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VI Abbreviations and symbols

Abbreviations and symbols

Acetyl Co)A - acetyl coenzyme A

ADP - adenosine diphosphate

ATP - adenosine triphosphate

CL’s - cardiolipins

DMPC - 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DPPH - 2,2-diphenyl-1-picrylhydrazyl

FADH, - flavin adenine dinucleotide

ITIES - interface between two immiscible electrolyte solutions
PKa - acidity constant

MK-n - menaquinone with ‘n’ isoprenoid units

MK’s - menaquinones

MK/MKH, - menaquinone/menahydroquinone redox couple
nCL - natural cardiolipin (heart, bovine)

NADH - nicotinamide adenine dinucleotide

NADPH - nicotinamide adenine dinucleotide phosphate
Q/QH, - quinone/hydroquinone redox couple

TMCL - 1,1°,2,2° tetramyristoyl cardiolipin

uQ’s - ubiquinones

E' - biochemical standard potential

AG - free energy change

Aqu:mg - standard free energy of ion transfer from aqueous to organic phase
Hs0" - hydronium ion

Ko pair - ion pair equilibrium constant

AS - entropy change
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1 Introduction

1.1 Outline

The leading idea of this thesis is to study the effects of (i) membrane composition and (ii)
membrane environment (aqueous phases) on the redox properties of membrane-confined
redox active compounds. For solutions, it is known since long, how strong solvents affect the
redox properties of dissolved redox active species. However, for membranes this question has
not yet been addressed, although it can be supposed that such effects may be important to
understand the role of membrane-confined redox active compounds in biological systems. To
interrogate this problem, a monolayer model was chosen. It consists of a lipid monolayer with
embedded menaquinones on mercury electrodes. Since ion transfer across membranes is also
a crucial question, in the first part of this project, DPPH was studied as a new redox probe for

transferring anions and cation between an organic and an aqueous phase.

1.2 Physicochemical properties of biological membranes

Biological membranes are dynamic structures, which separate two aqueous regions and
sustain the structural integrity and organisation of life. The membranes compartmentalise
living entities, confine living processes, and most importantly, control the exchange of matter
and energy with the environment and/or other cellular and subcellular elements. The
interpretation of the physical characteristics of membranes can be traced back to I.
Langmuir’s experiments with oil films on water, and their interpretation *, followed by the
models of E. Gorter and F. Grendel 2, J. F. Danielli and H. Davson *, and several others *. A
much more detailed model of the membrane structure has been published by S. J. Singer and
G. L. Nicholson, who have viewed the membrane as a two-dimensional lipid fluid bilayer
with embedded globular molecules °. Later, a new view of the membrane structure was given
by K. Simons and E. Ikonen °. It was based on the dynamic clustering of sphingolipids and
cholesterol to form detergent insoluble complex structures called rafts or domains. In 2014,
special importance was given to the mosaic nature of membrane structures, notably to the
interactions of membrane elements and a revised S. J. Singer and G. L. Nicholson model was

provided by G. L. Nicolson ’

. Technological advancements allowed to interpret the
membranes and their component structures in a very detailed way ®'°. Membranes are
essentially built up by amphiphilic molecules, i.e., molecules possessing both hydrophilic and

lipophilic units. The amphiphiles of membranes are the lipids. The self-organisation
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phenomenon of amphiphilic molecules operates as follows: the hydrophobic tails of the lipids
arrange in a layer with all tails attached to each other and exposing all polar groups to one
side of the layer. Then, two such layers form a bilayer in which the hydrophobic sides face
each other and expose the polar surfaces to either side of the bilayer (the membrane), i.e.,
towards the aqueous environment. The resulting membrane is a barrier for ions and
molecules, and thus also for energy fluxes. Though lipids are the main components and vital
for the membrane functions, other constituents, like proteins and carbohydrates, play also
most important roles for the flow of matter, energy, and information. Membrane components
diverge greatly between the cell types and cell organelles. For instance, the weight ratio of
lipid to protein in plasma membranes is close to 1 and for mitochondrial membranes ** it is
near to 2 or 3. Also, the permeability of ionic solutes varies between the membranes *2. These
variations are vital for the membrane functions of certain types of cells and organelles.
Because of the fluid nature, the lipid membranes can deform in several ways, generally with
elastic stresses and strains to match the hydrophobic thickness of the transmembrane proteins
and save the hydrophobic edge curvature forces. The membrane proteins are structurally
adapted to the membranes by their hydrophobicity, van der Waals forces, hydrogen bonds,

13-15

and electrostatic interactions Lipids generally possess diverse structural phases

depending on the phase transition temperatures. In addition, the membrane components and

the lipids are not distributed evenly, but may form domains ***°

, which have distinguished
properties and functions 2> . The polar head groups of the lipids and ions in the aqueous
region are typically solvated by the water molecules. The structure and orientation of water
molecules on the membrane surface are primarily determined by the net charge of the lipid
head groups ?°. This provides a unique environment for interfacial chemical reactions. Our
life evolved from the aqueous environment, and Nature has chosen the hydrophobic effect for
holding the hydrocarbon chains together without causing crystallisation (due to presence of
unsaturated lipids and cholesterol). This drives the membranes to the supra-molecular
organisation and it can squeeze and deform the membranes without any disruptions 2. Lipid
head groups, water molecules, and ionic solutes determine the electrostatic environment of
the membrane for interfacial reactions. Some of the membrane elements act as pores and
channels of the membranes. The dynamic processes of life are taking place in a well-

structured network.
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1.3 Water — an essential component of biological membranes

Water is a natural solvent interacting with all living matter on the ‘Planet Earth’ **’. An
adult human body consists of 68% water 2® and a loss of 15% would be fatal. Water acts as a
life matrix and currently living organisms on earth cannot sustain, without this elementary
molecule #. Water serves largely as the source of protons and the proton transfer across the

membranes is a fundamental process of respiration ** %

and important for the cellular
energetics. The series of physical properties *, like high melting point (0 °C at 1 atm), high
boiling point (100 °C at 1 atm), large surface tension coefficient (73 mN m ™ at 20 °C), low
dynamic viscosity coefficient (1.00cP at 20°C), high specific heat capacity (4.2 ki kg * K at
20 °C), high specific latent heat of melting/freezing (2.3 MJ kg™ at 1 atm), high specific
latent heat of vaporisation/condensation (334 kJ kg™ at 1 atm), and high dipole moment (1.85
D) and dielectric constant (78.4 at 25 °C) are best suited for the life on earth. Of course, one
should formulated it the other way round: life has been best adapted to these properties of
water. This ubiquitous solvent accounts for the hydrophobic effect, the one that causes the
structural stabilisation of the membranes, source for protons in biochemical reactions,
transport of solutes, hydration of cell components, and additional boundless functions *. The
presence of various ions alters the activity and ionic strength of the water. In mammalian
cells, concentration of Na*, K*, Mg®*, Ca**, and CI” ions are up to 145, 155, 2, 2, and 120
mM respectively **. The functional groups (choline, serine, ethanolamine, phosphate) of the
lipid heads in the membrane interact with hydrated ions. They change the surface charge
density and the ions interaction can be characterised by ion binding or ion association
constant *°. The association constants are required to understand the membrane-membrane
interactions, signal transmission, and energisation of mitochondrial membranes . The
perturbations of the water structure at the lipid-water interface extend to several hydration
layers *". Lipid head groups and different lipid phases modulate the lipid-water interactions.
The water molecules bonded to the membrane determine the structural stability of the bilayer,
membrane fusion, and mobility of membrane proteins and lipids *. The water transport rate
through the channels increases with decreasing number of hydrogen bonds in the walls of
water channels *. There is no doubt that the water is crucial for the thermodynamics and

kinetics of biological processes in and at biological membranes.

1.4  Thermodynamics of biological membranes
The hydration of lipids affects the formation of polymorphic phases. Lamellar (gel, liquid
crystalline), micellar aggregates (spherical, cylindrical, disk, inverted, liposome), and non-
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lamellar liquid crystalline (hexagonal, inverted hexagonal, inverted micellar cubic, bilayer
cubic) aggregates are the common lipid polymorphic phases **“*. The formed phases depend
also on the type of lipids and the degree of unsaturation in tails, temperature, pH, and ionic
strength of the aqueous electrolyte. The degree of unsaturation of the lipid tails affects the
phase transition temperature. An unsaturated carbon bond produces a kink in the tail, disrupt
the periodic structure and creates a free space. Lipids that fit into cylindrical, conical, and
truncated conical shapes are best for planer bilayers, spherical micelles, and vesicles or
inverted micelles structures respectively that maintain the stability of corresponding
membrane organisation *2. The optimal area per head for the stability of a micelle is 60 to 70
A? 3 The origin of antipathy between hydrocarbon and water roots in the strong self-
attraction of water **, the dynamic hydrogen bond network. The hydrophobic tails of the lipid
move away from water and form the different structures (micelle, vesicles, bicelles) via self-
assembly process, a mostly entropy driven process. The free energy of solvation of an
amphiphile in water can be assessed from the free energy contributions by the hydrophilic
head and hydrophobic tail separately *>. The free energy of formation of micelles (and
vesicles) from the amphiphiles involve the following contributions “°: the free energy change
caused by the attraction among the hydrophobic tails, that caused by the repulsion of the
polar head groups, and that caused by the hydrophobic effect, which is mainly an entropic
effect. The overall process leads to non-rigid deformable structures that are essential for
membranes to function. The bilayers of vesicles and membranes contain thick hydrophobic
inside, which is a barrier for the transport of hydrophilic metabolites and ions. So, the
presence of additional structural components in the membrane, e.g., proteins, which provide
control of ion transport in response to ion gradients *. The transmembrane proteins are
folded into the membranes via hydrophobic interactions with the lipids *®. The internal lateral
pressure of the membranes is 30 — 35 mN m™ and the hydrophobic free energy density at the
polarfapolar interface is 36 — 40 mN m™ *°. This evidently shows that the internal lateral
pressure of the membranes is balanced by the hydrophobic effect that opposes the membrane
extension. The hydrophobic effect stabilises the bilayer organisation for the energetic
processes by holding together the lipids and other membrane elements (enzymes, ion

transporters, redox species).

1.5 Energetics of biochemical reaction
The driving force of a redox reaction is measured in standard reduction potentials or Gibbs

free energies. The redox tower of some biological reactions is shown in Fig. 1. The energy
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for the cells and the cell organelles comes mainly from the mitochondrial respiratory chain.

aw E

glucose = 2 pyruvate + 4e (-0.720V)

glucose == 6 CO, + 24e (-0.500V)

NADH = NAD" + 2e (-0.320V)
lactate = pyruvate + 2e (-0.190V)

OV —succinate = fumarate + 2e (+0.030V)

ubiquinol = ubiquinone + 2e (+0.045V)

NO, = NO, +2e (+0.420V)

H,O = %Oz +2e (+0.820V)

+V L

Fig. 1 The Redox tower shows the biochemical standard potential (E*) for some
biological reactions *°

The respiratory electron chain consists of five different complexes in the inner mitochondrial
membrane. Each complexes is built up of enzymes, peptides, and other molecules. Since
many molecules are relatively stable, the reactions will not proceed immediately because
there are small energy barriers, called activation energies. This energetic barriers need to be
overcome by the reactants for conversion into the products. Enzymes are catalysts, which
lower the activation energies. From thermodynamic point of view, a chemical reaction can
proceed spontaneously only if it is accompanied by a decrease in free energy. The oxidation
of food releases the energy and temporarily stores it in activated carrier molecules (eg.,
adenosine triphosphate (ATP)) L. Later, the carrier molecules give up their energy through
hydrolysis which produces adenosine diphosphate (ADP). Nicotinamide adenine dinucleotide
(NADH), nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine
dinucleotide (FADH,), and acetyl coenzyme A (acetyl CoA) are other activated carrier
molecules involved in the metabolism. NADH possesses a very negative biochemical redox
potential (E'=-0.320V, higher energy level) has strong tendency to donate electrons to
oxygen (E'=+0.820V, high electron affinity) through the complex respiratory chain. The

respiratory chain is energetically favourable with a free energy change of

AG =-109kJ mol™ (E'=+1.140V) 2. The electrons and protons are shuttled between the
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enzyme complexes by carriers like ubiquinone and cytochrome c. The proton translocation

and electron shuttling in the respiratory chain induce the mitochondrial membrane potential.

1.6 Membrane potential

The membrane potential describes the difference in electric potentials across the membrane,
I.e., inside and outside of a cell organelle (like mitochondria). It arises from the difference in
surface charges due to the asymmetric distribution of zwitter ionic lipids, presence of charged
lipids, and proton diffusion and ionic solutes from the aqueous environment *3. The
membrane potential regulates the channel conductance, binding of drugs, structure of the
membrane proteins, and interfacial reactions >*. There are adsorbed hydrated ions and the
diffused ion distribution over the membrane surface. This interfacial region is called Gouy-

Chapman-Stern double layer *°

56

. The stern layer is also influenced by hydrophobic
interactions *°. Beyond the diffuse ion region, there is an isotropic bulk phase. Each
membrane organelles possess diverse lipids and ion distribution at the interface, which results
in distinct membrane potentials. For example, the rest membrane potentials of some
organelles are: —150 to —180 mV for mitochondria, +20 to +30 mV for Golgi apparatus and
lysosomes, and around 0 mV for endoplasmic reticulum and nucleus °’. The proton pumps in
the inner mitochondrial membrane also contribute to the mitochondrial membrane potential
*8 Studying the membrane potential and other interfacial biochemical reactions are
challenging in case of real membranes. This is due to the presence of various membrane
elements and their composition. Therefore, the model biomimetic membranes are helpful to

understand the thermodynamics and kinetics of membranes.

1.7 Biomimetic membranes

The specific functions of proteins and lipids and their interactions can be interrogated by
using biomimetic membranes. Model membranes act as simple platforms. They can be
tailored to mimic real membranes and in order to perform experiments which yield important
information >* ®°. Langmuir monolayers, supported monolayers, bilayers, and tethered layers,
micelles, bicelles, liposomes, lipid rafts, and nanodiscs are common membrane model
systems. Software simulations can also be applied to study the complex functionality of the

biological membranes ®" ©,

Each membrane models has its own advantages and
disadvantages that limit the understanding of complete membrane systems. Therefore, using
the diverse membrane models combined with various experimental and instrumental

techniques, offer an extensive way for better and deeper insights into biological membranes.
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Lipid phases, redox elements, dielectrics, ion transport, membrane heterogeneity, and
membrane composition properties are accessible using membrane models ®*™. Lipid
monolayers on mercury and solid supported lipid monolayers and bilayers are simple
membrane models for the detailed studies of the thermodynamics and kinetics of biological
membranes. These two systems are commonly employed for extensive electrochemical
studies as models of biological membranes. To characterise these two membrane models, a
plethora of electrochemical techniques, such as voltammetry, coulometry, potentiometry, and
impedance spectroscopy, has been used. These techniques are operated to obtain
thermodynamic and Kinetic information of the reactants, intermediates, and products.
Together with spectroscopic techniques, the above electrochemical methods can be tuned to
monitor in situ intermediate reactions and the orientation and conformation of membrane
constituents. Several biochemical reactions take place at the membrane water interface. For
example, the protein folding in the lipid matrix creates microenvironments at the interface for
many specific biochemical reactions. To study this kind of interfacial reactions, monolayer
membrane models are more simple and convenient than bilayers. The monolayer models can
provide very useful information regarding the protein interaction 2. The interfacial reactions
depend on the membrane composition and the environment. Therefore, one should not ignore
the effect of membrane composition and the surrounding environment to understand the

function of membranes.

