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Abstract

Quinone oxidoreductases are a class of membrane enzymes that catalyse the oxidation or
reduction of membrane-bound quinols/quinones. The conversion of quinone/quinol by these
enzymes is difficult to study due to the hydrophobic nature of the enzymes and their substrates.
We describe some biochemical properties of quinones and quinone oxidoreductases and then look
in more detail at two model membranes that can be used to study quinone oxidoreductases in a
native-like membrane environment with their native lipophylic quinone substrates. The results
obtained with these model membranes are compared to classical enzyme assays that use water-
soluble quinone analogues.
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Introduction

Biological cell membranes are an essential component of all living cells. They are ~5 nm
thick two-dimensional fluids composed of different lipids, carbohydrates and proteins which
form a characteristic bilayer structure and control the import and export of vital ions and
nutrients to the cell via highly regulated mechanisms. The specialised structure of the bilayer
enables it to act as a spatially constrained ‘reaction vessel’ in which many essential
biochemical processes such as photosynthesis and oxidative phosphorylation occur within.
The lipid composition can modulate enzyme activity and the function of some membrane
enzymes are dependent on not just the chemical properties of the membrane but also on the
physical properties such as lateral tension, membrane curvature, hydrophobic matching and
electrostatic effects[1].

An important class of membrane proteins are redox enzymes which are largely involved in
energetic processes such as photosynthesis and oxidative phosphorylation. Quinone
oxidoreductases are a subclass of redox enzymes which are essential in all electron transport
chains. This class of enzymes is active in the oxidation or reduction of quinones, which are
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hydrophobic electron carriers which mediate electron transfer between these enzyme
complexes. Characterising quinone oxidoreductase activity is difficult due to the
hydrophobic nature of the enzymes and substrates, but this has recently been addressed by
assaying activity using biomimetic membrane models. In this mini-review we will first
describe some biochemical properties of quinones and quinone oxidoreductases, followed by
some model membranes used to study enzyme activity.

Function and Characterisation of Quinones in the Lipid Bilayer

Besides mediating electron transfer between enzyme complexes, many more roles have
recently been discovered for quinones. They have been found to protect against lipid
peroxidation in the membrane, regenerate vitamin E, prevent DNA damage, control low
density lipoprotein peroxidation and regulate the permeability of transition pores in
mitochondria and physiochemical properties of the membranes itself[2]. There is also
increasing use of quinones for treatment of diseases, including myopathies, cardiovascular
diseases and age related degenerative diseases.

The most widely studied class of quinones is ubiquinone, or coenzyme Q, which has a long
isoprenoid chain with a benzoquinone ring. Other quinones which occur in nature include
menaquinone, plastoquinone and a number of quinone derivatives such as plumbagin,
phylloguinone and juglone. An important property of quinones is their hydrophobicity
which restricts them to within the bilayer, but also enables them to diffuse freely within it.
Despite the fundamental importance of quinones in biology there is still controversy about
the localisation and orientation within the membrane. Many different theoretical and
experimental studies have been carried out to try and resolve some of these issues. It is
generally accepted that the hydrophobic polyisoprene chain which anchors the quinone in
the bilayer is located in the hydrophobic core of the membrane parallel to the membrane
surface[3], although there is still debate as to whether the tail is in a linear or bent
conformation. The position of the polar headgroup is less well agreed upon. It is reported
that they are localised at the midplane of the bilayer, but also that they reside at the tail-
headgroup interface of the phospholipids and, finally, that their position oscillates within the
membrane[4]. Furthermore, the position of the ring in the bilayer has been shown to depend
on its oxidation state, with the more polar reduced quinol situated closer to the phospholipid
headgroups than the oxidised quinone form[5]. The lateral diffusion of quinones within
phospholipid bilayers has been studied using a range of techniques and the diffusion
constant is around 10~/ cm?/s as determined by fluorescence quenching[6] and about an
order of magnitude lower as determined by chronocoulometry[7] and fluorescence recovery
after photobleaching (FRAP) measurements. Further eluciation of the physical properties of
quinones in the bilayer is required to fully understand the properties quinone
oxidoreductases.

