmuir monolayers were obtained to provide insight
into the interactions between the truncated MK-1 through MK-4 homologues with both
DPPC or DPPE phospholipids. Langmuir monolayers are often used to examine the ability
of a molecule to penetrate an interface, to disrupt packing, and to affect the elasticity of the
monolayer [7,29-31]. We have previously 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 (hydrophilic vs. hydrophobic
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
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such as MK-1, MK-2, MK-3, and MK-4. A similar analysis was previously used by Quinn
and Esfahani in 1980 [32].

The pure MK-2 monolayer reached a maximum pressure of ~13 mN/m (Figure 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 self-aggregation and are
likely to cause small differences reported between 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 of these MK homologues as
the isoprene side chain length increased was experimentally indistinguishable in contrast
to the larger differences reported with ubiquinones [32].

A) MK-1 B) MK-2
20 ~ 20 =
£ 15+ 15+
Z 1 10
E [
o o
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8 0 20 40 60 80100 0 20 40 60 80100
S
a C) D)
i MK-3 20+ MK-4
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Figure 2. Compression isotherms of pure films of (A) MK-1, (B) MK-2, (C) MK-3, and (D) MK-4.
Curves are the average of triplicate measurements. Error bars represent the standard deviation of the
area.

We sought verification that a film was formed because the surface pressure does not
begin to rise until ~40 A2/molecule. Hysteresis studies were therefore performed on pure
MK films to determine film stability (See Supplemental Information). All truncated MK
homologue films showed a decreased surface area with each compression cycle, which
confirmed the formation of films (Figure S2a). 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 hysteresis studies. the most elastic
films are those films which are able to compress and expand multiple times and remain the
same, such as the most stable film. 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 solutions, and they formed more elastic films.
Both MK-3 and MK-4 form less stable films, which implies that self-aggregation is a more
important contributor to film inelasticity than solubility.

We obtained BAM images of MK homologues in order to obtain visualize the surface
morphology of MK films, as shown in Figure 3. At the start of compression, a gray surface
was observed, which indicates no organization. Upon reaching pressures >7 mN/m (col-
lapse point in Figure 2), white circular features were observed, which indicates aggregation.
In Figure 3A, we show a BAM image captured of MK-1, documenting that some aggrega-
tion occurred. Ten times the amount of MK-1 relative to MK-3 and MK-4 was needed to
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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.

Figure 3. BAM images of pure MK films that demonstrated droplet-like structures were formed
between 7.5 and 13 mN/m of surface pressure during compression. Images are shown at the
approximate collapse pressure of each MK homologue. Images of (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 um. 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 performed in GIMP 2.10.22.

Geranyl bromide (trans-1-bromo-3,7-dimethyl-2.6-octadiene, Figure 4A) was used
to further investigate a surface inactive compound that shares structurally 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 farnesyl diphosphate have been reported to favor extended conformations in a number
of solvents and in X-ray structures coordinated to proteins [33]. When applying geranyl
bromide to the air-water interface and then compressing, the surface pressure remained at
0 mN/m until the end of compression when it rose to ~3 mN/m (Figure 4B,C). 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 isotherm and hysteresis studies confirmed that
MK-1 through MK-4 form films, but the films are inelastic. In contrast, geranyl bromide,
which lacks a headgroup, did not form a film.

At high geranyl bromide concentrations above 50% mol 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 at physiological pressure.

153



Int. J. Mol. Sci. 2021, 22, 9755

6 of 20

B) DPPC e .
£ 60 60 4
E 50 504
© 40 40 -
g 1
2 30 304
S 20 20
l r
g 10 10
= 0 TR 0~
w

0 20 40 60 80 100 0
Area per Molecule (A?)

Figure 4. Compression isotherms of mixed films containing geranyl bromide. (A) The structure
of geranyl bromide. (B) Compression isotherms of geranyl bromide and DPPC. (C) Compression
isotherms of geranyl bromide with 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.

2.2. Compression Isotherms of Normalized Mixed MK and DPPC or DPPE Films

The compression isotherms 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 5. Normalization
occurs by using Equation (1) where Ay is the normalized area per phospholipid (AZ2), A is
the measured area per molecule (A2), and x is the molar fraction of phospholipid (either 0,
0.25,0.5,0.75, or 1).

A= A(x’l). )

Mixed films of MK-1 and DPPC show an overall increase in area as the molar frac-
tion of MK-1 increases, though the 75:25 and 50:50 phospholipid:MK-1 curves are similar
(Figure 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 un-
dergo a full collapse (end of compression where there is no longer a monolayer). This trend
is also seen with mixed film 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).

Studies with DPPE are more difficult to interpret because there is only one phase
change. Therefore, we will only focus on large differences observed 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 [34,35]. This expansion at lower surface pressures may be due to aggregation
and/or conformation of the MK homologues. Interestingly, for both DPPC and DPPE,
the mixed curves tended to overlap the control curve at physiological surface pressure
(30-35 mN/m) [23]. This has previously been observed with UQ and was interpreted
as the lipoquinone migrating out of the interface and into the phospholipid tails [24].
These studies confirm the interpretation that MK homologues reside slightly higher in
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the interface than UQ, thus confirming our initial hypothesis that MK and UQ reside in
differing locations in model membranes.
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Figure 5. Normalized compression isotherms of mixed monolayers of either DPPC (left column) or
DPPE (right column) with MK. 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 replicates. Error bars are the standard deviation at every 5 mN/m of surface pressure. Data for
MK-1 and MK-2 were previously reported [6,7].

155



Int. J. Mol. Sci. 2021, 22, 9755

8 of 20

2.3. Ideal Mixing of MK and DPPC or DPPE

Ideal mixing calculations were performed to confirm whether or not any interactions
were occurring between phospholipids and MK homologues, as well as the differences in
the free energy of the films, as shown in Figure 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 compo-
nents 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 Supplemental
Information (Figure S5a,b).
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Figure 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,B) show MK-1 mixed films, (C,D) show MK-2 mixed films, (E,F) show MK-3 mixed
films, and (G,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 pure MK films. Each MK homologue experiments were run independently, hence differences in control

isotherms were observed.
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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 to conformational folding and molecular
shape. We sought further means of computationally investigating molecular reasoning for
this, specifically MD simulations.

Langmuir monolayers studies were studied at both low and high molar fractions that
were well above the biological molar fraction to observe the association of MK homologues
on the DPPC and DPPE films [9]. As such, it is not clear whether the observed effects at
higher molar fractions in the monolayers are relevant to effects observed within bilayers
and native membranes. We hypothesized that conformation might be important for the
disruptive association of MK homologues at high molar fractions. However, Langmuir
monolayer studies were unable to provide molecular information on folding and the
exact mechanism of disruption between phospholipids and MK homologues. As such, we
investigated this question using a computational model to probe the MK conformation in a
physiologically relevant bilayer system.

2.4. Molecular Dynamics Simulations of MKs in a Membrane Bilayer

Computational studies were performed to determine the location, association, and
conformation of MK homologues embedded in a bilayer at physiological concentrations.
We modeled fully hydrated bilayers based on the phospholipid phosphatidylcholine (POPC,
16:0-18:1 PC) 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 7A). Classical MD simulations
were performed with the CHARMMS36 force field using parameters for MKs developed
previously [27,28].

) " e

16 18 21 23

Figure 7. Cartoons of different model membrane systems as well as the numbering of carbons
for computational studies. (A) lustration of the monolayer system with a mix of phospholipid
(pink) and MK (grey). (B) Illustration of a bilayer system with a molecule of MK in each of the
phospholipid layer in the bilayer, (C) Labeling scheme of MK-1 through MK-4 (MK composed by
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, the CT groups on MK-4 are 25 and 26.

The Langmuir monolayer studies showed that at lower MK concentrations (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 5).
In the computational studies with the 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
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(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 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 MK4, the center of mass for the MK headgroups
were all located around z = 1.3 nm. The small variations in peak position are not statis-
tically significant. Thus, the MK headgroups are about 0.7 nm up in the interface and
below the water-phospholipid interface as defined by the phospholipid phosphate (2 nm).
Our simulations show that the MK headgroups will have the same location in the mem-
brane, regardless of difference in hydrophobicity, length of the MK side chain, and ability
to disrupt the membrane. These studies are in line with previous simulations of native UQ
in POPC and mixed membranes [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 location 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 noted in simulations which is in agreement
with previous studies [27,28].

>4 — MK-1
‘@ — MK-2
$3 — MK-3
© — MK-4
Q>) 9 — PO4
2
©
ol
o

0

0 1 2 3

Membrane normal (nm)

Figure 8. Mass density of the MK quinone headgroup along the membrane normal for MK-1 (black),
MK-2 (red), MK-3 (green), and MK-4 (blue). The phosphate group of POPC (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 the steric restriction that limits rotation. Specifically, the methyl group
on the naphthoquinone headgroup and the sp? hybridization of the C6 atom limit the
rotation around the C6-C7 bond. Thus, this torsional angle is +110° (Figure 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 sp? hybridization of
C8. The bond angle was often +120°, but some trans (180°, extended) conformations were
also present in Figure 9B.
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Figure 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
phospholipid 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 naphthoquinone ring substitutions are directional as described previously in detail [27].

Torsional angle distributions of corresponding rotations around C6-C7 and C7-C8
bonds similar to Figure 9, were observed for all MK homologues studied here. However,
MK-2, MK3, and MK-4 contain longer side chains and additional C-C bonds, which are
more flexible than MK-1. Figure 10A shows a trans (extended) conformer in which the
C11-C12 torsional angle is £180°. Figure 10B shows that the gauche (folded) conformer
(C11-C12 torsion is +60°) will allow for partial folding of the side chain over the naphtho-
quinone headgroup. Overall, truncated MK homologues undergo some amount of folding
in a phospholipid bilayer.

Figure 10. Two representative conformers observed for the MK-2 MD simulations in the POPC bilayer.
Torsion around the C11-C12 bond modulates the distance between the terminal CH3-carbon labeled
CT and the center of the quinone ring, termed here d(CT-H). Panel (A) shows a trans conformer with
along intramolecular distance and panel (B), a gauche conformer with a much smaller intramolecular
distance.

Figure 11 shows the distances (termed d(CT-H)) generated through rotation of the
dihedral angle (rotation around the C11-C12 bond) between the terminal CHz group (CT)
and the 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 11 all show conformations with angles in trans (~180°, extended) more populated
than the conformation with gauche (£60°, folded) geometry for MK-2, MK-3, and MK-4.
However as shown in Figure 11 for MK-3, the relative population of gauche is significantly
lower than for MK-2 or MK-4.
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Figure 11. Plots of the distance between the terminal CH3 groups in MK-2, MK-3 or MK-4 to the middle of the center C-C
bond of the naphthoquinone headgroup, d(CT-H), as obtained when the dihedral angle is changing as the rotation around
the C11-C12 bond takes place.

Figure 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 side 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 occurs
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 can be reached
when C11-C12 in gauche as well as trans because their isoprene chains contain additional
rotatable C-C bonds and are long enough to fold back over the headgroup. Figure 11
shows that d(CT-H) >0.7 nm when C11-C12 in MK-3 is trans. Even when in gauche, fewer
MK-3 conformations will have a smaller d(CT-H). MK-4 may reach d(CT-H) <0.5 nm when
C11-C12 is trans, because of increased side chain length and flexibility of the additional
isoprenoid units. As shown in Figure 10, C11-C12 torsion in gauche allows the side chain
to partially fold upon itself and, thus, a lower d(CT-H) to be visited. Similar results (data
not shown) are obtained if we examine the equivalent torsions for bonds closer to the CT,
such as the C16-C17 bond in MK-3 and MK-4.
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Figure 12. Distance distribution from terminal carbon (CT) to the center of the MK quinone head-
group, d(CT-H) in MK-1 (black), MK-2 (red), MK-3 (green), and MK-4 (blue). The upper right panel
is a zoom-in of the distance range 0.3-1.0 nm (3-10 A).

3. Discussion

Langmuir monolayers were used to experimentally probe the location and association
of 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 hydropho-
bic 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 of the target compound are typically higher
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than micromolar. This is above the solubility of even the water-soluble truncated MK
homologues. In our studies using molar ratios of phospholipid vs. MKs, information about
potential aggregation of MK homologues and film formation was gathered [36,37]. Using
the Langmuir trough, we studied how truncated MKs (MK-1, MK-2, MK-3, and MK-4)
associated 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 [36,38]. 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 [39]. DPPE is found in
bacterial cells and is only a minor component in mammalian cells, such as in the inner leaflet
of eukaryotic cells [40-42]. 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 [43]. Compression
isotherms in this manuscript were accordingly measured at 25 °C to maintain the distinct
phases of DPPC, as the gas-liquid phase is not present at physiological temperature [44].

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 rising until
~40 A2 /molecule and that these MK films were unstable. Using BAM, we were able to visu-
alize the aggregation of the MK homologues and we observed strong aggregation of MK-2,
MK-3, and MK-4. However, the self-association with MK-1 was weaker, possibly to enhance
water solubility. Because of the limiting solubility of the 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 the at low surface pressure disruptive
effects were greatest for MK-2 and MK-4, as shown in Figure 5. However, we observed
little, if any, increase in disruptiveness between 30 and 35 mN/m. Moreover, the curves of
75:25 phospholipid:MK overlap the phospholipid 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 disruption. We used MD simulations
to confirm the 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 phospho-
lipid:MK ratio that approximated the concentrations found in biological systems. We chose
amodel bilayer composed of MK homologues embedded in a POPC bilayer, which was pre-
viously developed in our laboratory to investigate the interaction with native UQs or MKs
in eukaryotic cells [28]. Although simulations of Langmuir monolayers are possible [45],
they would require an extensive reparametrization and testing of the force-field used
for simulations [27,28] 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 [28,46]. In particular,
we have previously characterized in detail the location and water-phospholipid partition
ofUQ with variable isoprenoid chain length to POPC bilayers, in good agreement with
experimental observations [27].

The MD simulations also show that once the MK was associated with the membrane,
the average (equilibrium) location of the MK headgroup did not depend on the number of
MK isoprenoid units (Figure 8). The tiny differences observed between the four MKs in
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Figure 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 lengths in
POPC and in mixed membranes [27,28]. The MD studies also suggested that the location
of lipoquinones along the membrane midplane is 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 location, as we previously demonstrated
within reverse micelle membrane environments [47]. Combined, our work supports the
possibility that the headgroup structure and redox state, as opposed to side chain 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 bilayer simulation results have a subtle but potentially relevant impact on side
chain folding upon the MK headgroup and the related distance d(CT-H) (Figures 9-11).
The possible distances for MK-1 are quite narrow due to rather restricted torsion around
the C6-C7 bond (Figure 11). For the other MK, longer distances are reached and the
distribution spreads due to increasing the number of isoprenoid units and increased
side chain flexibility (Figure 11). The conformations where the side chain folds over the
headgroup have a different shape compared to MK-1 where the side chain is at an angle
with the headgroup. Interestingly, the exerpt in Figure 12 shows the terminal carbon of
MK-3 is less likely to reside near the naphthoquinone headgroup than MK-2 or MK-4.
Thus, we suggest that the non-ideal behavior observed for these MK homologues in the
monolayer isotherms (Figure 6) 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 12).

The interactions of lipoquinones with membranes are a multi-faceted topic in which
many different factors are important to the conformation and location of the lipoquinones
in the phospholipid bilayer. In order to illustrate some of these effects, we compared the
properties of the different MK homologues, as shown in Table 1. We ordered 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 reside within 0.6 nm of the naphthoquinone
headgroup (which is a measure of folding). The only two properties that showed the same
order are the clogP and the longest average distance of the terminal carbon of the isoprene
side chain from the naphthoquinone headgroup.

Table 1. Comparing various physicochemical properties of the four MK homologues investigated in
this work.

Property Ranking
— MK-4 (8.86) > MK-3 (7.52) > MK-2 (5.67) >
clog MK-1 (3.83)
Ability to disrupt a phospholipid monolayer
based on increase in monolayer area between MK-4 > MK-2 > MK-1 ~ MK-3
30 and 35 mN/m

MK headgroup location relative to the

: MK-1 ~ MK-2 ~ MK-3 ~ MK-4
midplane

Longest average distance from CT to
naphthoquinone headgroup

Ability of CT to be within 0.6 nm of the
naphthoquinone headgroup

MK-4 > MK-3 > MK-2 > MK-1

MK-1 > MK-2 > MK-4 > MK-3
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We confirmed that MK homologues occupy a more hydrophobic region of the mem-
brane than UQ, though there was less disruption of phospholipid packing. We hypothesize
that the lack of disruption is due to the location of the MK homologues. The free rotation
of the phospholipid tails allows for compensation of the molecular volume of MK while
UQ’s location close to the phospholipid headgroups in the interface does not [17,48]. In ad-
dition, 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. How-
ever, menaquinols are unstable under atmospheric conditions, making experimentation
difficult [11,47].

4. Materials and Methods

General Materials and Methods. Chloroform (>99.5%, monosodium phosphate
(>99.0%), disodium phosphate (>99.0%), sodium hydroxide (>98%), hydrochloric acid
(37%), geranyl bromide (frans-1-bromo-3,7-dimethyl-2,6-octadiene, 95%), and manequinone-
4 (MK-4, menatetrenone, Vitamin K;) were all purchased from Sigma Aldrich (St. Louis, MO,
USA) and used without further purification. The phospholipids dipalmitoylphosphatidyl-
choline (16:0 PC, DPPC, 99%, SKU 850355P) and dipalmitoylphosphatidylethanolamine
(16:0 PE, DPPE, 99%, SKU 850705P) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA) and pure lyophilized powder. Since MK-1, MK-2, and MK-3 are not commercially
available, they were synthesized and purified as previously described [6,7,49]. Distilled
deionized (DDI) water was filtered through a Millipore water purification system (Burling-
ton, MA, USA) until water with a measured resistance of 18.3 M() was achieved. Langmuir
monolayers were studied using a Kibron pTrough XS (stainless steel, Helsinki, Finland)
equipped with a Teflon ribbon barrier.

Preparation of Solutions. The aqueous subphase of monolayers consisted of 20 mM
sodium phosphate buffer (pH 7.40 =+ 0.02).

Solutions were brought to pH with 1 M HCl or NaOH. Phospholipid stock solutions
were prepared by dissolving DPPC (18 mg, 25 nmol) or DPPE (17 mg, 25 nmol) in 25 mL of
9:1 chloroform/methanol (v/v) for a final concentration of 1 mM phospholipid. MK and
geranyl bromide stocks consisted of 1.0 mM MK-1 (12 mg, 5 nmol), MK-2 (15 mg, 5 nmol),
MK-3 (19 mg, 5 nmol), MK-4 (22 mg, 5 nmol), or geranyl bromide (1.1 mg, 5 nmol) dissolved
in 5 mL of 9:1 chloroform/methanol (v/v). Mixed phospholipid solutions were created by
mixing appropriate amounts of phospholipid and either MK or geranyl bromide stock in a
2 mL glass vial to create a final volume of 1 mL and vortexed until combined. Final mol
fractions (phospholipid:MK) were 100:0, 25:75, 50:50, 75:25, or 0:100.

Preparation of 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 MQ)). 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 uL of phospholipid stock solution (20 nmol of phospholipid) was
then added to the surface of the subphase in a dropwise manner using a 50 uL. Hamilton
syringe. The monolayer was allowed to equilibrate for 15 min.

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
circulator. The stainless-steel trough plate was scrubbed three times with isopropanol, then
three times with ethanol, then rinsed with DDI water (18.2 M(Q)) before each experiment.
The Teflon ribbon barrier was rinsed with isopropanol followed by ethanol and then DDI
water. The surface tension was monitored via Wilhemy plate technique where a steel
wire was used as the probe instead of a metal or paper plate. The surface pressure was
calculated from the surface tension using Equation (2), where 7 is the surface pressure
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(mN/m), 1y is the surface tension of water (71.99 mN/m), and 7 is the surface tension at a
given area per phospholipid after the monolayer has been applied.

T=7-17 ()

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 (=AVERAGE, =STDEV). The worked-up data were then
transferred to Origin 2021 (Northampton, MA USA) to be graphed with error bars.

Ideal Mixing of Monolayers. The ideal mixing sets were calculated by averaging the
mean molecular area of two isotherms at the same surface pressure using Equation (3),
where A; is the ideal mixed area (A2), xpik is the molar fraction of MK, Ay is the area per
molecule (A2) of the control MK monolayer, xp;, is the molar fraction of DPPC or DPPE,
and Ap; is the area per molecule (A2) of DPPC or DPPE. The possible mol fractions were
0.25, 0.50, or 0.75.

Aj = xmMxAMK + XpLAPpL. 3)

Brewster Angle Microscopy. Brewster angle microscopy (BAM) images were ob-
tained using a Biolin NIMA medium trough (Gothenberg, Sweden) 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 added.

Molecular Dynamics Simulations. We employed a previously developed fully hy-
drated 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 by n = [1-4]
isoprenoid units (MK-1 through MK-4, Figures 1A and 4D). Symmetric phospholipid bilay-
ers were built containing 126 molecules of POPC and 7794 water molecules which have
previously been 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 [50]. The system was relaxed
by a 50 ns MD run, and mean area and bilayer thickness were monitored to check for equili-
bration. Initial equilibrated configurations were derived from the MK-4 system by deleting
side chain atoms and adapting the atomic connectivity to generate MK-1, MK-2, and MK-3
species. Conformations were sampled using classical MD simulations with the program
GROMACS version 2020.3 [51] and the CHARMMS36 force-field [52,53]. Parameters for
MK were obtained by us previously [27,28]. Water was described by TIP3P [54] and the
NPT ensemble was used. The temperature was kept at physiological temperature (37 °C,
310 K) with a Bussi thermostat [55] and a coupling constant of 0.1 ps. The pressure was
kept at 1.0 bar with Parrinello-Rahman barostat for productive runs [56] with a coupling
constant of 1 ps and a compressibility of 0.5 1075 bar L. Semi-isotropic coupling was
applied. Electrostatic interactions were handled by Particle-Mesh Ewald (PME) [57] with
grid spacing of 0.14 nm and quartic interpolation. All bonds were constrained using the
LINCS algorithm [58]. No dispersion corrections were applied [59]. The integration time
step was 2 fs and MD simulations were run 200 ns for equilibration. Trajectories with
350 ns were collected for MK-1, MK-2 and MK-3 and with 750 ns for MK-4.

5. 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. However, we sought more information on the location of MKs as
well as how MKs associate with and affect the packing of phospholipids 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
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location and conformation in a membrane bilayer. We used a combination of experimen-
tal and computational methods to probe these open questions. Langmuir monolayer
studies provided experimental data pertaining to phospholipid packing and association
and MD simulations provided molecular information of exact location, association, and
conformation in a membrane 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 ho-
mologues 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 associate with the phospholipids but do not dis-
rupt the phospholipid packing at physiological surface pressure that was observed with
UQs [24-26]. We found using MD simulations that, in accordance with MKs hydrophobic
nature, the MK headgroup was located closer to the phospholipid tails than UQ (UQ was
located closer to the interfacial water) which is consistent with the hypothesized location.
Furthermore, we found through MD simulations that MK-2, MK-3, and MK-4 overall
favored a gauche, or folded, conformation, which is in agreement with our previous ex-
perimental 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 either MK conformation or
location 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, 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 phospholipid
tails adjust to compensate for the volume of the MK molecule. 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 adopt
folded conformations, which may influence their behavior, recognition, and function in the
ETS that is essential for bacterial survival.
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Appendix VII: Investigating Substrate Analogues for Mycobacterial Mend: Truncated and
Partially Saturated Menaquinones
This manuscript contains Langmuir monolayer data previously reported in Biochemistry.! This

data was incorporated in the comparison of MK-1 through MK-4 presented in Chapter 3.
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ABSTRACT: Menaquinones (MKs) are essential for electron transport in prokaryotes, and importantly, partially saturated
MKs represent a novelvirulenoe factor. However, httle is known regarding how the degree of saturation in the isoprenyl side

es confo i

chain i

redox po

1. Men] is an

that selectively reduces the second isoprene unit

on MK-9 and is contextually usermal for the mrvxval of Mycobacterium tuberculosis in J774A.1 macrophage-like cells, suggesting
that Men] may be a conditional drug target for pathogenic mycobacteria. Therefore, fundamental information about the
properties of this system is important, and we synthesized the simplest MKs, unsaturated MK-1 and the saturated analogue,
MK-1(H,). Using two-dimensional nuclear magnetic resonance spectroscopy, we established that MK-1 and MK-1(H,)
adopted su-mlar foldad—extended conformations (i.e, the isoprenyl side chain folds upward) in each solvent examined but the

folded v e .

differed slightly between organic solvents. Saturation of the isoprenyl side chain slightly altered

the MK-1 analogue conformation in each solvent We used molecular mechanics to illustrate the MK-1 analogue conformations.
The measured quinone redox potentials of MK-1 and MK-1(H,) differed between organic solvents (presumably due to

differences in dielectric constants), and remarkably, an ~20 mV

redox p 1 difference was observed between

MK-1 and MK-1(H,) in pyridine, acetonitrile, and dimethyl sulfonde, detnonstnhng that the degree of saturation in the
isoprenyl side chain of MK-1 influences the quinone redox potential. Finally, MK-1 and MK-1(H,) interacted with Langmuir
phospholipid monolayers and Aerosol-OT reverse micelle (RM) model membrane interfaces, where MK-1 adopted a slightly
different folded conformation within the RM model membrane interface.

uinones are a unique type of @f-unsaturated ketone

existing as metabolites in numerous pathways where
they have many functions in nature.' ™ The importance of
quinone chemistry has been recognized since the mid-1800s.
Quinone-containing compounds can be antioxidants, antitu-
moral agents, or carcinogenic agents and are the inherent
components of biological systems such as photnsystem | B
Menaquinones (MKs (or naphthoqui ) are of
the lipoqui (lipid-q -) class of molecules and are
ess:nﬁzl components of the respiratory electron transport
system (ETS), where they shuttle electrons and protons
between protein complexes by acting as electron donors and
acceptors.” Partial saturation of the isoprenyl side chain of MK
has been known for a long time, but Men] was recently shown
to selectively reduce MK-9 at the second isoprene unit,
demonstrating the origin and necessity of partially saturated

< ACS Publications —©2019 American Chemical Saciety

1596

171

MKs for the survival of the bacteria’* Currently, little is
known regarding the conformation of MKs in soltion or
within cell membranes and how partial saturation of the
isoprenyl side chain affects conformation and quinone
reactivity, even thongh the structures and biological signifi-
cance of lip and i ids have been known for
more than 50 yea:s“"” It is wellknown that evolutionarily
conserved structural differences in the lipoquinone headgroup
alter quinone redox potential,’ but how partial saturation of
the isoprenyl side chain affects qui redox potential
remains uncertain. Therefore, this work aims to characterize
the conformation of the most fund tal MKs containi

o
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Figure 1. Structures of (A) MK-9(IFH,), present within Myabacterium tuberculosis, (B) the unsaturated MK analogue, MK-1, and (C) the

saturated MK analogue, MK-1(H, ).

one isoprene unit (unsaturated vs saturated side chain) in an
organic solution and a model membrane interface and to
determine the quinone redox potentials of unsaturated MK-1
and saturated MK-1(H,) in organic solutions.

MKs are structurally characterized by a naphthoquinone
moiety and a repeating isoprenyl side chain of varying length
(Figure 1), where the latter is a characteristic that has long
been used to assist taxonomic efforts.’*’> The most widely
known MK compound is vitamin K, (or MK-4), which is
esmhalforhfemhmnamasxtlsakeyoofacmrinblood
coagulation.’® MK-4 was recently shown to be biosynthesized
mh\nnans”andasapartofthe ETS in Drosophila. * Vitamin
K, (or dione), the lest 1,4-naphthoquinone deriva-
tive lacking the isoprenyl side chain, has been reported to have
significant antitumoral properties.” N-Alkylated MK derivatives
have also been synthesized and characterized in the literature,
with several exhibiting interesting biological properties.’"™*
The truncated MK analogues, menaquinone-1 (MK-1) and
menaquinone-1(H,) [MK-1(H,)], are vital to study as they are
the simplest, most fundamental MKs, where they retain the
core requirements (i.e., a naphthoquinone moiety and a one-
unit isoprenyl side chain). MK-1(H,) is crucial to study as it
lacks the double bond in the isoprenyl side chain, and
importantly, biologically isolated MK analogues containing
partial saturation (reduced double bond) in| the isoprenyl side
chain have been reported (Figure 1). Truncated MK
analogues are more soluble than the natural MK substrate, thus
allowing rigorous characterization in aqueous assays.”
Furthermore, MK-9 contains 80 hydrogens with signi t
spectral overlap, making conformational analysis nontrivial.
Therefore, the conformational analysis of these two truncated
MK-1 analogues is essential as the conformation of the first
isoprene unit will influence the conformation of the rest of the
isoprenyl side chain in naturally occurring longer MK
analogues [e.g, MK-4, MK-9, or MK-9(II-H,) (Figure 1)].

The synthesis of truncated MK analogues is necessary as it
allows experimental conformational analysis to be carried out.
Molecular conformations are significant for manifesting
physical and chemical reactivity as well as recognition in
biological systems. MKs contain alkyl side chains of varying
lengths, and conformations have been reported for various
alkanes, alkenes, and fatty acids, which all contain alkyl chains
of varying lengﬁu.z"_'“ For example, the degree of folding of
C3—Cj n-alkanes in solution depends on the strcngth of the
dispersion force of the solvent and increases with an increase in
chain lengti'n”'29 Furthermore, studies of n-hexane and n-
pentane in various solvents suggested that the solvent
environment had only minor effects on the conformational
equilibrium.* Interestingly, conformations observed in polar
and spherical solvents such as dimethyl sulfoxide (DMSO)
favored gauche conformations’® Computational studies have

been carried out on MK analogues in which folded
conformations were found to be favorable.”® Importantly,
we recently reported that menaquinone-2 (MK-2) adopts a
folded, U-shaped conformation in solution and within a model
membrane interface.” However, MK-1 contains only one
isoprene unit and presents the best opportunity for a flat—
extended conformation to exist, and therefore, it is important
to determine if a flat—extended (ie, trans or extended
configuration of the side chain and isoprene planar), folded—
extended (ie., isoprene folded upward), or U-shaped
conformation (i.e., isoprene folded up and back toward the
naphthoquinone in a U shape) is preferred (see the illustration
below). On the basis of these selected examples, we
hypothesized that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.

.
& .
«
. .
. !
. ‘ 1 & g0
3
. & s 8

Flat-extended Folded-extended U-shaped

The conformation and electronic properties of a molecule
can affect both the reactivity and function of a molecule in
solution and within biological environments. The longer
partially saturated isoprenyl side chain MK analogue, MK-
9(II-H1) (Flgu:e l), is an electron transporter within

is, and the synthesis of MK-9(II-H,)
was fomudmbemenhalfmthemva]ofpafhogemcu
tuberculosis in host macrophages; th xparhally saturated MKs
represent a novel virulence factor”” In addition, partially
saturated MK analogues have been reported in other organisms
such as, bers of the Strept and Actino-
madwa."" Tt is unclear whether hy\:lroszmtnn of the double
bond in specific isoprene units changes the reactivity of the
quinone system. The double bonds present within the
isoprenyl side chain are not conjugated to the quinone system
within MK. Therefore, it would not be anticipated that a
significant change in the quinone redox potential would occur
upon reduction of an isoprenyl unit However, it has been
reported that even when there is no direct conjugation
between the quinone system and a substituent group,
electrochemical reduction of the e system is sensitive
to the electronic perturbation of the substituents.” Thus, it is
possible that partial saturation in the isoprenyl side chain could
influence the quinone redox potential, where an indirect
through-bond effect could be a contributing factor and/or
conformational effects of the substituent. Therefore, we
hypothesized that the quinone redox potential of MK-1 may
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be influenced by the degree of saturation in the isoprenyl side
chain.

In this work, MK-1 and MK-1(H,) (Figure 1) were first
synthesized and then their conformations within organic
solvents were elicidated by one-dimensional (1D) and two-
dimensional (2D) 'H nuclear magnetic resonance (NMR)
spectroscopy. MK-1 and MK-1(H,) adopted similar folded—
extended conformations in each solvent, but the preferred
folded—extended confon'nanons differed slightly between

ts. The redox potentials of MK
and MK-1(H,) were measured in three organic solvents, where
a solvent effect (presumably due to a change in the dielectric
constant) was observed, and most interestingly, an ~20 mV
difference in semiquinone redox potential was observed
between MK-1 and MK-1(H,). The interaction of MK-1 and
MK-1(H,) with phospholipid layers was characterized
using Langmuir phosphohpld monolayers, and the two MK-1

graphically and spectroscopically (*H NMR) homogeneous
materials unless otherwise noted. All chemicals were used
without purification except AOT and the organic solvents.
AOT was purified using activated charcoal and methanol to
remove acidic impurities using previously reported methods.™
Organic solvents dimethyl sulfoxide (DMSO), acetonitrile
(CH,CN or ACN), and pyridine were purified by distillation
and then dried over activated 3 A molecular sieves (40 g/200
mL of solvent) for 3 days. Benzene was dried by being passed
through an alumina drymg column (Solv-Tek Inc.) under
argon p When were prepared for RM NMR
experiments, deuterium onde was used instead of H,O and the
pH was adjusted to consider the presence of deuterium (pD =
0.4 + pH).>” *H and "*C NMR spectra were recorded on a 400
MHz Varian Model MR400, 400 MHz Varian iNova400, or
500 MHz Varian iNova500 spectrometer. Chemical shift
values (&) are reported in per million and referenced

analogues were found to interact with the holipid
interface. Finally, using a complementary study, ‘the location,
orientation, and conformation of MK-1 and MK-1(H,) within
a reverse micelle (RM) model membrane interface were
determined using 1D and 2D NMR spectroscopy. The two
MK-1 analogues interacted similarly with the RM model
membrane interface, and MK-1 adopted a slightly different
folded conformation within the RM interface compared to that
observed in an organic solution.