1.8 Membrane composition affects the thermodynamics and kinetics

Each cellular organelles possess their own unique membrane composition. The membrane
composition modulates the protein functions and redox potential of electron transfer carriers.
Any change in composition disturbs the membrane elements environment and the associated
functions will change. For instance, the lipid type and the environment determine the redox
potential of the cytochrome P450 reductase . Also, the protein binding is sensitive to the
specific membrane domains "*. Domains in the membranes act as an ON and OFF switch for
the interfacial reactions. Several enzyme-substrates, proteins, and membrane element
interactions are specific for the domains rather than occurring in the cell matrix at low
concentrations °. The electron transfer rate in the redox processes is affected by the
membrane composition and membrane environment "® ”’. The presence of cholesterol has an

effect on membrane transport processes, including ion channels, transporters, and receptors
78
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1.9 Membrane transport processes

The liquid-liquid (waterlamphiphilic fluid) interface plays a fundamental role in enzymatic
reactions and various cell signaling pathways. Membrane transport processes occur by active
or passive mechanisms. The fluid lipid membranes are impermeable to the ions due to the
presence of the internal hydrophobic layer. The presence of carriers and ion channels
provides pathways (energetically and mechanistically) to transfer organic and inorganic ions
and protons. Mitochondrial ATP energetics involves the transport of protons as an
intermediate " %. The proton transport is taking place either by diffusion of hydronium
(H30") ions or via the Grotthuss mechanism (proton hopping between the hydrogen-bonded
water molecules). The Grotthuss “structure diffusion’ along the surface of membranes, has
been shown to operate over distances in the range of 10 nm to 100 um using physiological
and diluted buffers respectively . The ion transport mechanisms via carriers, channels, and
pumps can be accessed by lipid membrane models ® 3. The interface between two
immiscible electrolyte solutions (ITIES) can be used in electrochemistry to access the Gibbs
free energy of ion transfer between the two phases ®* ®. A simple experimental approach to
determine the standard Gibbs free energy of ion transfer is to use the three-phase
electrochemistry setup. The four-electrode method needing a bipotentiostat is a less
convenient alternative. The Gibbs free energy of ion transfer of common organic and
inorganic cations and anions, peptides, drugs, amino acids, and neurotransmitters (dopamine,
adrealone, acetylcholine, tryptamine, and serotonin) have been previously determined %%,
Anion exchange membrane modified liquid-liquid interfaces provide a platform to study
hydrophilic anions ®. In publication No. 1 (Dharmaraj K, Nasri Z, Kahlert H, Scholz F
(2018) The electrochemistry of DPPH in three-phase electrode systems for ion transfer and
ion association studies. J Electroanal Chem 823:765-772.
https://doi.org/10.1016/j.jelechem.2018.06.012) a membrane model for the transfer of anions

and cations from aqueous to organic phase (nitrobenzene) using the redox probe 2,2-
diphenyl-1-picrylhydrazyl (DPPH) has been studied. The standard free energies of ion

transfer (AGS . .) of anions like nitrate, perchlorate, trichloroacetate, and

ag—org
hexafluorophosphate and cation like tetrabutylammonium have been determined. The DPPH
suffers from strong ion pairing with anions and weakly ion pairing with tetrabutylammonium

cation.


https://doi.org/10.1016/j.jelechem.2018.06.012
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1.10 Membrane lipids

The major membrane lipids in mammalian cells are phospholipids (phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and sphingomyelin) and
glycolipids. The presence of various lipids is signifying various functions *: (i) anionic
phospholipids interact with sequences of mitochondrial precursor proteins; (ii) zwitterionic
lipids like phosphatidylethanolamine, phosphatidylcholines are for solute transport and
membrane protein assembly. Cardiolipins (CL’s), the signature lipid of mitochondria, play a
role in various mitochondrial processes such as protein transport, cellular signalling, and
membrane dynamics **%’. Under physiological conditions, CL’s prefer to be negatively
charged (second acidity constant pKs, > 8.0), which conditions CL’s to act as proton traps *
and tightly bond to the ADP/ATP carrier *. The lipid composition of membranes is specific
for specific cells and organelles. The primary reason for composition changes are diseases
and aging, causing gene modifications. The cationic lipids are generally used for drug
delivery systems. The endoplasmic reticulum is the major lipid-synthesising organelle in a
cell. Mitochondria are also capable of synthesising phospholipids, mainly cardiolipins,
phosphatidylglycerols, and phosphatidylethanolamines . These lipids are essential for the
electron transport together with isoprenoid quinones and other enzyme complexes for the

respiratory chain.

1.11 Isoprenoid quinones

Quinones are the class of natural and synthetic compounds, mainly known as constituents of
dyes. Quinones are electrophilic Michael acceptors stabilised by conjugation. The common
structural patterns of the quinones are ortho or para-substituted dione conjugated to the
aromatic ring (benzoquinone) or a condensed polycyclic aromatic system (naphthoquinone,

anthraquinone, anthracyclinone) %

. Quinones are essential for biological and chemical
processes, and common quinones are well-studied compounds. In biological systems,
quinones play the major role in blood coagulation (vitamin K), as antioxidants (vitamin E,
Coenzyme Q), anti-inflammatory (vitamin E), antibiotics (phaeosphenone), antimicrobials
(anthraquinones), and as anti-cancer drugs (thymoquinone) ‘°. Ubiquinones (UQ’s), i.e.,
isoprenoid quinones, act as cofactors in the respiratory chain by being present in the
membranes. Isoprenoid quinones are compounds composed of quinone head groups and
hydrophobic isoprenoid side chains. The latter give the molecule a lipid solubility. Most of
the naturally occurring isoprenoid quinones are naphthoquinones (Vitamin K,

thermoplasmaquinone,  methionaquinone,  chlorobiumquinone) and  benzoquinones
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(ubiquinones, plastoquinones). The ability of the isoprenoid quinones to undergo reversible
reduction-oxidation (redox) reaction makes them a special candidate for the hydrogen
(proton) shuttling between different protein complexes in biological membranes. Due to their
very hydrophobic character, natural UQ’s dissolved in lipid bilayers, and bound to proteins in
the living cell. Studies have shown that 11 to 33 % of the UQ’s in mammalian species is bond
to proteins %2 Previously it has been assumed that the UQ structure is linear. However,
theoretical studies have indicated that the ubiquinone molecules are mostly located in the
hydrophobic bilayer midplane, with the polar head group oscillating across the membrane **
and catalysing many reactions besides inhibiting lipid peroxidation *** '®. The lowering of
UQ levels is related to aging, degenerative diseases, cardiovascular diseases, diabetes, cancer,
etc. %1% Although much of the biological details of UQ’s are known, yet there is a serious
lack of understanding of the role of membrane environment with respect to thermodynamics
and kinetics. Thus it is unclear how the nature of lipids affects protein interactions, ion
transport, catalysis, and so on. The same applies to another group of isoprenoid quinones,
called menaquinone compounds or vitamin K, family. Generally, vitamin K is known for
anticoagulant properties and it plays a prominent role in human health *** . Vitamin K is
distributed as phylloquinone (vitamin Kj, 2-methyl-1,4-naphthoquinone with a 3-phytyl
substituent) and menaquinone (MK - n) with ‘n’ isoprenoid residues. Vitamin K; has a longer
half-life than K; and its dependent proteins are present in both hard and soft tissues *** 12,
Phylloquinones are major vitamin K dietary sources and they can be converted to MK-4 3,
The main function of vitamin K is proton coupled electron transfer (Quinone/Hydroquinone
(Q/QHy>)) with the help of other enzymes. Menaquinones (MK’s) accounts for 75 - 97 mol %
in which MK-7 to -10 are in larger proportion in hepatic vitamin K ***. Vitamin K dependent
proteins are mainly involved in blood coagulation, bone mineralisation, vascular repair,
prevention of vascular calcification, inhibiting bone weakening, regulation of cell
proliferation, and signal transduction ****?°. The concentrations of MK-4 and MK-7 in serum
samples are 0.050 - 1.598 and 0.074 - 0.759 ng mL™}, respectively '?*. All these
concentrations of menaquinones vary between adults and children depending on the type of
food intake. The human intestinal tract can absorb the menaquinones in the form of oral drugs
and from the fermented food products *%* 2, MK’s are used as a medication for osteoporosis

as it protects the osteoblasts from apoptosis and inhibits osteoclast formation ** %

126

inhibiting the growth of cancer cells *°, and has a more beneficial effect on type 2 diabetes

mellitus than Ky 2", A recent study has shown that in mammalian cells, vitamin K, cannot
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substitute UQ-10 function in the respiratory chain complex *?. Several biological benefits of
menaquinones are known, but the thermodynamics and Kinetics of the MK’s are poorly
studied. Earlier studies with thin layer voltammetry on carbon electrodes have been
performed to analyse the redox properties of vitamin K in absence of lipids *** *¥. A recent
study has shown that the lateral chains of MK-4 and vitamin K; are oriented almost in
parallel to the myristoyl chains of the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
lipid . The electrochemical properties of many vitamins are insufficiently known **?, as
well as their thermodynamics and kinetics in membranes. Therefore, it is essential to study
the electrochemical properties of MK’s in membrane environments. The electrochemical
characterisation of MK’s in membrane models has been studied with respect to acid-base and
redox properties in publication No. 2 (Dharmaraj K, Silva JIR, Kahlert H, Lendeckel U,
Scholz F (2020) The acid-base and redox properties of menaquinone MK-4, MK-7, and MK-
9 (vitamin K;) in DMPC monolayers on mercury. Eur Biophys J 49:279-288.
https://doi.org/10.1007/s00249-020-01433-0) and the effect of membrane composition and
the aqueous environment on MK’s in publication No. 3 (Dharmaraj K, Dattler D, Kahlert H,
Lendeckel U, Nagel F, Delcea M, Scholz F (2020) The effects of the chemical environment

of menaquinones in lipid monolayers on mercury electrodes on the thermodynamics and
kinetics of their electrochemistry. Submitted to European Biophysics Journal. Submitted for
publication on November 4, 2020. Submission ID: EBJO-D-20-00209).


https://doi.org/10.1007/s00249-020-01433-0

12 Summary

2 Summary

The main objective of this project was the electrochemical characterisation of MK’s in
membrane models. This is crucial to understand the thermodynamic and kinetic behaviour of
the MK’s in the membranes. The important findings of this thesis are:

M accessing the ion pair equilibrium constant of anions and cations with DPPH
redox probe as a model study using the three-phase electrochemistry,

(i) the redox potentials of menaquinone-4, -7, and -9 in DMPC monolayers and the
acidity constants of MK’s in membranes monolayer model, and

(iii)  the effects of membrane composition and the aqueous environment on the

thermodynamics and kinetics of MK’s in membrane models.

The electrochemical study of ion transfer between two immiscible (organiclaqueous) phases
(three-phase electrochemistry) has provided the standard free energies of ion transfer.
Further, the ion pair equilibrium constants of the studied ions with DPPH have been
determined, see publication No. 1 (Dharmaraj K, Nasri Z, Kahlert H, Scholz F (2018) The
electrochemistry of DPPH in three-phase electrode systems for ion transfer and ion
association studies. J Electroanal Chem 823:765-772.
https://doi.org/10.1016/j.jelechem.2018.06.012). There are several redox compounds

(decamethylferrocene, iodine, tetraphenylporphyrin, UQ-10) available, which can be used to
transfer either anions or cations, and only very few allow to study both anion and cation
transfer. DPPH is one of them because it can be reduced to DPPH™ and oxidised to DPPH".
Since DPPH can transfer both anions and cations, the tetrabutylammonium perchlorate is
used to transfer perchlorate anion and tetrabutylammonium cation. The standard free energies
of anions like nitrate, perchlorate, trichloroacetate, and hexafluorophosphate and the cation
tetrabutylammonium have been measured. The measured standard free energies of ion
transfer of anions and cation have been found to deviate from previously reported data. This
discrepancy is caused by ion pairing. The DPPH suffers strong ion pair formation with the
anions and weak ion pairing with tetrabutylammonium cation. The ion pairing equilibrium

constants (log K ) for each anion at different concentrations are identical and

ion pair
characteristic for each anion. Cations like tetramethylammonium and tetraethylammonium
are not enough hydrophilic to support the ion transfer with DPPH. The DPPH-

tetrabutylammonium tetrafluoroborate-graphite-paraffin composite electrode exhibits a stable


https://doi.org/10.1016/j.jelechem.2018.06.012

Summary 13

electrochemical system DPPH/DPPH™ by using the tetrabutylammonium cation as charge
compensation from the aqueous electrolyte. Since this model study provides valuable
thermodynamic information of ion transfer across the aqueous|organic interface, this system
can be tuned for other experiments to determine ion transfer energies and ion pairing

energies.

After the model ion transfer study to access theAGS . and log K we were interested

ag—>org ion pair 1
in the electrochemical characterisation of quinoide compounds particularly the MK’s in
membrane monolayer models. The acid-base and redox properties of menaquinone-4, -7, and
-9 in DMPC lipid monolayers on mercury have been studied and described in publication
No. 2 (Dharmaraj K, Silva JIR, Kahlert H, Lendeckel U, Scholz F (2020) The acid-base and
redox properties of menaquinone MK-4, MK-7, and MK-9 (vitamin K;) in DMPC
monolayers on mercury. Eur Biophys J 49:279-288. https://doi.org/10.1007/s00249-020-

01433-0). The DMPC monolayers spiked with MK’s have been prepared by adhesion-

spreading of DMPC liposomes containing MK’s. Using buffers from pH 4.0 to 14.0, the
redox potentials have been calculated. The MK’s exhibit electrochemically reversible
systems and thin film behaviour. The formal potentials have been determined for MK-4, -7,
and -9 and it has been found that MK-7 and -9 exhibit identical potentials. Only the formal
potential of MK-4 is slightly more positive than that of the other MK’s. The acidity constants
are identical for the three MK’s, and all higher than 12.0. Therefore under physiological
conditions i.e., pH 7.4, the MK’s are present in the completely protonated form (MK/MKH,).
The reason for the identical and larger acidity constants can be explained as follows:
generally, these diprotic acids (QH,) have two acidity constants. When dissolved in solution,

they have two well separated PK, ’s, but in the case of surface immobilised system (as also in

monolayers), they have identical pK,’s, which are also higher than those of the dissolved

species. This is because these immobilised molecules do not behave like individual
molecules, but rather act as a separate phase together with the lipids. The protolysis of the
dissolved acids is mainly driven by the entropy by structuring the water molecules around the

ions. Therefore, the entropy of the dissolved species is larger than that of the surface
immobilised molecules (AS e > ASqurtace confined ) THE decrease in entropy of the surface

immobilised molecules (monolayer) causes the higher stability of the protonated form, which
ultimately results in larger acidity constants. The number of electrons transferred between

oxidised and reduced forms of MK-4 at pH 7.4 is found to be 2. These measurements were


https://doi.org/10.1007/s00249-020-01433-0
https://doi.org/10.1007/s00249-020-01433-0
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performed by chronocoulometry. The overall electrode process involves two protons and two
electrons (2e~/ 2H"). From this study, we can understand that these MK molecules are highly
efficient to transfer two electrons and two protons for redox reaction in the DMPC lipid

environment.

With this primary understanding of the electrochemical behaviour of MK’s, we have further
extended the study to see the effects of membrane composition and of the aqueous
environment of the MK’s (cf. publication No. 3 (Dharmaraj K, Dattler D, Kahlert H,
Lendeckel U, Nagel F, Delcea M, Scholz F (2020) The effects of the chemical environment
of menaquinones in lipid monolayers on mercury electrodes on the thermodynamics and
kinetics of their electrochemistry. Submitted to European Biophysics Journal. Submitted for
publication on November 4, 2020. Submission ID: EBJO-D-20-00209)). The effects of
cholesterol, water activity, and cardiolipins on MK’s have been elucidated. The DMPC-
cholesterol system shows five different phases, i.e., gel, liquid disordered, liquid ordered, gel-
liquid ordered, and liquid ordered-liquid disordered phases. The thermodynamics and kinetics
of MK-7 has been interrogated in all these phases and it could be shown that the
thermodynamics are not affected by the presence of cholesterol, however, the kinetics are
affected. At low cholesterol content, the separation between anodic and cathodic peaks in
cyclic voltammetry is small and increases only at high cholesterol content. The electron
transfer rates of MK-7 depend on the nature of DPMC phases and pH of the aqueous
electrolyte. Therefore, it could be concluded that the presence of cholesterol affects the
kinetics of menaquinones in the used membrane model. The formal potentials increase with
decreasing water activity (i.e., increasing the ionic strength), although only slightly (1-29
mV). The water activity does not affect the kinetics of MK-7. The impact of synthetic
cardiolipin 1,17,2,2’-tetramyristoyl cardiolipins (TMCL) and natural heart cardiolipin (bovine
heart) (nCL) on the electrochemistry of MK-7 has also been studied. The addition of MK-4 to
the TMCL does not change the phase transition temperature of TMCL. nCL does not exhibit
any phase transition in the temperature range 7 °C to 90 °C. Hence, the MK-4 addition does
not affect the phases of the cardiolipins. The formal potential of MK-4 in nCL monolayers
has been found to be larger than in TMCL monolayers. Thus the nature of the lipids clearly
affects the formal potentials of MK-4. The apparent electron transfer rate constants of MK-4
depend on the type of cardiolipins, TMCL phases, temperature, amount of MK-4 in the
membrane, and pH of the aqueous phase. The thermodynamic parameters such as change in

free energy, entropy, and enthalpy and activation energy have been also determined for MK-
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4. These data also depend on the nature of the membranes. In this regard, it is clear that the
membrane composition and the aqueous environment have serious effects on the MK redox
system. Thus, the effects of membrane composition and aqueous environment always have to

be taken into account when the biological function of membranes are discussed.