Biochemistry of Quinone Oxidoreductases

As described, quinones are involved in a broad range of cellular processes, the main one
being their role as diffusible electron carriers in respiratory chains. In branched bacterial
respiratory pathways they serve as a general pool which can couple input of electrons from a
wide variety of substrates with a variety of terminal reductases which are dependent on
specific growth conditions[8, 9]. Quinone oxidoreductases occur in all respiratory pathways
and include the alternative oxidase in plants[10], complex I in mitochondria[11] and
ubiquinol oxidases in Escherichia coli[12]. Despite the ubiquity of these enzymes and their
fundamental importance in bioenergetic pathways there are still many unanswered questions
regarding the location and specificity of quinone binding sites, concentration of protein-
bound and freely-diffusible quinone in the bilayer, quinone specificity and kinetic

Biochem Soc Trans. Author manuscript; available in PMC 2013 November 14.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Weiss and Jeuken

Page 3

properties. One major difficulty in resolving these questions is that it is challenging to assay
quinone oxidoreductases under native-like conditions as they are membrane associated
proteins which couple the oxidation or reduction of a quinone in the bilayer with the
reduction or oxidation of another soluble substrate.

One model protein for the study of quinone oxidoreductases is cytochrome bos (cbog) from
the aerobic respiratory chain in £. coli. cbos belongs to the haem-copper oxidase
superfamily and closely resembles cytochrome ¢ oxidase from eukaryotes[13]. cbos couples
the oxidation of ubiquinol to ubiquinone to the reduction of oxygen to water and also pumps
protons across the periplasmic membrane. It contains two ubiquinol binding sites, a low
affinity site, Q, which is in equilibrium with the quinone pool in the membrane and
mutagenesis studies have shown it to reside in the extrinsic domain of subunit Il close to the
head groups of the lipid bilayer. cbo; also has a high affinity site, Qn, which contains a
much more tightly bound quinone, which does not exchange with the quinone pool during
turn-over and is buried deep within the lipid bilayer in subunit | close to the binuclear centre.
Despite the difference in electron input to the enzyme, the main catalytic cycle steps at the
binuclear centre are the same as that of cytochrome ¢ oxidase.

As discussed above, it is problematic to characterise the activity of quinone oxidoreductases
using native substrates with the enzyme in its native, membrane associated state. Many
studies thus investigate the kinetics using hydrophilic quinone analogues, rather than the
hydrophobic natural substrates due to ease of handling in biochemical assays. A
complication arises when exploring the kinetic data as the partitioning of the quinone
analogues between the aqueous bulk phase and the membrane or enzyme micelle influences
the observed kinetics[14]. Consequently, there are many published Ky, values for cbos
which vary considerably (Table 1). This is largely due to the different quinone substrates
and enzyme preparations used in the assays. Furthermore, these quinone analogues are not
necessarily truly representative of the biological processes. Short chain analogues have been
shown to localise in different positions and orientations within a membrane compared to
long-chain quinones[15] and have higher diffusion constants.

To overcome some of the problems identified above, model membrane systems have been
used to characterise the activity of quinone oxidoreductases. In the next section, we will
briefly describe some of these model systems.

Model membranes used to study quinone oxidoreductases

The earliest and simplest artificial membrane model is the black lipid membrane (BLM)
developed in the late 1960s[26]. BLMs are formed by forming a thin phospholipid film
across a small aperture in a septum separating two aqueous reservoirs. This model has the
advantage that it has large aqueous spaces either side of the bilayer mimicking a cellular
membrane but they are very fragile and sensitive to mechanical shocks and low resistivity to
electric fields. The stability of a lipid bilayer can be significantly enhanced by forming it on
a solid support such as mica or glass[27]. This solid-supported bilayer lipid membrane
(sBLM) can be characterised using a wide range of surface sensitive techniques such as
atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS), total
internal reflection TIRF, FT-IR, surface plasmon resonance (SPR), quartz crystal
microbalance with dissipation (QCM-D) and X-ray and neutron scattering[28]. The
behaviour of a sSBLM is influenced by the surface it is formed on. For studies with integral
membrane proteins, the surface substrate can have a significant effect on the protein
structure and function such as retarding diffusion within the membrane or denaturation of
the protein due to adsorption of extrinsic domains to the supporting substrate. These effects
need to be taken into account when using these systems. A variety of approaches have been
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developed to prevent or minimise the interaction of membrane proteins with the surface
substrate. These include using soft hydrophilic polymers to coat the substrate surface[28] or
the use of tether molecules to anchor the bilayer to the surface support and provide a space
between the lower leaflet of the bilayer and the solid surface. A full review of model
membrane systems is beyond the scope of this mini-review and we refer to one of the
following reviews[29-31], although many more excellent reviews are available.