B EXPERIMENTAL SECTION

Materials. Menadione (crystalline), sodium hydrosulfite
(85.0%), 14-dioxane (99.9%), 3-methyl-2-buten-1-0l (99%),
BF; etherate (>46.5%), Luperox A98 benzoyl peroxide
(=98%), 1-iodo-3-methylbutane (97%), dioctyl sulfosuccinate
sodium salt (AOT, 97.0%), isooctane (2,2,4-trimethylpentane,
>99.0%), chloroform (99.8%), methanol (99.9%), tetrabuty-
lammonium perchlorate (TBAP, >99.0%), ferrocene (Fc,
anhydrous), silver nitrate (AgNOj;, >99.0%), and activated
charcoal were ed from Sigma-Aldrich and used as
received unless otherwise noted. olute ethanol and ultra-
high-purity argon gas (99.9%) were acquired from Pharmco-
Aaper and Airgas, respectively. Deuterated solvents of
acetonitrile (d-ACN or CD;CN) (99.8% D), dimethyl
sulfoxide (d-DMSO) (99.9% D, 0.05% (v/v) tetramethylsi-
lane), and dg-benzene (>99.6%) were acquired from Sigma-
Aldrich. Deuterium oxide (D,0, 99.9%), d,-dichloromethane
(999%), and dy-methanol (99.8%) were acquired from
Cambridge Isotope Laboratories, Inc. Deuterated pyridine
(99.8% D) was purchased from Arcos Organics. DPPC (1,2-
dipalmitoyl-:-glycero-3-phosphocholine, >99.0%) and DPPE
(1,2-dipalmitoyl-m-glycero-3-phosphoethanolamine, >99.0%)
were pur from Avanti Polar Lipids Inc. Monosodium
phosphate (NaH,PO,, 96.0%) and sodium phosphate dibasic
anhydrous (Na,HPO,) were purchased from Fisher Scientific,
and distilled deionized water (DDI H,0) was purified with a
Barnstead E-pure system (~18 MQ cm).

General Methods. All non-aqueous reactions were carried
out under an argon atmosphere in flame-dried glassware, and
all mixtures were stirred on a magnetic stir plate using an
anhydrous solvent unless otherwise noted. Reactions were
monitored by thin layer chromatography (TLC) on Whatman
Partisil K6F TLC platcs (silica gel 60 A, 0250 mm thickness)
and visualized an ultraviolet lamp (366 or 254 nm).
Products were p by flash chromatography (SiliCycleSi-
liaFlash F60, 43—60 um, 60 A). Yields refer to chromato-

1598

the internal solvent peaks in 'H NMR (CDCly, 6 726;
d, -acetonitrile, & 1.94; d-DMSOQ, & 2.50; d,-methanol,  4.87;
d,-methylene chloride, & 5.32; d-benzene, 5 7.16; dy-pyridine,
& 874; D,0, 6 479) and in *C NMR (CDCly, § 77.16; de-
benzene, § 128.06).

Preparation of 2-Methyl-3-(3-methylbut-2-en-1-yl)-
naphthalene-1,4-dione, MK-1 (3). Menadiol 2 was
synthesized as previously descrd:oec:l‘7 from menadione 4, and
MK-1 3 was synthesized previously." However, in this work,
the reaction to form MK-1 3 was scaled up and character-
ization reported data in CDCl;. To a dry 100 mL Schlenk flask
were added a stir bar, EtOAc (16 mL), and 14-dioxane (16
mL), which was then purged/evacuated with argon repeatedly.
Then, crude menadiol 2 (2.50 g, 4:1 menadiol:menadione by
NMR integration; note that menadiol is prone to autoxidation
in CDCL, 11.48 mmol) was added followed by 3-methyl-2-
buten-1-ol 1 (1.08 g 12.52 mmol) and then dropwise addition
of distilled BF, etherate (0.8 mL). The reaction solution
turned dark orange and was refluxed at 70 °C for 3 h under
argon. The reaction was quenched with ice and H,O (100
mL), and then the mixture extracted with diethyl ether (3 x
100 mL). The yellow organic extracts were washed with
saturated NaHCO, (100 mL), washed with brine (100 mL),
dried with anhydrous Na,SO,, and then concentrated under
reduced p at ambient temperature to yield 3.50 g of
crude red oil. The crude oil was purified by flash column
chromatography (1000 mL of 230—-400 mesh SiO,, 70 mm
column, 20:1 n-pentane:EtOAc). The red oil obtained was
dried under reduced pressure (~125 mTorr) overnight to yield
0.628 g of a deep red oil (2.61 mmol, 22.7% yield): '"H NMR
(400 MHz, CDCl;) &8.06-8.08 (m, 2H), 7.67~7.69 (m, 2H),
5.02 (t,] = 7.0 Hz, 1H), 3.36 (d, 2H, ] = 7.0 Hz), 2.19 (s, 3H),
1.79 (s, 3H), 169 (s, 3H); ®C NMR (101 MHz, CDCl,) &
185.6, 184.7, 1462, 1434, 1341, 133.47, 133.42, 132.33,
132.30, 1264, 126.3, 119.3, 263, 25.9, 182, 12.8; HRMS
(DART) m/z [(M + H)*] caled for Cy¢Hy70; 241.1223, found
241.1222.

Preparation of 2-Isopentyl-3-methylnaphthalene-
1,4-dione, MK-1(H,) (6). To a dry 100 mL round-bottom
Schlenk flask were added a stir bar and dry and degassed
benzene (30 mL) followed by 1-iodo-3-methylbutane 5 (198
8 10.0 mmol, 1 equiv), which was then purged/evacuated with
argon repeatedly. Toadrlemealwasaddeddrybemm
(15 mL), which was then degassed via argon needle purge,
followed by addition of menadione 4 (1.72 g 10.0 mmol) and
benzoyl peroxide (242 g 10.0 mmol, 1 equiv). This solution
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was sonicated until dissolution occurred under argon. The
naphthoquinone/b id was added drop-
wise over 135 min to the refluxing prenyl iodide solution,
which was under an argon atmosphere during the reaction.
After the addition was complete, the was refluxed for
an additional 1 h. The solution was then diluted with saturated
NaHCO; (100 mL) and diethyl ether (100 mL), and then the
two phases were ted. The aqueous layer was extracted
with diethyl ether (3 X 100 mL), and the combined organic
extracts were washed with saturated NaHCO, (100 mL),
washed with brine (100 mL), dried with anhydrous Na,SO,,
and then concentrated under reduced pressure at ambient
temperature to yield a crude yellow powder. The crude powder
was purified by flash column chromatography (10:15 »n-
pentane: tOAc) to yield 0493 g of a yellow solid (2.03 mmol,
20.3% yield) after drying overnight under reduced pressure
(~125 mTorr): *H NMR (400 MHz, C,D,) & 8.05~8.07 (m,
2H), 704-7.06 (m, 2H), 241-245 (m, 2H), 1.92 (s, 3H),
1.45-1.55 (m, 1H), 1.16—121 (m, 2H), 0.89 (d, ] = 6.6 Hz,
2H); BCNMR (101 MHz, C¢Dg) 6 184.9, 184.3, 147.5, 142.7,
133.09, 133.08, 13274, 13271, 126.26, 12621, 378, 28.9,
25.2, 225, 12.3; HRMS (DART) m/z [(M + H)*] caled for
C1¢H;50; 243.1380, found 243.1378.

Mass Spectrometry. High-resolution mass spectrometry
(HRMS) experiments were conducted on an Agilent 6224
TOF LC/MS instrument [O-time-of-flight (TOF)] interfaced
with the Direct Analysis in Real Time (DART) source
(TonSense DART-100). A standard of Jeffamine was used as an
internal standard calibration for HRMS DART experiments
carried out in positive mode.

NMR Spectroscopic Studies. 1D and 2D 'H NMR
spectroscopic studies were carried out both in organic solvents
and in an RM model membrane system. 'H and C NMR
spectra were recorded using either a Varian model MR400,
model Inova400, or model InovaS00 spectrometer operating at
either 400, 500, or 101 MHz, respectively. Chemical shift
valies () are reported in parts per million and referenced
against the internal solvent peaks in 'H NMR (CDCly, 6 7.26;
d-ACN, & 1.94; d-DMSO, 6 2.50; dy-methanol, 5 4.87; d;-
methylene chloride, § 5.32; dg-benune, & 7.16; dy-pyridine, &
8.74; D,0, 6 479) and in ®C NMR (CDCly, § 77.16; d
benzene, 5 128.06). All NMR spectra were recorded at either
22, 25, or 26 °C. See figure captions and the Supporting
Information for more details.

Solution 1D 'H NMR Spectroscopic Studies. Samples
were prepared by dissolving ~5.0 mg of MK-1 in 0.5 mL of
either d,-chloroform, d,-methylene chloride, d,-methanol, d
DMSO, dg-pyridine, d-ACN, or dg-benzene. The NMR
instrument was locked onto the respective deuterium signal
in the deuterated solvent used. NMR spectra were then
collected using 32 scans for each sample. The data were
processed using MestReNova NMR processing software
version 10.0.1. The spectra were manually phased, and then
the baseline was corrected using a Bernstein Polynomial Fit
(polynomial order 3). The obtained spectra were referenced to
the proper internal solvent peak.

Sample Preparation for '"H—'H 2D NOESY and 'H-'H
2D ROESY NMR Spectroscopic Studies. To prepare the
solutions of MK-1 or MK-1(H,) in ds-pyridine, d;-ACN, and
de-DMSO, 00024 g of MK-1 or 0.0024 g of MK-1(H,) was
dissolved in 0.5 mL of a deuterated solvent to produce a 20
mM solution of MK-1 or MK-1(H,), respectively. The NMR

1
¥l

1599

samples containing the MK-1 or MK-1(H,) solution were
purged with argon briefly and caj prior to data collection.
'H-'"H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Solution Studies. 'H-'H 2D NOESY
NMR and 'H-'H 2D ROESY NMR spectroscopic experi-
ments were conducted using a 400 MHz Varian MR400 NMR
spectrometer operating at 26 °C. A standard NOESY pulse
sequence was used consisting of 256 transients with 16 scans in
the f1 domain using a 500 ms mixing time, a 45° pulse angle,
and a L5 s relaxation delay. The standard ROESYAD pulse
quence consisted of 256 transients with 16 scans in the fl
domain using a 400 ms mixing time, a 45° pulse angle, and a
2.0 s relaxation delay. The NMR was locked onto either d;-
pyridine, d;-ACN, or d,-DMSO. The resulting spectrum was
processed using MestReNova NMR software version 10.0.1
(see the Supporting Information for further details). The
spectra were referenced to the proper internal solvent peak.
Molecular Mechanics Calculations. To illustrate con-
formations for MK-1 and MK-1(H,), Merck Molecular Force
Field 94 (MMFF94) molecular mechanics gas phase
simulations were conducted using ChemBio3D Ultra 12.0 at
25 °C. Starting conformations were obtained by building
ChemDraw structures and rotating desired bonds, and then
simulations were run followed by energy optimization or
simply an energy minimization to achieve the desired
conformation. Conformations A, Al, B, Bl, C, and Cl in
Figure 5 were constructed and then energy minimized with a
root-mean-square (RMS) gradient of 0.1 and up to 50
iterations to obtain MK-1 and MK-1(H,) conformations that
agreed with our interpretation of the cross peak observations
and intensities in the ‘H—"H 2D NOESY and ROESY NMR
spectral data. Two simulations were run for 10000 iterations
and then en minimized using an MMFF94 energy
minimization :ch\ﬂaﬁon using 500 iterations with an RMS
gradient of 0.001 to achieve conformations D and D1 in Figure
S27. Conformations E, El, F, and F1 in Figure S27 were
generated by rotating bonds to achieve the desired
conformation followed by an minimization using 20—
50 iterations and an RMS gradient of 0.1. A table of structural
parameters such as selected distances between hydrogens
within the conformations in Figure 5 and Figure S27 and
energies calculated for the three-dimensional (3D) conforma-
tions can be found in the Supporting Information. Tables of
Cartesian coordinates for the MK-1 analogue conformations
can be found in the Supporting Information.
Electrochemistry Methods. The electrochemistry was
performed on a CHI 750D potentiostat. For cydlic
voltammetry, a classical three-electrode system was used with
a scan rate of 100 mV/s at ambient temperature. A glassy
carbon working electrode (BASi MF2012, 3 mm) was lightly
polished between runs with alumina powder and then rinsed
with water and ethanol. A platinum wire counter electrode
(BASi MW1032) was gently polished between runs with 600
grit sandpaper. A Ag*/Ag reference electrode (BASi MW1085)
was constructed by using the Ag wire gently polished with 600
grit sandpaper inserted into a freshly prepared solution of
organic solvent (ACN, pyridine, or DMSO) with 0.1 M TBAP
and 0.01 M AgNO;. This reference electrode was equilibrated
in the MK-1 or MK-1(H,) solution (2 mM) of the same
organic solvent for 10 min. The solutions were bubbled for
~5-10 min with argon gas to ensure as much dissolved O,(g)
was removed as possible before the cyclic voltammogram was
recorded. All half-wave potentials recorded were referenced to
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the internal standard Fc'/Fc couple by subtracting the
averaged potential in each solvent The Fc'/Fc couple against
the Ag*/Ag reference in ACN was 0.081  0.002 V, in DMSO
was 0.176 + 0.004 V, and in pyridine was 0.562 + 0.001 V.
The reliability of the Fc* /Fc couple half-wave potential in each
solvent was within experimental error.

E_+E
pc T
fa=—3 o
.ﬁ = 1, fora reversible process
‘' (2)
0059V

AEP Ep —Epn=2xX ——

2 AE, @)

The half-wave potentials are calculated using eq 1, where E,,
and E, are the cathodic and anodic peak potenﬁals
respecuve.ly The cathodic and anodic peak currents, i, and

s Tespectively, were measured manually with a ruler on the
cycl.u: voltammograms in centimeters to determine reversibility
as a measure of the closeness to unity (eq 2). The number of
electrons, n, in each process was determined using eq 3, where
x is the adjustment factor in each solvent determined by setting
the standard ferrocene number of electrons to 1 (n = 1).
Electrochemistry performed in non- solvents may have

values that are not indicative of the number of electrons;
therefore, the ferrocene standard was used to determine the
true value. See the Supporting Information for more detailed
electrochemistry methods and discussion.

Langmuir Monolayer Compression Isothenns Lang-
muir phospholipid layers were p d using a Kibron
ptroughXS. The subphase consisted of ~SO mL of a 20 mM
phosphate buffer (pH 7.4). Phospholipid stock solutions of
18.4 mg (1 mM) of DPPC or 17.3 mg (1 mM) of DPPE were
prepared by dissolving the phospholipid in 25 mL of a
chloroform /methanol solvent [9:1 (v/v)]. Stock solutions (1
mM) of both MK-1 and MK-1(H,) were prepared with 097
and 096 mg, respectively, in 4 mL of a chloroform /methanol
solvent [9:1 (v/v)]. Then, 20 uL of a stock solution [20 nmol
of DPPC, DPPE, MK-1, or MK-1(H,)] or a mixture (10 nmol
of lipid and 10 nmol of MK) was applied in dropwise fashion
to the surface of the subphase. This was then allowed to
equilibrate for 15 min, allowing the lipids to spread and the
solvent to evaporate. The DPPC/DPPE mixed solution and
MK-1 or MK-1(H,) were prepared by mixing equimolar
amounts of phospholipid and MK analogue in a separate vial
before application to the subphase. The resulting monolayer
was compressed at a rate of 10 mm min™ (5 mm min™* from
two sides) with a Teflon ribbon, and the surface tension was
measured the Wilhemy plate method using a wire pmbe
as the Wilhemy plate. The t of the «
isotherm experiments was kept consistent at 25 °C using a
circulating water bath. The surface pressure reported I.S
calculated from eq 4, where x is the surface press ure, 7o is
the surface tension of water without lipid (na mN/m**)
and 7 is the surface tension of water with lipid present dunng
comp Each compression isotherm presented herein is
an average of three measurements. The data acquired were
processed using OriginPro version 9.1 graphing software. The
compression modulus was calculated as described in the
Supporting Information.

=y -7

)

Sample Preparation for RM NMR Spectroscopic
Studies. A 0.50 M AOT stock solution was prepared by
dissolving AOT (5.56 g, 12.5 mmol) in isooctane (250 mL).
Empty RMs were prepared by mixing a 0.5 M AOT stock
solution with a D,0 water pool and then vortexed. MK-1 and
MK-1(H,;) RMs were made in a similar manner, the only
difference being a 14.3 mM stock solution for MK-1 or MK-
1(H,) was prepared by dissolving MK-1 or MK-1(H,),
respectively, in a 0.50 M AOT/isooctane solution. The RMs
were then prepared using the MK-1 or MK-1(H,) AOT/
isooctane stock solution. First, 2.0 mL samples were made
using specific amounts of MK-1 or MK-1(H,) AOT/isooctane
stock solution and then diluting the sample to 2.0 mL with the
0.50 M AOT/isooctane solution. From the 2.0 mL solutions,
1.0 mL RM samples were prepared using designated amounts
of the 20 mL sample and then adding the proper amount of
D,0 at pH 6.65 (see General Methods for pH measurements)
for MK-1 [the D,0 pH was 6.71 for the MK-1(H,) samples]
to form RMs of the desired size. The samples were then
vortexed until the solution was clear. The overall concen-
trations for the 1.0 mL MK-1 RM samples are as follows: w, 4,
13.8 mM; wy 8, 6.5 mM; wy 12, 3.5 mM; wy 16, 1.9 mM; and
wp 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-
l(Hz) RM samples are as follows: w, 4, 13.8 mM; w, 8, 64
wo 12, 3.5 mM; wy 16, 20 mM; and w, 20, 1.4 mM.

1D H NMR Spectroscopic Studies of AOT/Isooctane
RMs Containing MK-1 or MK-1(H). NMR spectra of MK-1
and MK-1(H,) in various size RMs, isooctane, and D,0 were
obtained using a Varian Inova 400 MHz instrument operating
at 22 °C using routine parameters (45° pulse angle and 1 s
relaxation delay) and 64 scans. The NMR instrument was
locked onto the 10% D,0 signal for the RM samples and
locked onto 100% D,O for the sample in D,0. The 1D ‘H
NMR spectra of MK-1 or MK-1(H,) in isooctane were doped
with ~5% dcbenzene for the NMR instrument to lock onto
and to achieve properly shimmed spectra. The spectral data
were processed using MestReNova NMR processing software
version 100.1. The spectra were manually phased, and then
the baseline was corrected using a multipoint baseline
correction (cubic splines). The spectrum in D,0 was
referenced to the internal D,0 peak, and the spectra in
isooctane and RMs were referenced to the isooctane methyl
peak (0.904 ppm) as previously reported.”

Sample Preparation for '"H~'H 2D NOESY and 'H-'H
2D ROESY NMR Spectroscopic Studies in AOT/
Isooctane RMs. RM samples of MK-1 and MK-1(H,) were
prepared in the following manner. A 050 M AOT stock
solution was first prepared by dissolving AOT (5.56 g 125
mmol) in isooctane (250 mL). A 1.0 mL stock solution of 112
mM MK-1 in an AOT/isooctane solution was prepared by
dissolving 27.7 mg of MK-1 in 1.0 mL of a 0.50 M AOT/
isooctane stock solution. To prepare a w, 12 RM, 894.68 yL of
a 112 mM MK-1 AOT/isooctane stock solution and 10532 uL
of D,0 at pH 7.03 were mixed together and then vortexed
until the solution was clear. The MK-1(H,) w, 12 RM sample
was prepared like that of MK-1 using a 112 mM stock solution
and D,0 (pH 7.01). This final mixture results in a w, 12 RM
microemulsion with an overall concentration of MK-1 or MK-
1(H,) of ~100 mM (~29 molecules per RM). The NMR
samples containing the MK-1 or MK-1(H,) RM solution were
purged with argon briefly and ca prior to data collection.

'H-"H ZD NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies in a w,, 12 AOT/Isooctane RM.
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Scheme 1. (A) Synthetic Scheme for the Allylic Alcohal Coupling Reaction To Form ME-1 3 and (B) Synthetic Scheme for the
Radical Allkylation of Menadione 4 and 1-Ioda-3-methylbutane 5 To Form ME-1(H;) %775

(B)

(A)
BF; Etheratn
| ErAc! Diowane 1:1
Ho 3 h, roflux

3% yiald

Benzoyl Poroxide
Banzens |
=3 I, reflux

2D NMR spectra of ME-1 and MEK-1(
obtined Lm.ng gmilar conditions and methods described
prev].m.mly 'uﬁnsa“mhﬂ"x\raﬁmhmmm
spectrometer operaﬁ.nsa.t 26 °C for MK-1 and were obtained
using a 500 MHz Varian Inova 500 spectrometer operating at
25 °C for MK- I(HZJ A standard NOESY Puls! sequence was
madmmshngufﬂ]}urlsﬁ transients with either 16 or 32
acammﬂ:eﬂdcmla.m a 200 ms mixin tl.mz,aliS“Pulse
angle, anda L5 rt].anh.on delay. A MH\?ROESYJ\D pulse
sequence was used mmmh.ngofl&ﬁ transients with 16 scans in
the {1 domain lmﬁrugaIMWmixi:tsﬁn!,aliS"Pﬂsea.ugh,
and a 2.0 s relaxation dglay. The NMER instrument was locked
onto the 10% D,0 signal The resulting spectrum was
p\rnueased usmg MestReNova NMR software version 10.0.1
[;see the Supporting Information for further deta]ls) The
spectrum was referenced to the mooctane mathyl at 0904
Ppm on both axes as Pru\riomly repucrb:d.' * The 3D
conformation illustration within an BM interface was
constructed usi.ng ChemDraw Professional 150 and Chem-
Bio3D Ultra 12.0 based on s;ﬂ:tr.al parameters described in
Results and Discussion,

Dynamic Light Scattering (DLS) Studies. RMs for DLS
studies were prepared as described for the NMR spectroscopic
studies except that DDI HyO was used as the water pool
instead of D20 and 0.50 M AOT was dilnted with isooctane
after the RM had formed to 2 final AOT concentration of 0.1
M. The hydrodynamic radins of the RMs was determined by
DLS measurements performed on a Malvern Zetasizer Nano
Z5 instrument (Malvern Instruments, Malvern, UK ). The
DLS cuvette (l cnx 1 cm,glam) was washed three times with
isooctane followed by three washes with the RM sample. Then,
the cuvette was filled with | mL of the RM sample and closed
with a Teflon cap. Each experiment was conducted at 25 °C
mﬂmhbadufamssampleaquﬂibraﬁmpzﬁcﬂfoﬂmﬁ
by 10 measwrements consisting of 15 scans each™ Bach
sample was measured in triplicate, and the radius and
polydispersity (PDI) were recorded. The data were analyzed
usmg Malvern Zetasizer Software version 7.11 and cucmpa.md
to valies reported in the literature** See the Supporting
Information for data and interpretation.

H,) in RMs were

B RESULTS AND DISCUSSION

Synthesis and Characterization of MK-1 Analogues.
We have previously synthesized ME-1,* and it has been
synthesized by other reported routes;* ™7 however, here we
present a scaled-up version and NMR spectral characterization
in chloroform-d (Scheme 1). Menadiol 2 was synthesized as
p\rtvinusly described from menadione 477! To introduce
the isoprenyl side chain, menadiol 2 was treated with 3-methyl-

2-buten-1-ol 1 in the presence of the Lewis acid catalyst, boron
trifluoride’™" MK-1 3 was obtained as a red oil in 2 23% yield
{‘ichm I) a\lﬂ:n:mghtheruutctocbtamm l(sz has been
rel:l:n'baﬁ in the literature (‘H:herm: l) the Prnﬂm:t was not
isolated in pure form or characterized by NMR spectroscopy.
‘We modified and optimized the reported route to increase the
yield and scaled the reaction up to a preparatory scale using a
similar methodology we recently reported. ¥ MK- I.l:H;) 6 was
synthesized by a one-step radical alkylation reaction in which
menadione 4 and 14odo-3,7-dimethylbutane 5 were coupled
using benzoyl peroxide as the radical initiator. ™ MK-1(H,)
6 was obtained as a yellow powder in a 20% yield (Scheme 1),
The mena&ium:fbanm‘yl Peroxid! solution was added
dropwise over ~2 h to the reflxing prenyl iodide solution
to kezp the stationary menadione 4 concentration suﬂ'lugnﬂy
1.crw in the reaction to ensure Pud s&lectrmty of a]]{ylatnn,
alkylation at C3 over C2 (Scheme 1)

1D "H NMR Spectroscopic Studies of MK-1 in Organic
Solvents. The synthesis of ME-1 and MK-1(H,) provided
material to J'm'mﬁgabe if the solvent environment induced
chemical shift changes. NMR spectra of MK-1 were collected
in various organic solvents ranging from aromatic to non-
aromatic and of differing polarity (Figure 2). The most drastic
chemical shift observed for ME-1 was in the aromatic
solvents, dg-benzene and dy-pyridine, compared to the other
solvents in Figure 1. Thi&isszmbyfmminguntbec}mﬁcal

Ehlmlnrrr:‘l Fj H“I;"I“|‘(:I'I[:l, ) H‘,.H. TH:IL,:'“
L] " i

ACN

DMSO = HiD _Il miT' |‘“[I|

e P 1

oM 2 e Hl
I - 1. 1 |

v W
o L V. Al

7 8 T ?prmb‘ 3 z

Figure . 1D 'H NMR (400 MHz) spectra llustrating chemical shift
differences of MK-1 hydrogens between varous organic solvent
environments. Abbrevistions: ACN, dyacetonitdle; DMSO, ds-
dimethyl mlfoxide; MeOH, di-methanol DCM, drdichloromethane

Pyr, depyridine. A structure of ME-1 with a hydrogen labeling
scheme key is shown in Figure 3.
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(A) Full NOESY d.-Pyridine (B) Partial NOESY d.-Pyridine
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Figure 3. "H-'H 2D NOESY and '"H~'H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1 in dg-pyridine, dy-acetonitrile (dyACN), and ds-
DMSO at 26 °C. (A) Full '"H~-"H 2D NOESY NMR spectrum of MK-1 in ds-pyridine. (B) Partial "H="H 2D NOESY NMR spectrum of MK-1 in
dgpyrdine. (C) Partial 'H-"H 2D ROESY NMR spectrum of MK-1 in ds-pyridine. (D) Partial 'H~'H 2D NOESY NMR spectrum of MK-1 in dy-
ACN. (E) Partial "H="H 2D ROESY NMR spectrum of MK-1 in d;-ACN. (F) Partial 'H="H 2D NOESY NMR spectrum of MK-1 in ds DMSO.
(G) Partial '"H-"H 2D ROESY NMR spectrum of MK-1 in d DMSO. Blue intensity contours represent negative NOEs or ROEs, and red intensity
contours represent positive NOEs or ROEs A standard NOESY pukse sisting of 256 transients with 16 scans in the f1 domain using a
500 ms mixing time and a 1.5 5 relaxation delay was used. A standard ROESYADpduseque consisting of 256 transients with 16 scans in the f1
domain using 2 400 ms mixing time and a 2.0 s relaxation delay was used. The structure d'MK-l is shown wldx a hydrogen kabeling scheme key.
Green arrows indicate hydrogen H,, where the observed cross peaks differed the most b the three

1602 DOk 101021 /3% blochem 9600007
Blochemisty 2019, 58 15961615

177



Biochemistry

A) Full NOESY ridine Partial NOESY d,
A dy-Pyl - ®) J 14‘7'*::/

o, o,
O | el i
13 ki o
s
s
:
Py r
oy .
oo (W
w 2 »
. 7 . s 4 3 ? 1
2 ippm)
{C) Partial ROESY ds-Pyridine {D) Partial NOESY d,-Acetonitrile
Ry e, iy 4, HOD o,
acn
[ I e o |

XL N - I/,-\\ ~ 7 10
\

N ~ | ] ) s | - ' - 14
* l\ : - Hy \ / e
_/ ou \_/ ul
Woo. - » 20,
. » f o3 w . 5 b3
P - L2y
el e % e 5
20
2 ORETN 25 Wy "
{E) Partial ROESY d,-Acetonitrile (F) Partial NOESY d,-DMSO
w1, H00 " mom W, M,
L A s [ S| & @
loa .
14 Ll - ‘/ T\' -
:: " e (o) = / L]
| J
142 H o \ ® 1]
u; = v‘/a
s M - ~ & -
22 =
34 2%
25 M. 4 ) = <
j2a it W <
30
2 1 e

28 MK-1 (Hz)

Figure 4. 'H~'H 2D NOESY and ‘"H~'H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1(H,) in d-pyridine, d,-acetonitrile (d;-ACN),
and d-DMSO at 26 °C. (A) Full 'H~'H 2D NOESY NMR spectrum of MK-1{H,) in ds-pyridine. (B) Partial 'H~'H 2D NOESY NMR spectrum
of MK-1(H,) in d;-pyridine. (C) Partial 'H~"H 2D ROESY NMR spectrum of MK-1(H,) in d;-pyridine. (D) Partial 'H~'H 2D NOESY NMR
spectrum of MK-1(H,) in dy-ACN. (E) Partial 'H~"H 2D ROESY NMR spectrum of MK- 1(H,) in d,-ACN. (F) Partial 'H~'H 2D NOESY NMR
spectrum of MK-1(H,) in d;-DMSO. (G) Partial 'H~"H 2D ROESY NMR spectrum of MK-1(H, ) in dDMSO. Blue intensity contours represent
negative NOEs or ROEs, and red intensity P positive NOEs or ROEs. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the f1 domain using 2 500 ms mixing time and a 1.5 s relaxation delay was wsed. A standard ROESYAD pulse sequence
consisting of 256 transients with 16 scans in the f1 domain usinga 400 ms mixing time and a 2.0 s relaxation delay was used. The structure of MK-
1(H,) is shown with a hydrogen hbeling scheme key. Green arrows indicate hydrogen H,, where the observed cross peaks differed the mast
between the two solvents studied, and black ovals highlight the region that changes the most between spectra.

shift differences observed between the MK-1 aromatic is nearly 1 ppm in d-benzene compared to 02—0.4 ppm in the
hydrogens, H,/H, and H /H, The chemical shift difference other solvents. The methylene hydrogens, H/H, and the
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MK-1 (A) dy-pyridine (8) dyacetonitrile (C) d-DMSO
Series
MK-1(H;) (A1) dy-pyridine (B1) d,-acetonitrile (C1) d-DMSO
Series
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Figure 5. MK-1 and MK-1(H,) conformations generated using MMFF94 calculations to illustrate the possible conformations consistent with the
'H-"H 2D NOESY and ROESY NMR spectral studies in which conformations agree with observed cross peak interactions and intensities. MK-1
series: (A) proposed MK-1 conf in ds-pyridine determined from 'H~'H 2D NOESY and ROESY NMR spectral data for cros peak
interactions ($1.8 kaal/mol; H,~H,, 43 A), (B) p d MK-1 conf indy-ACNd ined from '"H~"H 2D NOESY and ROESY NMR
spectral data for cross peak interactions (48.6 kcal/mol, ,~H, 3.9 A), and (C) proposed MK-1 conformation in d¢DMSO determined from
'H-"H 2D NOESY and ROESY NMR spectral data for cross peak interactions (47.3 keal/mol; H,~H,, 32 A). MK-1(H,) seres: (A1) proposed
MK-1(H,) conformation in ds-pyridine determined from 'H~'H 2D NOESY and ROESY NMR spectral data for cross peak interactions (42.1
keal/mol; H,=H,, 36 A), (B1) proposed MK-1(H,) conformation in d;-ACN determined from 'H~"H 2D NOESY and ROESY NMR spectral
data for cross peak interactions (43.0 keal/mol; H,~H,, 4.0 A), and (C1) proposed MK-1(H,) conformation in dsDMSO determined from

'H~"H 2D NOESY and ROESY NMR spectral data for cross peak interactions (41.9 keal/mol; H,~H,, 34 A).

naphthoquinone methyl (H,) also shift in dg¢-benzene
compared to the other solvents. Via examination of the
chemical shift differences in the spectra in Figure 2, it is clear
that MK-1 is influenced by solvent environment, but whether
MK-1 adopts different confor in these organic solvent
environments remains unclear.