The results from this project demonstrate the possibility to determine ion transfer and ion
pairing free energies with DPPH, which expands the electrochemical tools for studying ion

partition equilibria.

Further, the thermodynamics and Kkinetics of menaquinones have been accessed in a
monolayer membrane model. The results clearly point to the effects of (i) other membrane
constituents and (ii) the aqueous inner-cellular (or inner-organelle) phases on the
thermodynamics and kinetics of membrane-bond redox active compounds. Although the
effects on thermodynamics are obviously small, they may considerably affect the redox
equilibria involved in the respiration chain, especially because the redox potentials of the
involved systems are rather close to each other. The results of this project show that the
kinetics of the redox reactions strongly depend on the composition of membrane and aqueous
phase. This may be explained by the faint effects on thermodynamics resulting from its
function as driving force, but it may have also other reasons, which need to be studied in

future.
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ARTICLE INFO ABSTRACT

Keywords:
Three-phase electrode

The three-phase electrochemistry of 2,2-diphenyl-1-picrylhydrazyl (DPPH) has been studied by attaching a
droplet of nitrobenzene (NB) containing DPPH to a graphite electrode in an aqueous electrolyte solution. Since

DPPH DPPH can be reduced to DPPH ™~ and oxidized to DPPH", the accompanying ion transfer to NB and ion pair

Free energy of ion transfer
Ion pair formation
Composite electrode

formation in NB are accessible. The anion transfer from water to nitrobenzene is accompanied by the formation
of ion pairs [DPPH" An~] with nitrate, hexafluorophosphate, perchlorate and trichloroacetate. The ion pair
formation of DPPH™ with tetrabutylammonium cations is very weak., When the DPPH is dissolved in molten

paraffin together with the salt tetrabutylammonium tetrafluoroborate (TBATFB), and composite electrodes are
produced by mixing the paraffin with graphite powder, DPPH exhibits a typically surface electrochemical re-
sponse providing a rather stable system DPPH/DPPH .

1. Introduction

Three-phase electrochemistry is typically realised with electroactive
solids undergoing insertion electrochemical reaction (e.g. in battery
materials). Using organic solvent droplets containing dissolved redox
active compounds, allows to expand three-phase electrochemistry in
order to study the thermodynamics ruling insertion electrochemistry
[1-5]. In that arrangement, the electrochemical reaction commences at
the three-phase boundary. Studies of the thermodynamics of insertion
electrochemical reactions are of general importance as they provide the
key to distinguish between the contributions of electron and ion
transfer to the overall electrochemical reaction [6, 7].
Decamethylferrocene (DMFC) has been used extensively for the transfer
of anions. For cations, iodine [8] and iron(III) tetraphenyl porphyrin
chloride [9] are applicable. Only one compound (lutetium bis(tetra-tert-
butylphthaloeyaninato) has been reported so far [10, 11] to be able to
transfer both anions and cations; however, that complex is not com-
mercially available. Instead of using droplets of organic solvents, also
solid phases capable of insertion electrochemical reactions can be used
to determine free energies of ion transfer between different solvents,
even between miscible solvents [6, 7]. The electrochemistry of DPPH
dissolved in organic solvents [12, 13] and also as solid material [14] is
well documented. Here we show that the stable radical 2,2-diphenyl-1-
picrylhydrazyl (DPPH) can be also used for ion transfer studies, al-
though ion pair formation complicates the system. The DPPH study has
been performed also to better understand the behavior of DPPH in lipid
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monolayers, which will be reported in due course.
Experiments with DPPH-TBATFB-graphite-paraffin composite elec-
trode indicate a possible use for detecting radical scavengers.

2. Experimental
2.1. Chemicals

The following chemicals were used: tetramethylammonium bro-
mide (TMAB) (99%), KNO; (=99%), nitrobenzene (GC Assay) and
paraffin  in pastille form were from Merck, Germany.
Tetraethylammonium bromide (TEAB) (99%), tetrabutylammonium
bromide (TBAB), tetrabutylammonium hydroxide (TBAOH) and po-
tassium hexafluorophosphate (PHFP) (=98%) were from Fluka,
Switzerland. Tetrabutylammonium perchlorate (TBAP) (=98%),
TBATFB (99%) and DPPH from Sigma Aldrich, Germany, and sodium
perchlorate from VEB Laborchemie Jena, Germany. Sodium tri-
chloroacetate (CCl;COONa) and graphite powder (99.99%) were from
Alfa Aesar, Germany. Potassium chloride (99.5%), disodium hydrogen
phosphate (98%) and sodium dihydrogen phosphate (98%) were from
Roth, Germany. Paraffin impregnated graphite electrodes (PIGE's) have
been prepared as previously reported [15].

2.2. Instrumentation

CV's were recorded using the AUTOLAB PGSTAT 12 (Metrohm,
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Switzerland) in conjunction with a conventional three-electrode cell in
all experiments. The working electrode was a PIGE with diameter of
5mm, the reference electrode was Ag/AgCl (sat. KCl) and a platinum
rod served as counter electrode.

Electrode preparation

(a) Graphite electrodes with attached nitrobenzene droplets con-
taining DPPH

One microliter droplets of nitrobenzene containing, if not otherwise
stated, 10™° mol L~ ! DPPH, where dispensed with a pL-pipette to the
polished circular surface of paraffin impregnated graphite electrodes.

(b) Composite electrodes consisting of graphite, DPPH, and TBATFB

DPPH and TBATFB were dissolved in melted paraffin (m.p.:
56-58 °C) and mixed with graphite powder to prepare composite elec-
trodes. Three different electrodes were made:

(El-1) 2.26 mass-% DPPH, 37.59 mass-% paraffin, 60.15 mass-%
graphite (0.015 g DPPH, 0.25 g paraffin, 0.4 g graphite),

(El-2) 2.03 mass-% DPPH, 10.14 mass-% TBATFB, 33.78 mass-%
paraffin, 54.05 mass-% graphite (0.015g DPPH, 0.075g TBATFB,
0.25 g paraffin, 0.4 g graphite), and,

(EI-3) 2.22 weight-% DPPH, 40.00 weight-% TBATFB, 22.22 mass-%
paraffin, 35.56 mass-% graphite (0.025 g DPPH, 0.45g TBATFB, 0.25g
paraffin, 0.4 g graphite).

A portion of each composite mixture was pressed into 5mm dia-
meter plastic rods and used as working electrode. The electrode surface
was polished on a piece of weighing paper.

All the measurements were performed in 50 mM phosphate buffer
(pH7.0).

3. Results and discussion

3.1. Electrochemistry of DPPH in an immobilized nitrobenzene droplet
coupled to the transfer of counter ions from water to nitrobenzene

DPPH exhibits in nitrobenzene (NB) solutions two reversible redox
systems:
DPPFH + e~ 2 DPPH™
(mid-peak potential Ejf,- = 0.225V vs SCE), and
DPPH = DPPH* + e~

(Equilibrium I)

(Equilibrium 1II)

(mid-peak potential E[}}Y,, = 0.790V vs SCE) [13]. The nitro groups of
DPPH are irreversibly reduced when the potential is decreased below
about —0.5V, but this has been avoided in all experiments reported
here. Fig. 1 shows consecutive cyclic voltammograms (CV's) recorded
with a graphite electrode to the surface of which was attached a 1 uL
droplet of NB with 10~ >mol L.~ DPPH. The surrounding aqueous so-
lution contained 4 mmol L™ " tetrabutylammonium perchlorate (TBAP).
Unfortunately, a larger salt concentration could not be used because of
the poor solubility of TBAP in water. Two main voltammetric systems
are present, one with a mid-peak potential of around 0.35V and the
other around 0.87 V, indicating that the first is caused by the system
DPPH/DPPH ~ and the second by DPPH/DPPH *. The very small system
at around 0.75 V could not been yet elucidated. Although the CV's show
slight changes in the course of cycles, the mid-peak potentials are re-
lative constant. The CV's exhibit a third system which precedes the
DPPH/DPPH™ couple, but only when the CV's are recorded in the full
potential range.

(a) Cation transfer caused by DPPH reduction
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Fig. 1. Cyclic voltammograms of 1pL nitrobenzene droplet containing
10 % mol L™ DPPH attached to a PIGE and surrounded by an aqueous elec-
trolyte containing 4 mmol L~ ! TBAP. Scan rate: 10mVs™ ', starting potential:
0.5V. The arrows mark the changes of voltammograms during cycling.
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Fig. 2. Cyclic voltammograms of 1plL nitrobenzene droplet containing
10~ mol L~ DPPH attached to a PIGE and surrounded by an aqueous elec-
trolyte containing 0.1mol L™ ' TMAB. Scan rate: 10mVs ™, starting potential:
0.65V. The arrows mark the changes of voltammograms during cycling.

Following this experiment, separate studies have been performed
with the two main redox couples: Fig. 2 shows the couple DPPH/
DPPH™ with an aqueous electrolyte containing 0.1molL™" tetra-
methylammonium bromide (TMAB). The peak currents rapidly de-
creased in consecutive cycles, and the droplet completely lost its pink
colour. This is indicative of a transfer of DPPH™ from NB to water,
where it disappears due to diffusion into the bulk. Obviously, tetra-
methylammonium cations are not hydrophobic enough to support the

electrode reaction.
DPPHy; + e~ + TMAY, 2 DPPHy; + TMALy (Equilibrium I11)

with a cation transfer from water to NB. The proceeding electrode re-

action is instead:
DPPHyg + e~ = DPPHy, (Equilibrium 1V)

Essentially the same observations were made when using
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Fig. 3. Cyclic voltammograms of a 1pL nitrobenzene droplet containing
10" *mol L' DPPH attached to a PIGE and surrounded by an aqueous elec-
trolyte containing 0.05mol L ™' TBAB. Scan rate: 10mV s~ ', starting potential:
0.65 V. The arrows mark the changes of voltammograms during cycling.

tetraethylammonium cations. When tetrabutylammonium cations are
provided in the aqueous phase, the voltammetric system is rather
stable, i.e. only minor changes of peak currents are observed (ef. Fig. 3).
The electrode reaction could be:

DPPHyy + e~ + TBA], 2 DPPH + TBAY, (Equilibrium V)

If that reaction is operative, for the condition cpppy,, < gy, the
slope of the mid-peak potential vs. logc,y,+ should be +59mV at 25°C
[2]. Experimentally we found a strong dependence of the formal po-
tential on TBAB concentration (Fig. 7): in the lower concentration re-
gion the slope is around 95 mV and in the higher concentration region
the slope is 23 mV. Since TBAB can partition between NB and water, a
mixed mechanism with involvement of partitioned Br™ is also possible:

DPPHys + €~ + Bryy = DPPHy, + Bry, (Equilibrium VI)

If the reactions V and VI proceed simultaneously, the slope may vary
with TBAB concentration in the aqueous phase. The peak separation in
CV is 54 and 58 mV for crgyt = 0.1 mol L™ and ¢pr = 0.05 mol L7,
respectively, which is in agreement assuming a one-electron reaction.
For ¢, = 0.01 mol L™" the peak separation increased to 99 mV, and
for ¢qpst = 0.005 mol L~! the peak separation was even 123 mV, in-
dicating increasing irreversibility. Because of the described problems
using TBAB, we performed experiments using tetrabutylammonium
hydroxide (TBAOH), as the hydroxide ions are much more hydrophilic
than bromide, and a simultaneous transfer of OH~ with TBA™ is ex-
cluded. Using TBAOH the slope of formal potentials versus logarithm of
TBA™ concentration was 70 mV (in the range of TBAOH concentrations
0.1mol L™ ! to 5 mmol L™ %). Since in that system now the Equilibrium V
is obviously operative, the following equation can be applied:

_E RT RT 2

Ap~ o N —-—=lne_,, ——Mh
P, TBA "o, DPPHY,', TBAL po F F Qrm_

EY _

D-PD(‘.;‘

1)

when the condition Cgp,,HNB < Cpyyt, is kept [2]. Using this equation,
AGY i I found to be —10.61KImol™" (A@] ., rmy = 0.11V).
Previously, using DMFC as redox probe, we have determined AG, o, ..
= -8.2KJmol ™! (A¢ . rau- = 0.085 V). As we show in the paragraph
on ion pair formation, the more negative value calculated here is most
probably the result of the additional driving force due to that ion pair

formation in NB.

(b) Anion transfer caused by DPPH oxidation
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Fig. 4. Cyclic voltammograms of a 1pL nitrobenzene droplet containing
-3 -1

10 “molL™ " DPPH attached to a PIGE and surrounded by an aqueous elec-

trolyte containing 0.1 mol L' KNO,. Scan rate: 10mV's ', starting potential:

1.05 V. The arrows mark the changes of voltammograms during cycling.

The system

DPPHyg = DPPHY, + e (Equilibrium VII)

should be capable to transfer anions from the aqueous phase to NB,
according to the electrode reaction:

DPPHyg + Any, 2 DPPHY, + Anyg + €~ (Equilibrium VIII)

Therefore, experiments have been performed providing different
anions in the aqueous phase. With nitrate ions in the concentration
range from 10" ' molL™" to 510 *mol L™ the voltammetric peak
currents quickly decreased (cf. Fig.4). With perchlorate anions, the
voltammetric system was stable (Fig. 5), and the formal potential
shifted by —61 mV with logcan,. The peak separation was 86 mV for
nitrate (NO3), 83mV for perchlorate (ClO;), 151 mV for hexa-
fluorophosphate (HFP ™), and 88 mV for trichloroacetate (TCA™). With
the exception of hexafluorophosphate, the values are not too different
from the 60mV of a one-electron process. The calculation of the

A 5, values was performed with the equation:
. . RT BT Coerny
A, o = Eopers e~ Bty + 0G0y~ @
3
=

0.5 0.6 0.7 0.8 09
EIV [vs. Ag/AgCl|

Fig. 5. Cyclic voltammograms of a 1pL nitrobenzene droplet containing
10"?mol L~ ! DPPH and surrounded by an electrolyte containing 0.1 molL™"
NaClO,. Scan rate: 10mVs ™!, starting potential: 0.5 V. The arrows mark the
changes of voltammograms during cycling.
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Table 1
Standard free energies of anion transfer AG, . . in kJ mol ! as determined
with the help of DPPH oxidation, and literature values.

Anion  Thiswork  [1] (61 071 (sl [e]  [20]
NOy 17.92 26.05 2605 24 244 261 244
coy 331 8.01 878 10 8 77 87
TCA™ 1636 18.8 [21]
HFP™  —4.95 ~1.16

and using the relation AG, ., =-nFAg] . . the standard free en-

ergies of anion transfer AG, . were found (see Table 1).

In view of the rather consistent values provided in literature and in
our previous measurements, we assume that the significantly smaller
values calculated in this study are the result of an additional driving
force for the transfer of anions from water to NB. This additional
driving force can be explained by ion pair formation of the kind
[DPPH " anion ™ ] (see next paragraph).