Two model membrane systems have been used to study quinone oxidoreductases, which will
briefly be described here. The first model membrane system is the so-called hybrid bilayer,
which consist of an alkylated support with a single lipid monolayer on top. The group of
Bourdillon [32] have prepared such a hybrid bilayer on porous aluminum oxide to study a
peripheral membrane enzyme, pyruvate oxidase (Figure 1A). The second model membrane
is a so-called tethered lipid bilayer membrane (tBLM) in which a lipid bilayer is tethered to
the solid support (gold) via synthetic tether lipids (Figure 1B). These tether molecules
generally contain three distinct parts, a surface reactive group which attaches to the surface
substrate, a spacer group and a membrane anchor which interacts with the membrane. The
overall quality and properties of the tethered membrane, especially in relation to its
electrical properties is dependent on many parameters, like roughness of the underlying
substrate surface, grafting density of the tether molecules and their chemical
composition[31]. We have used a tBLM on gold to study the ubiquinol oxidase, cb03[33,
34]. We have made particular progress using the EO3-cholesterol tether molecule. With this
system the concentration of the EO3-cholesterol tether on the electrode surface is diluted by
mixing it with short chain spacer thiols such as 6-mercaptohexanol[35]. The use of a mixed
self-assembled monolayer (SAM) results in phase separated domains in the nanoscale range
which allows large transmembrane proteins such as cbos to be incorporated into the tBLM.
tBLMs have also been formed using native membrane extracts in which bilayers are formed
from extracted cell membranes rather than purified lipids and proteins[34, 36-38]. These
methods are of particular interest in characterising protein activity as the membrane proteins
are entirely retained in their native environment throughout the experimental procedure.

Electrochemical Assay of Quinone Oxidoreductase Activity using Model
Membrane Systems

Electrochemical methods are now widely used to probe the activity of various redox proteins
and enzymes[39, 40]. In the overall majority of cases this method, also known as protein-
film voltammetry, has been used to characterise soluble redox proteins and enzymes. In the
few cases that complete quinone oxidoreductases are studied (e.g., ref. [41, 42]), detergent-
solubilised proteins samples are commonly used, which are not reconstituted into a
membrane. Furthermore, only the oxidation/reduction reaction coupled to the quinone/
quinol conversion is investigated and not the quinone/quinol conversion itself. Even if the
quinone/quinol conversion were probed, the enzyme kinetics within the lipid bilayer are
likely to differ from those in a detergent solution. Membrane enzymes catalyse reactions in a
highly organised specific environment in which the electron carriers (quinones) move
laterally within the bilayer and the diffusion of the substrate and reaction product in the
bilayer must be considered together with catalysis to fully characterise the system[43, 44].

A novel approach to assay membrane associated enzymes with native like hydrophobic
quinones was described by the group of Bourdillon[32]. This approach used microporous
alumina on gold electrodes to form hybrid bilayers (see above) with different concentrations
of ubiquinone-8 incorporated and a peripheral membrane enzyme, pyruvate oxidase from £.
coli. In this architecture there is no water soluble mediator present and all catalytic results
occur through coupling to the electrode via the quinone pool. With this method they
provided the first value of a Ky, for electron exchange reaction in two dimensions. The
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determined Ky, of 1.8 + 0.7 pmol/cm? is necessarily expressed as a 2-dimensional
concentration and is very close to the physiological concentration of ubiquinone-8 in the £.
colimembrane (2-3 pmol/cm?2). As this model membrane is based on hybrid bilayers, it
probably will be unsuitable for integral transmembrane proteins as the alkylated surface
does not allow space of the membrane proteins to incorporate.