'H-'H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1(H,) in d¢
Pyridine, d,-Acetonitrile, and dg-DMSO. The 1D 'H NMR
experiments demonstrated that the solvent environment
impacts the chemical environment surrounding MK-1 enough
to change the observed chemical shift. However, whether the
conformation of MK-1 and MK-1(H,) changes depending on
the solvent environment remained unclear. Therefore, we used
two different compl tary 2D NMR spectroscopic
techniques (‘H-'H ZD NOESY and 'H-'H 2D ROESY
NMR) to elucidate the conformation of the MK analogues in
organic solutions, We present the 2D NMR data for MK-1 in
Figure 3, the 2D NMR data for MK-1(H,) in Figure 4, and the
3D conformations for MK-1 and MK-1(H,) in Figure 5. We
used a semiquantitative approach for the 2D NMR conforma-
tional analysis in which NOE/ROE distance intensities are as
follows: a strong cross peak intensity is an ~2—3 A distance, a
medium cross peak intensity is an ~3—4 A distance, and a
weak cross peak intensity is a >4 A distance.” We standardized
the signal intensities on the basis of the intensity of the H,~H,
cross peak of MK-1 or MK-1(H,), which was used as the
internal intensity calibrant (the actual distance is 2.5 A, which
indicates a stmng cross peak). Figure 3 shows 'H—'H 2D
NOESY and ‘H—"H 2D ROESY NMR spectra of MK-1 in d;-
pyridine, dy-acetonitrile (d;-ACN), and de-DMSO (see Figures
$3-511 and $16-524 for full 2D NMR spectra and Figure
526 for ROE/NOE correlation traces). These organic solvents
were chosen because they differed sufficiently with regard to

H,

.

shape, polarity, and versus non tic and are well
behaved in electrochemical studies.

The conformation of MK-1 in ds-pyridine was determined
by analyzing the 'H~'H 2D NOESY and ROESY NMR
spectra (Figure 3A—C and Figures S3 and S4). Figure 3B
shows a strong NOE cross peak observed between hydrogens
H,, and H, and a weak NOE cross peak between H,,, and H,
(see the Supporting Information for hydrogen peak assngn-
ments of H, and H,). Weak NOE/ROE cross peaks are also
observed between H, and H, (Figure 3B,C), which supports a
folded—extended conformation in which the terminal methyl

ps orient themselves in a to fold upward (C-C
bond rotation alows the methyl groups to rotate upward)
positioning H, close enough to H, to observe a NOE/ROE
cross peak. The weak cross peak (same phase as the diagonal)
observed between H, and H, is likely due to TOCSY exchange.
The weak NOE cross peak in Figure 3B between H, and H,
has an intensity similar to that of the NOE cross peak observed
between H, and Hy, which is not explai an extended—
flat conformation (see Figure S27E and Table S1 for structure
and internuclear distances of the MK-1 flat—extended
conformation). Together, these observations provide evidence
that MK-1 adopts a folded-extended conformation in d-
pyridine in which the isoprenyl side chain folds upward.

With regard to the conformation of MK-1 in d;-ACN, panels
D and E of Figure 3 (Figures S6 and S7) show a weak NOE/
ROE cross peak observed between H, and H, and no cross
peak observed between H, and H. The cross peak observed is
opposite in phase to the diagonal and possibly due to chemical
exchange or TOCSY exchange. TOCSY exchange is more
likely as are there are no readily exchangeable hydrogens in the
molecule. There is a weak NOE cross peak between H, and Hy
that is visible only in the spectrum upon zooming in on lower
floors, which is not consistent with an extended—flat
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conformation and is different from that observed in ds-
pyridine, indicating slightly different conformations adopted
between solvent environments. However, the cross peak
intensity between H,, and H, or H, is similar to that in d;-
pyridine. There is also a NOE/ROE cross peak observed
between Hy, and HOD and between and the solvent, dj-
ACN, and interactions between MK and the solvent were not
observed in the 2D NMR spectra of MK-1 in d;-pyridine or dg-
DMSO. On the basis of observations described above, MK-1
likely adopts a folded—extended conformation in d;-ACN that
differs lightly from the folded—extended conformation in ds-
pyridine.

Finally, the conformation of MK-1 in d-DMSO was
determined. Panels F and G of Figure 3 (Figures S9 and
510) show a weak NOE cross peak between H, and Hy and a
medium NOE/ROE cross peak between H, and H, and with
no NOE/ROE cross peak observed between H, and H,. This is
similar to the cross peaks observed in d;-ACN, but H, to
H, cross peak is stronger in de-DMSO, indicating slightly
different conformations. These observations would not be
explained by a flat—extended conformation, and MK-1 likely
adopts a folded—extended conformation in d-DMSO more
similar to that in d;-ACN than in dg-pyridine.

To investigate whether saturation of the alkene in the
isoprenyl side chain influences the conformation of MK-1(H,),
'H~'H 2D NOESY and 'H-'H 2D ROESY NMR spectra
were collected in d;-pyridine, dsACN, and de-DMSO (Figure
4). Similar NOE/ROE cross peaks were observed for MK-
1(H,) in d-pyridine and MK-1 in d-pyridine (Figure 4A~C
and Figures 516 and S17). Specifically, a weak NOE/ROE
cross peak between H, and H,/H,, a medium NOE/ROE cross
peak between H, and H,;, and a medium NOE/ROE cross
peak between H,;, and H, were observed. There is also no
NOE/ROE cross peak observed between H, and H, which
further supports a folded—extended conformation. This is
sugestive of a similar conformation for MK-1(H,) and MK-1
in dg-pyridine, where both adopt a similar folded—extended
conformation. Similar NOE/ROE cross peaks were observed
for MK-1(H,) in d,-ACN and MK-1 in d,-ACN (Figure 4D;E
and Figures S19 and S20). Specifically, the lack of an
observable cross peak between H, and H,/H, (compared to
a weak NOE/ROE cross peak in the case of MK-1), a medium
NOE/ROE cross peak between H, and H,, a medium NOE/
ROE cross peak between H,, and H,, and a very weak NOE/
ROE cross peak between H, and H; was observed. There is
also no NOE/ROE cross peak observed between H, and H;.
This is suggestive of a similar conformation for MK-1(H,) and
MK-1 in d,-ACN, where both adopt a similar folded —extended
conformation. Comparable NOE/ROE cross peaks were
observed for MK-1(H,) in de-DMSO and MK-1 in de
DMSO (Figure 4F,G and Figures 522 and S23). For instance,
a medium NOE/ROE cross peak between H, and H,/H,, a
medium NOE/ROE cross peak between H, and H,,, a
medium NOE/ROE cross peak between H, 4 and H,/H,, and a
medium NOE/ROE cross peak between H, and H, were
observed. There was also no NOE/ROE cross peak observed
between H, and H, This is suggestive of a comparable
conformation for MK-1(H,) and MK-1 in d-DMSO, where
both adopt a similar folded—extended conformation.

Considering the similar trends in cross peaks and intensities
observed for MK-1 and MK-1(H,) in d;-pyridine, d,-ACN, and
de-DMSO, it appears that saturation does not affect the
conformation significantly. The subtle differences observed for

MK-1 and MK-1(H,) in the different o:gamc solvents suggest
that slightly diffe folded—extended conformations are
adopted between each of the organic solvents, but MK-1 and
MK-1(H,) have very similar conformations in each solvent.
This suggests that there could be a correlaion between a
preferred conformation in each solvent environment and that a
simple change such as saturation of a double bond only slightly
influences this preferred conformation. Overall, these truncated
MK analogues appear to adopt folded—extended conforma-
tions in organic solutions based on the 2D NMR data and the
folded—extended conformations differ slightly between solvent
environments. However, it is possible that an equilibrium
population exists between multiple conformations (e.g., folded
and/or nonfolded conformations). The observations from the
2D NMR spectroscopic studies support our first hypothesis
that the most fundamental MK-1 analogues adopt folded
conformations regardless of the degree of saturation in their
isoprenyl side chain.

lllustrating MK-1 and MK-1(H;) Conformations Using
Molecular Mechanics. To clearly show illustrations of MK-1
and MK-1(H,), conformations were generated on the basis of
our interpretation of observed cross peak intensities in the
‘H~'H 2D NOESY and ROESY NMR spectral data using a
semiquantitative approach. We used molecular mechanics
(MM) calculations to illustrate and model these conforma-
tions. This allowed us to explore the energy surface of
conformations corresponding to MK-1 or MK-1(H,) in either
dy-pyridine, d;-ACN, or fé-DMSO determined from the
spectral data and provided a means for a visual comparison
between conformations (Figure 5). Specific conformations
were generated by constraining internuclear distances con-
sistent with the observed 2D NMR spectral data and then
energy optimized to calculate an energy value as well as
produce realistic bond lengths and angles.

One of the low-energy conformations generated for MK-1
(Figure 5A; 51.8 kcal/mol; H,~H,, 43 A) is consistent with
the 2D NOESY/ROESY spectral parameters in d;-pyridine. A
lower-energy conformation for MK-1 (Figure 5B; 48.6 keal/
mol; H,~H,, 39 A) is consistent with the 2D NOESY/ROESY
spectral parameters in dy-ACN. A slightly lower-energy
conformation for MK-1 (Figure 5C; 473 kecal/mol; H,~H,,
3.2 A) is consistent with tie 2D NOESY/ROESY spectral
parameters in d,-DMSO. One of the low-energy conformations
generated for MK-1(H,) (Figure 5A1; 42.1 keal/mol; H,—-H,,
3.6 A) is consistent with the NOESY/ROESY spectral
parameters in di-pyridine. A conformation with a slightly
higher energy for MK-1(H,) (Figure 5B1; 43.0 keal/mol; H,~
H,, 4.0 A) is consistent with the 2D NOESY/ROESY spectral
parameters in d;-ACN. A lower-energy conformation for MK-
1(H,) (Figure 5C1; 41.9 kcal/mol; He~H, 34 A) is
consistent with the 2D NOESY/ROESY spectral parameters
in d-DMSO. All six of these conformations exhibit folding of
the isoprenyl side chain upward out of the quinone plane
(Figure 5) and can be described as folded—extended
conformations. Each conformation for MK-1(H,) is very
similar to that of MK-1 in each organic solvent environment
examined based on 2D NMR studies.

For comparison, conformations seen in panels D and D1 of
Figure S27 are the lowest- conformations we found for
MK-1 or MK-1(H,), where an extended—flat conformation
was subjected to a MM simulation using 10000 iterations
followed by an energy minimization, which illustrates that
folded conformations are easily reached and energetically
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Scheme 2. Nlustration of the One-Electron Reduction of the Qnmone (Q) of MK-1 to the Semiquinone Radical Anion (Q’7)
and the Second One-Electron Reduction to the Dianion (Q*")
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favorable. In addition to the folded conformations shown in
Figure 5, a series of alternative flat conformations for MK-1
and MK-1(H,) (panels E, E1, F, and F1 of Figure 527) were
also generated on the basis of what is commonly seen in life
science textbooks and literature and then subjected to energy
optimization." ™" These flat—extended conformations are
~11-20 kecal/mol higher than the lowest-energy conforma-
tions of MK-1 and MK-1(H,). A table of selected internuclear
distances for conformations seen in Figure 5 and Figure 527 is
given in the Suppomrzlnfonnaﬁon.

Importantly, the d—extended conformations for MK-1
determined in an organic closely ble the folded
conformation of the first isoprene unit of MK-2 (containing
two isoprene units), which we determmed previously in the
same organic solvent environments.’

Reactivity of MK-1 and MK-1(H,) in Different Organic
Solvents: Electrochemistry. To determine the effect of
saturation of the MK isoprenyl side chain on the quinone
redox potential, we used cyclic voltammetry to measure the
redox potentials of MK-1 and MK-1(H,). Both MK-1 and MK-
1(H,) have two reversible single-electron redox processes; the
first is the quinone to semiquinone (Q/Q"") process, and the
second the semiqui to dianion (Q*7/Q*") process
(Scheme 2). The halfwave potentials for each redox process
Q/Q" and Q*"/Q*" in each solvent for MK-1 and MK-1(H,)
are listed in Table 59, and cyclic voltammograms are shown in
Figure 6. The electrolyte tetrabutylammonium perchlorate

Q iQ*Q/Q"  Fc'/Fc Qv/Q* QQ"  Fc'lFe
Y Ach 1050 AcN
o0
04,
A.0x10*
A0t 20x10%
T sowee| DMSO sox10*) DMSO
- 00
g & S0x10*
=
o-&ﬂﬂﬂ' A4.0x10*
sos0*| Pyridine s.ox10*{ Pyridine
o0
%0
-4.0x10%
Sox10* 105104

2 R] 2 1 3
MK-1, Evs Fc'lFc (V) MK-1(H,), E vs Fc'iFc (V)

Figure 6. Six cydic wltammograms of 2 mM MK-1 and MK-1(H,) in
ACN, DMSO, and pyridine. The potentials are refe dto the F¢*/
Fc couple internal standard (2 mM) detenmined in each solvent.
From left to right, redox processes are Q*~/Q*", Q/Q*", and F¢*/Fe,
respectively. Each sample has 0.1 M TBAP and was degassed with
argon gas for 10 min at ambient temperature before spectra were
recorded. Current sweeps are in the anodic direction from =2 to 1V
and back to =2 Vvs Ag/AgCl. A 100 mV/s scan rate was used.
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(TBAP) was chosen because of its excellent solubility in all
organic solvents. Furthermore, the addition of TBAP to MK-1
solutions in each solvent did not affect the observed chemical
shifts of the MK-1 hydrogens, and thus, no evidence of ion
pairing or association was found (see Figure S28). The water
content of the solvents can affect the semiquinone Q*~/Q*~
process as acidic hydrogens influence hydroquinone produc-
tion, which results in potentials that approach the quinone Q/
Q" half-wave potentials, and therefore, weoon:?audonlydte
first redox process, Q/Q"", in our analyses.””™ Thus, it was
important that we carried out our electrochemical experiments
in anhydrous aprotic organic solvents as this issue is then
avoided and organic solvents more closely resemble the native
MK environment within a cellular membrane compared to
aqueous solutions.

As shown in Figure 6, the ferrocene couple, Fc'/Fc, was
used as an internal reference standard so that the half-wave
potentials are set to 0 V versus Fc'/Fc. The values of Q/Q"~
E,j, versus Fc'/Fc for MK-1 in ACN, DMSO, and pyridine
were measured to be —1227 + 0.002, —L158 + 0.002, and
=1319 * 0.001 V, respectively. The values of Q/Q" E,,
versus Fc'/Fe for MK-1(H,) in ACN, DMSO, and pyridine
were measured to be —1247 + 0.007, —L179 + 0.002, and
—1343 + 0.001 V, respectively. The values of Q/Q" E,,
versus Fc'/Fc are near those reported for 14-naphthoquinone
and those previously reported by our group for MK-2.7-749
The values Q*"/Q*" E,, versus Fc'/Fc for MK-1 in ACN,
DMSO, and pyridine were measured to be —1.882 + 0.014,
—1949 £ 0.006, and —2.037 + 0.005 V, respectively. The
values of Q*~/Q*" E, ;, versus Fc*/Fc for MK-1(H,) in ACN,
DMSO, and pyridine were measured to be —1912 + 0.009,
—19947 + 00008, and —2.109 % 0005 V, respectively. The
measured quinone halfwave redox potential differences in
these solvents are statistically significant as they are distinctly
different from each other at high confidence intervals (see
Figure 7 caption and the Supporting Information).

The difference in millivolts between the unsaturated MK-1
and the saturated MK-1(H,) quinone redox potential in each
solvent of the less variable Q/Q"" process is of the same
magnitude as ~20 mV with specific values of 20.033 + 0.007,
21.333 + 0.002, and 23.917 % 0.001 mV for ACN, DMSO,
and pyridine, respectively (Figure 7). The Q/Q’™ process
potentials are less variable as the presence of acidic hydrogens
and/or water can create the hydroquinone species, which
results in the Q°7/Q*~ process coalescing onto the first redox
potential. Qur previous work with MK-2 demonstrated that the
isoprenyl side chain folds over toward the mphthoq.xmone
moiety and that the sol t can influence the
preferred conformation.”” The mixing of molecular orbitals
(MOs) on the naphthoquinone moiety with the isoprenyl side
chain may potentially result in different energies of the
electrochemical band gap (or HOMO to LUMO gap) needed
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Figure 7. Measured E, ,, (vs Fc*/Fc in volts) of MK-1 and MK-1(H,)
Q/Q*" and Q*/Q*" redox process vs solvent. Each solvent was run
in trplicate, with error bars shown Added horzontal lines show the
distinction between each solvent for each redox process. All salvent
comparisons (ACN vs DMSO, etc.) for each redox process half-wave
potential for MK-1 or MK-1(H,) are statistically different with
Student’s ¢ test confidence intervals of 99.9% (p < 0.0001), except for
that of the ACN vs DMSO Q/Q*" of MK-1, which was 99.5% (p <
0.0016) (four degrees of freedom). Comparisons between MK-1 and
MK-1(H,) half-wave potentials of Q/Q* and Q*/Q* for exch
solvent were at the 99.9% (p < 0.0001) confidence level, except for
those of ACN, which were 98% (p < 0.0089) and 95% (p < 0.0355),
respectively (four degrees of freedom). See the Supporting
Information for data

to reduce the quinone carbonyl oxygen to an anionic oxygen
radical. The electrochemical band gap is suggestive of the
potential observed or the energy required to reduce or oxidize
an electrochemical process. This difference in the band
energy results in unique half-wave potentials as the energy &g
and potential difference (V) are directly proportional as shown
clearly by the electrostatic equation E = VQ, where Qis charge.
The saturation or unsaturation of the isoprenyl side chain can
therefore potentially influence these MOs and may alter the
quinone redox potential in this The

redox potential difference of ~20 mV between MK-1 and MK-
1(H;) could indicate the band gap energy difference between
the saturated and unsaturated double bond in the oneunit
isoprenyl side chain. However, the difference of ~20 mV is
most likely due to an indirect effect manifested by a through-
bond electronic change by the isoprenyl substituent on the
quinone. An indirect substituent effect was used to explain a
redox pottul change for an N-aromatic substituent on a
quinone.’ The conformational differences in MK-1 between
solvents were small, and the short isoprenyl side chain has
limited spatial reach toward the naphthoquinone. If such an
effect existed between conformation and redox potential, it
may not be evident in the one-isoprene unit system. However,
suitable high-level computational calculations should be carried
out to characterize the HOMO-LUMO gap of this system and
determine the exact contributions to the observed ~20 mV
difference.

We also observed a trend in the data of the potential
difference for the Q/Q"" process as compared by solvent
versus degree of saturation (Table S10). For MK-1 and MK-
1(H,), the potential differences in the Q/Q"" process between
ACN and DMSO are 69.250 + 0.003 and 67.950 + 0.008 mV,
respectively. The other solvent comparisons also yield values
that agree with each other. For MK-1 and MK-1(H,), the

potential differences in the Q/Q"” process between DMSO
and pyridine are 161050 + 0002 and 163633 + 0.002 mV,
respectively. Similarly, the potential differences of MK-1 and
MK-1(H,) of the Q/Q"" process between ACN and pyridine
are 91.800 + 0.003 and 95.683 + 0.008 mV, respectively. This
conserved difference in the Q/Q’'™ half-wave potentials
between MK-1 and MK-1(H,) in each solvent may signify
that how the isoprenyl side chain folds is truly solvent-
dependent and/or may t that the conformation of the
short isoprenyl side chain (five carbons) of MK-1 has little
effect on the observed quinone redox potential in the one-
isoprene unit system.

In summary, both MK-1 and MK-1(H,) during the first
electrochemical process producing the semiquinone have the
most positive potentials in DMSO and the most negative
potentials in pyridine, demonstrating MK-1 or MK-1(H,) is
slightly more reducible in DMSO than in ACN or pyridine.
Most remarkably, the observation of an ~20 mV change in
quinone Q/Q"" E,;, between MK-1 and MK-1(H,) supports
our second hypothesis that saturation of the isoprenyl side
chain of MK-1 affects the observed quinone redox potential.
This is the first time that these subtle changes have been
demonstrated in a quinone/MK system. The difference is
presumably mainly due to a through-bond indirect effect,
which results in an electronic perturbation of the quinone
system upon saturation of the isoprenyl side chain. There was
not a large difference between the MK-1 analogue con-
formations, and therefore, changes in the observed redox
potentials are not likely due to conformational differences.
However, a potential correlation should be investigated using
the appropriate fully unsaturated and partially saturated MK-2
analogues in combination with computational methods to
determine if conformational folding of the second isoprene
unit can alter the quinone redox potential in MK analogues
with an unsaturated versus a partially saturated isoprenyl side
chain.

Interaction of Langmuir Phospholipid Monolayers
with MK-1 and MK-1(H). To understand the interaction and
conformation of fundamental MK analogues within a

brane envirc t, we focused on characterizing the
interaction of the most simple, truncated MK analogues, MK-1
and MK 1(H,), with model membrane interfaces. Model
ane sy , such as Langmuir phospholipid mono-
layers, liposomes, micelles, and RM mlcmemulsxom, have been
used to characterize the interaction and location of probe
molecules with membranelike interfaces (Figure 8).%%%'~7
Langmuir phospholipid monolayers and RMs are two
complementary model membrane systems that together can
be used to characterize the interaction, location, placement,
and conformation of MKs within a model membrane interface.
Using these two model b ystems together allowed us
to determine whether MK-1 analogues interact with model
membrane interfaces and if a folded conformation is adopted
within the RM model membrane interface.

Surface-pressure compression isotherm experiments usmg
Langmuir monolayers (Figure 8A) have been useful in
dlaractmzmgz interactions among lipids, lipids and ﬁttg
acids,”**®"™ and lipids and hydrophilic molecules.*'”
During a surface-pressure compression isotherm experiment,
condensing and nding effects caused by the presence of
another lipid (such as MK) can be observed and changes in
phase transitions of the lipids can indicate an interaction
between the two lipids. To establish that the two MK
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Figure 9. Compression isotherms of MK-1 and MK-1(H,) films (dashed red lines), DPPC or DPPE phospholipid monolayers (solid black lines),
or a 50:50 mixture of MK-1 or MK-1(H,) and a phospholipid (dotted blue lines): (A) compression isotherms of MK-1 and DPPC, (B)
compression isotherms of MK-1 and DPPE, (C) compression isotherms of MK-1(H,) and DPPC, and (D) compression isotherms of MK-1(H,)

and DPPE.

analogues interact with membrane interfaces, compression
isotherms of Langmuir monolayers were used to characterize
the interactions of MK-1 and MK-1(H,) with phospbolipid
interfaces of common phospholipids found in biolo
systems such as dipalmitoylphosphatidylcholine (DPPCfor
Imitoylphosphatidylethanolamine (DPPE).”*~7% There

fore, surface-pressure compression isotherms of
monolayers consisting of DPPC, DPPE, MK-1, MK-1(H,), or
a mixture of a phospholipid and an MK analogue were
performed to determine if the MK analogues had any effect on
the packing and compressibility of the phospholipids. The
resulting compression isotherms are shown in Figure 9. The
control monolayers of DPPC and DPPE are comparable to
what has been found in the literature."”’* The DPPC
monolayers both show a characteristic gas—liquid phase
transition at 5 mN/m and collapse at 55 mN/m. The DPPE
monolayers also collapsed at 55 mN/m, which aligns well with
results in the literature.*"™

The MK-1 and MK-1(H,) pure films were compressed in
the same manner as the phospholipid films. Both MK-1 and
MK-1(H,) monolayers did not reach a pressure above 20 mN/
m similar to ﬁndme}repoﬂed for ubiquinone-10 (UQ-10) and
plastoquinone.**”"*”7 The films were not able to reach a high
pressure like other lipoquinones, suggesting that the MK films
either slightly soluble in the subphase (similar to UQ-2*°) as
the pressure was increased or aggregation was occurring, which
has been shown for lipoquinones with longer isoprenyl side

chains.*”" Most likely, the MK-1 analogues are aggregating as
neither analogue was soluble in D,O (see 1D ‘H NMR
RM Spectroscopic Studies ).

When the MKs are mixed with DPPC or DPPE
phospholipids, differences in phase transitions and compres-
sion moduli indicate that an interaction with the MK analogues
and phospholipids can be observed. First, the gas to liquid
phase transition for DPPC is nonexistent when either MK-1 or
MK-1(H,) is present This suggests a condensing effect at low
pressures. Within all the compression isotherms of the mixed
monolayers, a change in slope occurs at ~20 mN/m [similr to
the collapse pressure of MK-1 and MK-1(H,)], which follows
the pattern in the literature with the MK analogues being
compressed out of the monolayer to the top of the monolayer
similar to UQ.*"”" To determine if the MK-1 analogues still
affected the phospholipid monolayers even at higher surface

, the compression moduli of each curve are compared
m Figure 529 (see the Supporting Information for compression
moduli data and interpretation). In each case, the mixed
monolayer exhibited a decrease in ltx compression modulm
(easier to compress) than the pure phospholipid
indicating that the MK analogues affect the phosphollpld
monolayer throughout compression even at physiologically
relevant surface pressures (~30~-35 mN/m).*

Overall, the MK analogues do not form stable monolayers at
high pressures (>20 mM/m) and have a compressing effect on
the id layers, and at higher pressures, the MK
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Figure 10. 1D 'H NMR (400 MHz) spectra of (A) MK-1 and (B) MK-1(H,) aromatic hydrogens H,, Hy, H_ and H in different sized RMs (w, 4,
8, 12, 16, and 20) prepared from a 0.50 M AOT/isooctane stock solution. MK-1 or MK- 1&2) in isooctane is used as a comparson reference
spectrum, and w, 12 Empty is a control spectrum without MK-1 or MK-1{H, ). Peaks are labeled with comresponding hydrogens for MK-1 and MK-
1(H,) (see Figures 3 and 4 for the hydrogen labeling scheme key). Hydrogens, H,, Hy, H,, and H,, undergo a shift upon insertion into the RMs for
both MKs. The overall concentrations for the 1.0 mL MK-1 RM samples are as follows: wp 4, 13.8 mM; wp 8, 6.5 mM; wp 12, 3.5 mM; w, 16,19
mM; w, 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-1(H,) RM samples are as follows: w, 4, 13.8 mM; w, 8, 64 mM; w, 12,35
mM; wp 16, 2.0 mM; wp 20, 1.4 mM.
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Figure 11. Partial 'H~"H 2D ROESY and 'H~'H 2D NOESY NMR (400 MHz) spectra of MK-1 in a w, 12 RM. (A) Partial ROESY spectrum
illustrating interactions of MK-1 aromatic hydrogens with AOT. (B) Partial NOESY spectrum illustrating interactions of MK-1 Hy hydrogens with
AOT. Blue to blue hydrogen text hbeling shows MK-1~MK- 1 interactions, and blue to teal hydrogen text labeling shows MK-1-AOT interactions.
Blue intensity contours represent negative NOEs or ROES, and red intensity contours represent positive NOEs or ROEs. See Figure 3 for the MK-1
hydrogen labeling scheme key and Figure 13 for the AOT hydrogen labeling scheme key. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the f1 domain using 2 200 ms mixing time and 2 1.5 s relxation delay was used. A standard ROESYAD pulse sequence

consisting of 256 transients with 16 scans in the f1 domain vsing 2 200 ms mixing time and a 2.0 s relaxation delay was used.

analogues most likely are compressed out of the monolayer
onto the phospholipid tails similar to previousl; 1 r?m-ted
lipoquinones with longer isoprenyl side chains V7 1t g
important to note that the Langmuir phospholipid monolayers
do not provide evidence of a folded MK conformation due to
the nature of the experiment; however, they do demonstrate
that MK-1 and MK-1(H,) interact with the phospholipid
model membrane interface even at physiological surface
pressures like other quinones, and there was not a large
difference observed between the unsaturated and saturated
MK-1 mlos‘”.}7'4q7l,77

1D 'H NMR Spectroscopic Studies of MK-1 and MK-
1(H;) in RMs. The studies carried out using Langmuir
phospholipid monolayers established that the two MKs
interacted with the phospholipid interface. However, the
placement, orientation, and conformation of the MK-1
analogues within an interface were still uncertain. Therefore,

1610

to fully characterize the location, orientation, and conforma-
tion of the MKs within a model membrane interface, we used
RM:s (Figure 8B), which are ternary microemulsion systems in
which the surfactant is dissolved in an organic solvent and the
addition of water creates nanosized water lets encased in
the surfactant *¥*~947%% MK.1 or MK-1(H,) was placed in
RMs of various sizes (w, 4, 8, 12, 16, and 20; where w, =
[H,0]/[AOT])), and then 1D "H NMR spectra were obtained
for each RM size as well as a spectrum in isooctane (2,2,4-
trimethylpentane) (Figure 10).

The chemical shift difference between MK-1 aromatic
hydrogens, H,/H, and H./Hy, is greater with a valie of 0.55
ppm in isooctane versus that of MK-1 in wy 20 = 047 ppm or
wy 4 = 045 ppm RMs, which is diagnostic of a change in the
environment surrounding MK-1 (Figure 10). Similarly, the
chemical shift difference between MK-1(H,) aromatic hydro-
gens, H,/H, and H /H, is greater with a value of 0.56 ppm in
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(A) Partial NOESY RM (B) Partial ROESY RM

Figure 12. Partial '"H~"H 2D NOESY and 'H~'H 2D ROESY NMR (400 MHz) spectra of MK-1 in a w, 12 RM. (A) Partial '"H-'H 2D NOESY
NMR spectrum in a wp 12 RM. (B) Partial "H-'H 2D ROESY NMR spectrum in a w, 12 RM. Blue to bhe hydrogen text habeling shows MK-1-

MK-1 interactions, and blue to teal hydrogen text hbeling shows MK-1=AOT interactions. Blue i gative NOEs or
ROEs, and red intensi sitive NOEs or ROEs. See Figure 3 for the MK-1 hydrogen hbelhgsdaeme keyand Figure 13 for the
AOT hydrogen hbelhg scheme key A standard NOESY pulse seq| sisting of 256 transients with 16 scans in the f1 domain using 2 200 ms

mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pukse
using 2 200 ms mixing time and 2 2.0 s relaxation delay was used

ting of 256 transients with 16 scans in the f1 domain

9

isooctane versus that of MK-1(H,) in w, 20 = 0.47 ppm or w, 1 is located within the RM interface. Panels A and B of Figure
4 = 0.45 ppm RMs (Figure 10). The loss of splitting (peak 12 show NOE/ROE cross peaks between H,/H, and H,
broadening) observed for the aromatic hydrogens as the RM between H, and H,, and between H, and H1 and H3 and the
size decreases is attributed to the poorer ability of MK-1 or lack of a cross peak between H, and Hy, which supports a
MK-1(H,) to tumble freely within the RM interface of smaller folded conformation for MK-1 while it is residing in the
sized RMs (eg, w, 4). We were unable to obtain a spectrum in interface (see Figure 526 for ROE/NOE correlation traces).
D,0 as neither MK was soluble even after extended sonication On the basis of these observations, MK-1 is oriented in a
due to the hydrophobicity of the two MK analogues and it is manner in which the naphthoquinone is positioned toward the
not likely that either of the MKs are in the water pool due to AOT alkyl tails and the folded isoprenyl side chain is
the very poor water solubility of each compound. Together, the positioned between hydrogens H1/H1' and H3/H3' as
results demonstrated that there was a significant chemical shift illustrated in Figure 13. A proposed folded MK-1 conformation
difference between the aromatic hydrogens in isooctane and that is consistent with the 2D NOESY and ROESY spectral
the RMs for both MK-1 analogues. Therefore, we can conclude data is illustrated in Figure 14. The phase of the MK-1 to MK-
that neither of the MK-1 analogues are interacting with the 1 cross peaks observed in the NOESY spectrum (Figures 11
isooctane and are residing either at the RM interface or within and 12) within the RM interface is the opposite phase of the
the AOT alkyl tail region. Furthermore, DLS experiments were diagonal, indicating MK-1 is behaving as a small molecule
carried out and demonstrated that inserting MK-1 or MK- within the RM interface and likely tumbling freely but
1(H,) into the RM does not alter the size of the RM or destroy
the RMs once inside and the RMs are stable over the course of

0,
NMR experiments (see Table $12). Overall, we concluded that oe s
MK-1 and MK-1(H,) interacted with RMs and resided within 3
O3

the RM model membrane interface.