Quantitative treatment of a possible ion pair formation of DPPH ™
and DPPH " with the transferred counter ions in nitrobenzene

(a) Ion pair formation of DPPH* with transferred anions

When the electrochemically generated DPPH™ cations form ion
pairs with the transferred anions, the following equilibria have to be
considered:

Ker/im
DPPHyg + Any, =

DPPH{; + Anyy + e~ (Equilibrium VIII)

Kion pai

1
DPPH}y + Anyy 2  [DPPH*ANn |yg (Equilibrium IX)

Neglecting the deviations between activities and concentrations, the
ion pair formation has the following equilibrium constant Kion pair:
C([DPPH*An"])NB

Kion pair = =
CannCpprHiy

(3

because of the electroneutrality condition (cm;,,,H;m = Canyy) it follows
from Eq. (3) that

2 _ C([DPPH*An")ng
5 I N,
DPPHyp Kion pair 4
The formal potential of the Equilibrium VIII is:
. ) RT .. Copom Cunc
B = +Agp® _—InTe e
‘e, DPPESGY, An 'DPPHY q’wa)m, An’ F - Cm; (5)
With Cpppt, = Canyy follows for the case of ion pair formation:
e 5 RT DPPH;,
£ _ = +A@~ R Rl § 23
o, Depu!, Az s icnpeie - oeemty O Pusnmar TR N c0n ©)
bstituting ¢ from Eq. (6), yields:
Substitut 2 Chppgt, frO q. (6), yields: .
B RT RT o]
E*® =E . +AQ” -—ne, +—h .
DRPHY', Aty DEPHY ] e
o ABy g5, ion pair W-sNB, An F “An, F ¢ Khw o
7

Mass conservation (no transfer of DPPH species to water) can be
expressed as follows

0
Coppng + Cpppigy + C(IDPPHY AN N = Coppig:

(8)
where Cfppyy,, denotes the overall concentration of DPPH (all species).
At the formal potential, the concentrations of oxidized and reduced
DPPH are equal:

CSPPHNH
C(pepr*an=ng + Copprdy = CDPPHNB = — )
Assuming that in this balance equation the relation

C(DPPH*AN]INB > Cpppr, Dolds, ie.,
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Table 2

Logarithm of equilibrium constants of ion pair formation using Eq. (12), and the
average of literature values of Ac!:_m an (0-256 V for nitrate, 0.089 V for per-
chlorate, and 0.195 V for trichloroacetate, —0.012 V for hexafluorophosphate),
the literamre_value of E;"ﬂ_,‘ [13], and the experimentally measured formal

potentials E“nm_’a..h; e,

Anions Concentration [mol L™'] log Kion pair
NOy 0.1 4.44
0.05 4.56
0.01 4.49
0.005 4.51
cloy 0.1 426
0.05 4.25
0.01 4.15
0.005 4.28
TCA™ 0.1 3.74
0.05 3.74
0.01 3.74
0.005 3.74
HFP™ 0.1 3.91
0.05 3.93
0.01 4.18
0.005 3.89

cl
C(DPPH* AN N & CDPPHNp R w is a good approximation, one
gets:
C
; . BT, RT, (oers],
L rrnt o, s = Eoermts + O S K,
([pepartaac]) | “Honpele
(10)
. RT RT
B, oers, . apic = ooty AP e = g WG = 0K (1)

and for T = 25 °C the equilibrium constant of ion pair formation can be
calculated with equation:

log Koy o = E;'“&' _Ejl;"ﬂﬁ.A-;MMﬁ +A¢’,::m.h- ‘°~059[V]logc“;
o 0059[V] az)

The standard potential E,;mg_ﬂ was taken from reference [13], where
it has been provided from cyclic voltammetry as the mid-peak potential
measured versus an aqueous saturated calomel (SCE) electrode using a
two-part salt bridge, where one part (connecting the SCE) was filled
with saturated KClI solution, and the other part (connecting with the NB
solution) was filled with the same electrolyte as the voltammetric cell
(0.1 mol L' tetraethylammonium perchlorate). We are aware that the
salt bridge may introduce a small deviation of the potential referred to
an aqueous electrolyte. Of course, we have converted the SCE related
data to Ag/AgCl data of our experiments.

Table 2 lists the logarithms of equilibrium constants of ion pair
formation for 4 different anions, each at 4 different concentrations in
the aqueous phase. For these data we have used the literature values of
standard potentials of ion transfer, because they are very consistent,
and our data in Table 1 are significantly deviating towards smaller
Gibbs energies of transfer. It is very remarkable that the calculated
equilibrium constants are independent of the anion concentration in the
aqueous phase, which is mandatory when the relation
C([opptan-Dng > Cpppiity, Teally holds. Therefore, the data in Table 2 are
strongly supporting “va]iclity of the approximation

- . Sopping ;
C([ppp*An-ng ¥ Copring ® ———. Further, the magnitude of the cal-
culated equilibrium constants is typical for this kind of constants for
rather small anions and larger organic cations in nitrobenzene [22, 23].
Fig. 6 gives a plot of the logKj,, pair data versus the ion potential
(charge/radius) of the anions. This plot shows that the ion pair equi-
librium constants grow with decreasing ion potential, as it has to be
expected. Since the ion pair equilibrium constants are rather high, we
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Fig. 6. Plot of the logKia, pair data versus the ion potential (charge/radius) of
the anions.
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Fig. 7. Plot of the mid-peak potential E,,, of DPPH reduction versus logarithm
of TBAB concentration in the aqueous phase.

hope that future studies can decide about the correctness of our ap-
proach.

(b) Ton pair formation of DPPH™ with transferred cations

In the case of reduction of DPPH to DPPH ™ accompanied by the
transfer of charge compensating cations, the following two equilibria
will be established:

Keryi

DPPHyg + e~ + Ci, 2 DPPHy, + Chy (Equilibrium X)

Kion pair

DPPHy + Ciyy = [DPPH Ctlyy (Equilibrium XI)

Neglecting the deviations between activities and concentrations, the
ion pair formation has the following equilibrium constant Kiqy pair:

C(IDPPH-C N

Kion pair = —————

€ty CDPPHNR 13)

Because of the electroneutrality condition (Cpppiyy = €¢f,) it follows
from Eq. (14) that

ah e C([DPPHC*])np
S Kion pair 14
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Fig. 8. Changes of the sums of cathodic and anodic peak currents of the DPPH/
DPPH ™ system in successive cyclic voltammograms for (a) Electrode El-1, (b)
Electrode El-2 and (c) Electrode EI-3 in phosphate buffer (pH 7.0).
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Fig. 9. (a) Peak separation of the DPPH/DPPH ™ system versus logarithm of
scan rate. (b) Peak separation of the DPPH/DPPH ™ system versus scan rate in
the smallest scan rate range.
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Fig. 10. Plot of every 20th scan between the 800th and 1.000th cyclic vol-
tammograms of electrode El-3 in phosphate buffer (pH7.0). Scan rate:
100 mV s~ ', starting potential: 0.6 V.
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The formal potential of the Equilibrium X is:

o 2 RT . Corrsg ey,
E> =ES i +AQT —
T e ST . 15)
With epppry, = Cit follows for the case of ion pair formation:
p RT . CoersgCc,
+Ap® 4 I G
Po-sren,c* F ‘.‘1,"( (16)

Substituting L‘]%pPH;’“ from Eq. (16), yields:

E et & smimonc = Eoerat

. RT
_g= e —n e g
E:mlﬁ',c;.nimp-h ’Ewm."; +APw-ms.c' F o R o -
(o)) 17)
Mass conservation (no transfer of DPPH species to water) can be
expressed as follows:

CoPPHRy + CPPHys F C(IDPPH-C*ng = Chpping (18)

where Cpippy,, denotes the overall concentration of DPPH (all species).
At the formal potential, the concentrations of oxidized and reduced
DPPH are equal:

CgPPUNB
2 (19)

C(ppru—cHng + Coppryg = Copriing =

Assuming, that in this balance equation the relation
¢([pprH-C*)ns > Coppry, holds, the last equation gives the approxima-

c
. DPPHNR ¢
tion ¢(prer—c*ing & Copphg ® —5 5 from which

follows:

G K,
. - - RT RT . “[owmc]) “ourir
E® =E> . +Ap® +—Inc, +—In
DPPHEG', o DPPHY! w-3NB,C*
& DFPHRG', G, fom par = F % F cﬂm“d]}‘ (20)

¢ o RT RT
E, oreut, 1 e = Ecomts + AP s 00 ¥ T gy 0 K e (21)

and for T = 25 °C the equilibrium constant of ion pair formation can be
calculated with equation:
E:I;m.‘.',c'....,mw _EI;PH‘,'.‘ _Awf-mnc' —0.059V]log e,
0.059V] (22)
Using the average literature value of A@, . .. = 0.28V [17, 24,
25], Table 3 gives the calculated data of the logarithm of equilibrium
constants for the formation of ion pairs of DPPH™ and TBA*. The
data vary slightly with TBA™ bulk concentration in water,
and the average value Kioy pair = 2.5 indicates that the approximation
ChppHng
2

]DgKhnpllr -

C(DPPH-C*)np & CDPPHyR & is certainly not very good. Never-
theless, the results indicate that the equilibrium constant of ion pair
formation of DPPH™ with TBA™ is small, which is understandable,
bearing in mind the large radii of both ions and their considerable li-
pophilicity. Nevertheless, it may be responsible for the deviation of the
Gibbs energy of transfer (—10.61 KJ mol ") calculated when using the
DPPH/DPPH ™ system.

3.2. Electrochemistry of DPPH in solid paraffin (containing an organic salt)
in a graphite-paraffin composite electrode

Electrode EI-1 (see experimental part) gave a rather small

Table 3

Logarithm of equilibrium constants of ion pair formation using Eq. (22), and the
average of literature value of Acﬂf’_,m raae (0.28V for tetrabutylammonium ca-
tions), the literature value of £, ., and the experimentally measured formal
potentials Efm e ionpuir 1OT @ue0US solutions of TBAOH.

Cation Concentration [molL~"] log Kion pair
TBA® 0.1 0.59

0.05 0.42

0.01 0.40

0.005 0.28
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voltammetric system with peak currents that increased during the first
20 cycles, and then continuously decreased (Fig. 8a). Electrode El-2
gave a larger voltammetric signal with increasing peak currents during
the first 20 cycles. In the following cycles, the system was rather con-
stant, although slightly fluctuating (Fig. 8b). Electrode El-3 showed a
superior behaviour: the peak current reached after the first 500 cycles
constant values, which were about four times that of electrode El-1, and
they stayed constant until 1000 cycles, without showing any dimin-
ishing (Fig. 8c). Fig. 9a shows a plot of peak separation versus loga-
rithm of scan rate and Fig. 9b versus the scan rate in the smallest scan
rate range. Fig. 10 depicts every 20th scan between the 800th and
1.000th cyclic voltammogram of electrode EI-3. It is not easy to un-
derstand, how the DPPH response of the electrodes is working: Unlike
in case of nitrobenzene, the DPPH is here dissolved in the solid paraffin
and a transfer of the TBA™ cations in to the paraffin is impossible.
However, clearly the TBATFB content affects the DPPH response and
with increasing salt content, the currents grow. The peak separation
approaches 30mV at the slowest scan rates. Although the peak se-
paration does not reach zero mV, this indicates a surface confined
process. The stability of the voltammetric system proves that DPPH is
not lost to the solution and, if TBA" cations are the charge compen-
sators of DPPH ~, also the TFB ™ anions are obviously not transferred to
the aqueous solution, as there they would diffuse in to the bulk and
their surface concentration would decrease. Possibly, they adsorb an-
ions from the aqueous phase, so that charge neutrality is maintained at
the surface. Since electrode El-3 provided the properties which are
desirable for a sensor, experiments have been performed to use this
electrode for the detection and quantification of radical scavengers.
DPPH is one of the classical reagents for quantifying radical scavengers
[26, 27] and electrochemical sensors containing DPPH have been de-
scribed previously [e.g [28]]. The composite electrodes described here
offer the possibility of complete regain of the voltammetric response
after exposure of the electrode to radical scavengers and the voltam-
metric measurement of the diminished DPPH response.

4. Conclusions

2,2-diphenyl-1-picrylhydrazyl (DPPH) can be reduced to DPPH™
and oxidized to DPPH" in a nitrobenzene droplet immobilized on a
graphite electrode and in contact with an aqueous electrolyte solution.
In this three-phase arrangement, it offers the possibility to study the
charge compensation transfer of cations in case of DPPH™ formation,
and that of anions in case of DPPH® formation. In contrast to the
decamethylferrocene/decamethylferrocenium system, which allows
studies of anion transfer, DPPH suffers from rather strong ion pair
formation ([DPPH* An 1) and a weak, but not negligible ion pair for-
mation in case of [DPPH TBA™*]. The systems DPPH/DPPH ™ and
DPPH/DPPH™ can certainly be suggested for further ion transfer stu-
dies in three-phase arrangements; however, data have to be carefully
evaluated with respect to a possible ion pair formation of DPPH™ and
DPPH* with transferred cations and anions respectively, and also with
respect to a possible transfer of DPPH™ and DPPH" from the non-
aqueous to the aqueous phase. This study will also complemented by
future studies of the DPPH electrochemistry in lipid monolayers, similar
to our previous publication on ubiquinones [29].

The DPPH-TBATFB-graphite-paraffin composite electrode is an in-
teresting candidate for sensing radical scavengers. Its analytical po-
tential will be evaluated in upcoming studies.
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Abstract

The acid-base and redox properties of the menaquinones MK-4, MK-7, and MK-9 (vitamin K,) have been studied in
DMPC monolayers on mercury electrodes. The monolayers were prepared by adhesion-spreading of menaquinone-spiked
DMPC liposomes on a stationary mercury drop electrode. All three menaquinones possess pK, constants outside the experi-
mentally accessible range, i.e., they are higher than about 12. The standard potentials of MK-4, MK-7, and MK-9 in the
DMPC monolayers are very similar, i.e., 0.351, 0.326, and 0.330 V (corresponding to the biochemical standard poten-

tials —0.063, —0.088, and — 0.085 V).
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Introduction

A very recent review of the electrochemistry of vitamins
highlights the importance of solid thermodynamic data,
and it also shows that no reliable data concerning Vitamin
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K are available (Lovander et al. 2018). Vitamin K, in its
hydroquinone state, functions as an exclusive coenzyme of
y-glutamyl carboxylase (GGCX, EC 4.1.1.90), which cata-
lyzes the post-translational y-carboxylation of a number
of vitamin K-dependent proteins (Kleuser 2018). Thereby,
important physiological and pathophysiological processes
such as blood coagulation, bone metabolism, arterial cal-
cification, oxidative stress, and extrahepatic tissue energy
metabolism are regulated (Chatron et al. 2019). Vitamin K is
not a single compound but represents a multitude of chemi-
cally related molecules with similar biological activity. All
K vitamins possess a 2-methyl-1,4-naphthoquinone moiety
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(menadione, vitamin K,). In menaquinones (K, vitamins),
substituents are present in position 3 consisting of differ-
ent numbers of isoprenyl units (MK-1 to MK-14). GGCX is
only activated by vitamin K in its hydromenaquinone state,
which in this reaction is converted to the inactive vitamin
K epoxide (Oldenburg et al. 2008). Its reactivation is medi-
ated by vitamin K epoxide reductase (VKORC1) (Olden-
burg et al. 2008). Studying the interaction of menaquinones,
menadione, and phyllochinones with VKORCI, Chatron and
co-workers revealed that indeed the length of the isoprenoid
substituent determines the affinity of vitamin K derivatives
to the VKORCI (Chatron et al. 2019): binding free energy
of the epoxide forms to VKORC1 was highest for MK-7, fol-
lowed by vitamin K, and MK4, whereas that of K; (lacking
any side chain) was by far lower. This distinguished feature
of MK-7 is in accordance with the beneficial effects of this
particular derivative in preventing vascular and bone dis-
eases, decreasing the risk of cancer (Nimptsch et al. 2008)
and diabetes (Beulens et al. 2010), and decreasing the risk
of coronary artery diseases in dialysis patients (Gast et al.
2009). As to how these different biological activities of
menaquinones with different isoprenoid chain length is due
to their distinct acid-base and redox properties remains to
be elucidated.

The compounds studied in this work include the promi-
nent K, vitamin family members MK-4, MK-7 as well as a
more lipophilic derivate, MK-9. They are listed in Table 1.
The biological functions, the biosynthesis and dietary
aspects of menaquinones are well covered in the literature
(Shearer et al. 2008; Maklashina et al. 2006; Cotrim 2016;
Grober et al. 2014) and do not need to be discussed here.

The menaquinones listed in Table 1 were incorporated
in DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
monolayers on the surface of mercury electrodes (station-
ary hanging drops) to study their redox and acid-base
equilibria. The DMPC molecules of the monolayer on
mercury form an ‘ordered fur’ of molecules with the polar

Table 1 The three menaquinones used in this study

7N

MK-4 i 5

MK-7 | !

Menaquinone-7

MK-9 %\WYWM &

Menaquinone-9

@ Springer

phosphatidylcholine head groups facing the water interface.
It is probable, but not yet proven that the menaquinone mol-
ecules are arranged between the DMPC molecules with the
naphthoquinone head groups also facing the water interface.
Whereas MK-4 has a C, 4 chain like the two palmitoyl chains
of DMPC, MK-7 has a C,3 and MK-9 even a C;¢ chain.
Clearly, MK-7 and MK-9 have to assume a bended structure,
either partly sandwiched between the DMPC monolayer
and the mercury surface, or bended between the DMPC
molecules.

When the oxidized form is abbreviated by MQ, and the
reduced by MQH,, the following overall equation describes
the coupled redox and acid-base equilibria:

MQ + 2¢ + 2H;0* = MQH, + 2H,0
(Equilibrium I)
This equilibrium can be split as follows, in the pure redox
equilibrium.

MQ + 2" 2 MQ™ (Equilibrium IT)

and the two

2

having the standard potential E®
MQMQ?

acid-base equilibria.