A related approach has been used by us in which tBLMs have been created to study the
reaction of ubiquinone-10 in bilayers with an ubiquinol oxidase from E. coli, cytochrome
bos. Using this model membrane the apparent Ky, for cbos with oxygen (1.1 + 0.4 yM) was
determined and also the turnover number which were both shown to agree with previously
published values[34]. The concentration of ubiquinone-10 within the bilayer was varied and
cbos activity determined at saturating oxygen levels (Figure 2). It was shown that the cbos
activity varies with ubiquinone concentration but not with a typical Michaelis-Menten
behaviour. The observed quinone behaviour in this assay is at odds with previous
experiments which have characterised cbos activity with short chain hydrophilic quinone
analogues. We speculate that this difference in activity may be due to the different
localisation of hydrophobic (long-chain) quinones in the lipid bilayers compared to the
water-soluble quinone analogues. We note that complex | has been shown to have different
binding sites for quinones[45] and a similar situation, although unlikely, cannot be ruled out
in cbog as well. Similar to the case of pyruvate oxidase, the Ky, for cbos for ubiquinol-10
seems to lie in the same of order of magnitude as the physiological ubiquinol-10
concentration. Finally, at very high ubiquinol-10 concentration a drop in enzyme activity
might be present. However, at this ubiquinol concentration a large experimental error is
observed, which might be due to the destabilisation of the membrane under these conditions.

Future Directions

Some progress has been made in using model biomimetic membranes to study quinone
oxidoreductases and the first results have now been published. However, thus far, relatively
few model membranes have been used to investigate the activity of transmembrane redox
proteins and only two enzymes have been investigated with the native (or native-like)
hydrophobic quinone substrates in the membrane. The group of Bourdillon has in fact
extended their model membrane (Figure 1A) into a tethered lipid bilayer system and have
shown that total mitochondrial membrane extract can be used to form the tethered
membrane[37]. Regretfully, to date they have not published any results on enzyme kinetics
of the mitochondrial quinone enzymes.

More studies will also need to be done to establish what influence the hydrophobic
environment and the 2-dimentional substrate diffusion has on the enzyme kinetics and other
properties. Some work on the ‘two dimension’ question has already been reported. In the
hybrid bilayer system (Figure 1A), the lateral diffusion of the quinol/quinone forms an
integral part of the system and needs to be modelled when analysing the electrochemical
data[7, 32]. In the planar tethered bilayer system (Figure 1B) we have recently shown that
quinone diffusion still influences the observed enzyme kinetics in spite of the ultra-thin
membrane layer[46]. Impedance spectroscopy indicated that it takes the quinone 0.05-1
seconds to diffuse from the electrode surface to cbos and we hypothesised that this time
represents the perpendicular diffusion time of quinone across the membrane (i.e., the “flip”
time).
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Figure 1.

Model membrane systems used to study quinone oxidoreductases. (A) A hybrid bilayer on
alumin oxide modified with trichloro(octadecyl)silane (OTS). This system has been used to
study a peripheral membrane enzyme, pyruvate-ubiquinone oxidoreductase[32]. (B) A
tethered bilayer lipid membrane (tBLM) formed on a mixed self-assembled monolayer of
EO3-Cholesterol and 6-mercaptohexanol. This system has been used to study a ubiquinol
oxidase, cytochrome b03[33, 34].
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Figure2.

The enzyme activity of cytochrome bos from E. colias a function of ubgiuinol-10
concentration in the membrane. Data determined using a tethered bilayer lipid membrane
system as explained in the text. The dotted line is guide for the eye to highlight possible
cooperative behaviour as described in the text. Details of the experiment are described in
[34].
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Table 1

Reported Ky, values for cytochrome bos (cbos) with different water-soluble ubiquinol/ubiquinone analogues.

Quinone Substrate Reported Ky

ubiquinone-1 10 UM [16]; 18-45 uM [13]% 36 uM [17]; 40-625 uM [18]%;
48 uM [19]; 60.7 uM [20]; 75 uM [21]; 103 uM [22]; 172
uM [23]

ubiquinone-2 14 uyM [22]; 15 pM [17]; 18.5 uM [20]; 65 uM [23]

ubiquinone-6 50 uM [18]

menadiol 38.4 uM [19]

dimethoxybenzoquinol 152 uM [20]; 166 uM [22]

duroquinol 129 pM [24]; 170-200 uM [25]

aKM shown to be dependent on detergent used for purification;

bibia’for the phospholipid used to reconstitute purified cbo3 complex.
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