'H-'"H 2D NOESY and 'H-'H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1(H,) in a RM = e 0 "Ml
Model Membrane System. The 1D *H NMR spectra of
MK-1 and MK-1(H,) in RMs demonstrated that MK-1 9 ~~4
analogues reside within the interface of RMs. However, more 5
information was needed to determine the orientation, position, 3
and conformation while the MK-1 species is residing inside the 7
RM interface. MK-1 was plced inside a wy 12 RM, and
'H~'H 2D NOESY and 'H~'H 2D ROESY NMR spectra
were obtained (Figures 11 and 12 and Figures S12 and §13).
NOE/ROE cross peaks between MK-1 and AOT provide
evidence locati ientation, and rmation within
the RM gﬁtemo‘:;::: ‘I’TA sh£ ROEO:.& pe:l::among Figure 13. Dlustration of !helgl:f-mmt and proposed confom_a:bl:

5 of MK-1 penetrating the RM This is

all four aromatic hydrogens of MK-1 and the CHy/CHy groups (i e 'H—'H 2D NOESY and 'H—'H 2D ROESY NMR spectral
of tbe.AOTalkyl tails. Figure 11B shows cross peaks between data obtained in a w, 12 RM. However, MK-1 likely tumbles freely
MK-1's alkene hydrogen H, and HOD, H1, H3/H3', and H4/ within the interface but maintai tions with the region of AOT
H4'. Figure 12A also shows cross peaks between hydrogens shown in the Qlustration. The AOT hydrogen labeling scheme key is
H,/H, and H1, H3, and H3', which together indicate that MK- shown.
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(A)

Figure 14. Proposed conformation of MK-1 at an RM hterﬁce
illustrated using MMFF94 calculations that is consistent with 'H-"
2D NOESY and 'H-'H 2D ROESY NMR spectral data. (A) Slde
view of the energy-minimized folded MK-1 conformation ($0.3 keal/
mol; H~H, intemuclear distance, 28 A). (B) Top view of the
energy d MK-1 fe ion showing the
isoprene methyl pmq:s posiﬂoned folded upward.

i imvized

maintaining interactions with the AOT regions shown in
Figure 13.

To determine if saturation of the isoprenyl side chain affects
the location and orientation within the RM interface, the same
experiment was carried out with MK-1(H,) (Figure 525).
NOE cross peaks are observed between MK-1(H,) aromatic
hydrogens, H,~Hy and AOT's CH; and CHj alkyl tail groups
(Figure $25). NOE cross peaks are observed between
methylene hydrogens, H,/H, and HOD, H1/H1', H3/H3',
and H4/H4'. NOE cross peaks are observed between the
naphthoquinone methyl, H, and HOD, H1/H1', H3/H3', and
H4/H4' (Figure 525). The AOT and isooctane hydrogens
overlapped with MK-1(H,)'s terminal methyl hydrogens, H,
and H, and the methine hydrogen, H,, signals in the spectrum
for MK-I(H;) within the RM interface; therefore, we were
unable to determine the conformation of MK-1(H,) within the
interface with confidence. Despite this, we would anticipate
that MK-1(H,) adopts a folded conformation similar to that of
MK-1 within the RM interface based on similar interactions
observed in the 1D and 2D NMR experiments carried out for
MK-1. Together, these observations demonstrate that MK-
1(H,) interacted with the interface and has a position and
orientation similar to those of MK-1, indicating that saturation
of the isoprenyl side chain does induce an observable change in
the position and orientation within the RM interface.

Overall, the "H~"H 2D NOESY and ROESY NMR spectral
data of MK-1 inside an RM interface are consistent with MK-1
adopting a folded conformation within an RM model
membrane interface. Interestingly, the conformation of MK-1
inside the RM interface remains folded but differs slightly from
the folded conformations observed in organic solutions. The
observation that MK-1 adopts a folded conformation within
the RM model membrane interface is important as under-
standing the conformational preferences of the first isoprene
unit of MK will be crucial in determining and understanding
conformations of the naturally occurring longer MK analogues
within cellular membranes.

B CONCLUSIONS

Lipoquinones such as MK, are special of lipid-quinones
and are essential components of the ETS. Partial saturation of
MK in these bxologcal systems is necessary for some
organisms to survive such as pathogenic M. tuberculosis.”*""
The rationale for the observation of partially saturated MK
derivatives in various organisms remains unclear. It is

intriguing as the double bonds present in the isoprenyl side

1612

chain of MK are not conjugated with each other or to the
redox active quinone system and therefore would not be
expected to affect the redox potential. Interestingly, we recently
showed that MK-2 adopts a folded conformation in which the
double bond in the second isoprene unit is in the proximity of
the quinone carbonyl groups on the naphthoquinone and may
potentially have an influence on the reactivity of the quinone.’

The studies described herein improve our understanding of the
chemical, conformah’oml, and biochemical properties on an

important class of q taining compounds involved in
electron transfer pmcessn The partially saturated MKs
represent an group of biologically siy t

molecules that are essential for pathogenic taxonomic
classification.

In this work, we first demonstrated using a semiquantitative
2D NMR spectroscopy approach that the two simplest, most
fundamental MK anal unsaturated MK-1 and saturated
MK-1(H,), adopt similar folded—extended conformations in
each organic solvent but differ slightly between each organic
solvent environment We also observed that the degree of
saturation in the isoprenyl side chain of MK-1 only slightly
alters the conformation. Importantly, the conformations
observed for MK-1 dosely resembled the conformation of
the first isoprene unit in MK-2, which we previously showed
adopted folded conformations in solution and within a model
membrane interface.”” Together, these results support the first
hypothesis that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.

The quinone redox potentials of MK-1 and MK-1(H,) were
measured in various anhydrous organic solvent environments.
The organic solvent environments studied more closely

ble the of the cellular membrane in which
native MKs are located and serve as better comparisons for
biological reactivity than those carried out in aqueous
solutions. We demonstrated that the measured quinone
redox potentials of MK-1 and MK-1(H,) varied with the
solvent environment (presumably mainly due to differences in
dielectric constants) where the ease of quinone reduction for
the Q/Q°'" process follows the trend DMSO > ACN >
pyridine. Remarkably, we report for the first time that the
degree of saturation in the isoprenyl side chain of MK-1
influences the observed quinone redox potential, where
unsaturation in the isoprenyl side chain of MK-1 makes the
quinone easier to reduce by ~20 mV and the difference is
conserved across several organic solvents (pyridine, ACN, and
DMSO). The observed ~20 mV redox potential difference is
presumably due mostly to a perturbation of the electronics of
the quinone system upon saturation of the double bond by an
indirect through-bond effect The observation of a 20 mV
difference in the redox potential between the two MK-1
derivatives with a saturated and unsaturated isoprenyl side
chain observed in three different solvents is unexpected and
may reflect some important general reactivity pattern of this
system. We speculate that if such a difference is also observed
for the MKs with longer isoprenyl side chains that it may
reflect the biological function of these molecules and
provide evidence for the possibility that such a small difference
in redox potential may be biologically significant. However, in
the simple MK-1 system containing one isoprene unit, the side
chain may not have the spatial reach needed present in the
MK-9 system, and therefore, more data are needed to properly
evaluate the longer MK derivatives. The electrochemical results
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confirm our second hypothesis that saturation of the isoprenyl
side chain of MK-1 affects the observed quinone redox
potential.

Finally, combining results, we found MK-1 and MK-1(H,)
both interacted with Langmuir phospholipid monolayers and
RM model membrane interfaces, where MK-1 and MK-1(H,)
had very similar interactions with the Langmuir phospholipid
monolayers (DPPC and DPPE phospholipids) and similar
placement and location within the RM interface. Importantly,
MK-1 also adopted a folded conformation within the RM
model membrane interface, further supporting our first
hypothesis. The results combined from all the conformational

lysis studies p d herein for MK-1 and MK-1(H,)
indicated a folded—extended conformation to be a favorable
and stable conformation for MK-1 analogues. Altogether, these
results are significant as the conformation and reactivity of
these MKs in organic solution and model brane interfaces
provide a first prediction /consideration of the form that exists
within the native hydrophobic cellular membrane interface.

Overall, the findings of this study improve our under-
standing of how the conformation and the degree of saturation
in the isoprenyl side chain affect the reactivity and function of
biologically relevant molecules. The elucidation of the
conformation of MK-1 and MK-1(H,) in organic solutions
and at a model membrane inteﬂ'aoe is essential and necessary
as understanding the conformati preferences of the first
isoprene unit of MK is useful for predlcmxgtheconfonnanons
of the naturally occurring longer MK analogues within solution
and cellular membranes. We observed that partial saturation in
the isoprenyl side chain only minimally alters the conformation
of MK-1 but may potentially affect the reactivity and function
within biologically relevant environments because a difference
in the redox potential is observed. MK analogues with longer
isoprenyl side chains (e.g, MK-9) may also adopt folded
conformations, although likely much more complex. Saturation
of the double bond in the first isoprene unit of the isoprenyl
side chain serves to only minimally alter the preferred
conformation but distinctly affects the redox function. The
results presented here provide a working model involving the
role of structure and redox potential that explains why partial
saturation of MK is a virulence factor for pathogenic M.
tuber culosis, which is responsible for the deaths of ~1.3 million
people annually. "
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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." Although C. Van Cleave partook in this work, it was

presented in the thesis of Benjamin J. Peters.
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ABSTRACT: Pyridine-based small-molecule drugs, vitamins, and
cofactors are vital for many cellular processes, but little is known
about their interactions with membrane interfaces. These specific
membrane interactions of these small molecules or ions can assist in
diffusion across membranes or reach a membrane-bound target. This
study explores how minor differences in small molecules (isoniazid,
benzhydrazide, isonicotinamide, nicotinamide, picolinamide, and
benzamide) can affect their interactions with model membranes.
Langmuir monolayer studies of dipalmitoylphosphatidylcholine
(DPPC) or dipalmitoylphosphatidylethanolamine (DPPE), in the
presence of the molecules listed, show that isoniazid and isonicotina-
mide affect the DPPE monolayer at lower concentrations than the
DPPC monolyer, demonstrating a preference for one phospholipid
over the other. The Langmuir monolayer studies also suggest that

\/\_/

Ul

2

W, X.Y, Z= N Atom

nitrogen content and stereochemistry of the small molecule can affect the phospholipid monolayers dtﬂ'erenﬂy To determine
the molecular interactions of the simple N-containing aromatic pyridines with 2 membrane-like interface, ‘H one-dimensional
NMR and "H-"H two-dimensional NMR techniques were utilized to obtain information about the position and orientation of
the molecules of interest within aerosol-OT (AOT) reverse micelles. These studies show that all six of the molecules reside near
the AOT sulfonate headgroups and ester linkages in similar positions, but nicotinamide and picolinamide tilt at the water—AOT
interface to varying degrees. Combined, these studies demonstrate that small structural changes of small N-contammg molecules
can affect their specific interactions with membrane-like interfaces and specificity p

B INTRODUCTION

Small molecules (<500 Da) have been the cornerstone for
medical treatment, supplements, and preservatives, with many
dlﬁsmg through the cellular membrane to reach their
target'™* One such example is a very successful first-line
anti-tuberculosis drug, isoniazid (INH, Figure 1), which has
been shown to diffuse across the membrane of Mycobacterium
tuberculosis, where INH is then able to reach the target,
KatG.*” Similar to INH, the method of entry into a cell for
many small molecules has been studied in detail,’™"* but there
is a lack of information pertaining to the specific interactions of
small molecules with the membrane interfaces. This lack of
information is in large part due to the difficulty of determining
the specific interactions of molecules with the lipids that make
up the membranes and the complexity of the biological

1 diffe +

membrane and may elucidate aspects of the small molecules’
mode of action.

Many of these small molecules, used to treat diseases such as
tuberculosis, contain a pyridine as their main structural
e £ The e and placement of nitrogen
within the pyridine n.ng have great affect on these small
molecules and their inter- and intramolecular interactions. For
example, the amide group of picolinamide (PIC) is ortho to
the pyridine nitrogen, allowing for intramolecular hydrogen
bonding (Figure 1).'" This increases the molecule’s
hydrophobicity and allows it to penetrate a membrane
interface deep enough to affect the packing of the phospholipid
tails.*'** This behavior is not observed for nicotinamide (NIC,
meta) nor isonicotinamide (iNIC, para) because the amide
and pyridine nitrogens are not in proximity for intramolecular

membranes themselves.”™* The specific small-molecule—
lipid interactions of a series of aromatic N-containing
compounds were studied here (Figure 1) to understand how
small molecules are taken into cells and how they affect the
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Figure 1. Structures of isonixzid (INH), benzhydrazide (BHZ),
isonicotimamide (INIC), benzamide (BA), nicotiramide (NIC), and
picolinamide (PIC), with protons labeled for 'H NMR peak libeling.
The protons in the 'H NMR spectra have H, as the most downfield
'H NMR peak, Hy as the next one, etc. See Figure S1 for enlarged
versions.

(A)
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Figure 2. Langmuir monolayer (A) shawhg how a mokalle an
affect a phosphalipid interface by p and cond
arrows) or qmadlng (blue arrows) dne phosphd!pids dlrh

tion of a2 RM %s)
ominhg the area in whld: a molecule may mside such as the bulk
water (a), interfacial Stern layer (b), AOT il region (c), and
isooctane (d). The black oval d strates how a molecule can have
varying depths within the RM interface along with different

hydrogen bond formation."”” Despite this difference, Olsson
et al. were able to show that NIC tightly binds to plsma
membrane extracts of hurmn leukemic K-562 cells (K,
between 3.2 and 12.7 uM).” Because such small differences
in structure have such profound effects on inter- and
intramolecular interactions, we hypothesize here that these
molecules may interact with a membrane interface differently
despite having similar structures, as shown in Figure 1.

To study how small structural differences can affect
interactions with membrane interfaces, this study aims to
explore the interactions of the molecules shown in Figure 1
with two model membrane interfaces (Figure 2). The first
model membrane, Langmuir monolayer, has been used to
obtain free energies of mixing of hydrophobic molecules,™*
explore phenomena within the membrane,” ™™ and to test
how molecules affect a lipid interface.””™* While compressing
a phospholipid Langmuir monolayer in the presence of the
molecules shown in Figure 1, it is possible to determine if the
molecules expand, reorganize, or affect the compressibility of
the phospholipid monolayer. A commonly used phospholi-
pid, dipalmitoylphosphatidylcholine (DPPC), can comprise up
to 40% of lung phospholipid content because of its superior
ability to cxpa.nd and sptud at the lung alveolar an'—llqmd
interface.”™ Similarly, dipalmitoylphosphatidylethanol
(DPPE) is utilized to model the umer leaflet of bacterial and
eularyotic membranes for drug and lipid interactions.”"*
These two lipids have become a very appealing model interface
to study drug and lipid interactions and therefore were used in

d jons Figure adapted from Peters et al*

this study as a model membrane interface to study the
interactions of the N-containing compounds in Figure 1.3%7%¢
To determine the molecular details of interactions of small
aromatic N-con unds with an interface, their
interactions with aerosol-OT (AOT) reverse micelles
(RMs)**™** were examined. ™~ RMs are self-assembled
microemulsions that form at low water concentration. In these
systems, the placement and orientation could be identified by
monitoring interactions with the AOT headgroup and/or lipid
tails using one-dimensional (1D) and two-dimensional (2D)
NMR spectroscopic techniques.” "7 With the combination
of these two model membrane systems (Figure 2), information
about how the compounds in Figure 1 interact with
membrane-like interfaces was obtained in this study.

B MATERIALS AND METHODS

General Materials. Most materiak were used without further
purification. Benzamide (BA) (99%), PIC (98%), NIC (98%), iNIC
(99%), INH (>99%), benzhydrazide (BHZ) (98%), sooctane (2,2,4-
trimethylpentane, 99.8%), methanol (299.9%), activated charcoal
(99.5%), chloroform (>99.5%), deuterium oxide (99.9%), 2,2-
dimethyl-2-silap -S-sulfonate sodium slt (DSS, 97%), mono-
sodium phosphate (299.0%), disodium phosphate (>99.0%), sodit
hydroxide (298%), and hydrochloric add (37%) were all purchased
from Sigma-Aldrich. DPPC (299%) and DPPE (99%) were
purchased from Avanti Polar Lipids. Sodium aerosol-OT (AOT)
(bis(2-ethylhexyl)sulfosuccinate sodium salt, >99.0%) was purchased
from Sigma-Aldrich and was purified further as has been reported

DOR10.1@ 1/acslangmuin 23001661
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previouly to remove any acidic impurities™ Briefly, 50.0 g of AOT
was dissolved into 150 mL of methanol to which 15 g of activated
charcoal was added This suspension was stirred for 2 weeks. Aﬂer
mixing, the suspension was filtered to the activated ch
The filtrate was then dried under rotary evaporation at 50 °C until the
water content was below 02 molecules of water per AOT as
determined by 'H NMR spectroscopy. The pH was adjusted
throughout this study using varying concentrations of NaOH or
HCI dissolved/mixed in either D,O or H,0 depending on
1 s. NaOH or HCl dissolved in DO &
referred to as N2OD or DCI, respectively.

Preparation of Phospholipid Langmuir Monolayers. Phos-
pholipid stock solutions were prepared by dissolving DPPC (0.018 g,
0.025 mmol) or DPPE (0.017 g 0.025 mmol) in 25 mL of 9:1
chloroform/methanol (v/v) fot a final concentration of 1 mM
phospholipid. The aqu isted of S0 mL of 20 mM
sodium phosphate buffer (pH 74) and varying concentrations of
hydrazide of amide (10, 10, 0.10, or 0 mM hydmzide or amide).
Sodium phosphate buffer (20 mM, pH 7.4) instead of distilled
deionized H,O0 (DDI H,O) was used as the s\.bphue for the
compression isothenns for better pH control (Figure 52).* Before
addition of the phospholipid monolayers, the surface of the subphase
was cleaned using vacuum aspiration, and to make sure the surface
was clean, the surface pressure of a compression isotherm of just the
subphase (no phaspholipid present) was measured (surface pressure
was consistently 0.0 + 0.5 mN/m throughout compression). To
prepare the phospholipid monolkyer, 20 uL of phospholipid stock
solution (20 nmol of phuphoipld, 112 A*/molecule) was added to
the surface of the subph using a Hamil
syringe. The film was aluwed to eqxllbrae for 15 min. The resulting
phospholipid monolayer was then used for the compression isotherm
experiments (see Figure 2A).

Compression Isotherm Surface Pressure Measurements of
Langmuir Monolayers. The phospholipid monolayer was com-
pressed from two sides with a total speed of 10 mm /min (S mm/min
from opposite sides, Figure 2A) using Kibron uTroughXS equipped
with a Teflon ribbon (poly(mnﬂuomedzylene), hydrophobic
barrier). The intained at 25 °C using an external
water bath.

The surface tension of the subphase during each compression was
monitored using 2 wire probe as a Wilhemy plate. The surface
pressure was calculated from the surface tension using eq 1, where x is
the surface pressure, ¥, is the surface tension of mme@lu mN/m),
and y is the surface tension at a given area per phospholipid after the
film has been applied.

== (1)

Each compression isotherm experiment consisted of at least three
replicates, and the averages with standard deviations of the area per
phospholipid at every 5 mN/m were calculated using Microsoft Excel.
The worked-up data were transferred to OriginPro version 9.1 to be
graphed. From the averages of the compression isotherms, the percent
differences from the contral of each sample at 5, 30, and 35 mN/m

tal e

'

were calculated. The pression moduli were calculated using
OriginPro version 9.1 from the sion isotherm ge results
using eq 2, where C;" is the compressi dulus, A is the surfa
area, and x is the surface pressure.
¢ = —A(dx/da) )
Preparation of RMs for Dy ic Light Sc ing (DLS).

RMs were prepared as has previously been reported.” To prepare the
100 mM AOT stock solution, 22 g of purified AOT (4.9 mmoal) was
dissolved into 50 mL of isooctane. The 10 mM aqueous stock
solutions of amide or hydrazide were prepared by dissolving 50 umol
of amide or hydrazide into 5 mL of DDI H,0, and then the pH was
adjusted to pH 7.0. To prepare the RM solutions, spedfic volumes of
the AOT stock solution and aq lution were added for a total
of § mL to form RM sizes ofw, 8 12,16, and 20, where w,= [HZOI/
[AOT]. Upon mixing the AOT stock soluti
a white aggregate f d at the water—i

l__l

Then, the

8941

mixture was vonaed until clear (~30 s), consistent with the
fomabn of RMs.™®

ters for DLS Analysis. Once the glass cuvettes (1 cm X 1
cm) had been washed with isooctane and RM sample (three times
each), the cuvettes were filled with 1 mL of sample and analyzed using
Zetasizer Nano ZS. The wavelength of light used was 632.8 nm, and
scattering was obtained at an angle of 173° Each sample was
equilibrated for 700 s at 25 °C and then run for 10 scans per
acquisition for 15 acquisitions. Each sample was run in triplicate, and
the hydrodynamic radii (R,) and polydispersity index were averaged
with the standard deviations reported in Table SL

Preparation of eous Stock Solutions of Amides and
Hydrazides for RM Samples for '"H NMR. The aqueous stock
solutions were prepared by dissolving 025 mmol (0.50 mmal for
NIC) of amide or hydrazide into 25 mL of D,O for a fimal
concentration of 10 mM (20 mM for NIC). The NIC concentration
was increased to obtain a greater signal-to-naise ratio in the 'H NMR
spectra of the RMs. Each aqueous stock solution was then pipetted
into 2 mL aliquots, and the pD (pD = pH + 0.4)*** of each aliquot
was adjusted using N2OD or DCl solutions (5.0, 1.0, and 0.1 M). The
pD wll be referred to as pH in the rest of this article as is commonly
done.*** The pD of the aliquots was adjusted to a range between 1.2
and 9.0 for later use in the determination of the pK, in D,O and in the
wo 16 RMs.

Preparation of AOT~Isooctane Stock Solution and RMs for
'"H NMR. The 750 mM AOT stock solution was prepared by
dissolving 834 g of AO'I' {(18.8 mmol) in 25 mL of isooctane. This

ixture was soni and d until dear (approximately 15
min). Once dissalved, the solution was equilibrated to ambient room
temperature. RMs of w, values of 8, 12, 16, and 20 were prepared by
adding spedcific volumes of the stock AOT solution and the pH 7.0
aqueous aliquot. The other aqueous aliquots (21S uL) of pH's
ranging from 12 to 9.0 and the AOT stock solution (785 uL) were
mixed to form w, 16 RMs at varying pH values The indicated pH
values of the RMs are assumed to be the same from the measured
aqueous samples All of the RM mixtures were vortexed until dear as
was done for DLS experiments.

"H NMR of D,0 and RM Samples. The 'H NMR experiments
were performed 2400 MHz Varian NMR spectrometer using
standard parameters (1 s reluation time, 25 °C, and 45° pulse angle).
The aq les were ref d to an | DSS sample at
pH vdus of12, LS, 2.0,2.5, and 3.0. Above pH 3.0, the DSS methyl
silane peak was consistent and therefore the pH 3 DSS standard was
used as the standard for the aq wples at higher pH values. RM

wples were ref d to thei methyl peak at 0.90 ppm as
has been puvlondz' reported and were orginally referenced to
tetramethylsilane***** The resulting spectra were analyzed
MestReNova version 10.0.1. The pK, values were determined by
plotting the chemical shifts of the samples at different pH values in
D,0 and in w, 16 RMs and then taking the first derivative of the best-
fit curve using OriginPro version 9.1 (see Figure 53).%

Preparation of RMs for 'H-'H 2D Nuclear Overhauser
Enhancement Spectroscopy (NOESY) and Rotating-Frame
Overhauser Effect Spectroscopy (ROESY) NMR. The 750 mM
AOT stock solution was prepared by dissolving 034 g of AOT (0.76
mmol) in 1 mL of isooctane. To form the RM (w, 12), 839 uL of the
AOT stock solution was added to 161 uL of D,O and vortexed until
clear. This suspension was then mixed with 32 umol of amide or
hydrazide for an average concentration of 200 mM amide or
hydrazide within the RM water poal (32.2 mM overall). The mixture
was vortexed until the solid dissolved into the RM microemulsion.

Parameters for Recording the 'H-'H 2D NOESY and ROESY
NMR Spectra. The 'H-'H 2D NOESY and ROESY experiments
were conducted using 400 MHz Varian NMR at 26 °C with 16 scans
per transient and 256 transient pairs in the f1 dimension. The 'H~'H
2D NOESY spectrum was acquired wsing a standard pulse sequence
with a mixing time of 200 ms and a 1.5 s rehxation delay. The 'H~'H
2D ROESY spectra were acquired using a standard pulse sequence
with 2200, 100, or 0 ms mixing time and a 1.5 s relaxation delay. The
resulting spectra were analyzed using MestReNowa version 10.0.1 by

Dot lazmcuaww:leu
Longmulr 2018, 34 8939-8951

195



Langmuir

subjecting the spectra to a 90° sine® weighting function with a first
point at 0.50. The spectra were then phased and baselined using a
third-order B ial baseline. Each spectrum was
referenced to the isooctane methyl peak at 0904 ppm in both
dimensions.™

Bl RESULTS AND DISCUSSION

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

Surface pressure compression isotherms of DPPC or DPPE
were initially conducted in the presence of INH or BHZ
hydrazides (Figure 3A=D). The area per phospholipid of the

(A) DPPC (RN(CH));')  (g) DPPE (RNH,")
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Area per Phospholipid (A’/Phospholipid)

Figure 3. Average compression isotherm curves of DPPC (left
column) or DPPE (right column) in the presence of INH (A, B) or
BHZ (C, D). The solid black curves comrespond to the control films
without any hydmzide present. The other curves carrespond to 10
mM (red dashed line), 1 mM (blue dotted line), and 0.1 mM (green
dashed and dotted line) hydmzide present in the 20 mM sodium
phosphate buffered subphase (pH 7.4). Each curve is an average of at
least three trials with standard deviations. The R group for each
phospholipid indudes the phosphate, glycerol, and fully saturated Cy4
tails. See Figures 54 and S5 for enlarged versions

DPPC monolayer in the presence of 10 mM INH increased,
until 20~25 mN/m. The area per phospholipid of the DPPE

layer in the p e of all concentrations of INH tested
increased until 2530 mN /m. In the presence of 10 mM BHZ,
the area per phospholipid of the DPPC monolyer increased
until 15-20 mN/m and the area per phospholipid of the
DPPE monolayer was unaffected. Briefly, INH affected the
area per phospholipid of both monolayers, but all concen-

trations affected the DPPE monolayer. BHZ affected only the
area per phospholipid of the DPPC monolayer.

To determine if the compressibility of the monolayers was
affected, the compression modulus was calculated from the
average compression isotherms (Figure S6). In the presence of
10 mM INH, the compression modulus of the DPPC
monolayer decreased and all concentrations of INH tested
caused a decrease in the compression modulus of the DPPE
monolayer. The presence of 10 mM BHZ decreased the
compression modulm of the DPPC monolayer and increased
the ¢ dulus in the p ce of 1 mM BHZ. All
concentrations of BHZ tested increased the compression
modulus of the DPPE monolayer. In summary, INH decreased
the compression modulus of both DPPC and DPPE
monolayers, but only the DPPE monolayer was affected at
all concentrations tested. BHZ decreased the compression
modulus of the DPPC monolayer, and with 1 mM BHZ
present, the compression modulus of the DPPE monolayer
increased.

Generally, an increase in area per phospholipid of a
monolayer indicates an uptake of the small molecule, causing
the monolayer to spread, and a decrease in area per
phospholipid indicates either solubilization of lipid or a
reorganization to allow for tighter packing of the phospholipid
monolayer. A decrease in compression modulus has been
commonly interpreted as an increase in compressibility and
vice versa””*" INH did increase the area per phospholipid of
both the DPPC and DPPE monolayers, indicating an uptake
into the phospholipid monolayers, but did so at lower
concentrations present for DPPE. A similar trend was observed
with the decrease of compression moduli in the presence of
INH. This suggests that INH has a higher affinity for DPPE
than DPPC, indicating that INH would interact more favorably
with the ethanolamine than with the choline headgroup. This
is presumably due to hydrogen bonding with the ethanolimine
headgroup, which would disrupt the intermolecular hydrogen
bonding between individual DPPE molecules of the DPPE
monolayer.“"*? BHZ affected the area per phospholipid of only
the DPPC monolayer at 10 mM and decreased the
compression modulus, suggesting that at high concentration,
BHZ is taken inside and allows for easier compression of the
DPPC monolayer. At 1 mM for DPPC and all concentrations
tested for DPPE, BHZ does not affect the area per
phospholipid but increases the comp modulus, showing
that the BHZ did not spread the phospholipids but did cause
the monolayer to be more difficult to compress than the
control monolayers. This suggests that BHZ is reorganizing the
phospholipid tails, but more information would be needed for
confirmation. In summary, INH was shown to prefer the
ethanolamine headgroup and allowed for easier compression
than the control phospholipid monolayers, whereas BHZ
allowed for easier compression and spread the DPPC
monolayer when 10 mM was present in the subphase but,
otherwise, caused the phospholipid monolayers to be less
compressible without affecting the area per phospholipid.

Interactions of Aromatic Amides with Langmuir
Monolayers. To determine if the amides in Figure | interact
with phospholipid interfaces differently, the surface pressure
compression isotherms of DPPC and DPPE were conducted in
the presence of BA, PIC, NIC, and iNIC, shown in Figure 4,
and compression moduli are given in Figure S11.

First, the compression isotherm experiments using BA were
conducted as a nitrogen-deficient comparison. In the presence
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only by the presence of 0.10 mM PIC. The increase in area per
phospholipid of DPPC and DPPE in the presence of PIC
suggests that PIC is spreading the lipids, but depending on the
concentrations of PIC, the compressibility of the phospholipid
monolayers is affected (Figure S11). The dependence of the
compressibility on the concentration may be due to counter-
actmg effects where a large amount of PIC (10 mM) increases
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ibility solely because PIC exists in excess within the
yer, so it is comp d out of the monolayer. At lower
concentrations (1 mM for DPPC and 0.10 mM for DPPE),
PIC caused the monolayers to become more rigid and less
compressible. Briefly, PIC did increase the area per
phospholipid of both phospholipid monolayers and had
varying effects on the compression moduli of the phospholipid
monolayers.

The DPPC and DPPE layers in the presence of NIC
both exhibited an increase in area per phospholipid. All
concentrations of NIC tested increased the area per
phospholipid of DPPC above 10 mN/m. The DPPE
monolayer was affected in a concentration-dependent manner
where 10 mM NIC increased the area per molecule the most.
The presence of 10 mM NIC caused an increase in area per
phospholipid of DPPE across at all surface pressures below
collapse (55 mN/m). There was not much of an effect of NIC
on the compression modulus of the DPPC monolyer (Figure
S11); however, there was a decrease in the compression
modulus for the DPPE monolayer atall concentrations of NIC
tested. The presence of NIC caused a spreading of both
phospholipid monolayers but only affected the compressibility
of the DPPE monolayer, allowing it to become more

ible than the control monolayer.

40 50 60 70 80 90 100110 40 50 60 70 80 90 100110
Area per Phospholipid (A?Phospholipid)

Figure 4. Resulting average surface ion isoth of
DPPC (left column) and DPPE (dgh column) in the presence of BA
(A, B), PIC, (C, D), NIC (E, F), and iNIC (G, H) at concentrations
of 0 mM (black solid line), 0.1 mM (green dashed and dotted line),
1.0 mM (blue dotted line), and 10 mM (red dashed line) in the 20
mM sodium phosphate buffered subphase (pH 74). Each curve is an
average of at least three trials with standard deviations. The R group
for each phospholipid includes the phosphate, gycerol, and fully
saturated C tails. See Figures S7-510 for enlarged images.

of 10 mM BA, the DPPC monolayer exhibited an increase in

pressure below 15~20 mN/m and then above 15-20 mN/m
exhxbxted a slight decrease in area per phospholipid. The DPPE
monolayer increased in area per phospholipid until 15-20
mN/m. The compression modulus (Figure S11) of the DPPC
monolayer decreased in the presence of 10 and 0.1 mM BA
and increased when 1.0 mM was present. Concentrations of 10
and 0.1 mM BA also decreased the compression modulus of
the DPPE monolayer. This data suggests that BA can spread
the phospholipids of both DPPC and DPPE until higher
pressures, but it can still affect the compressibility of the
phospholipid monolayers, showing that BA still does interact
with the monolayer at higher pressures.

In the presence of 10 mM PIC, the DPPC and DPPE
monolayers exhibited an increase in area per phospholipid as
compared with the control monolayers until 35~40 mN/m.
Also, depending on tbe concentration of PIC within the

bphase, the ¢ dulus for DPPC decreased (10
mM), increased (1 mM), or no effect was observed (0.1 mM).
The DPPE monolayer compression modulus was increased

L3

Unlike the other molecules tested, iNIC had no effect on
either the DPPC or the DPPE monolayer area per
phospholipid. The presence of 10 and 1.0 mM iNIC did
however decrease the compression modulus of the DPPE
monolayer but did not have much of an effect on the
compressibility of the DPPC monolayer (Figure S11). This
suggests that iNIC has a higher affinity for DPPE than for
DPPC and allows the DPPE monolayer to be more easily
compressed without spreading the phospholipids.