MOQH, + H,0 2 MQH™ + H;0" (Equilibrium IIT)

MQH™ + H,0 2 MQ> + H,0" (Equilibrium TV)

having the two acidity constants K, and K, (or pK,;, and
pK,o. resp.). The reduction of MQ can proceed in two one-
electron steps with a semiquinone radical as intermediate,
which may also exist in two protonated forms (see Aguilar-
Martinez et al. 2000, where the electrochemistry of 2-phe-
nylamin-1, 4-naphthoquinone in acetonitrile is presented).
However, in an aqueous environment, the semiquinones are
normally unstable.

The pH dependence of Equilibrium I is described by the
following equation (Scholz and Kahlert 2019):

2
a ag o+ ay. ot
Eviomigr = E® + R—T] LI R ]n[ B gy 1]

momo T 2F e T2F | KuKn T K
(1

Hence, the formal potential o ., defined for

&, MOMQ?
Ay = Ay 18

2

- _o 1 RT - H,0t  y,o*

o MQMQ™  TMOMQ™ - 2F | K K, K,

(2)

The constants E2 ., pK,,, and pK,, can be experi-

MQMQ
mentally determined by plotting the formal potentials versus
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pH and fitting the plot with Eq. (2), provided there is a pH
region in which the formal potentials are independent of pH.
The pK, values can only be determined if they are positioned
in the accessible pH range, i.e., between 0 and 14. In case of
the menaquinones, the insolubility of these compounds in
aqueous solutions is a serious problem for electrochemical
measurements. A very early developed strategy to cope with
this problem was the preparation of thin films of the insolu-
ble compounds on solid electrodes (Ksenzhek et al. 1977;
Petrova et al. 2000). Although, this allowed electrochemical
measurements, the state of the molecules in the solid film
remains unknown and the meaning of the determined data
remains unclear. Later, solid quinoide compounds, esp.
ubiquinones, have been incorporated into lipid films on solid
electrodes (Gordillo et al. 2000; Marchal et al. 1997) which
to a much better extent approaches the situation of these
compounds in real membranes. Recently, we have shown
that lipid monolayers containing ubiquinones (the coen-
zymes Q,, and Q,) can be prepared on stationary mercury
electrodes (Heise and Scholz 2017), via the adhesion-
spreading of quinone-spiked liposomes (Hellberg et al. 2002,
2005; Agmo Hernéndez et al. 2008, 2013). The same strat-
egy has been followed here to prepare DMPC monolayers
spiked with menaquinones in order to allow cyclic voltam-
metric measurements from which the mid-peak potentials
have been taken as the formal potentials (under the provision
that the mid-peak potentials do not seriously deviate from
the formal potentials) (Scholz 2010).

Standard potentials and acidity constants of compounds
dissolved in water are strictly defined for all involved spe-
cies in the solvated (hydrated) state. Clearly, this is not the
case for molecules in a lipid film. Hence, these data should
be labelled ‘formal acidity constants’ and ‘formal poten-
tials” in the respective films. They are more akin to similar
data of acids and redox species confined to a solid surface.
Further, since they are part of a dielectric layer on a metal
electrode, effects of the hydrophobic environment have to
be considered (White et al. 1998, Pashkovskaya et al. 2018)
(see “Results and discussions”). Another complication may
also arise from the mobility of the immobilized compounds
in the film, i.e., the mobility of the lipid molecules and the
menaquinones. The latter may change their position when
charged and deprotonated, as it has been discussed for car-
bonic acids (Creager and Clarke 1994).

Experimental section
Chemicals
The following chemicals were used: citric acid (analyti-

cal grade) was from Serva Feinbiochemica GmbH, Ger-
many, trisodium citrate pentahydrate (extra pure) was from

Laborchemie, Apolda GmbH, Germany, disodium mono-
hydrogen phosphate dihydrate (Na,HPO,-2H,0) (>98%),
sodium hydroxide (NaOH) (>99%), potassium chloride
(KCl) (299.5%), chloroform (HPLC grade), and metha-
nol (>99.98%, ultra LC-MS grade) were from Carl Roth
GmbH, Germany, monosodium dihydrogen phosphate
dihydrate (NaH,PO,-2H,0) (pure pharma grade) was from
Applichem GmbH, Germany, disodium carbonate mono-
hydrate (Na,CO4-H,0) (>99%) was from Fluka Chemika,
Germany, sodium bicarbonate (NaHCO;) was from Merck,
Germany, DMPC (14:0 PC) (1,2-dimyristoyl-sn-glycero-
3-phosphocholine) lipid was from Avanti Polar Lipids, USA,
menaquinone 4 (MK-4) and menaquinone 7 (MK-7) were
from Sigma Aldrich, Germany; menaquinone 9 (MK-9) was
from Caymann Chemical, Germany. The buffer solutions
were prepared using citric acid/trisodium citrate pentahy-
drate for pH 4, Na,HPO,-2H,0/NaH,PO,-2H,0 for pH 6 and
7.4, Na,CO;-H,0/NaHCO, for pH 9, Na,HPO,-2H,0/NaOH
for pH 11 and 11.4 and NaOH for pH 12-14.

Instrumentation

Cyclic voltammograms were recorded with an AUTOLAB
PGSTAT 12 (Metrohm, Switzerland) in conjunction with
the electrode stand VA 663 (Metrohm, Switzerland). A
multimode electrode in the Hanging Mercury Drop Elec-
trode (HMDE) mode (drop size 2, surface area 0.464 mm?)
served as working electrode, a platinum rod and an AglAgCl
(3 M KCl, E=0.207 V vs. SHE) were used as auxiliary
and reference electrodes, respectively. The surface area
of the mercury drops has been determined via weighing
6 times 50 mercury drops and calculating the surface area
assuming complete sphericity. The standard deviation of
the surface area data was 0.0065 mm?. The redox systems
were studied with cyclic voltammetry (staircase) in normal
mode using the scan rates 10, 25, 50, 100, 200 mV s~' and
a step potential of 0.00412 V. A temperature-controlled
bath (Lauda Ecoline 003 E100) was used to ensure that all
measurements were performed at 25 °C. All the experi-
ments were repeated at least three times and the mean
values were used for the calculations. Chronocoulom-
etry was performed with 10 cycles keeping the electrode
in each cycle for 5 s at E, = E, 4, + 100 mV and at
E'q = Enyigpeax — 100 mV. The interval time was 0.1 s. The
pH meter (Qph70, VWR) was calibrated using the buffer
solutions pH 2.00 (+0.02), pH 7.96 (+0.02) from Carl Roth,
Germany, and pH 12.00 (+0.05) from VWR, Germany.
The pH measurements were conducted for all buffer solu-
tions and for pH 14 which was realised by using 1 mol L™!
NaOH solution. This solution provides also strong buffering
because of its high hydroxide concentration. The number
of MK molecules (ny) was calculated by summing up the
surface areas occupied by MK (Syx) and DMPC (Spypc)
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molecules and relating the sum to the surface area of the
hanging mercury dl‘Op (Smercury): Smercury = S[)MPC+SMK!
Smelcury= (RDMPC X SBMPC) + (nMK X S;/u()! Npmpc = 7 X MK
npype: number of DMPC molecules, ry: number of MK
molecules, r: ratio of the numbers of molecules of DMPC
to MK, S7 : surface area of one DMPC molecule, S]t'u(:

DMPC*
surface area of one MK molecule.

Liposome preparation

Liposomes were prepared according to the modified rapid
evaporation method developed by Moscho group (Mos-
cho et al. 1996). The DMPC lipids were dissolved using
chloroform, methanol and the desired amounts of menaqui-
none (for the final concentrations: 2 pmol L™', 5 pmol L™,
10 pmol L! MK) were added from a chloroform stock solu-
tion (1 mg mL"). Final concentrations of 300 umol Pt
DMPC containing menaquinone (2 pmol L' or5 pmol Lk
or 10 pmol L™! of MK-4 or MK-7 or MK-9) were obtained
by adding 20 mL of buffer pH 7.4.

Preparation of lipid monolayers on mercury
electrode

The liposome suspension was deaerated at least for 30 min
with nitrogen. A new mercury drop was formed and then
the solution was stirred for 15 min. Then the solution was
exchanged with the required buffer for studying the redox
properties and the solution was purged with nitrogen for 30
(+2) minutes. The solution exchange is mandatory to avoid
any possible response caused by suspended liposomes.

Results and discussion

The cyclic voltammograms of DMPC films spiked with
MK-4, -7 and -9 at pH 7.4 and 12 are shown in Fig. 1.

Table 2 lists the peak separations at the scan rate of
10 mV s~'. The separation of anodic and cathodic peaks
is generally small, with an even decreasing tendency at pH
values larger than 11. The small peak separation is typical
for immobilized redox systems (thin-layer behaviour).

The mid-peak potentials at constant pH are almost con-
stant in the range of 10 to 200 mV s~', just being scattered
within 5 mV, and do not differ significantly for all three
menaquinones (p=0.05).

Between pH 4 and 12, the mid-peak potentials obey
strictly linear dependences (the slopes are given in Table 3),
and above pH 12 the curves are bent towards much smaller
slopes. This bending can have two reasons: (i) if the two
pK, values are smaller than pH 14, the slope would be
about 30 mV in the range pK,, < pH < pK,,, and zero for
pK, < pH (cf. Eq. (2)). (ii) Another reason for the bending

@ Springer

could be the interference of another cation, e.g., sodium
ions, because pH values above 11 were realised with sodium
hydroxide. Then the bending can happen because sodium
ions are bond by the anionic species of the hydroquinone
forming MQNa™ and MQNa,, respectively. This case would
resemble the sodium interference of the glass electrode
response. To decide about the reasons of the bending, exper-
iments have been performed by keeping the pH constant and
changing the sodium concentration. At sodium concentra-
tions of 0.5 to 2 mol L™ the mid-peak potentials are slightly
increasing, but the pH dependence is still almost linear for
pH smaller than 11. This suggests that the pK, values are
most probably really above 12, but does not exclude an inter-
ference by sodium. At so large sodium concentration (0.5 to
2 mol L") activity coefficients deviate so much from unity
that a data interpretation is excluded. The least square fitting
of the dependences shown in Fig. 2 with Eq. (2) produced in
all cases (no significant difference at p=0.05) identical pK,
and pK, values of 13.7 (£ 1.3). The only solid conclusion
which can be drawn from the results is that the pK, values
are for sure higher than 12 and a sodium response is, if at
all, very weak.

The fitting of the dependences shown in Fig. 2 is based
on assuming that the number of electrons is two. To test
this assumption, coulometric measurements have been per-
formed. This is not an easy task, because for coulometric
measurements, the number of menaquinone molecules on
the electrode surface has to be known and was determined
as described in the experimental part.

The liposomes have been prepared with varying ratios
of DMPC to MK-4 molecules (from 300:1 to 30:1). For the
DMPC and MQ molecules rod-like (cylindrical) geometries
have been assumed. The base area of the DMPC cylinder
was taken as 60.6 - 1072° m* and that of MK-4 34.1 . 10-20
m>. According to Heppes (Heppes 2003), the maximum
surface coverage for two-size disc packing is 0.91. With
these data, the results given in Table 4 were obtained. With
increasing dilution, the number of electrons approaches 2.
This is in remarkable good agreement with the assumption
of a2e” /2H" process, given the many possibilities of errors
(e.g., weighing the compounds, liposome formation, film
formation, packing geometry, molecule geometry).

Although the above mentioned identical values of pK,,
and pK,,, resulting from the least-square fitting, cannot be
taken as strictly proven, this would not be surprising: the
phenomenon of identical pK,, and pK, data of immobilized
quinoide compounds is well known (Ksenzhek et al. 1977;
Masheter et al. 2007; Lee et al. 2013). Identical pK ; values
have been observed for drop casted films on graphite elec-
trodes, adsorbed quinones, as well as for covalently bond
hydroquinones. Anthraquinone modified carbon nanotubes
on graphite have also two indistinguishable pK, ; values of
13, and even greater than 14. The authors concluded that
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Fig.1 Cyclic voltommograms of DMPC films spiked with MK-4, -7, and -9 at pH 7.4 and 12. The film composition was 300 pmol
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Table 2 Separation of anodic and cathodic peaks for DMPC films
spiked with MK-4, -7, and -9

pH Peak separation [mV]
MK-4 MK-7 MK-9
4.0 8(x2) 10(x2) 10(£2)
6.0 22(x11) 22 (£4) 23 (x6)
7.4 18(x£7) 26 (£2) 33(x0)
9.0 15(x£2) 23 (£8) 14 (£2)
11.0 10(+2) 6(+2) 10(x£2)
12.0 4(x£3) 4(£0) 84
124 8(x0) 5(+2) 8(x0)
13.0 1(x2) 3(£5) 4(x£0)
14.0 6 (£4) 6(+4) 8(£0)

The film composition was 300 pmol DMPC + 2 pmol menaquinones.
The scan rate was 10 mV s~ ', In brackets, the standard deviations are
given, which are based on at least three measurements

Table 3 Slopes of mid-peak potentials versus pH functions of DMPC
films spiked with MK-4, -7, and -9 in the pH range 4 to 11

Menaquinones Slopes [mV/pH]
MK-4 —60.63 (+1.00)
MK-7 —59.30 (+1.32)
MK-9 —=59.70 (+1.29)

The film composition was 300 pmol DMPC + 2 pmol menaquinones.
In brackets, the standard deviations are given, which are based on at
least 45 measurements

different molecular environments and electronic coupling
determine the dissociation constants (Masheter et al. 2007).
In addition, adsorbed mercaptohydroquinone on gold has
larger pK, ; values than in aqueous buffer solution (Sato et al.
1996). However, when these compounds are dissolved in
solution, the two values pK,, and pK,, are well separated. In
Table 5 are listed the pK,; and pK,, data of quinoide com-
pounds dissolved in aqueous solutions.

The merging of the two pK,; values is just one typical
feature of immobilized dibasic acids. The other is a remark-
able increase of these values compared to the data of acids
dissolved in solutions (cf. Table 6). The increase of the pK,;
values of immobilized acids is generally between 2 and 5
units (White et al. 1998; Creager et al. 1994; Chechik et al.
2000), which equals to 11.4 to 29 kJ mol ™.

So far, the increase of pK,; values has been ascribed
to the hydrophobic environment of the acidic groups in
the films. However, we think that this is not convincing,
as it is well known that the permittivity of the medium
and its donor—acceptor properties with respect to protons
are most important (Izutsu 1990). Especially for cova-
lently bonded hydroquinones, it is most likely that the acid
groups are exposed to the aqueous phase and not housed
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Table4 Number of electrons transferred between the reduced and
oxidized states of MK-4, as determined in coulometric experiments at
different ratios of MK-4: DMPC

MK-4: DMPC No. of electrons in two
separate measurements
1:300 1.96
237
1:200 2.11
2.13
1:150 1.81
1.89
1:100 2.11
1.78
1:60 2.20
0.98
1:30 1.24
25

At least 2 different monolayers were studied for each ratio. The mean
number of electrons for all measurements was 1.92

in a hydrophobic pocket. A “hydrophobic environment™
would also be unable to explain the merging of the two pK,;
values, as in organic solvents the pK,; values are usually
well separated. For dissolved dibasic acids with completely
independent protonation sides, Adams has shown already
in 1916, that the ratio of the two acidity constants cannot be
smaller than K; : K, =4 (Adams 1916). This ratio was
indeed observed in several cases of dissolved acids.

The above-described dependence of mid-peak potentials
of cyclic voltammograms of the menaquinone spiked DMPC
films on pH is in general agreement with the observations
made by other authors in case of immobilized dibasic acids
(Masheter et al. 2007; Lee et al. 2013). As discussed before,
these authors interpreted their behavior using the common
model of two deprotonation steps characterized by the two
constants pK,; and pK,,, and finding that these constants are
equal, i.e., pK,, = pK,. This, however, allows writing just one
acid-base equilibrium:

MQH, + 2H,0 =2 MQ™ + 2H;0"  (Equilibrium V)
in conjunction with the redox equilibrium.
MQ + 2" =2 MQz' (Equilibrium II)

The two-proton acid—base equilibrium has the following
equilibrium constant:

2
angr Gy o
K= ——— =K, K, 3
AMQH,

The Nernst equation for Equilibrium II is:

RT ano
E S =E°  +—h
MomQ™ = Pyomg- T 3R

4

”MQZ’

Table5 pK,, and pK, data
of hydroquinones in aqueous

pKy PKy ApK, 4 Ref

solutions 1,4-Benzohydroquinone 9.9 11.9 2 Bailey and Ritchie (1985)
991 12.04 2.13 Abichandani and Jatkar (1938)
1,4-Naphtohydroquinone 9.3 11.2 1.9 Bailey and Ritchie (1985)
1,4-Anthrahydroquinone 10 12 2 Masheter et al. (2007)
(Aqueous solution containing 5%DMF) 9 12.05 3.05 Revenga et al. (1994)

2-Methyl-napthohydroquinone
2-Methyl-napthohydroquinone

10.4 12.55 2,15
11.5 12.5 1.0

Ksenzhek et al. (1977)
Driebergen et al. (1990)

Table 6 pK, values of some
carboxylic acids, thiophenol and

Surface immobilized

Acid dissolved in solu- References

mercaptopyridine immobilized e ek
on surfaces and dissolved in 4-Mercaptopyridine 1.6 14 Bryant and Crooks (1993)
sohitions 4-Aminothiophenol 6.9 43
HS(CH,),COOH 65-8.4 43 Burris et al. (2008)
HS(CH,),,COOH 8.0,6.4 45 Chechik et al. (2000)
HS(CH,),(COOH 55-8.5 45
HS(CH,),COOH 8.0 45
HS(CH,);COOH 6.0 45
HS(CH,),COOH 5.8,8.0 45
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ol 2 © —_—— - — —
Enviome?® EMQ/MQ*’ F In K5+ 7 lnaij + 5F In T
(5)

Since pK,, and pK,, are larger than 11 or 12, and not
exactly accessible, only the standard potential ESQ/MQH; ie.,
the standard potential relating to the couple MQ / MQH,, can
be extracted from the experimental dependences shown in
Fig. 2. The results are given in Table 7.

‘We propose the following explanation of the behaviour of
immobilized dibasic acids:

i. From a thermodynamic point of view, an immobilized
acid is not anymore an individual molecule, but it is
a separate phase with many acidic groups on its sur-
face, possessing a distribution of pK, values, resulting
in one average pK, value, Because the overall equi-
librium involves two electrons and two protons (for
aqueous solutions adjacent to the film containing the
immobilized acids) it makes sense to define one pK;
value referring to a two-proton equilibrium. Whether
the pK; in Eq. (3) is the product K, K, or resulting
from a distribution of many individual pK, values can-
not be decided now.

ii. The thermodynamics of the protolysis of immobilized
acids also fundamentally differs from that of dissolved
acids by producing an immobile, i.e., fixed, anion.
It is well established that the protolysis of dissolved
carbonic acids is mainly driven by the entropy of the
formed ions B~ and H;O"' from HB, i.e., by the struc-
turing of the solvent around these ions (Sarmini and
Kenndler 1999; Calder and Barton 1971). The enthalpy
changes are rather small. The decrease of entropy gain
caused by the fixation of the anion must inevitably lead
to a higher stability of the protonated form HB, i.e., a
lower acidity (larger pK, value). Clearly, the free energy
of protolysis is dominated by the contribution from pro-
ton solvation (Liptak and Shields 2001).

The formal potentials of MK-4, -7, -9 at different surface
concentrations (2 umol, 5 umol, 10 pmol per 300 umol DMPC)
are practically constant. When the concentration is increased
above 20 pmol per 300 umol DMPC, the redox systems behave
very differently, possibly because of phase transitions and for-
mation of separate domains of DMPC and menaquinone. This
will be studied in near future.

Conclusions
The menaquinones MK-4, MK-7, and MK-9 possess in

DMPC monolayers on mercury very similar standard poten-
tials (cf. Table 7). Applying the two pK,; model, the three

@ Springer

Table7 Standard redox potentials ""ﬁwmou, and biochemical stand-
ard potentials EfMQjMQH‘ of the menaquinones in a DMPC layer, as

derived from the plots given in Fig. 2

Menaquinones Standard redox poten-  Biochemical standard

tial | potential ES' .
MQMQ? . MOMQ?
(V) vs SHE (V) vs SHE
MK-4 0.351 —0.063
MK-7 0.3206 —0.088
MK-9 0.330 —0.085

menaquinones have practically identical acidities, and for
each menaquinone both pK_ ; values are indistinguishable so
that the acidity can also be characterized by one pK; value
for a two-proton step. The experimentally found identity of
the two pK, ; values does not mean that they are really iden-
tical: pK,; values between 13 and 14 imply a rather large
uncertainty. The acidity constants make clear that under any
physiological conditions, only the completely protonated
forms exist. Both the pK, ; values and the standard potentials
determined in this study make it understandable that these
compounds can act as highly efficient molecules to transfer
two electrons and two protons in one step.
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MK-4 exhibit an opposite pH dependence for TMCL and nCL films: the rate constants
increase in TMCL films with increasing pH, but in nCL, films they increase with
decreasing pH. This study is a contribution to understand environmental effects on the
redox properties of membrane bond redox systems.

Uwe Schroder, PhD

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Publications

53

Opposed Reviewers:

Professor, TU Braunschweig: Technische Universitat Braunschweig
uwe.schroeder@tu-braunschweig.de
bioelectrochemical expertise

Richard Compton, PhD

Professor, Oxford University: University of Oxford
richard.compton@chem.ox.ac.uk

expertise in physical chemistry

George Inzelt, PhD

Professor, University of Budapest
inzeltgy@chem.elte.hu

expertise in electrochemistry and physical chemistry

Peter Pohl, PhD

Professor, Johannes Kepler Universitat Linz: Johannes Kepler Universitat Linz
peter.pohl@jku.at

expertise in biophysics

Gerald Brezesinski, PhD

Professor, Max Planck Institute of Colloids and Interfaces: Max-Planck-Institut fur
Kolloid und Grenzflachenforschung

gerald.brezesinski@mpikg.mpg.de

Expertise in membranes and biophysics

Falk Harnisch, PhD

Professor, Universitat Leipzig: Universitat Leipzig
falk.hamisch@ufz.de

expertise in bioelectrochemistry

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



54 Publications

Manuscript Click here to access/download;Manuscript;MS 04 11 2020.docx =

Click here to view linked References

1 The effects of the chemical environment of menaquinones in lipid

1
§ 2 monolayers on mercury electrodes on the thermodynamics and kinetics of
g 3 their electrochemistry.
é
; Karuppasamy Dharmaraj', Dirk Dattler', Heike Kahlert!, Uwe Lendeckel?, Felix Nagel',
2 5 Mihaela Delcea!, Fritz Scholz!

10

11 . . i

12 6 E-mail: fscholz@uni-greifswald.de

13

1; 7  ORCID of the authors:

1e 8  Prof. Dr. Fritz Scholz: 0000-0001-6287-1184

17 9 Karuppasamy Dharmaraj: 0000-0001-6743-3503

18 10  PD Dr. Heike Kahlert: 0000-0002-9196-5750

;(9] 11 Prof. Dr. Mihaela Delcea: 0000-0002-0851-9072
12 Prof. Dr. Uwe Lendeckel: 0000-0002-0684-9959

55> 13 Dirk Dattler: 0000-0002-0139-588X

23 14 Felix Nagel: 0000-0003-3456-7075

24 15

27 16 ! Institute of Biochemistry, University of Greifswald, Felix-Hausdorff-Str. 4, 17487

a9 17 Greifswald, Germany.

3118 2 Institute of Medical Biochemistry and Molecular Biology, University Medicine
3319 Greifswald, University of Greifswald, Ferdinand-Sauerbruch-Str., D-17475
35 20 Greifswald, Germany.

38 21  Abstract:

20 22 The effects of the chemical environment of menaquinones (all-trans MK-4, all-trans MK-7)
&2 a3 incorporated in lipid monolayers on mercury electrodes have been studied with respect to the
44 24 thermodynamics and kinetics of their electrochemistry. The chemical environment relates to
46 25  the composition of lipid films as well as the adjacent aqueous phase. It could be shown that the
48 26 addition of all-tfrans MK-4 to TMCL does not change the phase transition temperatures of
50 27 TMCL. In case of DMPC monolayers, the presence of cholesterol has no effect on the
= O% thermodynamics (formal redox potentials) of all-trans MK-7, but the kinetics are affected.
53 20  Addition of an inert electrolyte (sodium perchlorate; change of ionic strength) to the aqueous
55 30  phase shifts the redox potentials of all-trans MK-7 only slightly. The formal redox potentials
57 31  of all-trans MK-4 were determined in TMCL and nCL monolayers and found to be higher in

50 32  nCL monolayers than in TMCL monolayers. The apparent electron transfer rate constants,



Publications

55

W D0 0w

33
34
35
36
37
38

39
40
41
42

43
44

45
46
47
48
49
50
51

transfer coefficients and activation energies of all-trans MK-4 in cardiolipins have been also
determined. Most surprisingly, the apparent electron transfer rate constants of all-trans MK-4
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study is a contribution to understand environmental effects on the redox properties of
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Introduction

Menaquinones (MK-n), the vitamin K: class of compounds with a 2-methyl-1,4-
naphthoquinone moiety connected with n isoprenyl units, are crucially involved in diverse
biological functions and insufficient levels of vitamin K result in diseases (2002). Indeed, only
the all-trans form of MK-7 is biological active (Lal et al. 2020). Recently, the acid-base and

the redox properties of all-trans MK-4, -7, and -9 in 1, 2-dimyristoyl-sn-glycero-3-
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104  phosphocholine (DMPC) monolayers on mercury electrodes have been studied (Dharmaraj et
1
> 105 al. 2020). This has been done because only very limited electrochemical data were available
2 106  (Lovander et al. 2018), particularly for vitamins K in biological membranes. Composition
2107  effects, including the nature of lipid phases, cholesterol content, and inert salt addition to the
6
7108 aqueous phase, and also temperature effects on the redox properties of menaquinones in
9109  membranes are of interest to understand the complex membrane machineries. For instance,
11 110 phase transitions of the lipids in membranes are known to have a strong effect on the
12
13 111 permeation of H* / OH™ ions (Elamrani et al. 1983). Model systems, such as lipid monolayers
14
75 112 and liposomes, can be used to understand the thermodynamics and kinetics of the redox
12 113 reactions. Lipid monolayers on mercury electrodes are excellent model systems because the
18 114  measurements are highly reproducible, among others, because the formation and structure of
20115  the monolayers on mercury are highly reproducible. Important questions to be addressed are:
21
22 116 (i) How does the nature of lipids affect the redox potential of quinoid membrane constituents
23
24 117 (e.g. of ubiquinone (Heise et al. 2017), menaquinones, etc.)? (ii) How does the cholesterol
25
56 118  content of the membranes affect the redox properties of quinoid membrane constituents
2; 119  (Schroeder et al. 1991), and how it affects the membrane fluidity, ion transport, signal
29120  transduction, etc. (Simons et al. 2004; Levitan et al. 2010; Bastiaanse et al. 1983; Fielding et
31121  al. 2004; Lange et al. 2016; Madden et al.1980; Cornelius 2001)? (iii) How does the addition
32
33122 of an inert salt affect the redox properties of the quinoid membrane constituents? Inert salts
34
35 123 change not only the ionic strength, but also the water activity, which is known to have an effect
2—6, 124 on the intramolecular properties at catalytic sites (Disalvo 2015; George et al. 1970). Here we
;g 125  report attempts to partially answer these questions by experiments in which menaquinones have
jg 126  been incorporated in lipid monolayers on a stationary mercury drop electrode. This approach
42 127  allows analysing both the thermodynamics as well as the kinetics of electrochemistry of the
43
44 128  naphthoquinone/naphthohydroquinone redox couple. The results may allow drawing
45
46 129 conclusions with respect to the chemical redox switching when the menaquinones operate in
2; 130 the respiration chain.
49
50131
51
52
53132  Experimental section
54
55
5¢ 133 Chemicals
57
59134  The following chemicals were used: trisodium citrate pentahydrate (extra pure) and sodium
59 g P y P
60 135 perchlorate (NaClO4) (extra pure) were from Laborchemie, Apolda GmbH, Germany,
61
62 5
63
64
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Disodium monohydrogen phosphate dihydrate (Na;HPO4-2H20) (>98%), sodium hydroxide
(NaOH) (299%), potassium chloride (KCI) (=99.5%), chloroform (CHCI3) (HPLC grade) and
methanol (CH30H) (299.98%, ultra LC-MS grade) were from Carl Roth GmbH, Germany,
monosodium dihydrogen phosphate dihydrate (NaH2PO4-2H20) (pure pharma grade) was from
Applichem GmbH, Germany, disodium carbonate monohydrate (Na>COs-H20) (>99%) was
from Fluka Chemika, Germany, mercury (99.9999 Suprapur), hydrochloric acid (HCI) ((32%)
for analysis), sodium bicarbonate (NaHCOs) and citric acid monohydrate (analytical grade)
were from Merck, Germany, DMPC (14:0 PC) (1,2-dimyristoyl-sn-glycero3-phosphocholine)
(>99%), TMCL (1,1°,2,2” Tetramyristoyl Cardiolipin) (14:0 Cardiolipin (sodium salt)) (1',3'-
bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol (sodium salt)) (>99%) and nCL
(Cardiolipin (Heart, Bovine) (sodium salt)) (>99%) lipids were from Avanti Polar Lipids, USA,
all-trans menaquinone 4 (all-trans MK-4) (analytical standard), all-trans menaquinone 7 (all-
trans MK-7) (United States Pharmacopeia (USP) Reference Standard) and cholesterol (Sigma
Grade >99%) were from Sigma-Aldrich, Germany. The buffer solutions were prepared using
citric acid monohydrate/trisodium citrate pentahydrate for pH 4.0,
Na;HPOj4- 2H,0/NaH>PO4- 2H>0 for pH 6.0 and 7.4, Na,CO3- H,O/NaHCOj; for pH around 9.0,
and NaOH for pH 12.0 (Dawson et al. 1986). For adjusting the buffer pH, HCl and NaOH were

used.

Instrumentation

The electrochemical measurements were performed with the AUTOLAB PGSTAT 12, in
conjunction with the electrode stand VA 663 (Metrohm, Switzerland). A multimode electrode
in which the hanging mercury drop electrode (HMDE) mode (drop size 2, surface area 0.464
mm?) served as working electrode, a platinum rod and an Ag | AgCl1 (3 M KCl, E=0.207 V vs.
SHE (standard hydrogen electrode)) (connected to the cell via a saturated KCl salt bridge)
electrode were used as auxiliary and reference electrodes, respectively. The redox systems were
studied with cyclic voltammetry (staircase) in normal mode applying different scan rates with
step potential of 0.00045 V. A temperature-controlled bath (Lauda Ecoline 003 E100) was used
for all measurements. The calorimetric measurements were recorded with a MicroCal VP-DSC

by Malvern Panalytical at the scan rate of 90 K/h.
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167  Liposome preparation
1
2 . . . . .
5 168 The liposomes were prepared according to Moscho’s rapid evaporation technique (Moscho et
g 169  al. 1996). The lipids (DMPC, TMCL and nCL), cholesterol, and the MK were dissolved
6170  separately in chloroform to prepare stock solution. The lipids from the stock solution were
8171 diluted with chloroform and methanol (ratio 3:1) and the desired amount of menaquinone was
q
10172  added from the chloroform stock solution (1 mg mL™!), so that the desired molar ratio
11
12 173 lipid:menaquinone (60:1) was reached. This was followed by adding 20 mL of aqueous buffer
13
14 174 (pH 7.4). The organic solvents were removed using the rotation evaporator Laborota 4000
12 175  (Heidolph, Germany) and the Rotavac control pump (Heidolph, Germany) at 50 °C, 60 rpm
1; 176  and a final pressure of 100 mbar. For the liposomes containing cholesterol (Herndndez et al.
;(9] 177  2008), the desired amount of lipids, cholesterol and all-trans MK-7 were diluted with
21 178  chloroform and methanol (ratio 3:1) in a round bottomed flask and the solvents were removed
22
23 179 at 45 °C and a final pressure of 100 mbar. After the solvent evaporation, the lipid-cholesterol-
24
o5 180 all-trans MK-7 film was dried again with a stream of nitrogen for 30 minutes. The aqueous
;S 181  buffer pH 7.4 (30 mL) was added into the round bottomed flask with glass pearls containing
gg 182  the dried films on the inner side of the glass vessel and kept in the water bath (45 °C) at 180
gg 183  rpm for 10 min. The hydrated liposome suspension was extruded at 45 °C with a total of 10
32 184  passes through a 400 nm filter using the Avanti Mini Extruder (Avanti Polar Lipids, Inc., USA).
33
34 185  The total amount of DMPC or DMPC/Chol composition was 300 umol.
35
36
186
37
38
jg 187  Electrochemical measurements
41
42 188  The melting point (Tw) of DMPC is 23.9 °C (Mabrey S et al. 1976). Three phase transition
43
44 189 regions have been found in the DMPC — cholesterol system: existence of gel (G) or fluid
32 190  lamellar disordered phases (Lq (d)) at low cholesterol (~<6 mol %) content, fluid lamellar
3; 191 ordered (Ly (0)) phases at high cholesterol content (~>30 mol %) and between these, the
49192  existence of G + L (0) or Lo (d) + Lg (0) phases (Almeida et al. 1992; Herndndez et al. 2008).
p
51193  Therefore, three DMPC/Chol compositions 95/5 mol %, 80/20 mol % and 65/35 mol % at 20
52
53 194  °C and 28 °C temperatures were chosen for the electrochemical investigations. 5 umol all-
54
55 195 trans MK-7 was used for the studies of cholesterol and water activity on all-trans MK-7
gs 196  measurements. Sodium perchlorate was used to interrogate the effect of an inert salt, and thus
:g 197  also for the effect of water activity at 25 °C in aqueous buffer pH 7.4. The TMCL (1',3"-bis[1,2-
2‘13 198  dimyristoyl-sn-glycero-3-phospho]-glycerol (sodium salt)) exhibits the lamellar gel (Lp) to
62 7
63
64
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lamellar liquid crystalline (L) and subgel (L) to lamellar gel (Lp) transitions at 40.3 °C and
24.2 °C respectively. Addition of 2.2 pmol ali-trans MK-4 to 130 umol TMCL has practically
no effect on transition temperatures (40.7 °C and 23.8 °C) (Fig. S1). Natural cardiolipins (nCL)
and nCL containing all-trans MK-4 liposomes do not exhibit any phase transitions in the
temperature range 7 to 90 °C. The voltammetric measurements to study the behavior of all-
trans MK-4 in different cardiolipin phases were performed at 5 °C, 18 °C, 25 °C, 35 °C, and
45 °C. A non-isothermal electrochemical cell configuration was used by keeping the reference
electrode at ambient temperature. The liposome suspension was deaerated for at least 30 min.
A mercury drop was formed and the solution was stirred for 15 min to form a monolayer. The
liposome solution was replaced with aqueous buffer, and the buffer solution was purged with
nitrogen to remove the dissolved oxygen. Then the monolayer was characterized by

electrochemical measurements.