By comparing the interactions of all of the molecules of
interest with DPPC and DPPE monolayers, it is clear that not
all of the aromatic N-substituted compounds interact with the
phospholipid monolayers in the same manner (Figure 4 and
Table 1). Out of the six compounds tested, INH and iNIC
exhibited more of an effect on the DPPE monolayer than on
the DPPC monolayer, suggesting a preference for the
ethanolamine headgroup more so than for the choline
headgroup. This is most likely due to the ethanolamine's
greater hydrogen bonding capacity than that of choline,
allowing for intermolecular interaction. When comparing PIC,
NIC, and iNIC, the data is consistent with PIC and NIC,
affecting the phospholipid monoliyers similarly, but iNIC had
the least effect on the phospholipid monolayers. As shown in
Table 1, NIC and PIC were the only compounds to

gmﬁcandy increase the area per phosphohpld of the DPPC
and DPPE layers at physiologically relevant surface
pressures (30—35 mN /m)," wherus iNIC did not have much
of an effect on the area per phospholipid. Of all of the
compounds, BA was the only molecule to cause a decrease in
area per phospholipid for DPPC at higher surface pressures
(above 15-20 mN/m, Table 1), suggesting that BA was the
only compound tested that either reorganized DPPC to
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Table 1. Percent Difference of Monolayer Surface Ana in

the Presence of Aromatic N-Substituted Comp
DPPC DPPE
.nfz:}r;;-)m % difference from % difference from
INH 736 1225
30 089 361
35 0.10 3z
BHZ S 38.84 106
30 186 2m
35 114 195
BA S 621 16.19
30 -220* -092
35 —-2.19* 1.4
PIC S 241 765
30 332% 3654
35 247%* 3440
NIC S 342 1333
30 301+ 4.08%%
35 277+ 3.0
iNIC s 122 3R
30 103 187
35 055 1.8

“Surface pressures were chosen based on initial curve (§ mN/m) and
physiclogical relevance (30-35 mN/m).*' Significance of the percent
difference was determined using Student’s ¢ test with *p < 0.10 and
*%p < 0.05.

condense further or assist in the solvation of the DPPC.
Interestingly, BHdednotluvethemed’ectasBAbutm]l
interacted with the holipid the
phospholipids to spread. In s\nnmary, INH and iNIC both
exhibited a preference for DPPE over DPPC, PIC and NIC
affect the phospholipid monolayers similarly even at high
P s, BA reorganizes the DPPC monolayer or helps
solubilize the DPPC, and BHZ does interact with both
yers, causing sp g of the phospholipid:

Placement of Small Aromatk Hydrazides and Amides
within the AOT RM. Molecular information on the specific
interaction and plcement of the compounds with respect to a
membrane interface was sought using AOT RMs and NMR

spectroscopy.”"* "7 To this end, the '"H NMR spectrum of
each N-containing compound was acquired in D,O and
varying sizes of RM. By varying the sizes of the RM (w), small
changes in the RM microenvironment occur. Comparing the
chemical shifts of the N-containing compounds caused by
varying environmental differences, it is possible to place the
compounds within the RM.™7"7** The following para-
graphs describe the chemical shifting and our placement of
compounds as a result of the observed chemical shifting
patterns.

The *H NMR spectra of INH and iNIC are presented as
stack plots of "H NMR spectra in D,0 at the bottom and the
RM microemulsions with the smallest RMs as the top
spectrum (wy 8, Figure 5). In the INH spectra, the H, doublet
peak shifts dightly downfield from the D,0 spectrum at 8.67—
8.71 ppm in the wp 20 spectrum and then gradually shifts
upfield to 8.70 ppm in the wy 8 spectrum. The doublet H, peak
for INH shifted gradually downfield from 7.69 ppm in D,0 to
7.80 ppm in the wp 8 spectrum. A similar shifting pattern was
observed with iNIC. The peak corresponding to the doublet
H, for iNIC barely shifts from 8.70 ppm in D,0 to 8.74 ppm in
the wy 20 spectrum followed by a slight upfield shift to the wy 8
spectrum at 8.72 ppm. The doubl ding to Hy
shifts gradually downfield from 7.76 ppm in the D,0O spectrum
to 7.86 ppm in the wy 8 spectrum. The downfield shifting of
both H, and H, peaks of INH and iNIC from the D,0O
spectrum to the wy 20 spectrum is consistent with a more
charged (deshielded) environment interpreted as placement
near the sulfonates of the AOT.** The upfield shifting pattern
of H, of both compounds is consistent with the reduction of a
charged environment as the RM sizes are reduced, suggestmq
that H, is more toward the hydrophobic region than Hy.’
Together this data suggests that both INH and iNIC reside
near the AOT headgroups with the pyridine nitrogen facing
toward the AOT tails and the amide/hydrazide toward the
water pool similar to benzoate and phenyl biguanide.”"

Next, the interactions of the benzene-based hydrazide and
amide, BHZ and BA, with the AOT RM interface are described
by ‘H NMR. The doublet corresponding to H, for BHZ
shifted from 7.74 ppm in the D,O spectrum to 7.94 ppm
gradually as the RM sizes were reduced to the wy 8 spectrum.

cor

Isoniazid Benzhydrazide Nicotinamide
s M H s M WH . R KR H
B0, R X | WEECE Do X Aos
12 A 1 12 A 1z IR R T ke
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20 , 20 /\ 20 ¢ ) A A
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s M H s N AT B . ) Hy
A~ A — S S S N
12 A K 12 A AL
a8 A A | e AL, o ey
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Figure 5. One-dimensional (1D) 'H NMR spectra obtained using a 400 MHz Varian NMR of INH, iNIC, BHZ, BA, NIC, and PIC in D,0 and
varying sizes of RMs (w,) given on the left of each stack of spectra. See Figure 1 for hbeled structures comesponding to peak labels.
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Figure 6. "H~"H 2D ROESY NMR spectra acquired usinga 400 MHz Inova NMR of INH (A1-A3) and iNIC (B1-B3) using 200, 100,and 0 ms

I is indi

mixing times (1-3) and a relaxation delay of 1.5 5. The diag
peaks.

d by the diagonal line. The lines also highlight any off-diagonal cross-

The triplets corresponding to Hy, and H, for BHZ are at 7.62
and 7.52 ppm, respectively, in the D,0 spectrum and then
coalesce in the RM spectra while gradually shifting upfield to
7.38 ppm in the wy 8 spectrum. The peak corresponding to H,
for BA shifts from 7.83 ppm in D,O gradually to 7.99 ppm in
the w, 8 spectrum. The peaks corresponding to Hy and H, of
BA in the D,0 spectrum are at 764 and 7.53 ppm,
respectively, and then coalesce in the RM spectra and
gradually shift upfield until 740 ppm in the w, 8 spectrum.
The downfield shifting pattern of H, for both BHZ and BA
from the D,0 spectrum to the w, 8 spectrum is consistent with
the RM interface. The upfield shifting pattern of Hy and H, of

both BHZ and BA is consistent with a deep placement within
the RM interface toward the AOT tails. Using this data, it is
possible to place BHZ and BA within the water—AOT
interface with the benzene ring of both compounds placed a
little more toward the AOT tails than INH and iNIC and with
the amide/hydrazide toward the water pool. This is similar to
what has been previously found for benzoic acid™

The position and orientation of NIC within the RM were
explored by itself unlike the previous compounds. The doublet
corresponding to H, for NIC shifted gradually downfield from
8.94 ppm in the D,0 spectrum to 9.10 ppm in the w, 8
spectrum. The Hy doublet shifts from 8.72 ppm in the D,0
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spectrum to 8.74 ppm in the wy 20 spectrum and then shifts
upfield to 8.71 ppm in the w, 8 spectrum. The H, doublet
shifts from 8.27 ppm in the D,0 spectrum gradually to 8.34
ppm in the w, 8 spectrum, and the H, peak is the only peak for
NIC to gradually shift upfield from 7.62 ppm in the D,O
spectrum to 7.52 ppm in the w, 8 spectrum. The downfield
shifting for the H and H, peaks for NIC is consistent with
placement toward the water—AOT interface. The H, peak
initially shifted downfield and then slightly upfield, suggesting a
placement near the water—AOT interface but more toward the
AOT tails than Hy and H,. The H;,peakwas the only peak that
consistently shifted upfield, suggesting the deepest placement
(toward AOT tails) of all ofz NIC protons. This data is
istent with NIC residing near the water—AOT interface
vnth NIC tilted at the interface. This position would have H,
pointing toward the water pool and the amide tilted more
d the AOT head A similar finding was determined

for the ortho-fluorobenzoate anion at the micellar interface.>
Finally, the placement and orientation of PIC within the RM
samples were determined. The H, doublet for PIC shifts
slightly upfield from 8.63 ppm in the D,O spectrum to 8.60
ppm in the wy 8 spectrum. The peaks corresponding to Hy, and
H, are overlapping in the D,O s but then separate
within the RM samples with H, shifting downfield gradually
from 8.04 ppm in the D,0 spectrum to 824 ppm in the w, 8
spectrum and H, gradually shifting upfield from 8.02 ppm in
the D,0 spectrum to 7.98 ppm in the wy 8 spectrum. The Hy
peak for PIC gradually shifts upfield from 7.64 ppm in the D,O
spectrum to 745 ppm in the w, 8 spectum. The upfield
shifting pattern of H,, H,, and H; peaks is consistent with the
protons being placed toward the AOT tails. The downfield

to noise ratio than NOESY for these samples, other ROESY
spectra were sought using 100 or 0 ms mixing times. The 0 ms
mixing time serves as a negative control to confirm no
magnetization transfer was observed between magnetically
different protons.

A portion of the 'H~'H 2D ROESY NMR spectra for INH
and iNIC within w, 12 RMs is shown in Figure 6. The spectra
of INH within the w;, 12 RM microemulsion show a diagonal
with two, negative, blue peaks corresponding to the H, and Hy
peaks of INH at 7.71 and 7.77 ppm, respectively. The positive,
red, off-diagonal cross-peaks corresponding to H, and Hj are
observed in the spectra of 200 and 100 ms mixing time,
whereas no cross-peaks are observed in the 0 ms mixing time
spectrum as would be expected. In the 200 ms mixing time
spectrum for INH, an off-diagonal cross-peak corresponding to
Hj, on INH and the methyl peak of either AOT or isooctane at
0.90 ppm on the f2 axis were observed. In the 100 ms mixing
time spectrum, off-diagonal cross-peaks for both H, and Hy at
0.90 ppm on the f2 axis were observed and correspond to the
AOT or isooctane methyl peak. Considering that the previous
'H 1D NMR experiments have shown that INH resides within
the water—AOT interface, INH is most likely residing near the
AOT ethyl CH, protons with the CH, protons tilted toward
the interface (see Figure S12 for AOT assignments).

The spectra of the wy 12 RM microemulsion with iNIC also
indicated an interaction with the AOT interface similar to that
for INH. Along the diagonal shown in Figure 6, two, negative,
blue peaks corresponding to iNIC protons H, and Hy at 8.70
and 7.80 ppm, respectively, are observed. Positive, red, off-
dngoml cross-peaks between H, and H, in the 200 and 100
ms mixing time spectra are observed. Finally, no cross-peaks

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

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

'H-"H 2D NMR of Hydrazides and Amides within the
AOT RM Interface. More information was sought to confirm
the placement and orientation based on ‘H 1D NMR
experiments; therefore, through-space ‘H—'H 2D NOESY
and ROESY experiments were conducted’™*”™* Both 'H~-'H
2D NOESY and ROESY spectra with a 200 ms mixing time
and higher concentration of BA were acquired to explore
which experiment would provide the best signal-to-noise ratio
(Figure $13). With the ROESY data producing a better signal-

are observed in the 0 ms mixing time spectrum. In the 200 ms
mixing time spectrum, positive, red, off-diagonal cross-peaks
with H, and Hy, of iNIC are observed at 1.30 and 0.90 ppm on
the f2 axis corresponding to the AOT CHj and an isooctane or
AOT CHj, peak, respectively. These peaks were not observed
in either the 100 or 0 ms mixing time spectra. Because of
iNIC's insolubility in isooctane and its similar placement
determined by the 'H 1D NMR studies, these results support
the interpretation that iNIC interacts within the RM water—
AOT resides at the interface near the sulfonate headgroups of
the AOT similar to that in the vanadium dipicolinate
complex.™*

The 'H-'H 2D ROESY spectra of RMs containing BHZ
and BA (Figure S14) were very similar. In the following, these
compounds will be discussed concurrently. As can be seen on
the diagonal of the spectra of BHZ, there are two negative, blue
peaks at 797 and 7.43 ppm corresponding to H, and Hy/H,,
respectively. Within the 200 and 100 ms mixing time spectra,
positive, red, off-diagonal cross-peaks are observed between the
H, and Hy/H, peaks, whereas no cross-peaks are observed for
the 0 ms mixing time spectrum. In the 200 ms mixing time
spectrum, positive, red, off-diagonal cross-peaks at 130 and
0.90 ppm on the f1 axis corresponding to the AOT CH,, AOT
CH,, or isooctane CH; peak and H, and Hy/H, can be
observed. In the spectrum using 100 ms mixing time, the same
off-diagonal peaks are observed except for the off-diagonal
cross-peak at 1.30 ppm on the fl axis and 7.97 ppm on the £2
axis corresponding to the AOT CH; and the H, protons,
respectively. These cross-peaks were also observed for BA
where the only differences in the spectra were from the
placement of the BA negative, blue peaks on the diagonal at
7.92 ppm for H, and 7.39 ppm for Hy/H_ This data suggests
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iNIC PIC Nicotinamide
Isonicotinamide _ BHZ ~ BA " picolinamide
Figure 7. Pictorial rep tion of the pl t of INH, INIC, BHZ, BA, PIC, and NIC within the RM as determined through 1D and 2D 'H
NMR studies. It is important to note that this system is highly dynamic and therefore these are average positions/orientations within the AOT

interface based on the 1D and 2D NMR data presented in this study.

that BHZ and BA are both positioned nearby the AOT ethyl results from the 'H 1D NMR spectra. The placement of each
with the hydrazide/amide facing the water pool consistent with of these molecules using data from both the 1D and 2D NMR
the 'H 1D NMR studies. experiments is illastrated in Figure 7. First of which, INH and
The '"H-'H 2D ROESY spectra of PIC, within RMs, were iNIC both can be positioned near the AOT ethyl. Due to the
acquired to confirm the placement and orientation within the similar 'H 1D NMR chemical shifting patterns and similar
RM water—AOT interface. Figure 515 shows the '"H~'H 2D ‘H-'H 2D NMR experiments, they can be placed in similar
ROESY NMR spectra of PIC within the w, 12 RM positions near within the RM interface. BHZ and BA both can
microemulsion acquired using 200, 100, and 0 ms mixing be placed at the same position and slightly deeper than iNIC
times. Observed in each of these spectra are negative, blue and INH. The 2D NMR of PIC confirmed that it does reside
peaks along the diagonal corresponding to H, (8.60 ppm), H, within the interface of the water pool and AOT, whereas the
(8.19 ppm), H, (799 ppm), and Hy (747 ppm). In the spectra 1D NMR suggested a tilt at the water—AOT interface. Briefly,
acquired using 200 and 100 ms mixing times, there are all of the molecules resided near the water—AOT interface;
positive, red, off-diagonal cross-peaks between the peaks however, PIC and NIC exhibited a tilted orientation within the
corresponding to the PIC peaks, whereas no off-diagonal interface (see Figure 7).
cross-peaks are observed in the spectrum acquired using a 0 ms pK, Measurement of the Hydrazides and Amides
mixing time. In the 200 ms mixing time spectrum, positive, red, within the AOT RM. To explore how the AOT interface
off-diagonal cross-peaks at 0.90 in the fl dimension affects the aromatic N-containing molecules, the pK, values of
corresponding to all of the PIC peaks are observed. The the small aromatic molecules were determined. The pH within
same positive, red, off-diagonal cross-peaks are observed using the RM water pool is not just simply the —log[H*] as is
a 100 ms mixing time with the exception of the off-diagonal normally used in the United States to calculate pK, in aqueous
cross-peak at 0.90 ppm in the f1 dimension and 7.99 ppm in solutions.* The pH value within the RM water pool is much

the £2 di ion corresponding to H, of PIC. This confirms more complicated. Depending on the charge of the headgroup
that PIC resides within the AOT interface and does interact surfactant used to form the RM microemulsion, a proton
with the CHj of the ethyl of AOT. gradient can form.***” The AOT RMs used in this study have

The placement and orientation within RMs of NIC were a negative charge and therefore can cause an increase in proton
explored using 'H—'H 2D ROESY NMR in the w, 12 RM concentration at the interface.”’~** The pK, values of molecules
spectra shown in Figure 515. The peaks on the diagonal are have also been known to change within varying environments,
negative, blue peaks corresponding to H, (9.02 ppm), Hy, (8.68 such as the difference in pK, values of a specific amino acid
ppm), H, (8.29 ppm), and H, (7.50 ppm). Positive, red, off- depends on whether or not it is in the center or on the surface
diagonal cross-peaks between the NIC aromatic protons can be of a protein; therefore, the RM may affect the small aromatic
observed in the spectra acquired using 200 and 100 ms mixing molecules’ pK, values.’*
times but not for the 0 ms mixing time spectrum. Positive, red, The pK, values of the aromatic N<containing molecules in
off-diagonal cross-peaks corresponding to AOT peaks can be D,0 and in w, 16 RMs are shown and compared to those in
observed at 0.90 ppm in the fl dimension and at 9.02, 8.68, the literature and calculated values in Table 2. The pK, for
8.29, and 7.50 ppm in the f2 dimension. These peaks suggest BA was not determined in this study because of BA's low pK,
that all of the aromatic protons of NIC reside near a methyl. value. The pK, values of each of the probe molecules in D,0
Three other positive, red, off-diagonal cross-peaks can be are all very similar to both the predicted pK, values and the
observed at 1.30 ppm in the fl dimension and at 8.68, 8.29, experimentally determined pK, values.”” The small differences
and 7.50 ppm in the f2 dimension corresponding to the CH, between the pK, values found in this study and the
AOT peak and Hy, H,, and Hg This data is consistent with experimental studies in aqueous solutions is most likely caused
NIC residing at the same position within the RM interface as by differences in ionic strength, temperature, and differences
the other probe molecules but H, is not in proximity to the caused by H,O (reported pK, values) or D,O (this study).
CH, of the AOT ethyl. By rotating the C—~C bonds of the ethyl Within the RMs, the pK, of each molecule lowered beyond
of AOT, the CH, of the ethyl can reach further than the CH,, measurement This would support an interaction with the
suggesting that H, is in a position away from the CH,. This AOT itself or an effect of the high ionic strength of the
would suggest a tilt in NIC at the water—AOT interface interface.”"#%5 Either possibility supports that the mole-
supporting the interpretation of the *H 1D NMR spectra. cules reside within the RM interface.

In summary, the "H—"H 2D ROESY NMR spectra of w, 12 DLS of RMs Containing Aromatic Hydrazides and
RMs containing the compounds of interest did support the Amides. DLS was used to determine that RMs formed. In
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Table 2. pK, Values of the Hydrazides and Amides of
Interest in Aqueous and RM Solutions”

compound 2.9 t PR pK,n DO pK,inw, 16 RM
INH 34 24° 35,19* 33 <1
BHZ 28% 30% 28% <ar*
BA -036 NA. NA NA
PIC 22 21 24 <1
NIC 36 33 37 <
iNIC 35 36 39 <1

“The table outlines the pK, values detenmined using the method
outlined in Figure S3. The pK, values of the amine protons for INH
and BZH are given by *. The predicted pK, values are from http://
www.chemicalize org. The reported pK, values are from ref 59.

addition to confirming that the RMs form, we also
demonstrated that the sizes of the systems measured were
consistent with those reported in the literature (Table 51).*'
Furthermore, the measurements were done to investigate
whether the addition of the compound alters the overall
structure of the RMs studied. As shown in Table S1, no
differences in sizes of RMs with and without the aromatic
hydrazides and tic amides were observed. !

Evaluation and Implication of Findings in Studies of
Langmuir Monolayers and Interfaces in AOT—Isooctane
RMs. Studies on model systems are done to obtain information
that may not be accessible in studies of the biol
membranes. The two model systems used in the studies ogere
both have advantages and limitations. Regardless, it is
important to note that there are substantial differences
between the AOT interface and a phospholipid interface.
The differences in structure, curvature, surfactant/lipid density,
and headgroup charge (negative vs zwitterionic, respectively),
may impact the interactions of the molecules under
investigation with regard to their interaction with interfa-

s #7451 Although these differences exist, there are
sumlantxm between the molecules of interest interact
with the AOT interface and the phospholipid interface. By
companngtheﬁndmy oftheRMexpenmntsmth those of

computational studies, but the locations identified in our
studies of the small aromatic N-containing molecules with the
sulfonate headgroup of AOT were comparable, that is, placing
the drug near the interface.

Conversely, if the small aromatic N-containing compounds
interacted primarily with the phospholipid tails, then the
headgroup would not have affected the overall interactions
with the phospholipids and the area per phospholipid would
have been affected similarly between DPPC and DPPE.
Because this was shown to not be the case in the Langmuir
monolayer studies, the molecules of interest most likely also
reside near the phospholipid headgroups as found in the AOT
RM experiments. The difference in interaction with DPPC
versus DPPE was especially evident with INH and iNIC (see
Figure 3A,B). The previous study by Marques et al. was able to
determine a dissociation constant (K;) of INH with
dimyristoylphosphatidylcholine-supported bilayers to be
0.031 pmol by plasmon waveguide resonance.“’** With the
observation that INH most likely prefers DPPE over DPPC,
the K; of INH with DPPE would be lower than that found by
Marques et al. More studies are needed to determine the exact
values and whether the difference in tail length would affect the

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

When combining the information from these two model

phospholipid Langmuir monolayer exper iments, the combina
tion can shed light on cmcul differences behind the
interactions of molecules with the surfactant or lipid
interfaces. ™"

Interestingly, all of the molecules studied here were found to
reside near the headgroup of the AOT surfactant interface. The
RM studies provide information about how small structural
changes in the aromatic amide or hydrazide can affect
compound placement and orientation at a surfactant interface.
This finding, albeit on a different type of interface, is consistent
with the results reported in computauonal studies of NIC and
PIC with phosPhahdylcholme and hatidylethanolami
phospholipids™ ™ along with :xpenmemz.l studies with INH
interacting with a liposome consisting of phosphotidylcho-
line.**" We found that the distance of amide to the pyridine
nitrogen and the molecular orientation of the amide can
impact the interactions with the water—AOT interface.
Similarly using computational methods in studies by Borba et
al. and Martini et al, specific hydrogen bondings with NIC and
PIC were found uang hosghatxdylchohne and phosphatidy-
lethanolami ids " h the findings in our
studies with d\e RMs do not du-actly demonstrate the specific
interactions with the phospholipid headgroups found in these

brane systems, a few conclusions about the placement and
interactions of the molecules of interest with surfactant and
phospholipid interfaces can be made. The RM experiments
show that despite a similar placement of all of the molecules of
interest within the water—AOT interface, the orientation of the
pyridine nitrogen to the amide can affect the specific
orientation of the whole molecule of interest within an
interface. This tilt of PIC and NIC suggests that within other
interfaces, such as a phospholipid interface, the small difference
between these molecules can allow for differences in the
interactions with a phospholipid monolayer. However, these
interactions will likely not be the same as those determined
from the RM experiments.”” The phospholipid Langmuir
monolayer studies build on this idea by also supporting the
expectation that the specifics behind the interactions of the
headgroup of the phospholipid with the molecule of interest
can affect binding such as what was observed with INH and
iNIC. To summarize, the hypothesis that small differences in
structure can lead to differences in the interactions of these
small molecules with membrane interfaces was supported by
these observations.

Although this study focused exclusively on monolayers, the
observations gathered can cautiously be used to provide some
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projections about how these molecules might pass through a
bilayer membrane. With each molecule studied here, they all
resided within the water—AOT RM mterﬁce and interacted
differently with phospholipids conta the same tail but
different hadgroups Together, these observations would
support a headgroup-based interaction of the drugs in contrast
to interactions with the choline, phosphate, or glycerol of
phospholipids. Therefore, these compounds may not passively
diffuse through a b:layer membrane-like weak acid preserva-
tives (eg, benzoic acid and formic acid) or protonophores
(e.g, carbonyl cyanide m~chlorophenyl hydrazine).*'™ If the
molecules are able to traverse a membrane by passive diffusion,
then it would be expected that the molecules would reside
deeper within the RM tails/organic solvent™ The data
obtained in this study does not support passive transport of
these small aromatic N-containing compounds.

Other methods for crossing a bilayer have been extensively
studied using different cations and anions. In these method,
cations or anions are transported through forming a complex
with phospholipids and then flip with the phospholipid across
thebnlay!rorthroughah phobic pore that may form
allowing traversing of ions. ™ Some of these mechanisms
have been studied through computational studies, and Borba et
al. were able to show that the binding of PIC and NIC to the
phosphahdyldmhm or phospbatxdylethanolzmme headgm\rps
can cause conformati es in the p id
tails.” Considering that all of the molecules within this study
mteraclzdmththeheadyoupsofAOTandd)e holipid

Enlargement of Figures 1, 3, and 4; compression
isotherm curves of DPPC and DPPE with DDI H,0
or 20 mM phosphate buffer (pH 7.4); the compression
moduli graphs of DPPC and DPPE in the presence of
the hydrazides and amides; an example for determi-
nation of the pK, values using 'H NMR; a table
outlining the DLS results; a labeled AOT molecule for
wo 12 RM 'H NMR spectrum; a comparison between
'H~'H 2D NMR NOESY and ROESY spectra of w, 12
RMs containing BA; and 'H—'H 2D ROESY spectra
obtained using varying mixing times of w, 12 RMs
containing BA, BHZ, PIC, and NIC (PDF)
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it is feasible that at least some of these molecules may affect the
phospholipid tails as well. If these molecules affect the
phospholipid tails, then such interaction might aid in the
diffusion of the drugs across the phospholipid bilayer.
Additional studies are needed to determine if these small
molecules passively diffuse across bilayers, but these studies
provide the framework to build a more in-depth understanding
of small-molecule interactions with membrane interfaces.

B CONCLUSIONS

‘We found that INH, BHZ, BA, PIC, NIC, and iNIC all interact
with phospholipid and surfactant interfaces specficially with the
phospholipid /surfactant headgroups but have different effects
on phospholipid interfaces. The phospholipid Langmuir
monolayer studies show a difference in interaction of the
small molecules that were dependent on the structure of not
only the small molecules but also the phospholipids
themselves. All of the molecules tested reside within the
water—AOT surfactant interface of RMs with the amide/
hydrazide facing toward the water pool except for NIC and
PIC. NIC and PIC resided at the interface but were tilted with
the amide of NIC facing more away from the water pool than
the amide of PIC. In summary, we show here that interactions
of small aromatic N-containing molecules with lipid surfactant
interfaces are not straightforward and that structural changes of
the small aromatic compounds can alter their affinity for
different phospholipid interfaces, how they affect different
phospholipid interfaces, and the specifics behind the
interactions with these interfaces.
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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
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Abstract: In this manuscript, we describe medical applications of each first-row transition metal
including nutritional, pharmaceutical, and diagnostic applications. The 10 first-row transition metals
in particular are found to have many applications since there five essential elements among them. We
summarize the aqueous chemistry of each element to illustrate that these fundamental properties are
linked to medical applications and will dictate some of nature’s solutions to the needs of cells. The
five essential trace elements—iron, copper, zinc, manganese, and cobalt—represent four redox active
elements and one redox inactive element. Since electron transfer is a critical process that must happen
for life, it is therefore not surprising that four of the essential trace elements are involved in such
processes, whereas the one non-redox active element is found to have important roles as a secondary
messenger.. Perhaps surprising is the fact that scandium, titanium, vanadium, chromium, and nickel
have many applications, covering the entire range of benefits including controlling pathogen growth,
pharmaceutical and diagnostic applications, including benefits such as nutritional additives and
hardware production of key medical devices. Some patterns emerge in the summary of biological
function andmedical roles that can be attributed to small differences in the first-row transition metals.

Keywords: first-row transition metals; metals in medicine; periodic table; speciation

1. Introduction

Cations are counter ions in biology and critical for maintaining charge balance. Proteins, DNA,
and RNA contain charged residues where counter ions are important to the specific three-dimensional
structure and function of each [1]. Metal cations that neutralize these charges include main group
metal ions and transition metals ions. Transition metal ions are generally less commonly found in
nature compared to the alkali metal ions, such as sodium and potassium ions, and the alkaline earth
metal ions, such as magnesium and calcium ions. However, they do play a critical role, whether it be
structural or catalytic [2]. In the following manuscript, we summarize the medicinal properties of the
first-row transition metals and include a comparison of the different metal ions and their speciation.
Because medical applications often rely on the roles of the elements in biology, we also included some
brief summaries and a discussion of the occurances of the first-row elements. Indeed, the use of each
metal ion as counterions plays an important role for the medicial applications, and by summarizing the
speciation of each of these metals ions, the reader will recognize the properties that are important to
the action and applications of each element. To summarize the applications of the first-row transition
metals, a medicinal periodic table of the elements is presented (Figure 1). Details of the medicinal
applications of all the elements within the periodic table are shown in this figure and the particulars are
identified in the caption. However, in this manuscript we focused on the pharmaceutical, diagnostic,
and other medicinal applications of the first-row transition metals in the periodic table.
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The year 2019 is designated by the United Nations as the International Year of the Periodic Table
in celebration of the first report of the periodic table in 1869 by Dmitri Mendeleev of Russia. There
were many key discoveries that led to the organization of the elements in the manner we recognize
today, examples of which have been highlighted elsewhere [3,4]. A total of six scientists worked
on the periodic table around the same time, though only two are well known [5]. In addition to
Mendeleev’s periodic table, Julius Lothar Meyer of Germany continued his earlier work and reported
a periodic table in 1870. As elegantly articulated by Eric R. Scerri [5], “the periodic table of the
elements is one of the most powerful icons in science: a single document that captures the essence of
chemistry in an elegant pattern. Nothing like it exists in biology or physics or any other branch of
science”. Although both periodic tables properly describe the succession of the first-row metals, only
Mendeleev’s periodic table has the changes in properties consistent with the medicinal applications
summarized in this manuscript. We have generated a periodic table of medicines shown in Figure 1, of
which nutritional, pharmaceutical, and diagnostic applications as well as roles in medicinal hardware
of first-row transition metals are a small part.

Metal ions have important catalytic and structural roles in biology. One-third of the proteinsin the
human genome contain a metal ion that playa a key role as a cofactor. For example, iron (abbreviated
Fe from the Latin ferrum) is an important ion for the proteins involved in respiration and electron
transport [6]. This means that this metal ion, found in oxidation states IT and II], will coordinate to a
protein and play an either structural or catalytic role. Each of the first-row transition elements have
medical applications, many of which are components of materials used in medical procedures as well
as roles as pharmaceuticals or diagnostic agents. Application of metal-based drugs are different from
carbon-based drugs, because upon processing, the carbon-based drugs generally break down into
CO, and various metabolites. Metal-based drugs will metabolise and form a simple metal ion which
will interact with cellular components and form new compounds. Such new compounds may have a
biological effect and, thus, extend the effects of the original drug added to the system. In this work,
we briefly summarized the medical applications, followed by a section on speciation of metal ions
highlighting the metal ions that form at neutral physiological pH for each element. Although other
conditions exist in nature in the biosphere, such as the acidic environment of the stomach or in bacteria,
fungij, and algea, we here focus on the metal ions forming near neutral pH in cells and the blood. The
images shown in the periodic table of medicines (Figure 1) not only demonstrate the versatile uses of
the first-row transition metals but illustrate the fact that nearly all elements of the periodic table have
some direct medicinal use.

Several first-row transition metals, including the elements iron, copper, zinc, manganese, and
cobalt, are essential elements for humans. The simplest definition of an essential element is that
the element is required for life and its absence will result in the organisms death and/or severe
malfunction [7]. However, in addition to mammals the biosphere includes many organisms for which
additional metal ions are critical for growth and development [¢-10]. It is important to emphasize that
an element’s essentiality can vary depending on whether the focus is for humans or other organisms.
For example, an element such as nickel is essential for the bacterial enzyme urease that is an essential
component for bacteria but not for human beings. This means that nickel is required for bacteria
and needed for their growth, but since such metabolic pathways are not found in human beings, it is
not essential for human beings. Experiments addressing essentiality are very difficult to conduct
particularly with elements such as the first-row transition metals, because materials containing the
metal ions are very similar and most metals preparations will contain trace levels of the related elements.
For examples, iron supplements will contain trace levels of cobalt, manganese, nickel, and vanadium.
Thus, the question of the essentiality of vanadium will be difficult to address experimentally because
vanadium will be administered with the iron in supplements and food. Consequently, a number of
controversies exist with regard to a chromium and whether it is essential or not.
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A Periodic Table of Medicines

Figure 1. The periodic table with known medicinal uses of each main group or transition metal element
when available. In the following, we list the use of each element. Hydrogen (H), boron (B), carbon
(C), calcium (Ca), phosphorous (P), potassium (K), magnesium (Mg), vanadium (V), manganese (Mn),
iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), selenium (Se), rubidium (Ru), molybdenum (Mo), and
cesium (Cs) are commonly found in supplements readily available to the public and are illustrated as
such. Helium (He) is crucial in the operation of MRI machines. Lithium (Li) as lithium carbonate is the
most common treatment of bipolar disorder. Beryllium (Be) foil is used as shielding in radiographic
instruments. Nitrogen (N), as nitrous oxide, is a common anesthetic. Oxy gen (O) has many medical
uses, including anesthetics and resuscitation, and is illustrated here for use in ventilation. Fluorine (F)
and tin (Sn) as stannous fluoride are a common ingredient in toothpaste. Sodium (Na) and chlorine (Cl)
are used as NaCl in saline solutions. Aluminum (Al) compounds are a common active ingredient in
antiperspirant decdorants. Silicon (Si) is used in antacid products Sulfur (S) is illustrated as campden
tablets, which are used for sterilization in beer fermentation. Argon (Ar) lasers are used in eye surgery.
Zirconium (Zr) is used in immuno-positron emission tomography (PET) imaging while scandium (Sc)
is a candidate for the same technique. Titanium (Ti), palladium (Pd), niobium (Nb), nickel (Ni), and
tantalum (Ta) are used in medical implants. Chromium (Cr) is shown as Cr(III) picolinate, which isa
controversial supplement used in lowering insulin resistance. Gallium (Ga), yttrium (Y), technetium
(Tc), lanthanum (La), astatine (At), and actinium (Ac) ate all used in nuclear medicine. Arsenic (As), as
As(III) trioxide, is used to treat certain forms of leukemia. Bromine (Br) as KBr is an active ingredient
in canine seizure medication. Krypton (Kr) was used in lung ventilation studies but has since been
phased out. Strontium (Sr) is used in Sensodme toothpaste. Rhodium (Rh), ruthenium (Ru), and
rhenium (Re) complexes are used as anticancer agents. Silver (Ag) is used in antibacterial ointments.
Indium (In) is used in white blood cell scans. Antimony (Sb) is used in leishmania medicine. Barium
(Ba) is used in X-ray imaging of the gastrointestinal tract. Tungsten (W) is used in shielded syringes.
Iridium (Ir) is used in brachytherapy. Gold (Au) was used as a treatment for rheumatoid arthritis but
has been phased out. Mercury (Hg) is used in dental amalgams. Lead (Pb) is used in X-ray aprons.
Bismuth (Bi) is used in stomach ulcer medicine. Neon (Ne), germanium (Ge) cadmium (Cd), tellurium
(T1), hafnium (Hf), csmium (Os), polonium (Po), francium (Fr), radon (Rn), and radium (Ra) although
most of these are toxic elements for human life, some of these elements are under development as
potential agents for disease treatment but to our knowledge they are not currently used for benefical
applications in medicine. References to most of these facts are dispersed throughout the manuscript.

The human body consists mainly (96%) of four elements, carbon (C), oxygen (O), hydrogen (H),
and nitrogen (N). The rest of the elements make up 4% and that includes all the first-row transition
metal ions as well as the rest of the periodic table. Scandium is present in very low to non-existent
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concentrations in humans and the biosphere, but it is more plentiful in the Earth’s crust even though its
minerals are rare and it is considered a rare-earth element. In contrast, ironis considered a trace element
in the human body despite being the most plentiful of the first-row transition metals in the Earth’s
crust (see Figure 2) [11]. Summarizing the most common minerals in which the first-row transition
elements occur in the environment is important for the technological development of the applications
of these elements. Table 1 lists these minerals, which are also referred to as oxides and sulfides. Each
first-row transition element lends different colors to their respective minerals, the diversity of which is
demonstrated, as described in Table 1. Although most of these minerals are not very soluble in water,
they can leech into groundwater with rainfall. As a result, the metal ions are transported to the water
supply and end up being distributed to human beings. Most countries have government agencies,
such as the Environmental Protection Agency in the United States, that have stringent regulations on
the allowable concentrations of these metals in drinking water because while many of these metals
are largely considered non-toxic, overload of any element in the human body can lead to undesirable
health effects.
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Figure 2. The relative abundance (ppm) on a log scale of oxygen (small dashes), biologically relevant
main group metals (diagonal lines), and the first-row transition metals (cross hatching) in the Earth’s
crust on a log scale. This figure was redrawn and modified from Reference [12].

It is generally recognized that some metal ions are necessary for life but that too much of the
metal can be problematic and lead to disease. It therefore seems obvious that the addition of some
compounds containing essential metals will, in some cases, benefit organisms. However, the ability of
some metal ions to be involved in the formation of reactive oxygen species (ROS) underlines the need
for systemic control. Uptake and excretion of metal ions are biological processes that are increasingly
important in medicine, and the formulation of metal ions for supplements and therapeutic purposes
are two conditions appreciated as important for human health. Drug delivery has also received recent
consideration as an important facet of health. For example, the form of Fe in Fe-containing supplements
matters given that uptake of iron citrate salts differs from iron chloride salts since uptake of Fe in citrate
salts are more effective than that of Fe in chloride salts. Medicinal effects of any therapeutic agent
is therefore a complex matter in which the delivery, uptake, biodistribution, and mode of action all
play a role. In the following, we focused on summarizing the information on each first-row transition
element and their activities and applications in biological systems and medicine.
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Table 1. Common minerals of first-row transition metals.
Element Common Minerals M'lmsral Crystal Mineral Color References
ystem
Scandium (S¢) Thortveitite (Sc35i,07) Monoclinic Grayish green [13-16]
Titanium (T3) (Ell?ce)zr;ite (FeTiO3) rutile Hexagonal; tl::qx;l:\lack, reddish [11,12,15]
Vanadinite [Pbs(VO4)aCl] Meuizbnal: Red to brownish
Vanadium (V) carnotite [K(UO,)VO,1.5 00 yellow; bright yellow  [11,12,15]
H,0] to dark yellow
Chromium (Cr) Chromite (FeCr,Oy) Cubic Black [11,12,15]
Manganese (Mn)  Pyrolusite (MnO;) Tetragonal Black or dark grey [12,15,17]
Hematite, (Fe;03) Loy Red or black; iron 2
Iron (Fe) magretite (FezOg) Hexagonal; cubic black [11,12,15]
Grey to w hite; white
Smaltite (CoAsy) cobaltite : to grey with purple
Cobalt (Co) (CoAsS) ki tite (Co3Sy) All cubic tint; light gray to dark [11,12,15]
grey
Garnierite
Nickel (Ni) [(Ni,Mg)sS1gO19(OH)s] N/A; cubic N/A; bronze yellow [11,12,15]
pentladite (N Fe)sSs]
2 " i Pale rose to copper
Native metal, chalcopyrite  Cubic; tetragonal;
Copper (Cu) g ? red; brass yellow; [12,15]
(CuFeS;) chalcocite (CupS)  orthorhombic blackish grey to black
% Sphalerite (ZnS) g Various colors
Zinc (Zn) smithsonite (ZnCOs) Cubic; hexagonal powsible [11,12,15]

2. Properties of First-Row Transition Metals

The International Union of Pure and Applied Chemistry (IUPAC) definition of a transition metal
is “an element whose atom has a partially filled d-subshell or which can give rise to cations withan
incomplete d-subshell” [18]. Cotton and Wilkinson [11] expanded the ITUPAC definition by including
scandium and yttrium in group 3 as first- and second-row transition metals, respectively. The first
transition metal, element 21—scandium, has an electronic configuration of 1522.522p63523p‘54323d1
(also described as anargon core with 4s filled and one electron in the 3d subshell, [Ar]4523d1) and the last
firstrow transition metal, element 30—zing, has the electronic configuration of 1s22s?2p®3s?3p®4s23d1°,
Few of these metals exist in nature in their native metallic state. In general, they are found as metal
ion complexes in the form of minerals, a number of which are listed in Table 1. The properties of
these metal ions vary dramatically as illustrated in Figure 3a,b. In Figure 3a, the difference between
the oxidation state of the blue vanadium(IV), vanadyl sulfate, and the white (colorless) vanadium(V),
potassium metavanadate is visibly shown. Also, Figure 3b presents the metal chloride salts of Cr,
Mn, Fe, Co, Ni, Cu, and Zn, in that order, where the variation in color from dark green to white
demonstrates the differences in these systems even when the same anion is being compared. These
changes originate in the systematic succession of completing the d-shell in the first-row-transition
metal series and the consequence of this is described in many text books [11-13].

Depending on the group number and the nature of the ligand and redox environments, the
first-row transition metals can exist in several oxidation states [19). Table 2 summarizes the possible
oxidation states of the first-row transition metals as well as the most common oxidation state(s) under
physiological conditions. The conditions suitable for most living matter consequently limits the
chemistry exerted by the metal ions. The structure of metal ion complexes depends on whether the
material is in the solid state or dissolved in solution. Under physiological conditions, the most common
form of the first-row transition metals are oxidation states II or III, or in the case of vanadium (V),
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IV and V, and IV for titanium. Vanadium, in particular, tends to form oxides, being found in the
oxidation state IV as the hydrated form of V= 0?2+, and for oxidation state V, it is found in the form
of VO,* at low pH, as a coordination complex, or in the form of H,VOy™ at neutral or basic pH. The
structures of the hydrated cations vary; however, they all include octahedral geometries. Some metals,
such as titanium, vanadium, copper, and zinc, can have stable four- and five-coordinate geometries,
whereas most of the others tend to be six-coordinate [10]. There is a wide range of reactivity depending
on the electronic composition, but there are some generalizations. For example, low oxidation state
metal ions prefer to coordinate to nitrogen-based ligands, whereas higher oxidation states prefer to
coordinate to oxygen-based ligands. This preference is very important, particularly with regards to the
chemistry thateach of these metals can undergo in physiological conditions. The properties of these
are very different, as evidenced by the different aspect and color of the metal chloride salts shown in
Figure 3.

Cr Mn Fe Co Ni Cu 2Zn

@ ()

Figure 3. Demonstration of the diversity of metal chemistry. (a) Oxidation state affects chemistry, as
V(IV) is a blue solution and solid, while V (V) is a colorless solution and white powder; (b) chloride
salts of the first-row transition metals have different colors. Shown are mainly the oxidation state (II)
and (III) metal complexes CrCla, MnCly, FeCls, CoClp, NiClp, CuClp, and ZnClp with varying amounts
of hydration.

Table 2. Possible oxidation states and likely oxidation states in blood at pH 7.4 and under other
bioclogical conditions of first-row transition metals, where oxidation states in parentheses indicate rare

but possible states.
g Oxidation States Other Possible
Element P"““";g:““""i"“ at pH 7.4 in Oxidation Statesin ~ Reference(s)
s Blood the Biosphere
Scandium (S¢) I I it [11,12,16]
Titanium () 0, II, I IV I\ 0, 11, IV [11,12]
Vanadium (V) -I-Lpmmyy N Vesmeel o ogyy (11,12]
Chromium (Cr) ;iv -LOLILILY, il I, (IV), V, VI [11,12,20]
Manganese (Mn) ;u\}l“l,lﬁ‘l' OLOIL 5o 1L III, IV, VII [11,12]
Iron (Fe) -LOLIIOLIVV VI ILII I, 00, (IV) [11,12,21]
Cobalt (Co) -10,LIL I, IV I III IL, I [11,12]
Nickel (Ni) 0,1 1L I, IV LI, I 0,11 [11,12]
Copper(Cu)  (0), LI III, (IV) Mainly TT Lo [11,12]
Zinc (Zn) (), I i I [11,12]

In the following, we will first summarize the aqueous speciation chemistry of each first-row
transition metal complex and then briefly describe the discovery, occurrence, and detailed physical
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properties of each element as we discuss each element seperately. If relevant, we then summarize the
biological roles of each element, followed by a description of their medical applications.

3. Speciation of First-Row Transition Metal Ions in Aqueous Solutions

Because bodily fluids are responsible for the distribution of nutrients and drugs, it is important to
know the form that the first-row transition metal ions exist in solution. Although some applications of
the first-row transition metals are not based on their aqueous chemistry, there is no doubt that the
speciation chemistry is important for the metal-protein, metal-DNA, metal-RNA or metal-metabolite
complexation reactions that occur under physiological conditions.

Many first-row transition metals form divalent cations (oxidation state II) as one of the major
oxidation states in blood and in the biosphere, as summarized in Table 2. However, Sc and Cr prefer
oxidation state III, and Ti prefers oxidation state IV at pH 7.4, Vanadium prefers oxidation IV and V
but forms metal oxides VO?** and VO,*. Oxidation state V of V also forms anionic species such as
Hy;VOy~ at pH 7.4. Most of the transition metal ions undergo pH-dependent hydrolysis in aqueous
solution and, thus, the concentration of a particular cation may be significantly reduced depending on
the overall concentration. The properties of each metal ion are related to crystal field theory and ligand
field stabilization resulting in the description of speciation chemistry. The following summary is taken
from speciation diagrams in the book by Baes and Mesmer [21] and serves to illustrate the nature of
the aqueous solutions of each first-row transition metal ions.

Scandium forms mononuclear (Sc(OH)*), dinuclear (Sco(OH);%*), or trinuclear (Sc3(OH)s*+)
species in aqueous solution depending on pH and Sc concentratior: these multinuclear species form at
high concentration (0.1 M), whereas at 10 uM concentration there are very few dinuclear or trinuclear
species. Titanium mainly forms cations in oxidation state I and IV, although some in oxidation state III
can also form. Ti** forms at low pH and low redox potential and Ti in oxidation state IV is the major
oxidation state forming several species depending on pH: Ti(OH)3*, Ti(OH)4 and TiO,. Titanium in
oxidation state III forms Ti(OH),* and a dinuclear species Ti,(OH),**.

Vanadium is mainly present in the form of V(IV) and V(V). Both these ions form oxo species
for V(IV), it is the vanadyl cation, VO?*, and for V(V) the main species at low concentration and
neutral pH is HVOy~, also referred to as vanadate. However, neither VO?* or H,VO4~ formsin high
concentration near neutral pH, because both these species form oligomeric species. For V(IV), the
species VOOH* and (VOOH),?* and polymeric species forms. For V(V) the polymeric species are
V,0,4-, V40154, and V015> and other corresponding species in different protonation states. Thus,
at neutral pH and at mM concentrations there is very little of the mononuclear species in solution.
However, at basic pH, the speciation will be very different. Recently, it was discovered that V(III) is
much more stable than anticipated, and it was found to form in aqueous solution by the reduction
with ascorbate [22]. The fact that this form of V was previously missed under physiological conditions
is because some of the V(III) species are only observable using high-frequency and high-field EPR
spectroscopy. Chromium exists in oxidation states II, II], and V1. Oxidation state I is reactive at various
pH values and will react with water. Oxidation state III is stable under most physiological conditions
forming the Cr(OH)?**, Cr(OH),*, Cr(OH)4~, and probably Cr(OH);. Even at pM concentration,
oligomeric or polymolecular species form, including Cry(OH);** and Cra(OH)**, so the specific
species depends on the pH and the concentration. Oxidation state VI is toxic, forming HCrOy~, and
above 10 mM, Cr,O;%".

Manganese exists in most different oxidation states, but only oxidation state II, III, and VII form in
significant amounts in solution. Mn?* hydrolyzes at pH 8 at 0.1 M concentration and the dinuclear
species Mny(OH)* forms. At 10 pM, Mn?* exists up until pH 10, at which point Mn(OH)* and
the dinuclear species Mn,(OH),* form. Iron in oxidation state I and III form over a wide potential
and pH range. The octahedral ferric iron (Fe(Ill)) complexes such as the purple hexa-aquo ion begin
to hydrolyze at about pH 1 forming first the yellow Fe(H,0)sOH?*. At 10 uM, monomeric species
form including Fe(H>0)4(OH),*, Fe(H,0)3(OH)~, and Fe(H,0)2(OH)4~. At 0.1 M, in addition to
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the Fe(H,0)sOH?*, polynuclear species form beginning with Fep(OH),4*, Fe3(OH)45*, Fe(OH),*,
Fe(OH),, and Fe(OH); ™. In contrast, the high spin ferrous hexa-aquo Fe(H,0)42* is stable up until
about pH 10 at which point the Fe(OH)*, Fe(OH),, and Fe(OH)3™ species form.

Cobalt, in aqueous solutions, exists in the form of a cobaltous ion (Co?*) because Co®* is a powerful
oxidizing agent which decomposes water. Co®* isd and ligand field stabilization energies disfavor the
tetrahedral configuration compared to the octahedral configuration and, therefore, conditions exist in
which both species are present in solution as Co(H,0)s>* and Co(H;0)4?*. Speciation of CO** at0.1 M
results in Co?* until about pH 8 when Cog(OH)4**+, Co(OH),, and Co(OH)3~ form. Atlow concentration,
the speciation of Co?* at 10 uM results in Co?* until about pH 9.5 when Co(OH)*, Co(OH),, and
Co(OH)3~ form. For Ni?*, the major hydrolysis product is Ni(OH)*. At high concentration (0.1 M),
a tetranuclear species (Nig(OH)44*) is formed at pH 7.5 just prior to the precipitation of Ni(OH), and
formation of Ni(OH)3~. At 10 uM, concentrations of Ni** exist until about pH 9.5 when Ni(OH),,
Ni(OH)s~, and Ni(OH)4%~ form.

Solutions of Cu* hydrolyze to form Cu,O, which is insoluble. Cu?* hydrolyzes at 0.1 M
concentrations, forming Cu,(OH),?* before precipitation at pH 6. At pH 10, the mononuclear species
forms Cu(OH),°, Cu(OH)3™, and Cu(OH),2". For speciation at 10 uM concentrations, Cu?* exists until
about pH 8.0, at which point Cuy(OH),?*, Cu(OH)*, Cu(OH),”, Cu(OH)s~, and Cu(OH)4?~ form. The
major form of Zn is the divalent Zn(Il) ion, and little hydrolysis is observed in solution to about pH 85.
At that point, Zn(OH), forms and above pH 11 Zn(OH)3~ and Zn(OH)4*". The Zn spediation curves
are similar at 0.1 M and 10 uM.

This section has described the hydrolysis reactions that all the first-row transition metal ions
undergo. It is daunting how the differences among elements impact on the speciation chemistry
summarized above. For example, the Zn speciation is very simple compared to the Cu speciation
where Cu and Zn are adjacent first-row transition metal elements. Similarly, Ni and Cu are adjacent
elements and the Ni speciation is much simpler than the Cu speciation. The most complex speciation
was observed for Fe(IIl) and V. These two ions are very complex and the aqueous chemistry follows
correspondingly to the speciation diagram for Fe(II) which is much simpler. These differences show
that a change in oxidation state will dramatically change the solubility of the system. The stability of
the complexes impact how the species exist in biological systems and, consequently, the applications
to medicine.

4. Medicinal Uses of First-Row Transition Metals

Medicinal use of first-row transition metals in this document included both therapeutic and
diagnostic uses of the first-row transition metals as well as examples of when the element is incorporated
into materials that are used for medicinal purposes. In order for us to properly describe the uses of
the each elements, we have included brief comments on basic information on the discovery and the
fundamental chemistry as well as the occurrence of the element and its essentiality for humans and
potential essentiality in other organisms in the biosphere.

4.1. Scandium (Sc)

The first transition metal, named scandium (Sc, element 21), was isolated as an oxide by Lars
Fredrik Nilsen of Sweden in 1879, although the pure metal was not produced until the 1930s [3,13].
While Sc can exist in its metallic state, it is more commonly found in compounds and complexes as
Sc(III), with predominantly octahedral geometry [16]. Scandium has a relatively high abundance
in Earth’s crust, comparable to cobalt (Co), but the presence of Sc-containing minerals is rare, with
thortveitite being the main source [12,17]. Because of this scarcity, uses for Sc were not developed until
recently [23,24] and there is still no known role for it in the biosphere.

Scandium is non-essential to human health and has been shown to be moderately toxic in a few
toxicology studies [22-28]. It was found to be one of the more toxic rare-earth elements in mice [26].
It has also been tested in algae and Caenorhabditis elegans, a nematode used to model the nervous system;
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Sc was found to inhibit growth in algae and exhibit neurotoxicity in C. elegans [27,28]. Work carried
out in the past decade suggests that the isotopes #Sc and ¥Sc are promising as imaging agents and
therapeutics in nuclear medicine, but have yet to reach clinical trial in the USA and Europe as of July
2019 [8,29-34]. One promising technique is Inmuno-Positron Emission Tomography, or Immuno-PET,
which uses radiolabeled monoclonal antibodies to visualize tumor metastases and cancer [35,36].
Two clinical trials involving the treatment of various dental diseases have been completed using an
Er,Cr:YSGG laser (erbium, chromium: yttrium, scandium, gallium, garnet) [37,38]. Another application
of Sc for materials is in strengthening aluminum alloys [25,39] as well as a component in very strong
lights [12]. Of the first-row transition metals, it is the least used element for medicinal purposes.

4.2. Titanium (Ti)

Element 22, titanium, was discovered in 1791 by William Gregor of Britain [3]. Titanium is widely
distributed in Earth’s crust, with its major mineral sources being ilmenite and rutile [13]. Aside from the
metallic state, titanium can also exist as Ti(II) or Ti(IV), and in rare cases as Ti(IlI), with oxidation state
IV being the most physiologically relevant form [10,40]. Titanium dioxide (TiO;) is a common form of
Ti and is widely used in sunscreen. The convential amorphous form has a milky white appearance
and is effective in scattering UV rays. However, the nanoparticle form of TiO; is transparent but still
retains its scattering ability [41,42].

Titanium is found readily in the human body, although no reports suggest it plays an essential
physiological role. Itbinds to human serum albumin and other proteins and is thus readily transported
in the blood [43]. The element is not believed to be essential, although many reports in plants, animals,
and human beings document its benefit. Titanium is able to support bone implant by osseointegration
as was discovered in the 1950s [44,45]. The ability of Ti to integrate and be structurally accepted by
bone without the requirement of soft tissue connection allows it to aid in healing and regrowth of
bones [46].

Titanium is found readily in the human body, although no reports suggest that it plays an essential
physiological role. Itbinds to human serum albumin and other proteins and is thus readily transported
in the blood [43]. In medicine, Ti complexes and compounds have been examined as anticancer
agents, in particular as titanocene dichloride. Even though the titanocene dichloride complex showed
promising in vitro results and was evaluated in a clinical trial, it failed to perform satisfactorily in
human studies. This is likely explained by the rapid hydrolysis of the complex [47]. However, studies
continue to explore the potential of Ti as an anticancer agent and, recently, reports with dinuclear
complexes are showing significantly improved anticancer activity against renal and prostate cancer
cells [40,46]. Titanium dioxide (TiO,) films have documented antimicrobial properties when irradiated
by light, but there is a concern for the toxicity of TiO, nanoparticles [45].

The most common and well-known medical use of Ti is in implants [8,49]. Titanium and Ti-alloy
implants are known to be biocompatible with excellent ability to integrate with bone. There are 488
clinical trials involving Ti are listed, of which 212 are completed. Therefore, there is no surprise that
this element is used extensively, and many new applications are currently being investigated involving
a wide range of applications ranging from dental implants to orthopedic prostetics. The widespread
applications of Ti have been driven by the belief that it is safe and inert to processing within the human
body. This belief was based on simplistic studies in aqueous solution demonstrating the high stability
of Ti-complexes or alloys at physiological pH values. Recently, however, reports have been made
demonstrating that Ti can corrode, which can not only lead to implant breakage, but also formation
of ROS species and production of a type IV allergen [50]. There are also reports of Ti(0) becoming
physiochemically corroded to Ti(IV) ions which can result in inflammation and necrosis [49,51-53].
The leached forms of titanium, either soluble Ti(IV)tricitrate or as TIO, nanoparticles, have resulted in
toxicity [40,52]. Considering the widespread use of TiO; in sunscreens and particularly in the form of
nanoparticles, there are several UV and non-UV debilitating cellular effects caused by TiO, and it is
important that the form and use of TiO; is carefully considered [41].
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4.3. Vanadium (V)

Vanadium is element 23 and was first discovered by Andres Manuel del Rio in 1801 in Mexico.
Unfortunately, four years later the discovery was withdrawn because del Rio had been convinced that
the element was chromium (Cr) [3]. Thirty years later, V was rediscovered by the Swedish Nils Gabriel
Sefstrem [3] who named it after the Nordic goddess of beauty and fertility, Vanadis (also called Freyja
in Norse mythology). Vanadium exists in the Earth’s crust in the form of numerous minerals as well
as in fossil fuel deposits bound to porphyrin analogues [54-56]. It tumns out that VO,*-porphyrin
analogs are among the most stable porphyrins [55] and, thus, are found in several coal deposits,
such as Venezuelian coals. Processing of this coal results in a large release of vanadium-containing
aerosols [54,57].

Figure 4 shows the mushroom Amanita muscaria that contains amavadin, which is a
V(IV)-containing natural product of specific interest to the scientific community for not containing
the V=0 unit, common in V(IV) coordination complexes [58,59]. Although it has been controversial
whether vanadium is an essential element for human beings [60], it is known to be essential for
some organisms [61]. High levels of V are found in V-accumulating tunicates, and the form in these
organisms have been explored and is currentity believed to be the V-binding proteins (VanaBin) [61,62].
The function and role of vanadium in these organisms are still being investigated [61,62]. Other
V-containing enzymes were isolated from certain types of algae, seaweed, and fungi, and the class
of V-dependent haloperoxidases have been characterized extensively and the X-ray structures of the
vanadium-dependent chloroperoxidase and the vanadium-dependent bromoperoxidase have been
reported [61]. The vanadium nitrogenase from Azobacter vinelandii have recently been characterized
spectroscopically [63-68].

Figure 4. A photo of the Amanita muscaria mushroom with the V(IV)-containing natural product
amavadin. The image was reproduced from JJ HarrisonyWikimedia Commons under the Creative
Commons Attribution-Share Alike 3.0 Unported license (https://creativecommons.ong/licenses/by-sa/3.(f
deed.en).

Vanadium in oxidation state V, in the form of vanadate, is a structural and electronic phosphate
analog [63-66]. Vanadyl sulfate, a simple salt with V in oxidation state IV, is used as a nutritional
additive by athletes to improve glucose metabolism [69]. As a phosphate analogue, it is a potent
phosphatase and phosphorylases inhibitor [70,71]. Specifically, vanadate was first discovered to be a
Na*- and K*-ATPase inhibitor [72] and later an inhibitor for ribonucleases [73], and, for some time,
vanadate was added to buffers when isolating DNA because this protected the DNA strands from
hydrolysis. Recently, the inhibition of protein tyrosine phosphatases have received interest, because
this signal transduction enzyme has been implicated in the action of vanadium compound to reduced
elevated blood glucose in diabetic mammals [70,71]. Both vanadate and vanadyl sulfate as well as
one coordination complex, bis(ethylmaltolato)oxovanadium(IV), have been investigated for potential
treatment against diabetes in Phase I and II clinical trials [69,74,75]. Vanadium coordination complexes
also have activities as anticancer compounds [76,77], and recently both salts and select complexes
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were found to enhance an oncolytic virus, VSVA51, in combatting cancers that are resistant to existing
therapeutics [78,79].

4.4, Chromium (Cr)

Chromium is element 24 and was discovered in 1798 by Nicholas Louis Vauquelin of France [3].
The physiologically relevant oxidation states are Cr(III), Cr(V), and Cr(VI). Cr(IV) can sometimes be
observed in biological systems as an intermediate [20]. Chromium(III) generally has a coordination
number of six with an octahedral geometry and, since it is hydrolytically stable at neutral pH,
conversions involve redox processes [10,20]. Chromium(IV) tends to be an unstable intermediate
under physiological conditions, preferring coordination number six with octahedral geometry [10,20].
Cr(V) and Cr(VI) are often found with lower coordination numbers. Chromic acid (HCrOy) is a strong
acid that is commonly used in acid baths for cleaning glassware. Much work has been done on the
speciation of this element, and Cr(I1I) is reported to oxidize to higher and reduced forms [20]. Although
Cr(IIl) is being taught as inert in introductory chemistry classes, this is only the case at neutral and
slightly basic conditions.

The question of essentiality with Cr is complex because up until the 1980s, Cr was believed to
be essential. Chromium(Ill) is therefore a component of various vitamin preparations and is still
believed to be beneficial for the regulation of glucose metabolism. However, Cr is no longer believed
to be essential by many scientists [80] and the matter of CrO- essentiality and its benefits is highly
controversial despite a billion dollar industry supporting Cr additives [81]. The problem relating to the
use of Cr(Ill) as a nutritional additive revolves around the fact that Cr(I1I) is not as stable as previously
believed and will convert to the highly toxic Cr(VI) under biological conditions [49,52]. The major
concern remains that some forms of Cr, generally the high oxidation states, are toxic as determined by
various cancer tests, such as the Ames test [20,83-85].

Chromium has been reported to be beneficial for humans with impared glucose metabolism and
treatment was effective in normalizing glucose levels [86]. These studies were fueled by the report of a
chromium-containing Glucose Tolerance Factor [87]. This material was reported to have beneficial
effects on diabetics, and have carried through to clinical trials and other studies with Cr-containing
materials [86]. Disagreements began to appear once the question of essentiallity for Cr was questioned
leading to the current general view, which no longer support the essentiallity of Cr [20].

The risk of cancer with exposure to occupational hexavalaent Cr (Cr(VI)) was studied more than
100 years ago [88]. Workers in certains industries such as chromate production, pigment production,
and chrome plating have a significant greater increase in the risk for developing lung cancer [89].
Furthemore, Cr(V]) is classified as a known human carcinogen by the International Agency for Research
on Cancer, known for causing cancer of the lung and positive associations with cancer of the nose
and nasal sinuses [90]. However, conflicting evidence and analysis have been provided for stomach
or other cancers, but a recent analysis reported that Cr(VI) does not pose a stomach cancer hazard
in human beings [88]. Although Cr(III) may not have been reported to be toxic, when it oxidizes to
Cr(VI), it is toxic [91]. Detailed speciation analyses have been carried out and demonstrate that Cr(III)
is not as inert as previously believed, thus contributing to the debate on the safety of Cr-containing
food supplements readily available online and in food stores [49,582]. However, other studies have
been carried out exploring the complexity of the issue because detoxification mechanisms are also in
effect [85].

4.5. Manganese (Mn)

Element 25 is manganese, which was first isolated in its metallic form from pyrolusite in 1774 by
Johann Gottlieb Gahn of Sweden [3]. For Mn), there are several oxidation states that are common under
physiological conditions: I, III, IV, and VIL Six-coordinate octahedral Mn(Il) is the most common
of the physiologically relevant valencies and coordination geometries [10]. There is, however, some
variability in coordination geometries for this metal in biological systems. For example, Mn(II) forms
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six-coordinate octahedral mononuclear complexes and dinuclear complexes but clusters with a Mn in
coordination number of four or six.

Manganese is essential for humans and a multitude of other organisms, ranging from bacteria,
to plants, to animals. The US Institute of Medicine updated the estimated average requirements
and recommended dietary allowances for 22 elements for which there were sufficient data available.
For adults, the tolerable upper intake level is set at 11 mg/day, while far less is recommended for
children [92]. Manganese is less toxic than other transition metals such as Ni, and waterborne Mn
is more readily taken up than dietary Mn [93]. However, Mn, as other essential elements, have a
concentration range of acceptable range of oral intake illustrated in Figure 5.
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Figure 5. An illustration representing oral intake resulting in deficiency and overload of essential trace
elements such as Fe, Cu, and Zn. The area between points A and B on the x-axis referred to as normal
homeostasis, describes the ideal range of Cu for a normal and healthy organism. Reproduced with
permission from Chambers et al. [94].

Manganese-based enzymes include hydrolases, superoxide dismutase, and photosystem II [1].
Several Mn-containing enzymes have the active site Mn ion involved in catalytic processes [82].
For example, glutamine synthase catalyzes the condensation of glutamate and ammonia to
gluthamine [95]. Gluthamine synthase in mammals is mainly present in the brain astrocytes,
liver, and kidneys. Brain astrocytes regulate glutamate and ammonium levels while recycling
neurotransmitters [96]. Manganese complexes are now of interest as MRI contrast agents in part
because of their presence in the brain (for references see Section 4.6).

Perhaps most well known is the role of Mn in photosystem II, which contains a MngCaOs
cluster [97]. Photosynthesis is a biochemical mechanism in plants by which chlorophyll absorbs light
energy for photosynthesis. There are two families of reaction centers: type I reaction centers utilizing
iron-sulfur cluster proteins in chloroplasts and type II reaction centers utilizing a quinone terminal
electron acceptor in plant chloroplasts. The oxygen-evolving complex is part of photosystem two and
contains a MnyCaOs cluster [97].

Superoxide dismutase (SOD) enzymes are involved in scavenging radical oxygen species (ROS)
including superoxide, and the mitochondrial forms of the enzyme contain Mn as a cofactor [98]. Other
SOD enzymes contain Cu or Fe instead of Mn. Manganese can participate in Fenton reactions and,
thus, induce oxidative damage as supported by toxicology studies in welders [99]. Small SOD mimics
have received interest as new therapeutics as anticancer compounds [100]. Manganese-based SOD
mimics are generally based on porphyrin, polyamine, and salen ligands and are thought to show
anticancer effects due to the fact of their ability to act as pro-oxidants within cancer cells [100,101].
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Manganese-containing catalase mimics target non-radicals such as HO, and reduces neurotoxicity,
acting as pro-oxidants [102].