Abbreviations and symbols:

— electron transfer coefficient

o

E,, ~ —activation energy

EZ"' —formal potential

E,, ~ — midpeak potential

E, — anodic peak potential

E, - cathodic peak potential

E,.p — cathodic peak potential or anodic peak potential
AE'= Emp. exp Emp.ihamelical at given pH

AE,,. — peak separation between anodic and cathodic peaks
Y — Faraday constant (96485.3 C mol™)

kﬂpp — apparent electron transfer rate constant

R — gas constant (8.3145 J mol™! K1)

v, — critical anodic scan rate

v, — critical cathodic scan rate

AG® - standard free energy change
AG - free energy change

AH® - standard enthalpy change
AH - enthalpy change

AS” - standard entropy change
AS - entropy change

Chol - cholesterol

CL  — cardiolipin
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DMPC - (14:0 PC) 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DMPC/Chol — DMPC lipids films containing Chol at different mol %
DMPC/Chol/all-trans MK-7 — all-trans menaquinone-7 in DMPC/Chol films

G — gel phase of DMPC/Chol mixtures

1 — ionic strength of the solution

La — lamellar liquid crystalline phase of TMCL
Lp — lamellar gel phase of TMCL

Le — subgel phase of TMCL

Lo (d) — fluid lamellar disordered phase of DMPC/Chol mixtures

Lo (0) — fluid lamellar ordered phase of DMPC/Chol mixtures

nCL - natural cardiolipin (Heart, Bovine) (sodium salt)

TMCL - (14:0 cardiolipin (sodium salt)) 1',3'-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-
glycerol (sodium salt)

Tm, pmpc — phase transition temperature of DMPC

TMCL/all-trans MK-4 — all-trans menaquinone-4 in TMCL films

nCL/all-trans MK-4 — all-trans menaquinone-4 in nCL films

Results and discussion

Thermodynamics of the electrochemistry of menaquinones in DMPC/cholesterol

monolayers on mercury

In DMPC/Chol monolayers, all-trans MK-7 exhibits in cyclic voltammetry a reversible redox
system (Fig. 1). The mid-peak potentials of all-frrans MK-T are higher in the fluid phase, i.e.,
above the Tm, pmpc, for pH 7.4 and pH 9. Since the pK, values of menaquinones are above 12

(Dharmaraj et al. 2020) this observation cannot be caused by the acidity of menaquinone, but
it is obviously associated with the nature of the lipid phase. Measured in electrolytes of pH
4.0 to 12.0, the mid-peak potentials do not depend on the cholesterol content (0 to 35%).

They are scattered within a 7 mV range (

Table 1). This indicates that the thermodynamics of the redox system is not affected by
cholesterol. However, the kinetics is affected (Table 2), as indicated by an increased peak
separation at high cholesterol content. With the exception of pH 12.0, the high cholesterol
content (35 mol %) in the DMPC films causes a slowdown of the kinetics of the all-trans MK-
7 redox system. At that cholesterol content DMPC is present as fluid lamellar ordered phase
(Le (0)). The peak separations are small when the DMPC exists as gel phase (G), G + Lq (0)
and fluid lamellar disordered phase (L (d)) + Lo (0). There the peak separation is only a few
mV, as typical for surface confined redox systems. The presence of cholesterol does not
substantially affect the redox potentials of all-trans MK-7 system in DMPC/Chol films.

Previously, a similar result has been reported by Becucci et al. (Becucci et al. 2011), who found

9
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272
s

that the thermodynamic redox potential of ubiquinone is not affected by the presence of

cholesterol in dioleoylphosphatidylcholine-palmitoylsphingomyelin mixtures.

80 mol % DMPC + 20 mol % Chol

80 mol % DMPC + 20 mol % Chol + § pmol MK-7

%°C

-0.54

-0.5 04 —0‘.3 -0.2
EpyV [vs. A/AGCH3 M KCI)]

Fig. 1 Cyclic voltammograms of DMPC/Chol and DMPC/Chol/all-trans MK-7 films in pH 7.4 at 28 °C. Scan
rate: 10 mV s’

Table 1 Mid-peak potentials E, (versus Ag/AgCl(3 M KCI)) for DMPC/Chol films spiked with ali-trans MK-
7 for pH 4.0, 7.4, 9.0, and 12.0 at 20 °C and 28 °C. At least 3 different monolayers were studied for each mid-

peak potentials determination. Scan rate: 10 mV s~

E,., [V vs. Ag/AgCl(3 M KCD)]

20°C 28°C 20°C 28°C 20°C 28°C 20°C 28°C
pH

0 mol % Chol 5mol % Chol 20 mol % Chol 35 mol % Chol
4.0 -0.109 —-0.107 —-0.099 —0.104 -0.104 -0.109 —-0.094 -0.109

74 0307 -0.314 -0.299 -0.313 -0.303 -0.313 -0.304 -0.319
9.0 0409 —-0419 -0.398 —0.419 -0401 -0413 -0.407 -0.416
12.0 -0.580 -0.579 -0.575 -0.570 -0.576 -0.578 -0.577 -0.582

Table 2 Separation of anodic and cathodic peaks for DMPC/Chol films spiked with all-trans MK-7. Scan rate:
10 mV s~'. At least 3 different monolayers were studied for each AE_, = determination. In brackets, the standard

deviations are given

- AE .. [mV]
p

20°C 28°C 20°C 28°C 20°C 28°C 20°C 28 °C

10



64

Publications

0 mol % Chol 5 mol % Chol 20 mol % Chol 35 mol % Chol
4.0 8(x2) 10(x4) 8(x2) 1(x0) 18(+4) 13(£2) 65(£25) 55(%l11)
T4 3(x1) T(1) 5(£2) 8(£2) 5(x1) 8(x2) 43(+3) 44 (£23)
9.0 6(x4) 3(x2) 3(£3) 9(£2) 5(x2) 3(xl) 89(%£32) 13(x4)
120 2(x1) 0(x0) 2(x1) 3(x1) 1(xl) 3(x0) 5(x1) 3 (x0)

Kinetics of the electrochemical redox reactions of menaquinones in DMPC/cholesterol

monolayers

A commonly used method to access the electron transfer rate constants of adsorbed redox
systems is the Laviron formalism (Laviron 1979; Laviron 1982). The apparent rate constants

(kapp) for peak separations, AE_

< 200 mV/n and AE_, > 200 mV/n are determined
according to the Laviron formalism. For the non-reversible case, where AEWPC > 200 mV/n,

the following equations have to be used:

E, = E® ,k(2.3RT Jlog anFu, )
anF RTk,,

£ = p= | 23R ), [ d-amFy, -
E (1-a)nF RTk,,,

_anfu, (1-a)nlv,

k,
ki RT RT

(3)

The critical scan rates v, and U, are obtained by plotting E_  —ES ' vs.log v, and

extrapolating the slopes to E E='=0, ie. the x-intercept, where E

pepay — e ey &re the cathodic

and anodic peak potentials, respectively, and E~ ' is the formal (or mid-peak) potential. The

values of @n and (1 —c)n are calculated from the slopes of E,

o —E¢ ' vs.log v where the

RT
slope is —2.3 nF for the cathodic branch and 2.3R—7; for the anodic branch respectively.
an —a)n

The rate constants are calculated for both critical scan rates and the mean values are given here.

For the reversible and quasi-reversible cases, where AE < 200 mV/n, the value of & for

palpe

11
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a=a
different temperatures was found by relating the ratio y=|E"°—

ECD' -| t0AE,,,. . Since y was
pa ¢

equal to 1, aris 0.5, independent of the peak separations. The rate constants for different

< 200 mV/n vs 1/m for & =0.5, where

c

temperatures are determined from the plot of AE

nFuv ; 2
= . For different scan rates, kapp is calculated and the mean values are reported.

I
m  RTk

app

There might be small errors in &, values because the Laviron method is available only for 25

°C.

Using the Laviron formalism, the electron transfer rate constants of all-trans MK-7 in

DMPC/Chol films were calculated at above and below the Tmpwmrc (Fig. 2, Table S1). The £,

data do not follow any specific dependence; rather several cases are observed:

i.  The k,,, of all-frans MK-7 in Lo (d) + Lq (0) phase (above the Tm, pmpc) is higher than

in the G + Lq (0) phase for all pH.

ii.  Inthe G phase, the k,,, of all-trans MK-7 increases with increasing pH, but in the (Lq
(d)) phase, the k,,, of all-trans MK-7 is almost constant at pH 7.4 and 9.0 which is also

lower than the value at pH 4.0.
iii.  Even in the (Lq (0)) phase, two different cases are observed at 20 °C and 28 °C: At 28

°C, k,, increases with decreasing in proton activity, and at 20 °C, the rate constants

decline with decreasing proton activity (with the exception of pH 12.0).

iv.  Generally in all phases, k,,, is larger in the alkaline solution (pH 12.0).

p

The reason for the complex dependence of the k,,, of all-trans MK-7 on cholesterol content

might be the presence of different structural phases. The presence of cholesterol disturbs the
order of the lipids, fluidity of the monolayer, reduces the surface area per lipid and causes a
phase separation (domains or rafts) (Herndndez et al. 2008). The presence of domains and the
changes in the organization of the lipids can affect the all-frans MK-7 molecules for the
electron transfer and accessibility of the protons. Fig. 2 clearly indicates that large cholesterol

concentrations decrease the rate constant.
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Fig. 2 Dependence of apparent electron transfer rate constants of all-trans MK-7 on cholesterol content in DMPC
films at 20 °C and 28 °C for (a) pH 4.0, (b) pH 7.4, (c) pH 9.0, and (d) pH 12.0

In Fig. S2, the apparent electron transfer rate constants of MK-7 in DMPC/Chol monolayers is

given as function of pH at temperatures above and below the phase transition temperature of

DMPC. In all cases, the rate constants increase considerably in the alkaline range, i.e., in a

clearly non-physiological range. See further down a completely different pH behaviour in case

of monolayers of natural cardiolipins.

Effects of an inert salt (sodium perchlorate) addition to the aqueous phase on the

thermodynamics and kinetics of the electrochemistry of all-trans MK-7 in DMPC

monolayers

The inner of cells and mitochondria is by far no diluted aqueous solution, but a rather

concentrated, quasi crystalline solution of proteins and salts. Therefore it is desirable to study

not only the effects of membrane composition on the electrochemistry of menaquinones, but
also the effects of composition of the aqueous phase. Hence, experiments have been
performed in which an inert salt (sodium perchlorate) has been added to the aqueous buffer

13
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phase. The addition of this salt results at least in the following three alterations: (i) it changes

the ionic strength (see

Table 3). (ii) It changes the water activity. In 6 m (molal) solutions of NaClO4 water activity
decreases to about 0.8 (Toner et al. 2016). (iii) The salt addition also diminishes the diffusion
coefficient of protons (Roberts et al. 1974), which may affect the kinetics of the 2e /2H*
redox reaction of the naphthoquinone unit. The inert salt also affects the pH of the buffer
solutions, but that effect has been taken into consideration as follows: the pH of the solutions
with salt additions has been measured and the midpeak potential of the all-rrans MK-7 of
these solutions has been compared with that of NaClO4-free solutions of the respective pH
values. To study the salt effect, the concentration of sodium perchlorate has been varied from
0 up to 5 mol kg, in addition to the used buffers (see experimental part). The measured
potential differences AE' =

mp,exp Ernp. theoretical at given pH are g'lVEn n

Table 3. Clearly, the effect of sodium perchlorate addition to the aqueous phase on the mid-
peak potentials, i.e., on thermodynamics, is not negligible but small (1 to 29 mV). The effect

on kinetics (anodic-cathodic peak separation) is, if at all, also very small (cf.

Table 3).

E

experimentally measured mid-peak potentials and those at the measured pH, but without sodium perchlorate.
AE . is the peak separation between anodic and cathodic peaks. The film composition was 300 pmol DMPC +

pafpe

5 pmol MK-7

: Difference between

mp, theoretical at given pH *

Table 3 DMPC films spiked with all-trans MK-7: AE'=E

mp.exp

NaClOs[m] pH I[molkg!] AE'[V] AE_,. [V]

0.0 7.36 0.259 0 0.008 (+0.003)
0.1 7.22 0.359 0.001  0.015 (+0.001)
1.0 6.82 1.259 0.013  0.013 (x0.001)
3.0 6.41 3.259 0.029  0.015 (+0.005)
5.0 6.23 5.259 0.022  0.013 (£0.003)

Thermodynamics of the electrochemistry of menaguinones in cardiolipin monolayers on

mercury

14
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373  Since cardiolipins are major constituents of mitochondrial membranes, the electrochemistry of
1
> 374  menaquinones has been interrogated in monolayers of an artificial cardiolipin (TMCL) and in

i 375 monolayers of natural cardiolipin (nCL).
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2% 377 Fig. 3 Dependence of mid-peak potentials of all-trans MK-4 spiked in (a) TMCL and (b) nCL films on
23 378 temperature. Scan rate: 10 mV s™. The dash dotted lines in TMCL/all-trans MK-4 film represent the phase
24 379 transition temperatures. The ratio of all-trans MK-4 to TMCL was 2.2 umol to 130.0 umol TMCL (nCL,
o5 380 respectively)

29382  The mid-peak potentials of all-trans MK-4 in TMCL and nCL monolayers continuously shift
31383  in the negative direction with increasing temperature (5 °C to 45 °C). There is no indication
53 384 that the phase transitions of TMCL affect the potential shift (cf. Fig. 3). The temperature

= 35S dependence of the mid-peak potentials allows calculating the reaction entropy AS given by:

dE .. ..
38386  AS=nF| —=2% =S, 0n —Suo (4)
dr S
dlimd ak . .
43387  where d—Tpe is the slope in the plot of Emigpeak vs T.
47388  Table 4 shows the reaction entropies of all-trans MK-4 in TMCL and nCL films.

51390  Table 4 Reaction entropies of all-trans MK-4 in TMCL and nCL films. The ratio of all-trans MK-4 to TMCL
52391 was 2.2 pmol to 130.0 pmol TMCL (nCL, respectively)

55 PH  AS;ycmka [J K'mol™']  AS,, nyey [J K 'mol™]

57 6.0 —191 (+8) —274 (£14)
o 74 —191 (33) ~133 (£16)

62 15
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412

9.0 —262 (+24) =220 (£37)
12.0 =220 (x11) 235 (£16)

Since these entropies refer to the reduction of the naphtoquinone to the naphtohydroquinone

moiety
R-NQ+2e +2H" - R-NQH,

it involves the dehydration of the protons, which is known to increase the entropy by +131J
K~! mol! (Marcus Y 2015). For the reduction of tetrafluoroquinone (TFQ) dissolved in
aqueous solution, Yousoufian (Yousofian-Varzaneh et al. 2015) determined a /oss of entropy
of —3.665 kJ K~! mol™!, and they assumed as reason the decrease of number of particles during
the reduction TFQ + 2 e +2H" — TFQH, . Wass et al. (Johnsson Wass et al. 2006) performed
a quantum chemical modelling of the reduction of some quinones, including p-naphtoquinone
to cis- and frans-naphtohydroquinone. They have found the following data for the reduction of
p-naphtoquinone to the more stable cis- naphtohydroquinone: AG® =-50.0 kJ mol™"
AH® =-86.0 kJ mol ' and AS® =—121TK ' mol '. These data are not in contradiction to the
experimental data, which we report here for all-trans MK-4 in TMCL and nCL films (Table 5-
7). However, it is interesting that the entropy loss is in case of the immobilized menaquinones
much larger than in case of dissolved naphthoquinone. This may indicate a strong ordering of

the menaquinone environment in the monolayer upon reduction.

Table 5 Thermodynamic parameters for the all-trans MK-4 redox couple MQ/MQH: in TMCL and nCL films at
pH=0

AS AG,,=—nFE, ~  AH, ,=AG, ,+TAS

= TIK]

[J K'mol™] [kJ mol™'] [kJ mol ]
TMCL+MK-4 nCL:MKi TMCL+MK-4 nCL+MK-4 TMCL+MK-4 nCL+MK-4
-161.60 -208.41 278.15 -58.22 —64.31 -103.17 -122.28
291.15 —55.51 —59.58 -102.56 -120.26
298.15 -54.87 -58.72 -103.05 -120.85
308.15 -52.77 -57.86 -102.57 -122.08
318.15 -51.80 -55.22 —-103.22 -121.53

“E_ vs SHE

mp

16
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413

1

5 414 Table 6 Thermodynamic parameters for the all-trans MK-4 redox couple MQ/MQH: in TMCL films

3

4 TMCL/MK-4

5

6 AG=-nFE,,* TAS AH=AG+TAS

-

8 [kJ mol™'] [kJ mol '] [kJ mol™']

9
10 T[K] pH60 pH74 pH90O pHI120 pH60 pH74 pH9O pHI120 pH6.0 pH74 pHOO pH120
11 27815 427 1986 3552 6739 3303 5320 7300 6119 4886 3334 3748 620
-ili 291.15 6.74 23.49 39.73 70.51 -55.61 -55.68 -76.41 -04.05 4887 -32.19 -36.68 6.46
14 298.15 7.59 24.39 41.53 71.62 -56.95 -57.02 -78.25 -6559 4935 -32.64 -36.71 6.03
15 308.15 991 27.39 4275 74.49 -58.86 5894 -80.87 -67.79 -4894 -31.54 -38.12 6.70
ig 318.15 11.93 27.11 46.68 76.04 -60.77 -60.85 -83.50 -6999 -4884 -3374 -36.81 6.05
18 415 *Emv vs SHE
19
20
51 116
;g 417  Table 7 Thermodynamic parameters for the all-trans MK-4 redox couple MQ/MQH: in nCL films
o nCL/MK-4
26 — o
= AG=-nFE,, *[kJ mol] TAS [kJ mol™'] AH=AG +TAS [kJ mol ']
gg TIK] pH60 pH74  pHY90 pHI120 pHG6O pH74  pHY9O pHI20 pH6O pH74  pHY0  pH 120
30 278.15 -0.30 19.50 37.22 67.13 -76.22 -37.06 61.19 —65.48 -76.52 -17.56 —23.97 1.65
31 20115 412 2079 3771 6907 <7978 <3879 6405 6854 7566  -1800 2634 053
gg 298.15 592 22.03 39.80 7130 -81.70  -39.72 —-65.59 -70.19 =75.78 -17.69 =25.79 1.11
34 308.15 8.34 22.64 42.61 73.89 -8444 -41.06 -67.79 -7255 =76.10 -18.42 -25.18 1.34
35 318.15 10.82 25.07 45.61 76.24 -87.18 4239  -69.99 -74.90 -76.36 -17.32 —24.38 1.34
36

E, Vs
37 418 w VS SHE
38
jg 419  Since the addition of 2.2 pmole all-trans MK-4 to TMCL has practically no effect on the phase
41420  transition temperatures of TMCL (40.7 °C and 23.8 °C) (Fig. S1) determined previously in a
42
43421  chronoamperometry study (Zander et al. 2012), it can be assumed that the two components do
44
45422 not form specific phases, and further, that the menaquinone does not alter the TMCL phases.
46 s s . : i
47 423 Natural cardiolipins (nCL) and nCL containing all-trans MK-4 liposomes do not exhibit any
:112 424 phase transitions in the temperature range 7 to 90 °C. Because all-trans MK-4 has no effect on
gg 425  the TMCL phases, it is reasonable to assume that all-trans MK-4 forms also in nCL just a
52426  diluted solution.
53
54 _ oo
e all-trans MK-4 and nCL/all-trans MK-4 exhibit slow electron transfer kinetics an

55427  The TMCL/all MK-4 and nCL/all MK-4 exhibit sl 1 fer k d
56 o . " . .
.- 428  the quantitative evaluation was performed using the Laviron formalism (see below). The
:g 429  separation of anodic and cathodic peak potentials decreases considerably with increasing
2‘13 430  temperature (Figs. S3 to S6). In case of TMCL the different phases exhibit different slopes of
62 17
63
64
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peak separation and peak potentials versus temperature. This clearly indicates, that the nature
of the phases affects the kinetics. The formal potential ( E;TQ,MQHZ ) of the MQ/MQH: couple for

different temperatures are easily obtained from the dependence of E, on pH by extrapolating

P
to the unitary proton activity (pH=0) and the slopes obey linear dependences (Fig. S7, Table
S2) between pH 6.0 and 12.0. All-trans MK-4 shows in nCL films higher redox potentials than
in TMCL films (cf. Fig. 4). Thus, the nature of the lipids housing the all-trans MK-4 determines
the redox potential, which is highly important to understand the biochemical reactions, notably

in biological membranes.

0334 e, =— TMCL/MK-4
’ *— nCL/MK-4
032
E‘ 031 -
I .
2 030 °
an
WF 0294 . y
L
026
B
027 .
T T T T
10 20 30 40
Tr°C

Fig. 4 Redox potentials of ali-trans MK-4 in TMCL ( Eq;cinis ) and in nCL (E yk.) films at different

temperatures. Scan rate: 10 mV s™'. The ratio of all-trans MK-4 to TMCL was 2.2 umol to 130.0 pmol TMCL
(nCL, respectively)

Kinetics of the electrochemistry of menaquinones in cardiolipin monolayers on mercury

The apparent electron transfer coefficient, & of all-trans MK-4 in TMCL and nCL films was

determined (Table $3). For AE, > 200/n mV, the mean value of anodic and cathodic @ is

around 0.5 which agrees with n = 2. For the quasi- and completely reversible system, where

AE < 200/n mV, @ is 0.5 (Laviron formalism). The &, of all-trans MK-4 in TMCL and

pa/pc PP
nCL was estimated using the Laviron method (see rate constants determination section). For
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452
1
2453
3
1454

nCL/all-trans MK-4 films, k_ is always highest at pH 6.0, given that only the pH range of 6.0

to 12.0 has been studied. Most interestingly, in contrast to these results, all-trans MK-4 in

TMCL exhibits highest k,, values at pH 12.0 (Fig. 5, Fig. 6, and Table 54).

1642 130.0 pmol TMCL + 2.2 pmol MK-4 ® 164b 130.0 pmol nCL + 2.2 pmol MK-4
5°C

18°C 144%
25°C
35°C 1.2
45°C

sa e
¢4 ren
BN 2o

o
o

[

<

L

1

u
o 4 o

pH

k-1
I

Fig. 5 Apparent electron transfer rate constants of MK-4 in (a) TMCL and (b) nCL films dependence on pH. The
ratio of all-trans MK-4 to TMCL was 2.2 pmol to 130.0 umol TMCL (nCL, respectively)

Looking at the dependence of k,, on the concentration of all-trans MK-4 in the films, in
TMCL as well as in nCL, decreasing amounts of all-trans MK-4 give larger rate constants (cf.
Fig. 7). Indeed, also in case of ubiquinone-10 monolayers, the maximum electron transfer rate
constants have been found at lowest surface concentration (Sek et al. 1999). The rate constants
k.., generally increase with increasing temperature for each concentration of all-trrans MK-4
in TMCL and nCL films (Fig. 7). In TMCL films, the k,,, of 4.4 umol ali-trans MK-4 slightly

decreases in Lc and Lp phases, and increased in Lo phase. There is also an abruptly high &

for the lowest all-trans MK-4 content (0.88 pmol) in the Ly phase. The correctness of this result

is support by 3 independent film preparations and measurements.
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472 Fig. 7 Dependence of rate constants of all-trans MK-4 concentrations (0.88 umol, 2.2 umol, 4.4 umol per 130.0
36 g P! H u u p

473 mol TMCL (nCL, respectively) in (a) TMCL and (b) nCL films on temperatures for pH 7.4
37 M P Yy p P

L 47 Using the apparent electron transfer constants at different temperatures, the apparent
42476  activation energies are obtained using the Arrhenius equation (5) for TMCL/MK-4 and
44 477  nCL/MK-4 films (

47478  Table 8).

50479 mk,, = %(%)+ln A (5)

54480  where E,, is the apparent activation energy, A the Arrhenius constant, &,
55

56481 electron transfer rate constant, R the gas constant, and T the temperature in Kelvin.

the apparent

62 20
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482
; 483  Table 8 Apparent activation energies of all-trans MK-4 spiked in TMCL and nCL films for pH=6.0, pH=7.4,
3 48 pH=9.0, and pH=12.0. The ratio of all-trans MK-4 to TMCL was 2.2 pmol to 130.0 pmol TMCL (nCL,
4 485 respectively)
5
6 pH E,_,, tmcumk4 [eV] E,, . ncumk4 [eV]
-
8 6.0 0.53 (+0.08) 0.48 (+0.03)
9
10 7.4 0.43 (x0.12) 0.54 (+0.08)
11
12 9.0 0.43 (+0.12) 0.64 (+0.02)
5 0.82 (£0.07) [T>298.15 K]
5 12.0 0.39 (x0.02)
e —0.08 (+0.00) [T<298.15 K]
17486
18
19
50487  For films of hydroquinone covalently bond to PEDOT Sterby et al. (Sterby et al. 2019) found
gé 488  an activation energy of 0.3 eV for the electrochemical redox reaction. Samuelson and Sharp
ij 489  (Samuelsson et al. 1978) determined the activation energies for I,4-benzoquinone, 1,4-
22 490  naphthoquinione and for 9,10-anthraquinone in acetonitrile solutions at Pt, Au and graphite
27491  electrodes to be all around 0.23 eV. The higher, but still very similar, values found for all-irans
28
29492  MK-4 can be easily explained with the long chain of the menaquinone-4 (4 isoprenoyl units,
30
31493  ie., 16 carbon atoms in the chain, and 4 double bonds interconnected by 2 sp* hybridized
gg 494 carbons). These chains are rather long and because of the sp® hybridized carbons they are
gg 495  obviously rather bad conductors for electrons, which explains the slower redox kinetics.
36
27 496
38
jg 497  Conclusion
41
g 498  The thermodynamics and kinetics of electrochemistry of menaquinones have been studied
44 499  using lipid monolayers on mercury. These are the conclusions:
45
46
47 500 i.  There is no significant effect of cholesterol when added to the films on the
32 501 thermodynamics of all-trans MK-7 in DMPC films, but the kinetics of the
gg 502 electrochemistry of all-trans MK-7 is affected at high cholesterol content. The electron
;i 503 transfer rate constants depend on the DMPC phases and the pH. The fact that the
54 504 thermodynamics of the electrochemistry of ali-trans MK-7 in DMPC films is not
56 505 affected by the presence of cholesterol indicates that the latter does not interact directly
57
55 306 with the menaquinone in the film. The effect of cholesterol on the kinetics may result
2(93 507 from a changed double layer structure at the solution|film interface.
61
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ii.  There is a slight increase of the thermodynamic mid-peak potentials of all-trrans MK-7
in DMPC films on lowering the water activity by increasing inert salt concentration
(ionic strength) in the aqueous phase. The effect is small, but not negligible. The water
activity (ionic strength) has practically no effect on the kinetics of the electrochemistry
of all-trans MK-7.

ili.  The addition of all-trans MK-4 to TMCL does not change the phase transitions of
TMCL. The changes in reaction entropy, enthalpy and free energy, and activation
energies were determined for all-trans MK-4 in TMCL and nCL films. The nature of
the lipids affects the redox potential of all-trans MK-4. The electron transfer rate
constant of all-trans MK-4 is affected by the type of lipids, the nature of lipid phases,
the temperature, and the amount of all-trans MK-4.

iv.  The pH dependence of rate constants of all-trans MK-4 in TMCL and nCL films are
completely opposite. This is most interesting and indicates that natural cardiolipins
have obviously very special properties for redox reactions of incorporated redox
species. It may not be accidental that natural cardiolipins provide high rate constants of

redox cycling at physiological pH and temperature.

The investigations reported in this work emphasise that the environment of redox systems in
membranes is important for their thermodynamics and kinetics. Therefore, elucidating the
quantitative function of electron shuttling molecules in membranes needs model systems which
include all constituents of membranes. Unfortunately, here we could not include membrane

bound proteins, which have to be included in future studies.
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and (b) nCL and nCL/ all-trans MK-4 liposomes in pH 7.4 buffer. The ratio of all-trans MK-4 to TMCL was 2.2
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Fig. S2 Apparent electron transfer rate constants of MK-7 in DMPC/Chol monolayers as function of pH at above
and below the phase transition temperature of DMPC. (a) 0 mol % Chol, (b) 5 mol % Chol, (c) 20 mol % Chol,
and (d) 35 mol % Chol
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s~!. The ratio of all-trans MK-4 to TMCL was 2.2 pmol to 130.0 umol TMCL (nCL, respectively)
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W D0 0w

15705

22706

0 1.42 2.09
5 2.05 3.84
20 0.68 0.95
35 0.25 0.18

pH 7.4 20°C__ 28°C
mol % Chol  k,, [s'] k,, [s"]

0 4.37 2.24
5 3.28 1.97
20 1.21 2.07
35 0.16 0.28

pH 9.0 °C__ 28°C
mol % Chol Ky, [s'] Kk, [s"]

0 2.71 3.38
5 4.14 1.99
20 2.89 491
35 0.08 1.33

pH 12.0 20°C  28°C
mole % Chol  k,, [s'] Kk, [s']

0 16.97 23.69
5 13.82 16.61
20 1253 27.10
35 2.25 9.24

Table S2 Slopes of mid-peak potentials vs pH of TMCL and nCL films spiked with MK-4 in the pH range 6.0 to
12.0. The ratio of all-trans MK-4 to TMCL was 2.2 pmol to 130.0 umol TMCL (nCL, respectively)

T1°C) TMCL/MK-4 nCL/MK-4
Slopes [mV/pH] _ Slopes [mV/pH]
5 —0.054 (£ 0.001) —0.057 (+ 0.003)
18 —0.055 (+0.001) —0.056 (+0.001)
25 —0.055 (£ 0.002) -0.056 (+0.001)
35 -0.055(+0.002) -0.057 (+0.001)
45  —0.056 (+0.002) —0.057 (+0.002)

Table S3 Apparent electron transfer coefficients of MK-4 in TMCL and nCL films. The ratio of all-trans MK-4
to TMCL was 2.2 umol to 130.0 pmol TMCL (nCL, respectively)

TMCL/MK-4 nCL/ MK-4
pH T[°C] (l1-a)n an meana(n=2) pH TI[°C] (l-c)n om mean c(n=2)
6.0 25 0.68 0.66 0.49 7.4 3 0.60 0.32 0.43
32
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18 0.65  0.65 0.50 9.0 5 0.57 048 0.48

; 74 25 0.66 0.66 0.50 : 18 0.56 0.62 0.51
3 35 0.77 091 0.54
4
Z 5 0.59 0.54 0.49 120 3 042 042 0.50
- 9.0 18 0.62 0.6l 0.50
8 25 0.64 0.77 0.53
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13720  Table S4 Apparent clectron transfer rate constants of MK-4 in TMCL and nCL films at different temperatures for

14721 pH 6.0, pH 7.4, pH 9.0, and pH 12.0. The ratio of all-trans MK-4 to TMCL was 2.2 umol to 130.0 pmol TMCL

12 T22 (nCL, respectively)
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