Manganese supplements are commonly sold to treat deficiencies which can lead to improper
bone growth. However, Mn is known to have neurotoxic effects in high doses, sometimes leading
to a Parkinson’s-like disease called manganism [103,104]. This disease often presents itself after
chronicexposure to Mn in excess of 5 pg/m? and is distinguished from Parkinson’s by a lack of Lewy
bodies (protein aggregates in nerve cells) and no response to drugs used in the treatment of early
Parkinson’s [105]. Treatment has included chelation therapy, although the patient responses have not
been encouraging, suggesting the damage had already occurred [106].

4.6. Iron (Fe)

Iron is element 26 and has been known for more than 1000 years since at least the Iron Age. While
Fe is the most abundant metal on Earth, pure Fe is rare in the Earth’s crust and generally comes from
meteorites. However, Fe-containing minerals are readily available and often recognizable in nature
with a warm rusty red color, although the common hematite and magnetite minerals appear as a
darker red/black color [10]. Fe(II) and Fe(III) are the most physiologically common oxidation states
although higher oxidation states are formed in some catalytic cycles. Iron complexes are commonly
six-coordinate in an octahedral geometry, though a coordination number of five can be important in
some systems.

Ironis an essential element in most, if not all, forms of life and a component in many biological
processes with perhaps the most important being associated with respiration [6]. The complex
relationships between the need to consume enough of an essential element and the problems associated
with consuming to much is illustrated in Figure 5. However, Fe overload is a serious condition
because the overload allows for sufficient Fe to engage in Fenton chemistry and ROS generation [107].
Formation of ROS is generally detrimental to an organism, so there are regulatory systems in place to
maintain Fe homeostasis.

In blood, Fe is bound to a porphyrin, which is coordinated to the iron in the equatorial plane and,
depending on the location of the complex, may contain one or two axial ligands [19]. This type of
complex, known as a heme, is the major oxygen carrier in the blood. The Fe(Il)-containing heme is not
free but is bound to one of two proteins, hemoglobin in blood or myoglobin in muscle [6]. Hemoglobin
exists in two forms: oxyhemoglobin when complexed to oxygen in arterial blood or deoxyhemoglobin
when oxygen-free in venous blood [108]. The hemoglobin system is responsible for the red color of
blood. For free hemoglobinis critical for life in cases when a ligand such as CO or CN binds to the
heme, oxygen transport is no longer possible and the organism dies [109]. Treatment of such conditions
include administration of 100% oxygen.

In addition to respiration, Fe is an important cofactor for many enzymes, too many to be described
here and the reader is referred to reviews and textbooks on the topic of Fe metabolism [110]. Iron is
generally a catalytically active metal ion that supports redox processes in in enzymes such as oxidases,
electron transfer reactions, and in plants it is involved in nitrogen fixation [6]. The plant enzyme
nitrogenase contains a Fe-containing cluster. The protein transferrin is primarily responsible for
transporting Fe in the blood throughout the body, including dietary Fe shownin a simplified schematic
illustration in Figure 6 [111]. The Fe levels in the body are tightly regulated, making Fe homeostasis an
important medical field. Diseases from both Fe overload or deficiency are common. These problems
are treated with Fe supplements or hemachromocytosis with various Fe chelators. Unfortunately, both
Fe deficiency and overload conditions are common in our modern society.
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Figure 6. A simplified diagram of Fe metabolism from dietary Fe redrawn and modified from Sanghae
and Nemeth [111].

There has been a significant amount of research done exploring the potential of Fe-based
pharmaceuticals for treatment of cancer [112]. Because of the roles of Fe in biology, these applications
are monitored carefully because doses that are too high will be detrimental [113]. Three classes of Fe
compounds have been used [112], the largest group being that of ferrocene derivatives [114,115]. These
organometallic compounds include ferrocerone, which is currently the only Fe-based compound used
in the clinic [112]. One such ferrocene compound, ferroquine, is a derivatives which is currently in Phase
II clinical trials [112,116]. In addition, a third group of ferrocene coordination compounds containing
natural products have been reported with anticancer properties [115]. Coordination complexes are the
second class of Fe-containing compounds have also recently been studied and they were found to have
some beneficial effects. As described in detail elsewhere, these compounds are successful in treatment
of several types of cancer including those that are resistent to cisplatin [112]. Although these complexes
have not been investigated as extensively as ferrocene, recent studies suggest that there may be some
potential applications of such systems. The third class of Fe-containing compounds recent investigation
into Fe-chelators have yielded particulary interesting results [117]. A particularly intriguing system
within this class of compounds, is when the chelator is a protein, such as lactoferrin. Lactoferrin is a
non-heme protein binding Fe(IIl) at the same time as binging a carbonate anion [118]. Although itisin
the blood, it does not appear to be involved in transport of Fe with the exception of lactoferrin from
milk, which seems to be important for delivering Fe to newborns [107]. This system and its protolytic
derivatives show anticancer properties particular when administered in combination with other agents.
Recently other diseases are investigated as potential being treated with Fe-based compounds.

Recently, other applications and diseases have been investigated for treatment with Fe-based
compounds. For example, Fe(II) and Fe(IIl} complexes are of interest as MRI contrast agents [119-121].
These complexes are alternative agents to the current standard agents that contain the lanthanide metal
gadolinium, and provides options in cases when the MRI patient cannot clear the imaging agent, such
as patients with kidney disorders [120]. Iron has well-characterized biochemistry and predictable
physiology, making it a promising candidate for new contrast agents [120]. However, such applications
must take the patients’ Fe levels into account due to the potential for Fe overload.
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4.7. Cobalt (Co)

Cobalt, element 27, has been known for centuries for its ability to add a blue color to glass and
ceramic glazes, but it was officially discovered by Georg Brandt of Sweden in 1735 [3]. Cobalt(II)
complexes typically show a four-coordinate tetrahedral or six-coordinate geometry while Co(III)
complexes are often six-coordinate octahedral coordination geometry [10]. Co-compounds are very
colorful. For example, the color of CoCl, saltis based on hydration. The dry form of CoCl, is sky blue;
however, as the compound absorb water the color changes to purple and finally to pink. In Figure 7b,
the color of purple CoCl, is compared to that of vitamin By, (also referred to as cobalamin, see below)
in the solid state and in solution.

Vitamin B12 is the most well-known bicactive Co-containing compound and is utilized by many
organisms, from phytoplankton to humans, thus making Co an essential element to humans and
many other organisms in the biosphere [122]. The vitamin’s structure was solved in 1956 by the
British scientist Dorothy Hodgkin and led to her receiving the 1964 Nobel Prize [123]. The structure of
vitamin By; is shown in Figure 7a illustrating the six-coordinate Co(1Il) in an octahedral geometry [10].
Vitamin By, deficiency leads to fatigue, breathlessness, and poor memory [124]. Vitamin By, deficiency
is also found in older women that have lost the ability to extract By, from foods. The condition
of hypochlorhydria is found in about 47% of the population in the US caused by excessive use of
antacids and low acidity in the stomach. These individuals are treated with injections of vitamin By»

when diagnosed.

Figure 7. (a) The structure of vitamin B, where R is ¥-deoxyadenosyl, OH or CN; (b) solid vitamin
By2 comes in the form of dark red crystals as opposed to cobalt(Il) chloride, which forms blue crystals
that turn purple with increasing amounts of absorbed water. When dissolved in water, vitamin By,
forms a pink solution.

Several forms of Co are currently used for medical purposes. Vitamin By; is used in the treatment
of acute cyanide poisoning in France [125] because Co(III), like Fe(III), also binds strongly to CN™
and, thus can extract the CN~ that is bound to the Fe(Il) in the heme and regenerate the Fe(II)-heme
complex so that it can carry oxygen. Early uses of cobalt chloride involved treatment of certain types
of anemia but it has since been replaced with synthetic erythropoietin [126]. Schiff base ligands form
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complexes readily with Co and have been used in a variety of medical applications. For example, the
Co(III) Schiff base compound CTC-96 has completed Phase II clinical trial for the treatment of herpes
simplex virus [127,128]. Compound CTC-96 is believed to prevent membrane fusion of the virus.
Anticancer activity has been observed in a number of Co(II) and Co(III) Schiff base complexes [127,129].
Dinuclear heterometallic Co compounds have also been investigated, such as a cobalt-ruthenium
cobaltocene derivatives which showed increased autophagic activity relative to the mononuclear Co
derivative [130,131]. In addition, the radioisotope ®*Co has been used as a source of high-energy
radiation to destroy cancerous tissue [132].

4.8. Nickel (N1)

Element 28 is nickel, which was discovered in 1751 Axel Frederik Cronstedt of Sweden who later
isolated it in 1754 [3]. The most common oxidations states for Ni are Ni(0) and Ni(II). Within these
oxidation states, coordination numbers of four (square or tetrahedral geometry) and six (distorted
octahedral geometry) are the most common [10]. Heteronuclear metal compounds have been suggested
to be precursors to metalloenzymes and early representative of Ni-Fe-containing enzymes because
they are able to catalyze a range of reactions [133]. Nickel has a high affinity for porphyrins and since
it is the most stable prophyrin derivative, it is often found in coals. Exploitations of coal as an energy
source releases Ni-containing aerosols [54,57].

The essentiality of Ni is somewhat controverisal, with scientists supporting both positions. While
no essential role for Ni has been identified, it is a cofactor in multiple enzymes in bacteria, archaea,
and fungi [134]. One well-kown Ni-containing enzyme is urease, which catalyzes the hydrolysis of
urea [135]. Since urease, as a Ni-dependent enzyme, is often found in human gut bacteria, human gut
health is correlated with the presence of Ni and indirectly important to human health [136]. Conversely,
urease is virulence a factor for Helicobacter pylori, which is a causative agent of stomach ulcers [157].
Thus, the presence of Ni in vitamins supports the well being of beneficial bacteria by inhibiting some of
the 40 known pathogenic species potentially residing in the human gut and, thus indirectly benefitting
the human host [135].

Nickel is a common component of strong alloys, some of which have been used in implantable
medical devices such as joint replacements or arterial stents. For example, The Ti-Ni alloy nitinol is
used for arterial stents because of its excellent shape memory [138]. Nickel compounds have also been
used to support weak bones in osteoperosis as well as to increase Fe absorption in anemia. However,
there is a duality to Ni, since Ni sensitization is linked to many cases of allergic contact dermatitis,
such as in body jewelry [136,139]. There have been recent cases of individuals developing Ni irritation
and allergies to these implants [49]. Furthermore, the US Environmental Protection Agency has
determined that Ni dust and Ni sulfide are human carcinogens. A few pharmaceutical applications of
Ni are emerging, For example, Ni is one of the metals of choice in the formation of metal-containing
complexes that bind to nucleic acid quadruplexes that are currently being investigated for potential
use as anticancer agent [140].

4.9. Copper (Cu)

Copper is element 29 and has been known for over five thousand years. It is one of the few
transition metals known to exist in nature in its native metallic form. While it can exist as Cu(I),
Cu(1I), and Cu(IlI), the most common oxidation state under physiological conditions is Cu(II). For
Cu(TI), the most common coordination numbers are four and six, with four generally having square
planar geometry and six having distorted octahedral geometry, whereas Cu(I) prefers tetrahedral
geometry [10]. The different geometric coordinations properties of Cu(I) and Cu(Il) have been utilized
to create molecular motion in rotaxanes [141]. This work was awarded the Nobel Prize in 2017.

Copper is an essential element to many, if not all, organisms and is found as a cofactor in a
multitude of enzymes, typically coordinated to histidine, cysteine, and methionine ligands [10,113].
Copper(II) is known to coordinate both to structural or functional sites for proteins [142]. The most
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well-known Cu-containing enzyme is cytochrome c oxidase, a large transmembrane protein that is
vital to cellular respiration by translocating protons across the membrane to create an electrochemical
gradient that drives ATF synthesis [143]. Tiwo heme groups and two Cu sites, Cup and Cug, are present
within cytochrome coxidase. The second Cu ion Cug forms a binuclear center with the Fe in a heme and
together they are responsible for the reduction of melecular oxygen to water. At the same time, Cuy is
invelved in electron transfer to an internal heme [9,144,145]. In Cug, the Cu ion is coordinated to three
histidine residues via the imidazole rings and has a trigonal pyramidal geometry [9]. The multivalent
Cup sile is two copper ions, both with tetrahedral geometry, bridged by bwo cysteine residues [10,145].

Much like Fe, Cu deficiency and overload lead to diseases. Figure 5 illustrates the potential Cu
levels that an individual would experience under various doses. In excess, Cu causes toxicity via ROS
generation which leads to DNA damage and is commonly treated by administration of Zn(II), which
induces synthesis of small proteins rich in eysteine known as metallothioneins [113,145,147]. These
proteins have a high affinity for both dietary and gastrointestinal Cu, binding Cu and sequestering it.
Truncated metallothioneins were found to have Cu bound to cysteines with trigonal geometry [10].
Copper is known to cause oxidative stress in the brain, linking it to neurodegenerative diseases such
as Alzheimer's and Parkinson's [1458]. Copper(Il} shows two different pH-dependent binding modes
in the native amyloid-p peptide, both of which bind in a distorted square-planar geometry [149].
A deficiency of dietary Cu leads to anemia-like symptoms as well as neurclogical issues such as
myelopathy [150,151].

Coppercomplexes, like Fe complexes, are of interest for anticancer theraputics. Sewveral Cu
complexes have been investigated for freatment against cancer [152,155]. These complexes are classified
as chelators and ionophores, where chelators remove Cu to limit angiogenesis and cancer progression
while jonophores transport Cu into cells where the ions can then exert cytotoxicity [153]. Copper
anticancer compounds have been reported with a varety of ligands, such as thicsemicarbazones,
thiosemicarbazides, dithiocarbamates, pyridine M-oxides, phenanthrolines, and napthoquinones,
though a multitude of others have also been studied [154,155]. Irwestigations of dinuclear metal
complexes involving Cu have also been prepared and reported to have anticancer properties.
Tetrathiomolybdate is the most well-studied of the Cu-chelating compounds and has advanced
to several Phase IT and III clinical trials for treatment of various cancers as well as Wilson' s disease,
a genetic disorder that causes an accumulation of Cu in the body and is currently treated with
tetrathiomolybdate [156].

Over 280 applications of Cu-containing compounds and materials have been investigated for
treatment in human beings. Of these clinical trials, 184 studies have been completed and 98 are currently
recruiting or active, Some of these applications include intrauterine devices (IUD). Although non-metal
devices have been used for hormonal IUDs, Cu remains the most used non-hormonal devices with
150+ million being used worldwide [157]. The generally accepted mechanism for contraceptive [UDs
is inflammation of the uterine lining, allowing for increased presence of white blood cells that prevent
the fertilization of oocytes [158]. Other applications include Cu-infused textiles for the prevention of
hospital-acquired infections. These textiles take advantage of Cu'’s antibacterial properties, making a
type of self-sanitizing bandage to cover the wound [159,160].

410. Zinc (Zn)

Zine is element 30 on the periodic table. The pure metallic form was discovered in 1746 by the
German Andreas Sigismund Marggraf [3]. Zinc exists in bwo oxidation states: the metallic form,
Zn{0), and as the cation Zn{Il}. Because Zn{II) has a ligand stabilization energy of zero in all potential
geometries, no coordination geometry is more stable than others. Zinc is often found in four-coordinate
tetrahedral geometry or six-coordinate octahedral geometry [10]. Surveys of the Cambridge Structural
Database show zinc ions in four- and six-coordinate systems with frequencies of 59% and 23%,
respectively [161].
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Approximately one hundred years after its initial discovery, Zn(II) was reported to be essential to
life and its importance in biology has been thoroughly investigated since then. As anessential element,
deficiency can result in a variety of health disorders including hearing and vision impairment [10].
Since Zn is a non-redox active metal ion, its use complements that of Fe and Cu, which are also
widespread in biology. The lack of redox activity may be one reason that the abundance of Zn rivals
that of Ca and is important as a cofactor for metabolic enzymes, transcription factors, and facilitators
of gene expression. For example, Zn is required in more than 200 transcription factors. Zinc present in
vitamins and nutritional supplements. It is also in zinc lozenges which are recommended for treatment
of the common cold and reduce the duration of the illness [162]. It has been proposed that the Zn may
work by preventing the rhinovirus from propagating and supporting its infestation of the host, though
this is a topic of debate [162].

Zinc is a key component in a number of enzymes as well as DNA-stabilizing proteins and other
structural components in biology. The coordination geometry of Zn varies with its role, be it structural
or catalytic [163]. When Zn(II)'s role is to structurally organize proteins, its coordination numbers are
79%, 6%, and 12%, respectively, for four, five, and six coordination [161]. Even though five-coordinate
geomelry is usually rare, it is found in Zn porphyrins [161]. One important group of proteins is the Zn
finger proteins, which are critical for the organization and transcription of DNA [164]. Figure 8 shows
DNA transcription assisted by a Zn finger protein.

Figure 8. A Zn finger protein domain assisting in DNA transcription, where DNA is colored orange,
the protein is gray, and green spheres are Zn. The image was generated with VMD software from PDB
file 1A1L [165,166]).

Although a non-redox active metal ion, it is now known that Zn(II) acts as a second messenger
that can activate some signaling pathways within a few minutes of an extracellular stimulus such
as the release of Zn(Il) from intracellular compartments. Since Zn(Il) cannot passively diffuse
through cell membranes, homeostasis requires Zn transporter proteins that are controlled by different
mechanisms. There are two families of Zn(II) transporters: SLC30A (ZnT transporters) and SLC39A
(ZIP transporters) [167]. These proteins all have transmembrane domains with both N- and C-terminal
peptides in the cytoplasm (ZnT transporters) or both C- and N-terminal peptides in the extracellular
space (ZIP transporters). The ZnT transporters are Zn exporters, transporting Zn from the inside of the
cell to the outside, while ZIP transporters are importers, transporting Zn into the cell from outside.
Most of the ZIP transporters reside on the plasma membrane and transport Zn(1l) into the cell, but ZIP7
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resides in the endoplasmic reticulum membrane and ZIP13 is in the Golgi membrane. Both ZIP7 and
ZIP13 transport Zn(II) from these stores to the cell. Recent discoveries investigating the Zn(II) ZIP
transporters have linked these proteins to Zn(II) signaling related to cancer. Figure 9 is a schematic
showing the members of the LIV-1 family of ZIP transporters and the different cancers in which they
have been implicated. Most of these studies involve biochemical investigations and specific details on
how that particular transporter works. Details regarding each of these ZIP transporter proteins have
been reviewed elsewhere [168].

ZIP14 nce
zIP3
2iP4

Colon cancer
ZIP14
Prostate

cancer
zir

Figure 9. A Schematic showing the association of the members of the LIV-1 Zn-ZIP transporter family
and the different cancers that have been implicated these transporters. Redrawn from an imge in
Reference [165].

Zinc has been used in several medications including antibacterial ointments. There is also evidence
of Zn as an active ingredient in some ancient medicines [169]. The form of Zn(Il) in antibacterials
is ZnO, possibly in nanoparticle form [170]. Furthermore, Zn and Ni are the metals of choice in the
formation of metal-containing complexes thatbind to nucleic acid quadruplexes that are currently being
investigated for potenital use as anticancer agents [154]. The use of Zn(II}-containing coordination
compounds has been reported in animal studies against diabetes [171] which may stem from the
fact that it binds with high affinity to regulatory protein tyrosine phosphatases, one of the classes of
proteins that uses Zn(Il) as a signaling molecule [168,172].

5. Discussion

As described above, all first-row transition elements have applications in medicine whether it is
well understood or currently under development. Their involvement ranges from limited applications
of non-essential elements such as Sc, for which there is relatively little information available compared
to the essential elements such as Fe, Cu, and Zn which have numerous applications.

For some of the elements, the potential for essentiality is debated in the literature, but these
issues are complex because trace elements such as V are often administered as an impurity with other
supplements such as Fe-supplements. Furthemore, as in the case of N, its presence in the human gut
serves a protective function by eliminating pathogenic species that otherwise might invade the human
gut. However, strictly defined, non-essential elements are elements that do not have a defined role in
humans such as Ti, V, Cr, and Ni are known and are surprisingly found to have many applications,
particularly when compared to, for example, the essential elements Mn and Co.

Itis, however, interesting to note that most essential transition elements are first-row transition
elements. Furthermore, the late first-row transition metals, with the exception of Ni, are essential to
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humans. This is interesting and presumably a combination of the properties that the elements have as
well as the properties of the molecules that make up the biosphere. If proteins were made up from
different components, presumably the essential elements would consist of different elements.

6. Conclusions

In this manuscript, we present the entire periodic table of medicines but focus our in detail
description on the properties and applications of the first-row transition metal ions in medicine. This
compilation of knowledge will inform the reader regarding the applications of the different elements
and metal ions in medicine as well as provide a brief but somewhat basic description of each element.
In addition, this review highlights the fact that metal ions, as counter ions, bind strongly to proteins or
other biological systems and often do so in order to exert their beneficial effects. There are too many
potential problems if, for example, a metal ion such as Fe(II) or Fe(III) is not bound efficiently because
free ions will engage in Fenton chemistry which will result in the formation of ROS and thus result
in toxicity.

The importance of metals in life sciences includes a role as positively charged counterions that
coordinate to negatively charged biological residues. Essential metal ions will have a structural or a
catalytic function and, thus, bind to proteins, RNA, DNA or other biological structures in order toexert
a particular role. This is an overarching role of the first-row transition elements although multiple
specific detailed actions for each element exist while exerting this role.

Applications of metal compounds as medicines or diagnostic agents are very different than the
corresponding use of organic compounds. This is because the bioprocessing of an organic drug will
break down into metabolites, whereas a metal compound will lead to the simple metal ion after
bioprocessing. Since the only way to remove a metal ion from a cell is to excrete it, a more likely
fate of the metal ion after processing that it will bind to some metabolites that can bind or chelate
ions. Such metabolites, in addition to proteins, are naturally occurring ligands in cells such as citrate,
phosphates, amino acids, and carbohydrates that will form complexes with any free metal ion when
they are located in close proximity to each other. The lifetime of a metal-based drug is therefore
extended beyond that of its initial form, and its chemistry should be considered as well as its uptake
and excretion of it and compounds formed by chemical and biological processing. The study of
metal ions in medicine and any biological system that is charged should include consideration of the
speciation. Although speciation chemistry is sometimes ignored, it is of importance for explaining
some properties observed with different metal ions. In this review, we included a brief summary of the
speciation of the first-row transition metal ions and as such, linked the fundamental aqueous chemistry
to the medicinal applications of these metal ions in an attempt to link the chemical properties to that of
their respective roles in biological systems and medicine.
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Abstract: The interactions of amino acids and peptides at model membrane interfaces have consider-
able implications for biological functions, with the ability to act as chemical messengers, hormones,
neurotransmitters, and even as antibiotics and anticancer agents. In this study, glycine and the short
glycine peptides diglycine, triglycine, and tetraglycine are studied with regards to their interactions
at the model membrane interface of Aerosol-OT (AOT) reverse micelles via 'H NMR spectroscopy,
dynamic light scattering (DLS), and Langmuir trough measurements. It was found that with the
exception of monomeric glycine, the peptides prefer to associate between the interface and bulk
water pool of the reverse micelle. Monomeric glycine, however, resides with the N-terminus in
the ordered interstitial water (stern layer) and the C-terminus located in the bulk water pool of the
reverse micelle.

Keywords: glycine; reverse micelles; AMPs; pK,; TH NMR

1. Introduction

Small peptides play an essential role in a variety of biological functions, acting as
chemical messengers, intra- and intercellular mediators, hormones, and neurotransmit-
ters [1-3]. Peptides also play an important role as antibiotics, such as bacitracin and colistin,
as well as antimicrobial peptides (AMPs, also referred to as host defense peptides) [4-6].
AMPs are peptides produced by multicellular organisms as part of the innate immune
response found in all classes of life and function as a defense against pathogenic microbes.
They exert this function in a number of ways, such as the suppression of biofilm formation,
induction of the dissolution of existing biofilms, and attracting phagocytes via chemotaxis
to induce non-opsonic phagocytosis [5,7,8]. In addition to their antimicrobial function,
recently, it has been found that AMPs may also have anticancer activity; they are able to
trigger cytotoxicity of a number of cancer cells through the interaction of the amphipathic
or cationic peptide with the plasma membrane of the cell, which selectively exposes nega-
tively charged phosphatidylserine lipids [9,10]. The combination of the function of AMPs
as antimicrobial agents as well as anticancer agents makes them a promising starting point
for antimicrobial and anticancer drug design [11-14].

In order to exert their antimicrobial or anticancer properties, AMPs must interact
with the plasma membrane of the bacterial or cancer cell [5,15]. This interaction with the
membrane is associated with their mechanism of action, which can include disruption of
the membrane, disruption of membrane-associated physiological processes such as cell wall
synthesis, or even translocation across the membrane for interaction with a cytoplasmic
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target [5,16-18]. The interactions of these small peptides are dependent on a variety of
variables such as size, amino acid composition, secondary structure, and amphiphilic
behavior, and their mechanism of action is generally unknown with the exceptions of a few
representative examples [8,9,19,20]. Additionally, AMP interactions with the membrane
depend on the composition of the membrane itself, as they tend to be attracted more to
negatively charged membranes such as bacterial membranes or plasma membranes of
cancer cells, which selectively expose negatively charged phosphatidylserine lipids [10,21].
Because of this, AMPs prefer membranes with a high concentration of anionic lipids,
those that maintain a high electrical potential gradient, and membranes that tend to lack
cholesterol [5,22,23]. Itis thus important to study the interactions of peptides at a membrane
interface using a small representative amino acid and a membrane mimetic interface
(Figure 1A) to determine the molecular placement of the molecules at the membrane as
well as the manner by which they interact.

Of the twenty amino acids that are found in peptides, glycine (G, Figure 1B) is both
the smallest and the most versatile [24]. Having only a hydrogen atom as its substituent,
it is the only amino acid that is achiral, and as such, it is compatible with hydrophilic
environments, and although it is not directly soluble in for example isooctane (Figure S1) it
can partition toward hydrophobic regions in inhomogenous environments. In addition,
it has many biological functions, one of the most notable of which as a simple inhibitory
and excitatory neurotransmitter, and as such, it is a logical representative amino acid for
investigation of simple peptide and amino acid interactions with a membrane, and in
addition, there have been numerous reports of glycine-rich AMPs [25-28].
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Figure 1. The structure of glycine (G) analogs and schematic of the Aerosol-OT reverse micelle (AOT RM) model system.
(A) A schematic of a simplified structure of an RM. “A” represents the bulk water pool, “B” is the interfacial region of the
RM in the region of the charged AOT head groups, and “C” represents association in the more hydrophobic region of the
RM in the region of the acyl groups, hydrophobic tails, and isooctane solvent. (B) The amino acid G at physiological pH.
(C) Structure of diglycine (GG), with protons labeled corresponding to proton peaks analyzed by 'H NMR (D) Structure of
triglycine (GGG) with protons labeled corresponding to proton peaks analyzed via 'H NMR. (E) Structure of tetraglycine
(GGGG), with protons labeled corresponding to proton peaks analyzed via 'H NMR.

Because we are interested in obtaining molecular information on how simple peptides
interact with membrane interfaces, we will use monomeric, dimeric, trimeric, and tetrameric
G-containing peptides, hereafter referred to as G, GG, GGG, and GGGG (Figure 1B-E).
To study how these small peptides behave near cellular membranes, we use a reverse
micellar (RM) system (Figure 1A) which consists of a self-assembled ternary system
containing surfactant, organic solvent, and water [29-32]. The surfactant, in this case,
is Aerosol-OT (AOT), also known as sodium 2-diethylhexylsulfosuccinate, which arranges
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itself such that the water pool is contained by the negatively charged head groups of the
AOT, and surfactant tails extend outward into the organic solvent—in this case, isooctane
(2,24-trimethylpentane) [33,34]—and commonly, water droplets contained in this system
range from a size of 1 to 10 nm [35,36]. The RM system provides both a hydrophilic and
hydrophobic environment at a negatively charged interface, making it a good model system
to investigate the interactions of molecules with membrane interfaces [37,38].

To investigate the interactions of G and G-containing peptides with model membranes,
it is of interest to determine its location within the RM. That is, whether it is located near
the charged AOT heads, bulk water pool, or in the ordered, interstitial water between the
charged interface and the water pool, referred to as the stern layer [39]. Furthermore, the lo-
cation of the molecule of interest may be sensitive to the local pH of the RM interior [40,41].

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

2. Results

The chemical shifts of G, GG, GGG, and GGGG were examined by 'H NMR spec-
troscopy to compare their chemical shifts in aqueous solution with those peaks obtained in
the environment of the RM model membrane (Sections 2.1-2.4). Solutions containing each
of the G compounds were made at varying pH values to determine the pK, values of each
in both aqueous environment and in the environment of the RM (summarized in the Dis-
cussion section, Figure S2), and representative NMR spectra for each compound in RM and
D,0 as well as exact chemical shift values are given in the Supplemental Materials. Each of
these compounds showed a slight difference in chemical shift values between RMs and the
compound alone in D,0, indicating a difference in environment for the probe molecule.
These data give some structural information about the location of the probe within the
reverse micelle. The systems were also investigated using dynamic light scattering (DLS)
to verify formation of the RMs and to examine the impact of the G compounds on the RM
system (Section 2.5).

In Section 2.6, we further support the observations made in this paper in Sections 2.1-2.5
by using Langmuir trough measurements. These studies used a natural lipid as well as a
different method, and this was done to investigate whether the conclusion obtained by us-
ing the microemulsions system could be confirmed and extended to studies of physiological
lipids and human cells.

2.1. TH NMR Spectroscopy of L-Glycine (G) in RM

A series of samples with RMs of size wy 10 (where wy = [AOT]/[H,O]) were made
containing G at varying pH values by adding 200 mM G solution in D,O at the pH
specified to the appropriate volume of 750 mM AOT solution dissolved in isooctane.
The chemical shifts of these were recorded using 'H NMR spectroscopy and chemical shifts
are compared with the representative spectra shown (Figure 2A, Figures 52-56). The pK,
values were calculated (Figure S2) from the spectra both in DO and in microemulsions
are listed in Table 2 in the Discussion section. Values obtained from G in aqueous and
RM environments show that the pK, of the C-terminus differs very little between aqueous
and RM environments, but the N-terminus differs significantly, with a pK, value of 10.7
in D0 and 8.51 in the RM model membrane. This difference, or lack thereof, in pKj
values between the two environments gives some information about the environments
surrounding the carboxy- and amine-terminal ends of G within the RM [42]. Because there
is little change between the carboxyl pK, in RM and DO, this suggests that this portion
of the compound is in an environment that is the same. In the context of the RM model
system, this observation is consistent with the C-terminus being in the stern layer/aqueous
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environment directed toward the bulk water pool (Figure 1A). The significant decrease in
pKa between aqueous and RM environments for the amine-terminal end of G indicates a
significant change in environment, such that the amine-terminal end is located near or in
the charged region of the RM interface.

It is likely that the experimental N-terminal pK; of G in RM is lower than what
is reported in the literature due to the higher ionic strength near the charged interface.
In pure aqueous solution, the amine is free to hydrogen-bond to the carboxyl moiety of
the amino acid, forming an energetically favorable five-membered ring and stabilize the
amine. However, in high ionic strength solutions, this H-bonding may be disrupted by
the presence of counterions, which are known to accumulate near the interface of the AOT
(Figure 1A) [43,44], lowering the pK;, of the N-terminus. Additionally, this H-bonding
phenomenon could be disrupted by the interaction of the amine with the sulfonate groups
on the AOT head groups. This disruption of H-bonding is consistent with the lowering
of the pK; values in the reverse micelle, which contains more Na* ions, the presence of
charged sulfonate groups, and, therefore, a higher ionic strength.
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Figure 2. (A) Comparison of "H NMR chemical shifts of G in aqueous and RM environments. (B) The
TH NMR chemical shift of G is plotted with increasing wy at pH 2, 7, and 9. Error bars have been
included in the plot; however, due to minimal error, they are not visible beyond the symbols used in
the graph.
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To further support this conclusion, experiments were performed in which the size
of the RM containing the G solutions was varied so that the chemical shifts could be
analyzed as a function of increasing vesicle size to give further information about their
placement within the RM system. The pH of the G solutions used to prepare the RMs was
varied at representative pH values: alkaline pH (pH 9), neutral/physiological pH (pH 7.4),
and acidic pH (pH 2). From this experiment, it was found that as the size of the water
pool in the RM increased, the chemical shift of the G peak in the neutral- and alkaline-
pH RM environments decreased and approached its shift value in D,O alone, which is
3.55 at pH 2 and 7.4 (Figure 2B). This suggests that the neutral and negatively charged
forms of G, predictably, are not attracted to the interfacial region of the RM due to their
charges not interacting with the negatively charged AOT heads [45]. As the vesicle size
increases, the interstitial water region becomes less ordered and more analogous to bulk
water, and as a result, the compounds that are not highly attracted to the polar interface
begin to transition to water that behaves more as bulk water. However, in the case of G
at pH 2, the carboxylate moiety is fully protonated, leading to an overall +1 charge of the
molecule. As a result, the positive charge of the molecule interacts with the negatively
charged polar heads of the AOT consistently, leading to the plateau in chemical shift as the
size of the RM increases.

To test the hypothesis that as the vesicle size increases at neutral and alkaline pH,
the chemical shift of G approaches that of its shift in pure aqueous environment, exper-
iments were performed in which the pK; of G was calculated in a wy 30 RM (12.4-nm
diameter) instead of the wp 10 (6.8-nm diameter) that was previously used [35]. These ex-
periments showed that the carboxy-terminal pK, in this larger vesicle stayed the same
at 2.5, but the amine-terminal pK, decreased significantly to 9.6 from 8.51, a value much
closer to the pK; when G is in an aqueous environment under ionic strength (Figure 2).
This is consistent with our hypothesis that G is likely positioned such that the N-terminus is
in the interstitial water region of the RM facing the negatively charged interface, while the
C-terminus is located closer to the bulk water pool of the RM [45]. As the size of the RM
increases, the interstitial water region becomes less ordered and behaves more as bulk
water, and the N-terminus is in a more aqueous-like environment; the pK; reflects this as it
increases with larger vesicle size (Figures 57 and S8).

2.2. TH NMR Spectroscopy of Diglycine (GG) in RM

In a similar fashion to G, 'H NMR spectroscopy of solutions containing GG in the
RM model membrane system and aqueous solution was recorded and analyzed to identify
any differences in chemical shift that may occur as a result of confinement by wy 10 RM.
Chemical shift values are plotted and compared between environments, with representative
spectra for each given in the Supplementary Materials (Figure 3; Figures S9-512).

The solution pH values and resulting pK, that was calculated show that GG displays
a small increase in chemical shift from aqueous environment to the RM, indicating that the
compound is in a slightly more charged environment consistent with the interfacial water
layer containing the Na* counterions (Figure 1A). However, this change in pK, values
from aqueous to RM is small, with a pK, of 2.85 in D,O and 2.99 in RM for the C-terminal
CH3, and 8.60 in D,O and 8.48 for the N-terminal CH,.
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Figure 3. Chemical shifts of GG as a function of pH in D,O and RM samples based on 'H NMR
spectroscopic studies of GG at varying pH values. RMs of size w; 10 were formed with 200 mM
solutions of GG in D,0. Error bars on the graph are smaller than the symbols used. (A) "H NMR
chemical shift values of protons B (CH; near N-terminus) of GG measured at different pH values
in D,0, with the proton labeling scheme shown in Figure 1C. (B) 'H NMR chemical shift values of
protons A (CH; near C-terminus) of GG measured at different pH values in RMs, with the proton
labeling scheme shown in 1C.

2.3. TH NMR Spectroscopy of Triglycine (GGG) in RM

Solutions containing GGG were also studied in comparison in DO and RMs of wy
10 using 'H NMR to investigate its potential interactions within the confines of the RM.
Results obtained from solutions of GGG are similar to those obtained from GG in that there
is little change in the chemical shifts of the solutions in aqueous environment and in the
AOT RM (Figure 4). There was little change in the pK, of the N- and C-terminal ends of
the peptide, with the C-terminal pK; in D,0O at 3.18, and in RM, 3.27, and the N-terminal
pKj in D,O was at 8.29, and in RM, 8.11.
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Figure 4. GGG proton shifts compared at varying pH values in aqueous (D,0) and RM environments,
as determined by 'H NMR spectroscopy. RMs of size wy 10 were formed with 200 mM GGG in D;0.
Error bars on the graph are smaller than the symbols used. GGG protons are labeled according to
Figure 1D.

We further explored this observation that the chemical shift of the C-terminal CH,
remains relatively unchanged between aqueous and RM environments, consistent with the
interpretation that the C-terminal end of the peptide resides within the bulk water pool of
the RM or the molecule has folded over on itself. The chemical shift of the middle CHy
at all pH values tested was slightly elevated in the RM as compared to D,O, consistent
with being located in a more charged environment, and the N-terminal CH, protons show
the most change in chemical shift, with values in the RM being higher than those of DO,
consistent with being located in a more charged environment or, possibly, if it is in a folded
conformation (Figure 4; Figures S13-516). However, similarly to those calculated for GG,
there is little change in the calculated pK, values with differences of only 0.1 pH unit.

2.4. TH NMR Spectroscopy of Tetraglycine (GGGG) in RM

Aqueous solutions of GGGG at varying pH values and corresponding AOT RMs were
analyzed via 'H NMR spectroscopy, similarly to the other G compounds above. The results
obtained from GGGG in terms of pK, differences are small, as was found for the GGG
and GG peptides. The pK, value found for the C-terminal end of the peptide in D,O was
determined to be 3.05, and that in RM was determined to be 2.82. The pK; value found
for the N-terminal end of GGGG was found to be 7.75 in D,O and 7.94 within the RM.
These small differences may be attributed to the slight changes in the environment of the
RM as compared to aqueous solution and suggest that the peptide itself resides between the
interface of the RM and the stern layer. The increased pK, of the N-terminal protons as well
as the slightly decreased pK, of the C-terminal protons indicate that the zwitterionic form
of GGGG is equally or more stable in the RM, which is also consistent with the compound
being between the bulk water and interface of the RM (Figure 5A; Figures §17-520).

It is also worth noting, when looking at the chemical shifts of the middle protons
(Hp and Hc) of the compound, the difference in shift is <0.1 ppm, indicating that the
environment is essentially the same between the two systems (Figure 5B).
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Figure 5. Chemical shift values as determined by 'H NMR of GGGG at varying pH values in RM
and D,0O with peaks corresponding to labels in Figure 1D. RMs of size w, 10 were formed with
200 mM GGGG in D, 0. Error bars on graph are smaller than symbols used. (A) N-and C- terminal
CH, protons of GGGG in D,O and RM, or protons A and D as labeled in Figure 1E. (B) Interior
CHj, protons on N- or C-terminal side of GGGG in D,0O and RM, or protons B and C as labeled in
Figure 1E.

2.5. Dynamic Light Scattering of RM Samples

To verify that RMs formed in the microemulsion samples, the solutions were subjected
to DLS analysis. RMs of sizes of wy 20 were made as representatives for these investigations
instead of the wy 10 RMs used to perform the 1H NMR measurements, as it is much
easier both to measure the size as well as to visualize changes with the larger (8.9 nm)
wp 20 RM than wy 10 (6.8 nm) [35]. The results are summarized in Table 1. Measurements
were taken for each solution of RM containing 200 mM G compounds in deionized water
(diH20) and the corresponding RM sample with no probe molecule in the diH,O. As seen
in Table 1, in the larger wy 20 RM, to better visualize any changes, the size of the RMs did
not significantly change by the addition of G, GG, GGG, or GGGG and the values observed
are in agreement with the literature value of 8.9 nm for a wy 20 RM [35].
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Table 1. Dynamic light scattering (DLS) size measurements of RM containing each of the G peptides.
Each of these measurements was taken at pH 7.

Sample wp 20 RM Diameter (nm) wp 20 RM Std. Dev. (nm)
Control 9.5 0.44
G 9.5 043
GG 9.2 047
GGG 9.2 0.36
GGGG 9.3 0.39

2.6. Compression Isotherms of Langmuir Monolayers Containing Glycine

In this study, Langmuir monolayers with the lipids dipalmitoyl phosphatidylcholine
(DPPC) and dipalmitoyl phosphatidylethanolamine (DPPE), which are two of the most
abundant phospholipids found in biological membranes and carry an overall neutral
charge, were also used to investigate the effect that glycine has on a biological mem-
brane [46]. Compression isotherm data are plotted as the percent difference in the area per
molecule of monolayers containing both lipid and glycine from those containing no glycine
versus the surface pressure, as shown in Figure 6 [47]. At pH 4, 6,7, and 8, DPPC monolay-
ers containing glycine all exhibit a similar trend in which monolayers with glycine present
have an expanded area at low surface pressure, but the amount of expansion decreases as
surface pressure increases.

However, at pH 6 and 7, monolayers exposed to glycine always remain at least
slightly expanded from the control. At pH 4, monolayers with glycine transition from
expanded to contracted around 30-35 mN/m, which is what is commonly regarded as
physiological surface pressure [48,49]. The pH 8 monolayer with glycine transitioned
from expanded to condensed around 25 mN/m. The pH 9 monolayer with glycine in
the subphase remained relatively near to the control monolayer at all pressures, though
slightly condensed. Importantly, at physiological-like conditions at pH 7 with glycine in the
subphase and DPPC as the lipid, the monolayer was 4-5% expanded relative to the control,
implying that some glycine was positioned at the interface, as opposed to the subphase or
the acyl chains of the DPPC. Overall, DPPC monolayers with glycine in the subphase have
a trend of expanding the monolayer at lower surface pressures and then transition to only
a slight expansion, or to condensing the monolayer as surface pressure increases. At pH 7,
which is the most physiologically relevant pH used in this study, the monolayer remains
expanded relative to the control, which suggests that glycine interacts weakly with the
interface (Figure 6A).

DPPE monolayers, then, followed nearly the same trend at pH 4, 6, and 8; all are
15-20% expanded relative to the control at a surface pressure of 5 mN/m and decreased
as surface pressure increased. All three monolayers reached an equilibrium of remaining
approximately 5% expanded relative to the control at 35 mN/m. Much like with the
DPPC monolayers, the pH 9 monolayer remained relatively constant, remining between
1.8% and 2.4% expanded relative to the control throughout compression. While glycine
slightly condensed DPPC at pH 9, it slightly expanded DPPE at the same pH. Interest-
ingly, pH 7 differs greatly between DPPC and DPPE. For DPPE, the pH 7 monolayer is
5% expanded relative to the control at 5 mN/m and then becomes condensed between
10 and 15 mN/m. The monolayer remains slightly condensed, and at physiological surface
pressure, the monolayer exposed to glycine is approximately 2-3% condensed relative to
the control.
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Figure 6. Calculated percent difference between the area per molecule of control Langmuir monolay-
ers and monolayers with glycine in the subphase for (A) dipalmitoyl phosphatidylcholine (DPPC)
and (B) dipalmitoyl ethanolamine (DPPE). R represents the phosphate group, glycerol, and saturated
Cj4 tails. Symbols each represent a different pH, where solid squares are pH 4, hollow squares are
pH 6, solid circles are pH 7, hollow circles are pH 8, and solid triangles are pH 9. The region shaded
in grey represents physiological surface pressure. Exact values and errors for all points are reported
in Tables S1 and S2.

Since the measured values are within the calculated error, the glycine-exposed mono-
layer is not experimentally different from the control. Overall, DPPE monolayers with
glycine in the subphase at all pH values but seven follow similar patterns to each other,
in which the monolayer is expanded 15-20% at lower surface pressures and decreases to
5% expansion as the surface pressure increases (Figure 6B). Interestingly, at pH 7, the mono-
layer exposed to glycine becomes slightly condensed and does not follow patterns typical of
the other pH values, and the experimental error is such that there is no statistical difference
between glycine-exposed and control monolayers. This suggests that glycine may interact
with the membrane interface, but it does not do so strongly.

3. Discussion

The studies described above determine pK, measurements of G-containing peptides
and, in doing so, compare the data of small G-peptides in aqueous solution and associated
with the AOT interface. The longer G peptides, in the case of GGG and GGGG, have chem-
ical shifts in the same region as the AOT and overlap in chemical shifts, as can be seen in
Figures S15 and S19. G and GG are found to appear in a region where AOT and isooctane
peaks are not observed; however, GGG and GGGG show signals in the same region as the
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AOT, therefore limiting observation of the signals of these short G-containing peptides.
As a result, a subtraction method was utilized in which the AOT RM spectra containing no
compound were subtracted from AOT RM spectra containing the G compound of interest.
Analyzing the spectra using the subtraction method described in the experimental section
allowed us to calculate the chemical shifts for all G compounds and was also used to
obtain the pK, results, summarized in Table 2. The pK, values were calculated for both
the R-group protons near the C-terminus and the N-terminus of the G peptides in both
aqueous environment and the environment of the RM. The resulting pKj values calculated
in this work are summarized in Table 2 for all the systems investigated in this work and
detailed in the descriptions below.

Table 2. Comparison of experimental pK, values obtained for G compounds in aqueous (D;0O) and
wy 10 RM systems, shown with 95% confidence intervals, with literature aqueous pK, values.

PKa(l)l pKa(2):
Compound System This Work, pKa(1) lit. This Work, pKa(2) lit.
Carboxylic Acid Protonated Amine

G D,0 251 + 0.03 2.46 [50] 10.7 + 0.05 9.60 [50]
RM 2.49 £ 0.02 8.51 + 0.06

GG D,O 2.85 + 0.08 3.15 [50] 8.60 + 0.10 8.10 [50]
RM 2.99 £+ 0.04 8.48 + 0.04

GGG D,O 3.18 £0.03 3.18 [50] 8.29 + 0.04 7.87 [50]
RM 3.27 +£0.02 8.11 + 0.07

GGGG D,O 3.05 £ 0.08 3.25 [50] 775012 7.98 [50]
RM 2.82 4+ 0.09 7.94 + 0.14

Our hypothesis that G is likely positioned such that the N-terminus is near or in
the interstitial water region of the RM either facing the negatively charged interface or
actually associated with the interface is in line with previous observations and predictions
with other charged molecules [51,52]. This pattern was observed for all the G peptides to
different degrees, with the largest change for G. The larger difference for G can be explained
because this is a smaller amphiphilic molecule, and penetration of the interface by the
N-terminus will impact the amphiphilic molecule more than with peptides. Although
penetration will bring the C-terminus closer to the interface, little change is observed in
the pK; of the C-terminal, suggesting that the N-terminal is loosely associated with the
interface and not deeply penetrated in the interface (Figure 7). This difference in the pK,
of the protonated amine of G may also be due to the presence of ions at the RM interface;
in pure water, G forms an energetically favorable five-membered ring between the protons
of the positively charged amine and the negatively charged oxygen on the carboxyl group,
which is disrupted by the presence of ions at the RM interface where the N-terminus is
likely located. This will result in a lower pKj, as shown in Table 2. The changes in the
pKa value of the amino terminus in the three G-peptides, by contrast, are much smaller.
Differences in pK; between different sizes of RMs containing G suggest that there may be
some subtle differences in the specific location of the amino terminus of these G peptides
as anticipated, because the charge distributions are somewhat different depending on the
specific conformation of the molecule. Importantly, modest change is observed in the pK,
value of the C-terminus consistent with its environment changing much less compared
to the aqueous and microemulsion preparations of the G compounds, consistent with
their location closer to or in the bulk water pool of the RM as expected if the environment
changed little [45].

The presented data for all the G peptides investigated indicate that they all interact
with the interface, albeit in different ways. The smallest G, which is a zwitterion at neutral
pH, is likely to interact more strongly with the interface based on the large changes in the
pK of the free amine part of the peptide. As we demonstrated with aniline, the observed
differences are likely to be caused by changes in location and not due to an inherent
difference in pK, values in the new environment [52]. This may also be due to the disruption
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of the favorable five-membered ring that is formed by the positively charged protons on
the amine and the negatively charged oxygen on the carboxylate group in water by the
presence of Na* at the RM interface, as mentioned previously. In the case of the GG, GGG,
and GGGG peptides, the observed difference is much less and there are also variations in
the direction of the change; for G, GG, and GGG, the pK, value decreased (acidity increased)
in the presence of the interface, whereas in the case of GGGG, the pK, value increased
(acidity decreased). In order to obtain more information on this system, we examined the
interactions of glycine with lipid interfaces in the Langmuir monolayer system. Since the
majority of responses were observed with glycine, we limited these studies with glycine but
examined its response in a pH-dependent manner (Section 2.6). These results showed that
glycine is likely to associate with the lipid interface at near-neutral pH, hence confirming
the observations made with the microemulsion system.

ol :z/
== 5 >=o Water pool/
o (o]
% . £u> = G compounds
/\=o ™\ \ \
ioa z -z %  RM Interfac
Na* e \= Na* far Na* - Na® Na* =
o Yo o- o + o o o5 Na*
N NP W e M e Woaly

Figure 7. Schematic figure depicting the likely positioning of the G compounds used in this study relative to the RM
interface. G compounds depicted here are shown in a linear conformation; however, it is likely that longer G compounds
such as GGG and GGGG rotate around C-C bonds in solution such that the conformation of the molecule may be bent as
discussed previously, but the C-terminal end is still located at the bulk water pool.

Comparison of the pKj, values in aqueous solution and near RM interfaces is most
valuable when considering the inherent differences between the two systems and recog-
nizing that the aqueous solution can change significantly depending on the other ions in
solution and overall ionic strength. Previous work done with GGG in aqueous solution
found that GGG adopts a U-shaped conformation in the presence of Na* and SO3 ™~ [53],
with no similar studies being found for GG or GGGG. In this study, it was found that
there is a strong interaction between the sodium ions and the sulfite, which then interacts
with the protonated amine of GGG, favoring a bending that adopts a U shape. A similar
phenomenon may be occurring in the RM systems in which the Na* ions interact with the
sulfate groups on the AOT surfactant molecules, which then interact more strongly with
the protonated amine. This would be consistent with the increase in chemical shift of the
protonated amine for GGGG in RM as compared to its shift in D,O (Table 2). Addition-
ally, the increased pK, of the N-terminal protons as well as the slightly decreased pK, of
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C-terminal protons indicates that the zwitterionic form is equally or more stable in the RM,
consistent with being at the edge of the bulk water pool of the RM between the bulk water
and interface (Figure 5A,B; Figure 7).

These results imply that it is unlikely that peptides containing numerous glycine
residues will have a strong effect as membrane-penetrating peptides for use in the de-
velopment of novel antibacterial or anticancer therapeutics, unless there are other amino
acids present which are more likely to interact with a membrane interface, such as lysine.
Even in the context of the reverse micelle, which has a strongly negatively charged interface
to mimic the exposure of phosphatidylserine residues by cancerous cells, there is little
to no interaction of the G peptides with the RM interface, indicating that even when the
interface has a negative charge characteristic to bacterial or cancerous cells, there is still
no penetration of the interface by a peptide, despite numerous reports of glycine-rich
AMPs [26-28]. This result stands in contrast with studies with G alone, which is found
to interact with the interface. Together, these results suggest that for AMP peptides to
be effective in penetrating membranes, residues other than G are necessary for the ac-
tion of these peptides. This is consistent with the fact that many AMP peptides contain
significantly higher concentrations of lysine residues and/or aromatic residues such as
phenylalanine and tyrosine in addition to higher concentrations of glycine than the average
presence of these amino acids in other proteins due to the two physical features required
for antimicrobial peptide activity: charge and hydrophobicity [54-56].

4. Materials and Methods
4.1. General Materials

The following materials were purchased and used without purification: glycine HCI
(G, Mallinckrodt, Madison, WI, USA, 99.0%), diglycine (GG, Sigma-Aldrich, St. Louis, MO,
USA, 99.0%), triglycine acid (GGG, Sigma-Aldrich, 99.0%), tetraglycine (GGGG, Aurum
Pharmatech, Franklin Park, NJ, USA, >96%), activated charcoal (carbon 6-12 mesh), 2,2,4-
trimethylpentane (isooctane) (Sigma-Aldrich, 99.0%), deuterium oxide (Sigma-Aldrich,
99.0% deuterium), and 4,4,-dimethyl-4-silapentane-1-sulfonic acid sodium salt (DSS, Wilmad,
Buena, NJ, USA). The chemicals methanol (>99%), citric acid anhydrous (>99.5%), sodium
citrate dihydrate (>99%), sodium hydroxide (>99%), and hydrochloric acid were pur-
chased from Fisher Scientific. The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC, >99%) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, >99%) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Sodium Aerosol-OT (AOT)
(bis(2-ethylhexyl)sulfosuccinate sodium salt, Sigma-Aldrich, >99.0%) was purified as de-
scribed previously to remove an acidic impurity [57]. Briefly, 50.0 g of AOT was dissolved
into 150 mL of methanol to which 15 g of activated charcoal was added. This suspen-
sion was stirred for 2 weeks. After mixing, the suspension was filtered to remove the
activated charcoal. The filtrate was then dried under rotary evaporation at 50 °C until
the water content was below 0.2 molecules of water per AOT as determined by "H NMR
spectroscopy [58]. The pH of aqueous solutions was measured at 25 °C on an Orion
2STAR pH meter (Thermo Fisher Scientific, Waltham, MA, USA) prior to formation of the
AOT RM in isooctane. The pH was adjusted throughout the experiment using varying
concentrations of NaOH or HCl dissolved in diH,O or DO, depending on experimental
need. NaOH or HCl dissolved in DO is referred to as NaOD or DCl, respectively, and the
pH was adjusted to consider the presence of deuterium (pD = 0.4 + pH) [58,59]. The pD
is customarily referred to as pH and will be referenced as such for the remainder of this
manuscript.

4.2. Preparation of Samples for Analysis

4.2.1. Preparation of Stock Solutions of G, GG, GGG and GGGG for 'H NMR and Dynamic
Light Scattering

Each of the 200 mM stock solutions used in the 'H NMR experiments were prepared
with 2.00 x 103 mol each of G, GG, GGG, and GGGG dissolved in 10 mL D,0 in a
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volumetric flask and pH-adjusted to the appropriate value as needed for the overall
concentration of 200 mM. Each of the 50 mM stock solutions used for dynamic light
scattering experiments were prepared with 5.0 x 107> mol each of G, GG, GGG, and GGGG
and dissolved in 10 mL diH,O.

All stock solutions were sonicated until clear, if not already, and all stock solutions
were pH-adjusted with DCI or HCl and NaOD or NaOH, depending on experimental need.
The pH of the stock solutions was measured at 25 °C with an Orion 25STAR pH meter.
The pH values were measured directly in D,O, and the pH was adjusted to the presence of
deuterium (pD) and is referred to as pH rather than pD, as stated previously [59-61].

4.2.2. Preparation of AOT-Isooctane Stock Solution and RMs Containing G, GG, GGG,
and GGGG for '"H NMR

A 750 mM AOT-isooctane stock solution was prepared by dissolving 7.5 x 10~ mol
AOT in 10 mL isooctane. This mixture was sonicated and vortexed until clear, approxi-
mately 15 min. Once dissolved, the solution was equilibrated to ambient room temperature.
RMs of wy values of 6, 10, 14, 16, and 20, where wy = [H,O]/[AOT], were prepared by
combining appropriate volumes of the appropriate prepared stock AOT stock solution,
depending on experimental need, and appropriate volumes of 200 mM stock solutions of
G, GG, GGG, or GGGG to create the desired size of RM.

4.2.3. Preparation of AOT-Isooctane Stock Solution and RMs Containing G, GG, GGG,
and GGGG for Dynamic Light Scattering

The 200 mM AOT-isooctane solution was prepared by dissolving 2.00 x 10~ mol AOT
in 10 mL isooctane. This mixture was sonicated and vortexed until clear, approximately
15 min. Once dissolved, the mixture was equilibrated to ambient room temperature.
To prepare the RM solutions, specific volumes of AOT stock solution and aqueous 50 mM
G stock solution were combined to a total of 5 mL to form RM sizes of wy 10 and 20
(wy = [HpO]/[AOT]). This mixture was vortexed until clear, consistent with the formation
of RMs.

4.2.4. Preparation of Lipid Stock Solutions and Aqueous Subphase

Sodium phosphate buffer (20 mM) was prepared in distilled deionized water and
adjusted to pH 6.00, 7.00, 8.00, and 9.00 (£0.02) with either 1.0 M HCl or 1.0 M NaOH.
Sodium phosphate citrate buffer (20 mM) was prepared in distilled deionized water and
adjusted to pH 4.00 £ 0.02 in the same manner as the sodium phosphate buffers. Glycine
subphase (1 mM) was prepared by dissolving 75.0 4= 0.1 mg glycine into one liter of the
previously prepared buffers. The pH was readjusted to the previously mentioned values
with 1.0 M HCI or 1.0 M NaOH. Stock solutions of DPPC and DPPE were prepared by
dissolving 0.025 mmol of powdered phospholipid into 5.0 £ 0.1 mL of freshly prepared 9:1
chloroform methanol (v:v).

4.3. Methods
4.3.1. TH NMR Spectroscopy and Analysis of D,O and RM Samples

The '"H NMR experiments were performed using a 400 MHz Varian (Gloucester, MA,
USA) 1H NMR spectrometer using standard parameters (1 s relaxation time, 25 °C temper-
ature control, and 45° pulse angle). The aqueous samples were referenced to an internal
DSS sample. RM samples were referenced to the isooctane methyl peak at 8 = 0.90 ppm
as has been previously reported and were originally referenced to tetramethylsilane [51].
The resulting spectra were referenced, baseline-corrected, normalized, and analyzed using
MestReNova version 10.0.1.

The pK, values were determined by plotting chemical shifts of the samples at their
varying pH values in D,O and wy 10 RMs and calculating the first derivative of the best fit
curve using OriginPro version 9.1 [62]. In order to do this, a plot was made of ppm vs. pH
and the curve was fitted in Origin using the reference described in [62] for monofunctional
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acids. In order to do this, half of the bifunctional curve of ppm vs. pH was plotted and a
best fit line was applied. From here, the first derivative was calculated to give the final pK,
value for both the carboxyl- and amine-terminal protons (Figure S2).

In the case of peaks corresponding to GGG and GGGG in RMs, these shifts were often
masked by the AOT peaks, as shown in Figure 8. As a result, a technique was employed in
which worked up spectra were analyzed by MestReNova version 10.0.1, and after baseline
correction, normalization, and referencing, the arithmetic function in MestReNova was
used to subtract control spectra containing no probe molecule from spectra which did
contain probe molecules (Figures 515 and 5S19).

J L_Mj\\m . GGGG (RM)
i

GGGG (5,0)

rkm s GGG (RM)
L U GGG (D,0)

GG (0,0)

A
A\ ; k/_x_/\_,\ G (RM)
k G(0,0)

44 42 40 38 36 34 32 30 28
0 (ppm)

Figure 8. A comparison of each of the studied compounds and their chemical shifts as determined by

TH NMR in wp 10 reverse micelles (RMs) and D,O. Spectra beginning from the bottom correspond to
G, GG, GGG, and GGGG in DO and RM alternately at pH 7. Asterisk in the GGG RM spectrum
denotes acetone impurity.

4.3.2. Langmuir Trough Instrument Preparation

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

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

4.3.3. Formation, Compression Measurement, and Calculation of Langmuir Monolayers

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

The percent difference between control monolayers and monolayers with glycine
present in the subphase was calculated with Equation (1), where A, is the area of mono-
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layers with glycine present and Ay, is the area of control monolayers. Calculations were
performed at every 5 mN/m of surface pressure.

A Y _Acmz
Wdiff = (X’JT) x 100 )

con

4.3.4. Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments were performed using the Malvern Instru-
ment (Malvern Instruments Limited, UK) MANO0486 [36,51]. DLS and the autocorrelation
method of analyzing scattering were used to measure the hydrodynamic radius of AOT
RMs, with temperature controlled at 25.0 °C. Each sample was equilibrated for 600 s at
25 °C and then run for 10 scans per acquisition for a minimum of ten measurements for
every solution, with and without G compounds, at neutral pH (7.4) for each wy value.
A 1-mL aliquot of sample was required for measurement. The viscosity (0.4670 cP) and
refractive index (1.391) were needed for RM size determination in the isooctane solvent
used in this work [57]. The photons scattered by the RMs were collected at a 173° angle.
Data processing was carried out using the Zetasizer version 7.11 software.

5. Conclusions

Studies exploring the interaction of G, GG, GGG, and GGGG compounds with model
membrane interfaces measured in microemulsions (AOT RMs) using 'H NMR spectroscopy
and DLS indicate that G peptides prefer to locate themselves at the edge of the charged
reverse micellar interface, between the water pool and interface at the stern layer. This loca-
tion is different for the single amino acid G, which is penetrated further into the interface.
These findings are supported by the calculated pK, values of the G compounds in both
aqueous and RM systems. Minor differences were observed for the pK, values and the
chemical shift between the aqueous and micellar environments, indicating similarity be-
tween the environments that the G peptides are inhabiting. Larger changes were observed
for the amine group on the G amino acid, suggesting that the N-terminus is further an-
chored into the interface. This finding is also consistent with studies done with Langmuir
monolayers containing DPPE and DPPC exposed to glycine; in the case of DPPC, at physi-
ological pH, the interface remains only slightly expanded relative to the control, indicating
weak interaction with the interface. At physiological pH, there was no significant difference
between DPPE monolayers exposed to glycine and the control. In the case of the short G
peptides GG, GGG, and GGGG, it is likely that they associate with the RM interface by
orienting themselves such that the N-termini interact weakly with the RM interface and
the C-termini oriented towards the bulk water pool of the RM (Figure 7).

The case of G is very different from that of its longer peptides. In an aqueous envi-
ronment, the protons on the positively charged amine hydrogen bond with the negatively
charged carboxyl end and form an energetically favorable five-membered ring. This may
explain the large difference between the pK, measured in the aqueous environment com-
pared to the reverse micellar environment. In the RM, this hydrogen bonding is disrupted,
likely by the presence of the Na* counterions. Additionally, the observed gradually de-
creasing chemical shift of G at pH 7 and 9 indicates that the amino acid is likely placed in
the interstitial water layer between the interface and the bulk water pool. As the RM grows
larger and the water becomes more similar to bulk water, the chemical shift approaches
a shift more analogous to that in D,0O, consistent with the G moving from the interface
into the interior water pool. This conclusion is very important because of the role of G as a
neurotransmitter; that is, for G to function and propagate a signal to be received after it has
been confined within synaptic vesicles and excreted through the synapse. These results
suggest that in the large synaptic vesicle (40 nm), it is not likely that G will have any
significant interactions with the membrane interface and is readily released for uptake [63].

Considering that AMPs (host defense peptides) generally contain a high level of G as
well as other key amino acids (Lys, Phe/Tyr) it was of interest to determine the effects of G
and G peptides to obtain a better understanding how specific amino acid residues and their
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corresponding peptides interact with membranes. The data suggest that the amino acid
G does associate with the membrane whereas the G peptides interact less strongly with a
membrane and likely function to increase the hydrophobicity of reported AMPs which are
glycine-rich. These studies support the interpretation that the properties of AMP peptides
are more related to other amino acids such as Lys and aromatic amino acids with regard to
translocation of these peptides across a membrane for anticancer or antimicrobial activities.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/1/162/s1. Figure S1. NMR spectra documenting the insolubility of glycine (G) in isooctane;
Figures S2-S4. 'H NMR spectra at different pH values of G in D0, a plot of 'H NMR chemical
shifts as a function of pH of G in D,O and a representative calculation of the pK, of the bifunctional
amino acids/peptides used in this manuscript.; Figures S5 and S6. "H NMR spectra at different pH
values of G in RM and plot of 'H NMR chemical shifts as a function of pH of G in RM; Figures S7
and $8. 'H NMR spectra at different pH values of G in wy 30 RM and a plot of 'H NMR chemical
shifts as a function of pH of G in wy 30 RM; Figures $9 and $10. 'H NMR spectra at different pH
values of diglycine (GG) in DO and a plot of 'H NMR chemical shifts as a function of pH of GG
in D,O; Figures S11 and S12. "H NMR spectra at different pH values of GG in RM and a plot of 'H
NMR chemical shifts as a function of pH of GG in RM; Figures S13 and S14. 'H NMR spectra at
different pH values of triglycine (GGG) in D,O and a plot of "H NMR chemical shifts as a function
of pH of GGG in D,O; Figures S15 and S16. Subtraction example of 'H NMR spectrum of GGG
in RM and plot of 'H NMR chemical shifts as a function of pH of GGG in RM; Figures $17 and
S18. 'H NMR spectra at different pH values of tetraglycine (GGGG) in RM and a plot of 'H NMR
chemical shifts as a function of pH of GGGG in D,O; Figures S19 and S20. Subtraction example of
TH NMR spectrum of GGGG in RM and a plot of 'H NMR chemical shifts as a function of pH of
GGGG in RM; Table S1 Percent difference values for DPPC-Glycine Langmuir monolayers; Table S2.
Percent difference values for DPPE-Glycine Langmuir monolayers.
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Abbreviations

AMPs  Antimicrobial peptides, also known as host defense peptides
AOT Aerosol-OT

DLS Dynamic Light Scattering

DPPC  Dipalmitoyl phosphatidylcholine
DPPE  Dipalmitoyl phosphatidylethanolamine
G Glycine

GG Diglycine

GGG Triglycine

GGGG  Tetraglycine

NMR Nuclear Magnetic Resonance

RMs Reverse Micelles
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LIST OF ABBREVIATIONS

AQOT — aerosol-OT, dioctyl sulfosuccinate (Chapter 1, Chapter 2, Chapter 4)

CDCls — deuterated chloroform (Chapter 2)

CF - 5(6)-carboxyfluorescein (Chapter 4)

CT - terminal carbon (Chapter 3)

DCI — deuterated hydrochloric acid (Chapter 2, Chapter 4)

D20 — 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)

HCI — 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)
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